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Abstract

Objective—Juvenile Fibromyalgia (JFM) is characterized by chronic musculoskeletal pain and 

marked reduction in physical activity. Despite recommendations for exercise to manage JFM pain, 

exercise adherence is poor. Due to pain and activity avoidance, adolescents with JFM are at risk 

for altered joint mechanics that may make them susceptible to increased pain and reduced 

tolerance for exercise. The primary aim of this study was to assess functional deficits in patients 

with JFM compared to healthy controls using objective biomechanical assessment.

Methods—Female adolescent patients with JFM (n=17) and healthy controls (n=14) completed 

biomechanical assessments including gait analysis and tests of lower extremity strength (isokinetic 

knee extension/flexion, hip abduction) and functional performance (Drop Vertical Jump) along 

with self-report measures of disability (Functional Disability Inventory), pain intensity, depressive 

symptoms (Children’s Depression Inventory), and fear of movement (Tampa Scale of 

Kinesiophobia).

Results—Patients with JFM demonstrated mild deficiencies in walking gait and functional 

performance (p’s <. 05), significantly lower left knee extension and flexion strength (19–26% 

deficit) and bilateral hip abduction strength (33–37%) compared to healthy controls (p’s < .008). 
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Patients with JFM reported significantly higher functional disability, pain intensity, depressive 

symptoms, and fear of movement relative to controls (p’s < 0.01).

Conclusions—This study showed that adolescents with JFM exhibited objective alterations in 

biomechanics, and self-reported fear of movement which may reinforce their activity avoidance. 

Interventions for JFM should include a focus on correcting functional deficits and instilling greater 

confidence in adolescents with JFM to engage in exercise to improve functional outcomes.
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Juvenile Fibromyalgia (JFM) is a chronic pain condition characterized by widespread 

musculoskeletal pain and several associated symptoms that contribute to significant 

functional disability (1, 2) that persists over time (3). Regular participation in moderate to 

vigorous physical activity and muscle strengthening exercises at least two times a week is 

recommended for pain management in patients with JFM, but adherence to these 

recommendations is poor (4, 5). In fact, a majority of pediatric and adult patients with 

fibromyalgia have been found to engage in extended periods of inactivity (6, 7), and based 

on objective activity monitoring, adolescents with JFM were found to remain very sedentary 

even after completing cognitive-behavioral treatment that significantly reduced their self-

reported functional disability (8). Prolonged engagement in sedentary behavior can 

contribute to physical deconditioning and loss of confidence in patients’ ability to engage in 

physical activity (9). In particular, fear of movement is a prevalent concern for adults with 

fibromyalgia and is associated with poorer physical performance, muscle weakness, and 

increased pain sensitivity (10, 11). As such, pain-related fear may reinforce patients’ activity 

avoidance, exacerbate pain, and contribute to functional deficits, which can further 

contribute to physical deconditioning (11, 12).

Due to their reduced participation in physical activities, adolescents with JFM may be 

susceptible to functional deficits that affect the fundamental movements necessary to re-

engage in physical activity. For example, adults with fibromyalgia and youth with rheumatic 

conditions are weaker in lower extremity strength compared to healthy controls (13–16). 

Such biodynamic deviations can alter their joint mechanics, exacerbate chronic pain, and 

consequently increase their risk of falls as demonstrated in adults with fibromyalgia (9, 17–

19) and adolescents with other rheumatic or chronic pain conditions (20–22). The increased 

risk for functional deficits and pain flares with physical activity for patients with JFM can 

interfere with their ability to safely engage in exercise, and contribute to a downward 

progression of disability, pain-related fear, and activity avoidance into adulthood. There is a 

need to better understand the types of biomechanical and biodynamic deviations prevalent in 

adolescents with JFM so that tailored exercise-based treatments can be designed to meet 

their specific needs.

The use of three-dimensional (3-D) biomechanical analyses to assess a range of functional 

abilities, from walking gait to more dynamic maneuvers like jumping, can provide valuable 

insight regarding the nature of functional deficits associated with musculoskeletal pain 
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conditions such as JFM. Biomechanical assessments of gait are increasingly used to identify 

functional deficits in patients with a variety of health conditions (23, 24). In fact, 

quantitative data from gait analyses has guided the development of targeted interventions 

resulting in improved postoperative gait in children requiring orthopedic surgery (25). On 

tasks requiring higher levels of skill and coordination, the drop vertical jump test (DVJ) 

commonly has been used to identify poor neuromuscular control (26) and predict risk of 

lower extremity injury (27, 28). Biomechanical and biodynamic assessments provide an 

ideal methodology to better understand functional deficits associated with high levels of 

physical impairment in JFM.

The primary aim of this study was to objectively assess a spectrum of functional abilities 

progressing in difficulty from walking gait and strength to functional performance. We 

hypothesized that adolescents with JFM would demonstrate altered gait and deficiencies in 

lower extremity strength and performance compared to healthy controls. Patients with JFM 

also were expected to demonstrate higher levels of self-reported functional disability, pain 

intensity, depressive symptoms, and pain-related fear of movement than healthy controls.

Patients and Methods

Participants

Participants included patients with JFM and healthy controls 12–18 years of age. Patients 

were eligible if they were diagnosed with JFM by a pediatric rheumatologist or pain 

physician using Yunus and Masi (1) and American College of Rheumatology (ACR) criteria 

(29). Healthy control participants were eligible if they had no chronic illness or chronic pain 

condition. Exclusion criteria included: diagnosis of a comorbid rheumatic disease (e.g., 

juvenile arthritis, systemic lupus erythematous), and untreated major psychiatric diagnosis 

(e.g., major depression, bipolar disorder, psychoses) or documented developmental delay.

Patients with JFM were recruited from outpatient pediatric specialty clinics at a large US 

Midwest Children’s Hospital. Eligible patients were introduced to the study by their treating 

physician, and if they expressed interest, a trained research coordinator explained the study 

to the patient and parent/primary caregiver in greater detail. Healthy controls (matched by 

age and sex) from a list of research volunteers were contacted by phone by a research 

coordinator. If they were unable to reach the family by phone, a letter was sent to the home 

describing the study and requesting their participation and a phone number to call if they 

were interested. Parents provided written informed consent and adolescents provided written 

assent. Institutional Review Board approval was obtained prior to study initiation.

Biomechanical and Biodynamic Assessments

The following assessments represent a spectrum of functional tasks progressing in difficulty, 

starting with walking gait, followed by strength, and functional performance (see Figure 1).

Gait analysis—A walking gait analysis was collected during two walking conditions: 1) 

self-selected pace and 2) standardized pace (1.2 m/s) at 240 Hz using a 10 camera, real-time, 

high speed, 3-D motion analysis system (Raptor-E, Motion Analysis Corp., Santa Rosa, 

CA). For the self-selected pace condition, participants were simply instructed to walk at 
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their normal pace and were given no corrective feedback. During the standardized pace 

condition, participants were given feedback to either walk slightly faster or slower 

depending on their self-selected pace. Their pace was standardized by measuring the time it 

took them to walk a known distance (3m). Participants walked across embedded force plates 

(AMTI, Watertown, MA) sampling at 1200 Hz in the floor of the laboratory. Three foot 

strikes on each side were recorded for each walking condition.

Knee Strength—Isokinetic knee strength was assessed using the Biodex System II 

(Shirley, NY). Participants were positioned in the dynamometer chair in a seated position, 

with their hips at approximately 90° and with their knee aligned with the axis of rotation of 

the machine. The lower leg was strapped to the dynamometer arm approximately 2 inches 

above the lateral malleolus. A thigh strap and waist strap were also used to further ensure 

security of the testing position. Participants performed 5 continuous repetitions of maximal 

knee extension/flexion at an isokinetic speed for 300°/sec for practice. Starting position was 

90° knee flexion; participants extended their knee to full extension and actively flexed the 

knee back to the starting position. A short break (approximately 60 seconds) was provided 

after the practice trials. Participants then performed 10 continuous repetitions with maximal 

effort on each leg. Peak torques (Nm/kg) of knee extension and knee flexion were recorded.

Hip Strength—Hip abduction strength was assessed using the Biodex System III. 

Participants faced the dynamometer head with the center of their hip aligned with the axis of 

rotation. The testing leg was strapped to the dynamometer arm just above the knee. 

Participants were instructed to kick out to the side as hard as possible 5 times and the testing 

speed was set to 120°/sec. Isokinetic strength assessments at the hip have been performed at 

various speeds (30°/sec to 210°/sec) in the side lying position (30–34). After pilot testing, 

120°/sec was determined to be a more comfortable and functional speed in the standing 

position. Five repetitions were deemed an appropriate amount to capture maximal effort, 

while minimizing fatigue of the supporting limb. Intra-rater reliability for this testing was 

demonstrated to be good to excellent (35). Participants practiced with ample rest prior to the 

actual test on each leg. The peak torque (Nm/kg) of 5 repetitions was recorded.

Functional Performance—The 3-D motion analysis system also was used to assess 

landing techniques during the drop vertical jump test (DVJ) (36). Demonstrations of how to 

complete the DVJ were followed by practice trials. Participants were allowed as many 

practice trials as needed (typically 2–3) to be comfortable with the test. During the DVJ, 

participants stood on top of a 31 cm box, with their feet approximately shoulder width apart. 

They were instructed to drop off the box with both feet at the same time, land on the force 

plates in front of them, and then immediately jump from both feet to perform a maximal 

effort vertical jump to reach an overhead target. Participants were provided rest breaks 

between trials; however, most participants were ready for the next trial immediately 

following successful practice completion.

Self-report measures

Functional Disability—The Functional Disability Inventory (FDI) is a well-validated 15-

item self-report inventory developed to assess perceived difficulty in the performance of 
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daily activities in home, school, recreational, and social domains due to pain (37). 

Participants rated how much difficulty they have performing each of the activities on a 5-

point Likert scale (0 = no trouble to 4 = impossible). Total scores range from 0 to 60, where 

higher scores indicate greater disability. Clinical reference points for the FDI are: 0–12 No/

Mild disability,13–29 Moderate Disability, and 30–60 Severe Disability (38). The FDI has 

been found to have high internal consistency, moderate to high test-retest reliability, and 

good predictive validity (37, 39).

Pain Intensity—Participants marked their average pain intensity levels in the past week on 

a 0–10 cm VAS scale, anchored by “no pain” and “pain as bad as it can be.” The pain 

intensity VAS is one of the most widely used scales for pain assessment and has been 

validated for use with children over the age of 5 years with adequate reliability and validity 

(40, 41). Clinical cut-offs for pain intensity include: 0–0.4 No pain, 0.5–4.4 mild, 4.5–7.4 

moderate, and 7.5–10 severe (42).

The current study was part of a larger ongoing study of youth with JFM. Due to study 

protocol changes, only a subset of patients with JFM completed the following self-report 

measures which were added later in the study.

Depressive Symptoms—The Children’s Depression Inventory (CDI) is a well-validated 

27-item self-report of depressive symptoms in children and adolescents with moderate test-

retest reliability (43). Participants chose one of three responses for each item that best 

described their symptoms for the past two weeks. Total scores range from 0 to 54 with 

higher scores indicating greater severity of depressive symptoms. Clinical cut-offs for total 

CDI scores are: No/Minimal Depressive Symptoms = <10, Mild = 10–19, Moderate = 20–

28, Severe >28 (43). The CDI was completed by 11 of 17 JFM patients and all 14 healthy 

controls.

Fear of movement—The Tampa Scale of Kinesiophobia (TSK) is a 17-item self-report 

originally developed to assess the fear of movement related to chronic lower back pain (44). 

A short form of the scale (11 items) with improved psychometric properties, adequate 

reliability, and norms across a variety of pain conditions has been published (45) and was 

used in this study. It comprises two subscales that assess activity avoidance and somatic 

focus, with higher total and subscale scores indicating greater fear of movement, activity 

avoidance, and somatic focus (range 11–44). The TSK was completed by 8 of 17 JFM 

participants and all 14 healthy controls.

Procedure

Participants completed a comprehensive assessment of walking gait, lower extremity 

strength, and functional performance with a trained exercise physiologist at the hospital’s 

Sports Medicine and Human Performance Laboratory. Self-report measures of functional 

disability, pain intensity, depressive symptoms, and fear of movement were administered by 

a trained research coordinator.

For biomechanical assessments, participants wore 43 retro-reflective markers placed on 

standardized locations with a minimum of three markers per segment, including bilateral 
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lower extremities (e.g., foot, shank, thigh) and trunk (e.g., pelvis, thorax) (20). A static trial 

was collected first in which the participant stood still, aligned with the laboratory coordinate 

system, in order to measure the participants’ neutral (zero) alignment. All biomechanical 

kinematic measures were calculated relative to this position.

Data Analyses

Descriptive statistics of the sample, strength, and self-report measures were calculated using 

SPSS software version 21. All biomechanical data reduction was performed using custom 

Matlab scripts (Mathworks, Natick, MA). Kinematic analyses and strength data were 

inherently standardized for body weight, so no additional adjustments for weight differences 

were needed. Basic kinetic data including gait speed and stride length were computed for 

both groups.

Kinematic measures were calculated for the right leg from the gait trials using the self-

selected and standardized pace condition. For each of the 3 trials, the gait cycle—beginning 

with the heel strike on the force plate and ending with the successive heel strike—was 

determined, averaged, and normalized to 101 data points to allow for comparison between 

groups. Heel strike was determined in Visual3D using a proprietary algorithm (i.e., force > 

20N) (46). Peak values were determined during the first 60% of stance comparable to 

previous gait studies (47). Three patients with JFM were excluded from the gait analysis due 

to invalid motion capture, via either poor marker recognition or model visualization.

For each of the 3 DVJ trials, the stance phase—beginning with the participant’s initial 

contact with the force plate and ending at the point the participant left the force plate—was 

determined, averaged, and normalized to 101 data points. Four patients with JFM declined 

to complete the DVJ, primarily due to increased pain and discomfort during the practice 

trial. Given the high volume of data extracted during the 3-D motion analysis of gait and 

DVJ, kinematic waveforms depicting gait cycle and stance phase, respectively, for both 

groups were the most efficient and effective method to illustrate the data. Graphical 

representations of gait and DVJ data illustrate the mean performance (represented by solid/

dashed lines) and (+/−) standard errors (represented by shaded areas) for patients with JFM 

and healthy controls. Non-overlapping standard errors represent significant group 

differences with 95% confidence (p < 0.05 level).

Lastly, JFM and healthy control groups were compared using independent t-tests for 

measures of basic kinetic data, peak values for gait cycle, strength, and self-report measures 

of physical and psychosocial functioning. Bonferroni correction was used to adjust for the 

risk of inflated error given multiple comparisons and limited sample size. Therefore, for 

peak values for gait cycle, group differences were considered significant at p <0.006, for 

lower extremity strength measures at p < 0.008, and for self-report measures at p < 0.01.

Results

Sample Characteristics

The sample consisted of 17 patients with JFM and 14 healthy controls. All participants were 

female and primarily Caucasian (77%). Patients with JFM were on average 15.94 (SD = 
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1.95) years of age, 160.88 cm (SD = 6.17) in height, and 71.23 kg (SD = 21.08) in weight. 

Healthy control participants were 14.71 (SD = 1.68) years on average, 159.4 cm (SD = 8.32) 

in height, and 56.36 kg (SD = 15.07). No significant differences were found in adolescent 

age, race, or height between patients with JFM and controls. However, body weight was 

significantly higher in patients with JFM compared to healthy controls (t = 2.21; p < .05). 

Four patients who declined to complete the DVJ reported significantly higher baseline 

average pain intensity (M = 7.88, SD = 1.71) than those patients with JFM who completed 

the test (M = 5.49, SD = 1.66, t (15) = 2.39, p < .05). Notably, there were no significant 

differences in body weight (kg) between patients who completed the DVJ (M = 67.28, SD = 

20.37) and those who did not (M = 84.05, SD = 20.55; t = 1.44, p = 0.17). No differences in 

demographic variables or functional disability were found. Subgroup analyses of patients 

with JFM (n=8) and controls (n=8) with normal range body mass index demonstrated 

differences in kinematic, strength, and psychosocial measures consistent with the full 

sample, suggesting deficits were not solely due to BMI differences.

Biomechanical and Biodynamic Assessments

Walking Gait—There was no significant group difference in walking speed during the self-

selected pace; however, patients with JFM had significantly shorter strides during the self-

selected pace (p < 0.05, Suppl Table 1). Graphical representation of the biomechanical gait 

analyses are presented in Figures 2 and 3. During the standardized pace, patients with JFM 

exhibited mild yet significant alterations in increased dorsiflexion, increased eversion, and 

differences in increased internal rotation at the knee during early stance portion of the gait 

cycle trended toward significance (Suppl Table 1). Similarly, during the self-selected pace, 

patients with JFM exhibited mild alterations in eversion and trending differences in 

increased internal rotation at the knee (Figure 3, Suppl Table 1).

Knee and Hip Strength—Following Bonferroni correction, results of isokinetic knee 

strength revealed that patients with JFM demonstrated significantly lower peak torques in 

left knee extension (18–22% deficit; p’s < .008) and knee flexion (20–24% deficit; p’s < .

008) compared to healthy controls (Table 1). Right knee strength showed similar trends in 

group differences, but was non-significant following α-correction. More pronounced 

deficiencies (34–38%; p’s ≤ .001) in bilateral hip abduction strength were noted for patients 

with JFM compared to controls (Table 1).

Functional Performance—The 3-D motion analysis system also assessed landing 

techniques during the DVJ. As illustrated in Figure 4, adolescents with JFM exhibited 

significantly reduced ankle dorsiflexion, excessive knee abduction, as well as reduced trunk 

flexion upon landing relative to controls.

Physical and Psychosocial Functioning

Patients with JFM reported significantly poorer physical and psychosocial functioning 

compared to healthy controls (Table 2). In particular, considerably large group differences 

were found, such that adolescents with JFM reported functional disability within the 

moderate range and moderate average pain intensity relative to controls. Additionally, youth 
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with JFM reported marked fear of movement and mild levels of depressive symptoms 

compared to their peers.

Discussion

To our knowledge, this is the first study to objectively assess and document functional 

deficits in adolescents with JFM, and is an essential first step to inform the development of 

the most appropriate and effective exercise-based interventions to manage pain in JFM. The 

findings indicate that youth with JFM demonstrate significant functional deficits across a 

spectrum of functional abilities from walking gait to more complex functional performance, 

and these deficits are evident beyond group differences in BMI. In particular, adolescents 

with JFM demonstrated altered walking gait, strength deficiencies in knee extension/flexion 

and hip abduction, and reduction in functional performance. Youth with JFM exhibited 

relatively mild deficiencies on functional tasks that were less challenging (i.e., walking gait), 

and additional deficits emerged as the functional tasks increased in difficulty (i.e., DVJ) 

(48–50). As noted in the kinematic plots, qualitative assessments of the time series joint 

mechanics indicate that patients with JFM demonstrated increased knee abduction and knee 

internal rotation angle during the DVJ which is associated with increased load to the passive 

structures of the knee (51).

Specific deficiencies in walking gait included reduced stride length during the self-selected 

pace and alterations in dorsiflexion, eversion, and internal rotation at the knee during early 

stance at both the self-selected and standardized pace. When the constraint of walking speed 

was removed, adolescents with JFM showed a reduction in stride length relative to controls. 

Identifying the specific reasons for these alterations (e.g., pain, fear of movement, strength 

deficits) in future studies will help better understand the atypical movement strategies in 

patients with JFM.

Additional deficiencies in functional performance (DVJ) suggested reduced flexion at the 

knee and ankle, which can be visualized in a more upright landing and countermovement 

during the stance phase. Patients with JFM demonstrated increased knee abduction 

indicative of entering into a knock-kneed positioning while landing or performing the 

countermovement, which may place patients at increased risk for injury (27, 28). In addition, 

patients with JFM appeared to land with decreased trunk flexion and increased hip flexion at 

initial contact, potentially limiting the height of the vertical jump. These deficits noted in 

higher level tasks of functional performance may be indicative of a reduction in proximal 

stabilization in patients with JFM. That is, hip strength may be a critical modulator of lower 

extremity alignment and load during dynamic tasks in JFM (52, 53). This is consistent with 

the lower extremity and hip strength weaknesses found in adults with FM (13–15), in which 

increased lower extremity pain has been significantly associated with deficits in hip strength 

(15).

Along with the objectively measured functional alterations and differences in body mass, 

adolescents with JFM demonstrated marked self-reported fear of movement along with 

higher functional disability, pain intensity, and more depressive symptoms compared to 

healthy controls, which may also contribute to the observed differences in biomechanics 
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evidenced by youth with JFM. Given that JFM is not associated with any known joint or 

tissue damage which might cause deficits in biomechanics, it is likely that these alterations 

are a response to pain, pain-related fear, and overall deconditioning. Notably, these patterns 

are comparable to functional limitations and psychosocial functioning evidenced by adults 

with fibromyalgia. Specifically, adult patients who had less confidence in movement or 

exhibited high levels of pain-related fear had significantly poorer postural control and 

physical performance (9, 11). Moreover, adults with FM have demonstrated decreased 

tolerance for physical activity (54), reduced physical performance, are more susceptible to 

neuromuscular fatigue, and are at increased risk for falls (9, 11, 19). Findings from the 

current study suggest that the functional deficits in youth with JFM appear to be milder than 

those prevalent in adults with fibromyalgia. However, a negative cycle of pain-related fear, 

activity avoidance, disability, and pain (10) common in other chronic pain conditions, in 

which fear has been associated with decreased speed in both preferred and fast walking, 

weakened muscle strength, and reduced performance on physical tasks in adults (55–57), 

may lead to a downward spiral in physical activity over time. Early intervention to correct 

functional deficits is, therefore, of great importance.

Results of this study support the use of biomechanical analyses of gait and functional 

movements as well as strength measures to guide targeted interventions that effectively 

address neuromuscular deficits associated with JFM. Integrative neuromuscular training 

programs have been shown to improve deficits in patients who have lower extremity injuries 

(21, 26, 58–62). Similarly, biomechanical measures can be used as an innovative method to 

assess the effectiveness of integrative training programs in improving physical functioning 

in patients with JFM (63, 64). For youth with JFM, an integrative neuromuscular program 

should involve specialized instruction in fundamental movements and strength building 

while minimizing pain flare-ups and delayed-onset muscle soreness, which can contribute to 

reduced physical performance and activity avoidance (63, 65). Such a treatment approach 

may improve the motor skills and confidence that youth with JFM require to engage in 

activity while simultaneously addressing psychological contributors to enhance motivation 

and adherence, thus affording them the opportunity to integrate regular exercise into their 

lifestyle and achieve better pain management.

The interpretation of study findings should be considered within the context of some 

limitations. The study results serve as the first step in documenting preliminary evidence of 

functional deficiencies in adolescents with JFM, and additional studies are needed to explore 

the reasons for these deficits. It is important for future studies to include larger samples to 

allow for more complex statistical tests of underlying mechanisms of biomechanical 

alterations and functional outcomes, along with the ability to control for differences in body 

mass index and depressive symptoms. Future studies may also consider collecting pain 

intensity ratings during functional tasks in an effort to more directly assess the potential 

impact of pain on patients’ performance. Also, these findings are specifically relevant for 

patients with JFM and may not be generalizable to other chronic pain conditions. Despite 

these limitations, results from biomechanical assessments appear to be a useful, objective 

method to guide the development of tailored exercise training as well as serve as objective 

outcomes for evaluating interventions.
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In summary, the use of biomechanical assessment provides a novel and objective 

methodology to inform researchers and clinicians of functional deficits that may contribute 

to increased pain and exercise intolerance. During adolescence, patients with JFM appear to 

exhibit emerging deficiencies in the fundamental movements needed to confidently engage 

in activity coupled with psychological characteristics, including fear of movement and 

depressive symptoms, which may inhibit exercise adherence. Early interventions focused on 

correcting these functional deficits and instilling greater confidence in patients to engage in 

more vigorous activity (e.g, combined integrative neuromuscular training and cognitive-

behavioral therapy) hold great promise in improving outcomes for patients with JFM and 

clearly need further investigation (63, 64).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance and Innovations

• Adolescents with Juvenile Fibromyalgia (JFM) demonstrated mild deficiencies 

in walking gait and significantly lower extremity strength and functional 

performance compared to healthy controls.

• Adolescents with JFM reported increased fear of movement, higher functional 

disability, pain intensity, and more depressive symptoms compared to healthy 

controls.

• Altered joint mechanics indicate that youth with JFM may demonstrate deficits 

in their fundamental movements that may be the result of pain avoidance during 

physical activity.

• Interventions focused on correcting functional deficits and instilling greater 

confidence in patients to engage in activity are needed.
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Figure 1. 
Biomechanical and biodynamic assessments of A) walking gait, B) isokinetic knee strength, 

C) hip abduction strength, and D) Drop Vertical Jump.
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Figure 2. 
Time-series plots of kinematic variables collected during the standardized gait cycle for JFM 

patients and controls.

Solid/dashed lines represent mean performance and the surrounding shaded areas illustrate 

the (+/−) standard error for patients with JFM (depicted in pink) and healthy controls (in 

blue). Non-overlapping standard errors represent significant group differences. The left 

column displays angular motion in the sagittal plane at the hip, knee, and ankle joints, 

respectively, from top to bottom. The middle column displays angular motion in the coronal 

plane, and the right column displays angular motion in the transverse plane. Hip, Knee, and 

Dorsi-Flexion can be visualized as a bend in each joint, reducing the angle between the long 

bones of the lower extremities. Hip Adduction is illustrated as the thigh moves toward the 

midline of the body. Knee Abduction can be visualized as the knee joint moves toward the 

midline of the body in a “knock-kneed” position. Eversion of the foot occurs when the foot 

rotates toward the midline of the body, in a more flat-footed position. Hip and Knee Internal 
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Rotation can be visualized as a twisting of the joint in the direction of the midline of the 

body.
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Figure 3. 
Time-series plots of kinematic variables collected during the self-selected gait cycle for JFM 

patients and controls.

Solid/dashed lines represent mean performance and the surrounding shaded areas illustrate 

the (+/−) standard error for patients with JFM (depicted in pink) and healthy controls (in 

blue). Non-overlapping standard errors represent significant group differences. The left 

column displays angular motion in the sagittal plane at the hip, knee, and ankle joints, 

respectively, from top to bottom. The middle column displays angular motion in the coronal 

plane, and the right column displays angular motion in the transverse plane. Hip, Knee, and 

Dorsi-Flexion can be visualized as a bend in each joint, reducing the angle between the long 

bones of the lower extremities. Hip Adduction is illustrated as the thigh moves toward the 

midline of the body. Knee Abduction can be visualized as the knee joint moves toward the 

midline of the body in a “knock-kneed” position. Eversion of the foot occurs when the foot 

rotates toward the midline of the body, in a more flat-footed position. Hip and Knee Internal 
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Rotation can be visualized as a twisting of the joint in the direction of the midline of the 

body.
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Figure 4. 
Time-series plots of kinematic variables collected during the stance phase of the drop 

vertical jump.

Solid/dashed lines represent mean performance and the surrounding shaded areas illustrate 

the (+/−) standard error for patients with JFM (depicted in pink) and healthy controls (in 

blue). Non-overlapping standard errors represent significant group differences. The left 

column displays angular motion in the sagittal plane at the hip, knee, ankle, and the trunk, 

respectively, from top to bottom. The middle column displays angular motion in the coronal 

plane, and the right column displays angular motion in the transverse plane. Hip, Knee, and 

Dorsi-Flexion can be visualized as a bend in each joint, reducing the angle between the long 

bones of the lower extremities. Hip Adduction is illustrated as the thigh moves toward the 

midline of the body. Knee Abduction can be visualized as the knee joint moves toward the 

midline of the body in a “knock-kneed” position. Eversion of the foot occurs when the foot 

rotates toward the midline of the body, in a more flat-footed position. Hip and Knee Internal 

Rotation can be visualized as a twisting of the joint in the direction of the midline of the 

body. Trunk Flexion is a reduction in the angle of the torso relative to the pelvis.
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