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Abstract

Purpose—The role of core stability in running and its influence on injury risk in runners is not 

well understood. The purpose of this study was to investigate the effect of core stability (and core 

fatigue) on running mechanics. We hypothesized that decreasing core stability in novice runners 

would result in altered running mechanics previously associated with increased risk for common 

lower extremity running injuries.

Methods—Three-dimensional running kinematics and kinetics and seated postural sway on an 

unstable surface were collected on 25 healthy, novice runners before and after they performed a 

core stability knockdown protocol (CSKP), designed to temporarily reduce participants’ core 

stability in a single testing session.

Results—Linear mixed models demonstrated that the CSKP resulted in an increased peak knee 

flexion moment (0.51 %BW·ht increase, ES=0.49, p=0.021) and a decreased vertical average 

loading rate (4.5 BW/s decrease, ES=0.44, p=0.037) during running, but no significant changes in 

peak knee adduction moment, knee adduction impulse, hip adduction moment, hip adduction 

impulse, or peak vertical ground reaction force (all p>0.05). Twenty of 25 runners demonstrated a 

measurable decrement in their core stability as defined by their seated postural sway center of 

pressure excursion changing more than the standard error of measurement of 76mm.

Conclusion—An experimentally induced decrement in core stability in novice runners caused an 

increased peak knee flexion moment during stance, which has previously been associated with 

increased patellofemoral contact pressure during running. Therefore, these results demonstrate that 

insufficient core stability in novice runners may be a risk factor for developing patellofemoral 
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pain. Other results did not support a role of core stability in other common overuse running 

injuries in this population.
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Introduction

Running is a popular physical activity despite the high annual rate of running-related 

injuries.(1) Novice runners may be most susceptible to these injuries, possibly due to a lack 

of training experience.(2) Literature on the prevention of running-related injuries is scarce 

and current injury prevention programs and products have been unsuccessful at lowering 

injury rates in runners.(3)

Several lower extremity (LE) biomechanical risk factors have been associated with common 

running-related injuries, such as patellofemoral pain syndrome (PFPS), iliotibial band 

syndrome (ITBS), and tibial stress fractures (TSF).(4) Very few intervention studies have 

targeted these parameters in an attempt to lower injury risk. Gait retraining may be 

beneficial as a biomechanical intervention paradigm;(5) however this approach may not be 

readily available to all runners. Identifying the fundamental contributors to these 

biomechanical risk factors may facilitate the design of improved treatment and prevention 

protocols.

Muscle activity of the trunk precedes dynamic movement of the extremities,(6) suggesting 

abdominal muscles may activate to provide a stable foundation for production, absorption, 

and control of force and motion to the extremities. Consequently, insufficient core stability is 

believed to lead to less efficient movements and ultimately musculoskeletal injury;(7) 

however, this theory has not been supported with sufficient scientific evidence. We define 

core stability herein as the body’s ability to control the torso and maintain or resume an 

equilibrium trunk and pelvis position or state following internal or external perturbations. 

Most studies that have examined the relationship between core stability and running injuries 

have used cross-sectional or retrospective designs.(8) Studies that directly manipulate core 

stability and determine the effects of that perturbation on running mechanics may facilitate a 

better understanding of the role that core stability plays during running and its influence on 

injury risk.

The purpose of this study was to identify any causal effects of reduced core stability on 

running mechanics in novice runners. Decreasing core stability in individual runners was 

hypothesized to result in altered running mechanics previously associated with increased 

risk for lower extremity musculoskeletal injury.

Methods

Thirteen novice female runners (23.9±8.8 years; 1.68±0.05 m; 62.4±9.51 kg; self-selected 

running speed 2.62±0.23 m·s−1) and 12 novice male runners (23.3±3.9 years; 1.80±0.07 m; 

77.0±11.2 kg; 2.75±0.32 m·s−1) participated in the study after providing IRB-approved 
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informed consent. Novice runners were defined as running <10 miles/week and not playing 

running sports (e.g., soccer) more than once a week. Other exclusion criteria for this study 

were: BMI>30; history of lower back pain; musculoskeletal injury within the past 3 months. 

All participants were recruited from the community using flyers posted at local running 

clubs, shoe stores, and fitness centers.

Core Stability Knockdown and Running Biomechanics

Three-dimensional overground running mechanics were collected before and after 

participants performed a novel core stability knockdown protocol (CSKP) designed to 

reduce a person’s core stability temporarily in a single testing session.(9) The CSKP 

consisted of 4 dynamic and 4 isometric exercises chosen based on preliminary investigations 

to target the superficial and deep core musculature with minimal activity of the lower 

extremity muscles (Figure 1). Participants completed all exercises consecutively, each to 

voluntary exhaustion or until proper form could not be maintained. Upon completion of the 

CSKP, any markers or electrodes that had been dislodged were replaced before proceeding 

with the post-CSKP core stability assessment and running biomechanics assessment. 

Replacing markers and electrodes took 4.5±1.2 min per participant.

Marker data were collected at 300 Hz using a 9-camera optical system (MX-F40; Vicon 

Motion Systems; Oxford, UK) and filtered using a 4th-order Butterworth filter at 15 Hz. 

Ground reaction forces (GRF) were recorded at 1500 Hz from four force plates (4060–10; 

Bertec Corp; Columbus, OH, USA). Participants ran continuously around a 30 m loop with a 

straight section across the force plates. A trial was collected for each lap in which the feet 

cleanly landed entirely on force plates, until 10 trials had been collected. Running speed was 

monitored using timing gates (Fusion Sport; Sumner Park, QLD, Australia) to ensure all 

running trials were within ±10% of a self-selected, comfortable running speed. Retro-

reflective markers were placed on the upper and lower body using a modified point cluster 

technique (Figure 2).(10) All moments presented are external joint moments, normalized to 

percent of body weight · height (%BW·ht). Ten overground running trials were collected for 

each leg, pre- and post-CSKP. Stance phase data from both the dominant and non-dominant 

legs were analyzed as described below in the Statistics section.

Primary biomechanical kinetic variables of interest were those previously identified to be 

associated with running injury risk. Vertical GRF impact peak (VIMP) and average loading 

rate (VALR) were defined as by Davis et al., where VIMP is the local maximum in the 

vertical GRF between foot strike and the overall peak (11). The vertical GRF at 20% and 

80% of the interval between foot strike and VIMP are then identified, and the slope between 

those points is defined as the VALR (11). Peak knee flexion (pKF) moment is the overall 

peak over stance phase of the knee flexion moment (12, 13). Peak knee adduction (pKAdd) 

moment is the overall peak over stance phase of the knee adduction moment, and impulse is 

the time integral over the interval when the frontal plane knee moment is adduction (12, 14). 

Peak hip adduction (pHAdd) moment is the overall peak over stance phase of the hip 

adduction moment, and impulse is the time integral over the interval when the frontal plane 

hip moment is adduction (15). Analyses were limited to kinetic variables rather than 

kinematic variables due to the hypothesized role of the upper body’s mass in altering the 
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direction and magnitude of the ground reaction force.(10, 16) Wireless surface 

electromyography (EMG) (Telemyo DTS; Noraxon USA, Inc; Scottsdale, AZ) was 

measured during the CSKP using disposable surface electrodes (Figure 1), placed bilaterally 

on the external obliques (EO) and internal obliques (IO), and unilaterally on the dominant-

side rectus abdominis (RA), and L5 lumbar extensor (L5). Dual electrodes were used for the 

EO, RA and L5 muscles and two single electrode discs were used for the IO muscles. Pre-

gelled (Ag/AgCl), surface electrodes (A10011/A10005; Vermed, Inc; Bellows Falls, VT, 

USA) were placed as recommended by McGill to best reflect deep muscle activity(17) or 

directly on the most prominent aspect of the muscle belly and oriented parallel to the muscle 

fibers. Electrode locations were shaved, if necessary, and cleaned with alcohol pads. The 

median frequency (MedF) of the raw EMG signal for all core muscles was analyzed during 

the submaximal isometric exercises of the CSKP in order to obtain a measurement of core 

muscle fatigue induced by the CSKP. A decrease in the MedF of an EMG signal has been 

directly related to the level of muscle fatigability.(18)

Core Stability Assessment

A novel unstable quiet sitting test (QST) developed by our research team was used to 

quickly and objectively quantify each participant’s core stability in all planes of motion in a 

way that could also be replicated in a clinical setting (Figure 3). The QST is a modification 

of the quiet standing task that has been used for years to measure postural stability,(19) in 

order to isolate control of the lumbar spine and trunk from adjustments in the lower 

extremity joints. Postural control of the trunk has previously been investigated during sitting 

on an unstable chair with a rigid hemisphere beneath the seat,(20–23) however this chair is 

complex and may not be easily replicable by other researchers or clinicians. In the QST, 

participants sat on top of the rounded end of a BOSU® ball (BOSU®; Ashland, Ohio) 

placed on a rigid surface positioned on top of two force platforms and situated high enough 

so that their feet did not touch the ground. Participants sat as still as possible for 60 seconds 

with their eyes closed and arms crossed while performing a secondary task of counting 

backwards by 4’s, to simulate a real-life situation where attention is divided between 

multiple tasks. The starting number was incremented by one for each trial.

Core stability was quantified during the QST through measurement of the total center of 

pressure (CoP) path length, also known as total CoP excursion (CoPexc) during the sitting 

task. CoPexc has been used frequently in previous research to quantify postural control.(20, 

22, 24–26) Each participant performed one practice trial of the QST, then five trials before 

the CSKP and three trials after the CSKP. CoP data were collected at 1500 Hz and 4th-order 

lowpass Butterworth filtered with a 10 Hz cutoff frequency. The median CoPexc at each 

timepoint was used for analysis. The QST has very good intra- and inter-rater reliability 

(ICC(2,1): 0.877 and 0.813, respectively; SEM: 76 mm).(27) A meaningful decrease in core 

stability was defined as an increase or decrease in CoPexc ≥ 76 mm from baseline (pre-

CSKP). An increase in CoPexc was considered as indicating a loss of ability to control sway, 

whereas a decrease in CoPexc was considered as indicating a greater effort to stiffen the 

torso due to reduced confidence in one’s ability to manage sway.
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Statistics

A sample size of 25 was calculated a priori to provide at least 80% power to detect an effect 

size of 0.75 standard deviation change based on a two-sided paired t-test at an overall 

significance level of 0.05 (Bonferroni adjustment for 5 primary endpoints, at 0.01). Without 

multiple comparison adjustment, this sample size could provide at least 80% power to detect 

an effect size of 0.6 standard deviations based on a paired t-test. This is an appropriate and 

clinically-relevant effect size for the biomechanical variables of interest based on previous 

studies of these variables.(11, 14, 15, 28, 29)

Statistical analyses were performed in JMP® Pro 14.0.0 (SAS Institute Inc., Cary, NC). The 

mean and confidence interval of the change in median frequency were calculated to test for a 

significant change in core muscle fatigue following the CSKP. Linear mixed models were 

used to evaluate the effect of a change in core stability state (pre- or post-CSKP) on the 

primary variables of interest. Core stability state was treated as a fixed effect; participant was 

treated as a random effect. The use of a random participant effect allows for the examination 

of the effect of a change in core stability on running parameters within an individual.

To choose which leg to include in the analysis, the z-score for each variable across all 50 

legs at baseline was calculated. The leg with the highest overall z-score across all seven 

kinetic variables was then chosen as the leg with the greatest a priori biomechanical injury 

risk and included in the mixed-effects model analysis. Effect sizes (ES) for all variables of 

interest were calculated using Cohen’s dZ for one-sample comparisons (30–32) based on the 

change values (post-pre). Standard benchmarks of small (ES = 0.2), medium (ES = 0.5), and 

large (ES = 0.8) effect sizes were used as suggested by Cohen (31) due to the novel nature of 

the study. Mixed model analyses were conducted on all 25 participants. Because the study 

hypothesized that decreasing core stability would result in altered running mechanics, we 

also performed a secondary subset analysis of the participants who exhibited a meaningful 

decrease in core stability using the same statistical approach, leaving out the participants 

who did not exhibit decreased core stability.

Results

Biomechanical Running Parameters

The mean changes in biomechanical running parameters for all 25 runners from pre- to post-

CSKP and the mixed model effects are shown in Table 1.

A significant positive effect of the CSKP was found on peak knee flexion (pKF) moment 

during running, indicating that running in a state of reduced core stability and/or core muscle 

fatigue (post-CSKP) resulted in a small-to-medium increase in the pKF moment during 

stance. Additionally, the CSKP was found to have a significant negative effect on vertical 

average loading rate (VALR) during the weight acceptance phase of running, indicating that 

running in a state of reduced core stability and/or core muscle fatigue (post-CSKP) resulted 

in a small-to-medium reduction in VALR during early stance. There was no evidence of an 

effect of the CSKP on any of the other running parameters investigated (all p>0.05).
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Muscle Fatigue and Core Stability

An absolute change in CoPexc > 76 mm corresponds to reduced stability and a negative 

change in MedF corresponds to muscle fatigue. Twenty of the 25 participants (21.9±3.1 

years; 11 female; 1.73±0.09 m; 68.6±13.3 kg) exhibited a meaningful decrease in core 

stability post-CSKP, while five did not (30.4±12.5 years; 2 female; 1.78±0.06 m; 72.7±9.7 

kg). Figure 4 shows the distribution of CoPexc and MedF data for the group that experienced 

a reduction in core stability post-CSKP (N=20) and the group that did not (N=5). All 

participants across both sub-groups experienced a significant decrease in the mean core 

MedF (−15.8± 9.7%, p<0.0001), indicating that the CSKP elicited a moderate level of 

muscle fatigue.(33)

Sub-Analysis of Reduced Core Stability Group

Mixed-effect models were also created for each running parameter separately for the group 

that experienced reduced core stability post-CSKP (N=20). Table 2 shows the mixed-model 

results for this sub-group, with only the peak knee flexion moment showing a significant 

increase (p=0.025). Vertical average loading rate and knee adduction impulse both showed a 

trend toward a reduction (both p<0.10).

Discussion

In a group of novice runners, experimentally-induced core muscle fatigue and decreased 

core stability were associated with altered running mechanics previously associated with 

increased running injury risk (Table 2), with significant changes observed in both pKF 

moment (ES=0.49) and vertical average loading rate (ES=0.44). However, these changes 

were in opposite directions relative to previous reports of running injury risk. As the external 

pKF moment during stance must be balanced by the quadriceps femoris, an increase in this 

moment results in a compensatory increase in the quadriceps femoris workload directly 

increasing the load placed on the patellofemoral joint, which may consequently lead to 

PFPS.(34, 35) This effect was significant across the entire group of 25 subjects, showing that 

core muscle fatigue induced changes in the ground reaction force or in lower extremity 

kinematics that resulted in higher-risk patellofemoral joint loading.

The CSKP also resulted in a decreased vertical average loading rate, which was contrary to 

our hypothesis. A higher VALR has been associated with an increased risk of tibial stress 

fractures, perhaps through a mechanism of increased tibial shock leading to bone 

microdamage.(11) Our results demonstrate that in the presence of core muscle fatigue, this 

group of healthy novice runners adopted running mechanics that could be protective of the 

tibia. However, it is important to note that the significance of this change was actually driven 

by the runners who did not experience a decrease in core stability. Within the 20 runners 

who experienced a meaningful decrease in core stability, the change in VALR was not 

significant, though it did demonstrate a trend towards a reduction with a medium effect size 

(ES=0.41, p=0.083).

While not statistically significant, the CSKP was also associated with a trend towards 

decreased KAdd impulse in the group of 20 participants whose core stability was reduced 
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(ES=0.45, p=0.058). A decrease in the KAdd impulse is indicative of reduced cumulative 

frontal plane loading of the knee, possibly reducing PFPS injury risk.(14) Future study is 

necessary to examine whether participants adapt their gait to limit frontal plane knee loading 

or GRF loading characteristics during running with reduced core stability.

The specific magnitude of increased pKF moment during running that may elicit PFPS has 

not been established, but an increase in this biomechanical variable is known to increase 

patellofemoral joint stress. Since patellofemoral joint stress is difficult to measure in vivo, 

the external pKF moment is commonly used as a surrogate measure since the joint load 

directly increases with this moment.(36) There is in-vitro evidence that increased repetitive 

stress placed on the patella accelerates retropatellar cartilage damage.(37) A biomechanical 

model was used to estimate a 2x greater peak patellofemoral joint stress during walking in 

participants with PFP versus controls (6.61 MPa vs 3.13 MPa),(38) and the same model was 

used to estimate greater peak patellofemoral joint stress when shod versus barefoot (20.6 

MPa vs 18.2 MPa).(29) Comparing to interventions designed to alter pKF moment, the 

CSKP used in the present study resulted in a medium effect size of 0.49, a larger effect than 

the 0.39 effect on pKF moment of decreasing cadence by 10% over preferred cadence as 

reported by Heiderscheit et al.(28). On the other hand, switching from shod to barefoot 

running has been observed to result in a larger effect size of 0.7 in pKF moment as reported 

by Bonacci et al.(29)

There are limitations that must be considered when interpreting the current results. The 

CSKP did not result in a meaningful decrease in core stability for five of our participants, 

possibly due to a reliance on volitional exhaustion during the CSKP causing greater-than-

desired variability in core muscles’ force production or potential confounding by cognitive 

fatigue. An increased cognitive load has been associated with increased knee abduction 

during a landing task,(39) so cognitive fatigue induced by exhaustive physical exercise could 

play a role in the observed changes. Additionally, an individual’s response to fatigue may 

depend on many factors. Research has shown healthy individuals can maintain upper 

extremity movement stability in the presence of shoulder muscle fatigue.(40)

A second limitation to our CSKP was that muscle fatigue and changes in core stability 

happened together, so it is challenging to separate out the effect of muscle fatigue from the 

inability to stabilize the core. However, we believe that this limitation was minimized by the 

amount of time taken to perform the post-CSKP quiet sitting test and the running 

biomechanics measurement. As mentioned above, 4.5±1.2 min elapsed from the end of the 

last exercise repetition of the CSKP to the beginning of the QST, which lasted for 3 minutes. 

Several seconds subsequently elapsed while the participant was put in position to begin 

running again. Therefore, muscle recovery should have minimized the acute fatigability 

effects on muscle force production during the running trials, and remaining differences 

should be primarily attributable to altered motor control as a consequence of the CSKP 

rather than on reduced force generation capacity within the muscles.(41)

Lastly, the standard limitations of skin-based passive marker motion capture systems apply, 

though the use of a redundant marker set with the point-cluster algorithm to reduce the 
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influence of soft tissue artifact(42) and a within-participant research design should have 

minimized the effects of these limitations.

Conclusion

An experimentally-induced decrease in core stability in novice runners caused an increased 

pKF moment during the stance phase of running (Table 2). Therefore, insufficient core 

stability in novice runners may be a risk factor for PFPS. This study’s results support the 

emphasis on core stability training interventions as a valuable adjunct for runners. While 

underpowered to make definitive conclusions, the result that some individuals can maintain 

core stability in the presence of core muscle fatigue while most do not supports the concept 

that merely increasing core muscle endurance may be inadequate to improve core stability. 

Moreover, it appears that some individuals’ running gait and seated balance may be more 

sensitive to fatigue than others. Further studies are needed to determine whether 

interventions aimed at improving core stability can alter the biomechanical variables in this 

study known to increase risk for PFPS.
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Figure 1. 
Core Stability Knockdown Protocol (CSKP) designed to fatigue both the superficial and 

deep core musculature. The four dynamic and four isometric exercises were performed in 

the following order, each to voluntary exhaustion or until proper form could not be 

maintained. All exercises were completed consecutively with minimal to no rest between 

each.
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Figure 2. 
Reflective marker and electromyography electrode placement. Note: only activations of core 

muscles were analyzed in this study.
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Figure 3. 
Unstable quiet sitting task (QST) used to quantify core stability. Participants are instructed to 

sit as still as possible for 60 seconds with eyes closed while simultaneously counting down 

by 4’s. The chair is positioned on top of force platforms and center of pressure excursion 

(CoPexc) is recorded during the task.
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Figure 4. 
Distributions of CoPexc and MedF data for the group that experienced a reduction in core 

stability post-CSKP (N=20) and the group that did not (N=5).
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