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Abstract: Context: Lower extremity muscular strength may vary by different sport participation
during growth process. Objective: To investigate effect of sport participation and growth by comparing
strength of the hamstrings, quadriceps, and hamstrings to quadriceps strength ratio (H:Q ratio)
between young female figure skaters and soccer players. Design: Cross-sectional. Settings: Laboratory
affiliated with regional sports medicine center. Participants: pediatric and adolescent female athletes.
Procedures: Isometric hamstrings and quadriceps strength were measured. Main Outcome Measures:
Strength of the hamstrings, quadriceps, and hamstrings to quadriceps strength ratio (H:Q ratio).
Statistical Analysis: Effect of sport participation and growth was analyzed through a two-way (two
sports: figure skaters and soccer players; three age groups: <12 years, 13–16 years, and >17 years)
analysis of covariance. Results: Hamstrings strength was significantly greater in figure skaters than
soccer players. Also, hamstring strength of 13–16 years and >17 years was higher compared to
<12 years. Additionally, significantly higher H:Q ratio in figure skaters compared to soccer players.
Conclusions: There is effect of growth on hamstrings strength among 13–16 years and >17 years
compared to <12 years. Figure skaters showed greater hamstrings strength and H:Q ratio than female
soccer players.

Keywords: neuromuscular development; physical maturity; sports participation; figure skaters;
soccer players

1. Introduction

Figure skating is a popular winter sport, especially in countries located in northern hemisphere.
In 2017, there were approximately 181,000 figure skaters who belong to the US figure skating association,
and 74% of the participants are females [1]. Figure skating could be broken down into solo, pair, and
synchronized events as well as by level of techniques, expression, and performance, all of which are
evaluated by judges. Past observational studies indicated that figure skaters were more susceptible to
overuse injuries than acute injuries [2–6]. An epidemiological study conducted by Dubravcic-Simunjak
et al. showed that 42.8% of junior level singles female figure skaters sustained overuse injuries while
only 25.0% suffered from acute injuries [7]. Of those overuse injuries, stress fractures were the most
prevalent (19.8%) followed by patellar tendonitis (14.9%). Another study that focused on synchronized
figure skating reported that 65.8% of female synchronized figure skaters experienced at least one
overuse injury in their careers [8].
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On the other hand, it has been theorized that skating athletes have a lower risk for sustaining acute
injuries, such as anterior cruciate ligament (ACL) tears, when compared to other competitive female
athletes [9]. Female soccer players, for instance, were known as a group of competitive athletes who have
a relatively high incidence of ACL tears [10–12]. An epidemiological study examined athletically related
injury incidence over 15 years and concluded that female soccer players demonstrated the highest
ACL injury rates compared to any other female collegiate athletes such as basketball, field hockey,
gymnastics, ice hockey, lacrosse, softball, and volleyball [10]. There were a few proposed mechanisms
of why female athletes sustain an ACL injury more frequently than male athletes such as anatomical,
hormonal, and environmental factors [13–16]. Also, several biomechanical studies identified excessive
knee valgus, limited knee flexion, and abnormal ground reaction forces in a jump–landing task as
major risk factors [17,18].

One factor that potentially explains the acute knee injury rate disparities between the female
figure skaters and female soccer players is a neuromuscular component including the balance of muscle
strength between hamstrings and quadriceps. Greater quadriceps strength relative to hamstrings
strength may be contributing to hyperextension movement of knee joint, which is considered as one of
the noncontact ACL injury mechanisms [19]. In contrast, the main function of hamstrings is knee flexion,
which is considered as an agonist of ACL as well as a counterbalancing quadriceps function during
dynamic movements. For the reasons, several studies examined strength [20] and activation [21–23] of
the hamstrings and quadriceps in dynamic movements. One of the investigations concluded that the
decreased hamstring activation and increased quadriceps activation observed among females may
potentially explain increased ACL injury risk compared to males [24]. Although the muscle strength
imbalance was compared between sexes in the past [25,26], studies that focused on different sports
within the same sex has been scarce.

The sport of soccer requires repetitive knee extension movements to execute kicking a soccer ball,
which may potentially enhance quadriceps strength greatly relative to hamstrings strength. On the
other hand, figure skaters may have greater hamstring strength relative to quadriceps compared to
soccer players because of the greater hip extension movements in figure skating such as stroking,
both forwards and backwards. Thus, specific demands of each sport may be influencing the strength
ratio between hamstrings and quadriceps. Anecdotally, recent athletes are more specialized to one sport
at an earlier age than years past as well as training in a specific sport year-round without substantial
off-season rest. In fact, the effect of early sports specialization and participation on sports-related
injuries has been documented in several studies [27–31]. Additionally, female specific neuromuscular
alterations such as decreased hip abductor strength, increased knee abduction moment, and increased
height of center of mass during growth process were documented by longitudinal studies [32–35].
To our knowledge, however, there has been a lack of descriptive research examining potential effects of
sports participation and growth on lower extremity strength within females. Understanding effect of
specific demands of sports participation and process of physical maturation likely helps identifying
potential contributing mechanisms of musculoskeletal injuries. Therefore, the purpose of this study
was to investigate effect of sport participation and growth through comparing strength of hamstrings
and quadriceps, and hamstrings to quadriceps strength ratio (H:Q ratio) between young female figure
skaters and young female soccer players during growth process. Given the sport-specific movement
demands of their respective sports, we hypothesized that female figure skaters would develop greater
hamstrings strength and H:Q ratio (greater hamstring strength relative to quadriceps strength) relative
to female soccer players as they grow older.

2. Methods

2.1. Study Design

We conducted a cross-sectional study comparing hamstrings strength, quadriceps strength, and
H:Q ratio of female figure skaters and female soccer players. Because of the majority of participants
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were younger than 18 years, signed ascent forms were received from participants’ parents/legal
guardians. Institutional review board (ethics review committee), which were formed based on the
Helsinki declaration including Fortaleza Actualization in 2013, approved the protocol (IRB-P00015970)
of the current study.

2.2. Participants

The female figure skaters were recruited in the study while they were at The Micheli Center for
Sports Injury Prevention for their pre-participation physical examination. The female soccer players
were also asked to participate in this study voluntarily when they visited to The Micheli Center for
Sports Injury Prevention. Both female figure skaters and soccer players had their hamstrings and
quadriceps strength measured at the same site. Inclusion criteria of this study were (1) female sex,
(2) age range between over 8 and under 20 years old, and (3) participation of either figure skating or
soccer as a main sport. Exclusion criteria were (1) surgical history of knee or hip joints, (2) surgical
history of thigh, and (3) neurologic functions that does not allow maximum contraction of hamstrings
and quadriceps or habitual muscle cramping in muscle strength test.

After applying the inclusion and exclusion criteria, a total of 188 eligible young female athletes
(Figure skaters, N = 73; Soccer players, N = 115) participated in the current study. In the figure skaters,
the total population of 80% was a combination of juvenile and intermediate level, and rest of the 20%
consisted of novice figure skaters. They belonged to a local figure skating club team and routinely
practiced 1–2 times per week for a total of 4–6 h each week throughout the year, except for 2–3 months
in summer. The soccer players were either playing soccer in middle or high school, or belonged to a
local soccer club team. They usually practiced approximately 1–2 h at a rate of 2–3 times per week and
competed over the weekend year-round.

2.3. Instrumentations

A handheld dynamometer (Hoggan Scientific LLC, Salt Lake, UT, USA) was used to evaluate
isometric strength of hamstrings and quadriceps. Four healthcare practitioners (athletic trainers)
measured participants’ isometric quadriceps and hamstrings strength. The inter-rater reliability of the
four raters was 85.8%.

2.4. Procedures

For the hamstring strength test, participants were asked to lay prone on a treatment table, with the
knees flexed at 90◦. A handheld dynamometer was applied to the heel, and participants were asked to
move their heel toward their hip/buttock. The quadriceps strength test was performed by a seated
position with 90◦ of knee flexion. A handheld dynamometer was placed on the distal tibia, and
patients were asked to cross their arms at chest and extend their knees for approximately 2–3 s with
maximum force. All the strength tests were performed with under a specific direction including verbal
encouragement to promote maximum effort from participants. All participants were treated and tested
in the same manner. In case if participants had a difficulty understanding and following the given
instruction, several practice trials were performed. Assessments were performed two times for each
muscle group on each limb. The mean values of the two measurements normalized by body mass
were used for analyses.

2.5. Data Reduction

Incomplete or missing data of hamstrings and quadriceps strength measures were eliminated for
the data analysis. Mean values of normalized right and left hamstring and quadriceps peak torque
were used for comparing hamstrings strength and quadriceps strength between female figure skaters
and female soccer players. The H:Q ratio was calculated by mean values of normalized right and
left hamstring peak torque divided by normalized mean quadriceps peak torque values. Because of
the broad age range of participants (8 to 20 years old), three different age classifications were created:
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<12 years, 13–16 years, and >17 years. The three age breakdowns were determined because the past
studies used this classification [32,36,37]. The power analysis with α value of 0.05 and β value of
0.80 indicated each age classification needs at least 16 of sample size.

2.6. Statistical Analysis

Physical characteristics of the two groups including age, height, body mass, and body mass
index (BMI) were compared by a t-test with using mean and standard deviation (SD) based on the
three age classifications. Independent t-test was used when the variables were normally distributed.
Mann–Whitney U test was applied when non-normal distribution was detected by Shapiro–Wilk test.
Any differences identified in the physical characteristics between the two groups were treated as a
covariate. After normalization process was completed and covariates were identified, a two-way
analysis of covariance (ANCOVA)—two levels of sport (female figure skaters vs. female soccer
players) and three levels of age (<12 years, 13–16 years, and >17 years)—was used to examine the
effect of specific sport participation and age groups on hamstrings strength, quadriceps strength,
and H:Q ratio. To examine equality of error variance, Levene’s test was used. A priori α level
was selected as 0.05 to identify statistical significance, and 95% confidence interval (95%CI) was
reported. Also, Bonferroni corrections were used to adjust for multiple comparisons of the ANCOVA.
Partial eta squared (η2) was employed to express the effect size of ANCOVA. For partial eta squared,
<0.010 = small, 0.011–0.059 = small to medium, 0.060–0.138 = medium to large, and >0.139 = large [38].
All analyses were performed by SPSS software (IBM, Version 21.0, Chicago, IL, USA).

3. Results

The Shapiro–Wilk test indicated that age, height, body mass, and BMI were not distributed
normally so that the Mann–Whitney U test was employed. Height and body mass were different
between the two cohorts (Table 1); thus, they were incorporated them in the two-way ANCOVA
model. Based on the ANCOVA model, mean values with 95%CI and SD bars of hamstring strength,
quadriceps strength, and H:Q ratio were illustrated (Figures 1–3). Levene’s test for testing equality of
error variance did not show significant values for hamstring strength (p = 0.297), quadriceps strength
(p = 0.494), and H:Q ratio (p = 0.996). There were no significant interactions in any of the three variables.
Significant main effect of sport with medium to large effect was detected in hamstrings strength
(p = 0.001, η2 = 0.061, Table 2). Hamstring strength was greater in female figure skaters than female
soccer players (Figure skaters, Mean: 2.67, 95%CI: (2.55, 2.79) vs. Soccer players, Mean: 2.38, 95%CI:
(2.26, 2.50), Table 2). Significant main effect of age with medium to large effect was also found in
hamstring strength (p = 0.003, η2 = 0.062, Table 2). Pairwise Bonferroni comparisons indicated that
hamstring strength was greater in 13–16 years compared to <12 years (p = 0.005, <12 years, mean: 2.27,
95%CI: (2.11, 2.43) vs. 13–16 years, mean: 2.59, 95%CI: (2.48, 2.70). In addition, hamstring strength
of >17 years was greater than <12 years (p = 0.009, <12 years, Mean: 2.27, 95%CI: (2.11, 2.43) vs.
>17 years, mean: 2.71, 95%CI: (2.50, 2.92). There were no main effects of sport or age in quadriceps
strength (figure skaters, mean: 4.12, 95%CI: (3.88, 4.36) vs. soccer players, mean: 4.05, 95%CI: (3.82,
4.29), Table 2). In H:Q ratio analyses, significant main effect of sport with small to medium effect was
recorded (p = 0.022, η2 = 0.029, Table 2).

Table 1. Physical characteristics of female figure skaters and female soccer players.

Demographics Figure Skaters (N = 73) Soccer Players (N = 115) p-Value

Age (years) 13.8 ± 3.3 13.8 ± 1.9 0.937
Height (cm) 154.7 ± 15.7 161.4 ± 10.5 0.007*

Body Mass (kg) 49.7 ± 14.0 54.1 ± 10.7 0.016*
BMI 19.9 ± 3.4 20.9 ± 4.9 0.395

* indicates statistical significance. The number of participants: <12 years old figure skaters (N = 28) and soccer
players (N = 30), 13–16 years old in figure skaters (N = 30) and soccer players (N = 73), and >17 years old in figure
skaters (N = 15) and soccer players (N = 12)
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Table 2. Hamstrings strength, quadriceps strength, and H:Q ratio between female figure skaters and
female soccer players in <12 years, 13–16 years, and >17 years.

Strength and Ratio by Age Figure Skaters
(N = 73)

Soccer Players
(N = 115) p-Value Effect Size

Hamstrings Strength (N/Kg) 2.67 (2.55, 2.79) 2.38 (2.26, 2.50) 0.001* 0.061†

Age§
<12 years 2.37 (2.15, 2.59) 2.17 (1.99, 2.36)

0.003* 0.062†13–16 years 2.72 (2.55, 2.90) 2.46 (2.34, 2,58)
>17 years 2.93 (2.66, 3.19) 2.49 (2.19, 2.80)

Quadriceps Strength (N/Kg) 4.12 (3.88, 4,36) 4.05 (3.82, 4.29) 0.700 0.001

Age
<12 years 3.83 (3.38, 4,38) 3.90 (3.53, 4.23)

0.317 0.013‡13–16 years 4.17 (3.82, 4.52) 4.14 (3.90, 4.37)
>17 years 4.36 (3.84, 4.88) 4.13 (3.54, 4.73)

H:Q Ratio 0.61 (0.54, 0.68) 0.58 (0.52, 0.64) 0.022* 0.029‡

Age
< 12 years 0.61 (0.54, 0.68) 0.58 (0.52, 0.64)

0.161 0.020‡13-16 years 0.69 (0.63, 0.74) 0.61 (0.58, 0.65)
> 17 years 0.72 (0.64, 0.80) 0.63 (0.53, 0.72)

Hamstrings and quadriceps strength were normalized by weight, and units are Newton/kilogram. The values of
figure skating and soccer players were expressed as mean with lower and upper points of 95% confidence interval
(95% CI). * indicates statistical significance. § Bonferroni pairwise comparisons indicated a significant difference
between <12 years and 13–16 years (p = 0.005) Also, Bonferroni pairwise analysis showed a significant difference
between <12 years and >17 years (p = 0.009). There was no difference between 13–16 years and >17 years (p = 0.897)
† indicates medium to large effect. ‡ indicates small to medium effect.
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4. Discussion

The purpose of this study was to determine effect of sport participation and growth through
comparing strength of hamstrings and quadriceps, and H:Q ratio between young female figure skaters
and young female soccer players. We hypothesized that as female figure skaters became older, female
figure skaters would develop greater hamstring strength and H:Q ratio, which demonstrate significant
differences compared to female soccer players because of sport specific musculoskeletal demands in
their respective disciplines. Figure skaters often repeat hip extension movements on ice while soccer
players perform kicking movements, which involve knee extension. Those differences were considered
and discussed to generate our hypothesis. The findings indicated that female figure skaters’ hamstring
strength were significantly greater than female soccer players, and expected age effects were also
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detected (Table 2, Figure 1). In addition, H:Q ratio of female figure skaters was significantly higher
compared to female soccer players (Table 2, Figure 3). More precisely, in the 13–16-year-old category,
female figure skaters’ hamstring strength was nearly 70% of quadriceps while female soccer players’
hamstrings strength was ~60% in relation to quadriceps strength (Table 2, Figure 1).

The results may stem from the two distinctively different musculoskeletal demands of these
sports. Movement patterns commonly performed in the sports of figure skating and soccer may have
facilitated different strengths in hamstrings and quadriceps, which, in turn, further influenced the
H:Q ratio. Physical changes led by performing different types of sports were documented [39,40].
According to a study performed by Lopezosa-Reca et al., foot posture index and quadriceps angles,
commonly called “Q angles”, were significantly different between swimmers and football players [39].
Additionally, another study reported a significant bone density difference between football players
and swimmers and cyclists [40]. In the current study, the lower H:Q ratio of female soccer players may
be explained by the kicking motion of the soccer. Kicking motion requires knee extension movements,
which may have stimulated greater quadriceps strength. The general increases of H:Q ratio in female
figure skaters may stem from their stroking movements. To perform stroking movements on ice,
a repetitive sequence of hip extension movements are required on ice, which might have stimulated
hamstring strength development in female figure skaters over the years.

The findings of this study are unique and increase our understanding of strength development
during growth process in young female athletes based on specific sports participation as well as
sports specialization. A prospective, longitudinal study performed by Quatman-Yates et al. reported
that a decrease of H:Q ratio from a group of female athletes who were growing from prepubertal
to pubertal status. This evidence was not an agreement with the current study results. Our results
showed an increase of H:Q ratio as the age becomes older. The only potential explanation is a sport
effect. The athletes analyzed in the study by Quatman-Yates et al. were young female basketball
players while our study group consisted of young female figure skaters and female soccer players.
Main effect of sports on hamstring strength with medium to large effect was found in our study
(Table 2). In addition to our study, various studies were performed to investigate effects of specific
type of sports [39,40] as well as early sports specialization [27,41–43]. For instance, negative health
outcomes of sports specialization such as increased incidences of overuse injuries in young athletes
have been documented [27,30,31]. Jayanthi et al. compared a total of 1200 young athletes between
sport-specialized and nonsport-specialized athletes and found that young athletes who were specialized
to a sport have more likelihood to sustain serous overuse injuries such as spondylolysis, osteochondritis
dissecans, and stress fracture [30]. Other studies also documented effects of sports specialization on
injuries [43–45]; however, studies that examined effects of sport participation on physical changes
were limited. The current study compared quadriceps, hamstring strength, and the ratio among young
female athletes who participate in figure skating and soccer. The H:Q ratio was selected because of the
clinical implications related a traumatic knee injury such as ACL injury [20,46]. The hamstrings strength
as well as H:Q ratio were investigated to determine risk of knee injury such as ACL injury [20,46], and
strength development of post-ACL surgery [47,48]. A matched case control study reported that teenage
female athletes who demonstrated H:Q ratio of greater than 0.6 did not sustain ACL injury while those
who showed H:Q ratio less than 0.6 resulted in ACL injury [20]. Similarly, another study suggested that
increased torque on the ACL in side step cutting task among those who showed reduced hamstring
strength [46]. Synthesizing these prior studies and the findings of this study, it may potentially be that
female soccer players are predisposed to higher risk of ACL injury when compared to female figure
skaters, in part, because of the lower H:Q ratio and decreased hamstring strength.

5. Limitations

A few limitations of this study need to be stated. First, study design of the current project
was cross-sectional. It was ideal to use a prospective, longitudinal design and follow each athlete
over time, which would allow us to examine biological growth and maturation more closely rather
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than chronological ages. However, time and financial constrains required to perform a prospective,
longitudinal follow-up, which was not placed at a commencement of the current study. Therefore,
we used a cross-sectional design instead. Second, approximately 85% of this cohort, both figure skaters
and soccer players, were Caucasian. Although there has been no report of different lower extremity
strength among specific races and ethnicities, the homogeneity of our cohort may limit generalizability.
Third, inter-rater reliability of the handheld dynamometer was 85.8%. According to a study performed
by Portney and Watkins [49], the inter-rater reliability of the current study was interpreted as good
(0.75–0.89), but not excellent (>0.90). This may be explained by a number of raters. Several studies used
two raters to examine inter-rater reliability and reported good to excellent inter-rater reliability [50,51].
The current study employed a total of four raters, which might have lowered the reliability values;
however, the observed values were comparable relative to documented studies [50,51]. Fourth,
the number of both female figure skaters and female soccer players in >17 years was fewer compared
to the <12 years and 13–16 years age categories (Table 1). Due to the smaller number of samples,
the 95%CI box plots of >17 years of the Figures 1–3 were slightly larger compared to rest of the two
age groups, which potentially might have influenced the outcome of this study. Moreover, there is
variability (skating types, skating levels, and soccer positions) within this study population, and we did
not analyze the current data based on those categories. Finally, injury data was not synthesized in this
study. Sports specialization related studies often incorporate an extent of sport-related musculoskeletal
injuries, especially overuse types among the physically active youth [27,30,31]. Including injury data
might have shown valuable clinical findings beyond neuromuscular alteration, but it was not a scope
of the current study. Instead, the current study focused on effect of early sports participation and
growth on neuromuscular development in young female athletes.

6. Conclusions

Despite the limitations of our study, our results indicated that hamstrings strength and H:Q ratio
of young female figure skaters were greater than that of young female soccer players. Also, an effect of
growth was identified: hamstring strength was stronger in 13–16 years and >17 years of ages compared
to <12 years. Future studies should consider incorporating injury variables for investigating effects
of sports participation and physical maturation in order to generate clinically useful evidence for
healthcare providers and well-being of young female athletes.

Author Contributions: Conceptualization, D.S., L.J.M. and E.T.G.; methodology, D.S. and W.P.M.; formal analysis,
D.S.; investigation, D.S., D.R.B. and E.T.G.; resources, W.P.M. and L.J.M.; data curation, D.S.; writing—original
draft preparation, D.S.; writing—review and editing, D.S., D.R.B., A.N.B., W.P.M., L.J.M. and E.T.G.; visualization,
D.S.; supervision, W.P.M. and L.J.M.

Funding: This research received no external funding.

Acknowledgments: The authors acknowledge members and supporting personnel of The Micheli Center for
Sports Injury Prevention and a research team of Boston Children’s Hospital—Sports Medicine.

Conflicts of Interest: The authors declare no conflicts of interest. However, Dr. William P. Meehan III has
a following disclosure statement: I have an ABC-Clio publishing for the sale of his books Kids, Sports and
Concussion a Guide for Coaches and Parents, and Concussions; Springer International for the book Head and
Neck Injuries in Young Athletes; Wolters Kluwer for working as an author for UpToDate; His research is funded,
in part, by philanthropic support from the National Hockey League Alumni Association through the Corey C
Griffin Pro-Am tournament. D Howell has received research support through a research contract with Boston
Children’s Hospital, Cincinnati Children’s Hospital Medical Center, and ElMindA Ltd. The authors have no
other relevant affiliations or financial involvement with any organization or entity with a financial interest in or
financial conflict with the subject matter or materials discussed in the manuscript. This includes employment,
consultancies, honoraria, stock ownership or options, expert testimony, grants or patents received or pending, or
royalties. Peer reviewers on this manuscript have no relevant financial relationships to disclose.

References

1. US Figure Skating Fact Sheet. 2018 Fiscal Year Information. Available online: http://www.usfsa.org.
(accessed on 28 July 2018).

http://www.usfsa.org.


Sports 2019, 7, 158 9 of 11

2. Nikolic, A.; Baltzer, A.W.; Kramer, R.; Liebau, C. Injuries specific to ice skating-documentation of the injuries
of competitive athletes during a pre-season training camp. Sportverletz Sportschaden. 1998, 12, 142–146.
[PubMed]

3. Bloch, R.M. Figure skating injuries. Phys. Med. Rehabil. Clin. N Am. 1999, 10, 177–188. [CrossRef]
4. Smith, A.D. The young skater. Clin. Sports Med. 2000, 19, 741–755. [CrossRef]
5. Porter, E.B.; Young, C.C.; Niedfeldt, M.W.; Gottschlich, L.M. Sport-specific injuries and medical problems of

figure skaters. WMJ 2007, 106, 330–334. [PubMed]
6. Porter, E.B. Common injuries and medical problems in singles figure skaters. Curr. Sports Med. Rep. 2013, 12,

318–320. [CrossRef] [PubMed]
7. Dubravcic-Simunjak, S.; Pecina, M.; Kuipers, H.; Moran, J.; Haspl, M. The incidence of injuries in elite junior

figure skaters. Am. J. Sports Med. 2003, 31, 511–517. [CrossRef] [PubMed]
8. Dubravcic-Simunjak, S.; Kuipers, H.; Moran, J.; Simunjak, B.; Pecina, M. Injuries in synchronized skating.

Int. J. Sports Med. 2006, 27, 493–499. [CrossRef] [PubMed]
9. Kowalczyk, A.D.; Geminiani, E.T.; Dahlberg, B.W.; Micheli, L.J.; Sugimoto, D. Pediatric and Adolescent

Figure Skating Injuries: A 15-Year Retrospective Review. Clin. J. Sport Med. 2019. [CrossRef] [PubMed]
10. Hootman, J.M.; Dick, R.; Agel, J. Epidemiology of collegiate injuries for 15 sports: Summary and

recommendations for injury prevention initiatives. J. Athl. Train. 2007, 42, 311–319.
11. Beynnon, B.D.; Vacek, P.M.; Newell, M.K.; Tourville, T.W.; Smith, H.C.; Shultz, S.J.; Johnson, R.J. The Effects of

Level of Competition, Sport, and Sex on the Incidence of First-Time Noncontact Anterior Cruciate Ligament
Injury. Am. J. Sports Med. 2014, 42, 1806–1812. [CrossRef] [PubMed]

12. Agel, J.; Rockwood, T.; Klossner, D. Collegiate ACL Injury Rates Across 15 Sports: National Collegiate
Athletic Association Injury Surveillance System Data Update (2004–2005 Through 2012–2013). Clin. J.
Sport Med. 2016, 26, 518–523. [CrossRef] [PubMed]

13. Hewett, T.E.; Ford, K.R.; Myer, G.D. Anterior cruciate ligament injuries in female athletes: Part 2,
a meta-analysis of neuromuscular interventions aimed at injury prevention. Am. J. Sports Med. 2006,
34, 490–498. [CrossRef] [PubMed]

14. Hewett, T.E.; Myer, G.D.; Ford, K.R. Anterior cruciate ligament injuries in female athletes: Part 1, mechanisms
and risk factors. Am. J. Sports Med. 2006, 34, 299–311. [CrossRef] [PubMed]

15. Hewett, T.E.; Zazulak, B.T.; Myer, G.D. Effects of the menstrual cycle on anterior cruciate ligament injury
risk: a systematic review. Am. J. Sports Med. 2007, 35, 659–668. [CrossRef] [PubMed]

16. Alentorn-Geli, E.; Mendiguchia, J.; Samuelsson, K.; Musahl, V.; Karlsson, J.; Cugat, R.; Myer, G.D. Prevention of
anterior cruciate ligament injuries in sports. Part I: Systematic review of risk factors in male athletes. Knee Surg.
Sports Traumatol. Arthrosc. 2014, 22, 3–15. [CrossRef]

17. Hewett, T.E.; Myer, G.D.; Ford, K.R.; Heidt Jr, R.S.; Colosimo, A.J.; McLean, S.G.; Succop, P.
Biomechanical measures of neuromuscular control and valgus loading of the knee predict anterior cruciate
ligament injury risk in female athletes: A prospective study. Am. J. Sports Med. 2005, 33, 492–501. [CrossRef]

18. Leppänen, M.; Pasanen, K.; Kujala, U.M.; Vasankari, T.; Kannus, P.; Äyrämö, S.; Parkkari, J. Stiff landings
are associated with increased ACL injury risk in young female basketball and floorball players. Am. J.
Sports Med. 2017, 45, 386–393. [CrossRef]

19. Yu, B.; Garrett, W.E. Mechanisms of non-contact ACL injuries. Br. J. Sports Med. 2007, 1, 47–51. [CrossRef]
20. Myer, G.D.; Ford, K.R.; Barber Foss, K.D.; Liu, C.; Nick, T.G.; Hewett, T.E. The relationship of hamstrings and

quadriceps strength to anterior cruciate ligament injury in female athletes. Clin. J. Sport Med. 2009, 19, 3–8.
[CrossRef]

21. Ortiz, A.; Olson, S.L.; Etnyre, B.; Trudelle-Jackson, E.E.; Bartlett, W.; Venegas-Rios, H.L. Fatigue effects on
knee joint stability during two jump tasks in women. J. Strength. Cond. Res. 2010, 24, 1019–1027. [CrossRef]

22. Elias, A.R.; Hammill, C.D.; Mizner, R.L. Changes in quadriceps and hamstring cocontraction following
landing instruction in patients with anterior cruciate ligament reconstruction. J. Orthop. Sports Phys. Ther.
2015, 45, 273–280. [CrossRef] [PubMed]

23. Letafatkar, A.; Rajabi, R.; Tekamejani, E.E.; Minoonejad, H. Effects of perturbation training on knee flexion
angle and quadriceps to hamstring cocontraction of female athletes with quadriceps dominance deficit:
Pre-post intervention study. Knee 2015, 22, 230–236. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10036716
http://dx.doi.org/10.1016/S1047-9651(18)30222-5
http://dx.doi.org/10.1016/S0278-5919(05)70235-0
http://www.ncbi.nlm.nih.gov/pubmed/17970015
http://dx.doi.org/10.1249/JSR.0b013e3182a4b94e
http://www.ncbi.nlm.nih.gov/pubmed/24030306
http://dx.doi.org/10.1177/03635465030310040601
http://www.ncbi.nlm.nih.gov/pubmed/12860537
http://dx.doi.org/10.1055/s-2005-865816
http://www.ncbi.nlm.nih.gov/pubmed/16767614
http://dx.doi.org/10.1097/JSM.0000000000000743
http://www.ncbi.nlm.nih.gov/pubmed/30985309
http://dx.doi.org/10.1177/0363546514540862
http://www.ncbi.nlm.nih.gov/pubmed/25016012
http://dx.doi.org/10.1097/JSM.0000000000000290
http://www.ncbi.nlm.nih.gov/pubmed/27315457
http://dx.doi.org/10.1177/0363546505282619
http://www.ncbi.nlm.nih.gov/pubmed/16382007
http://dx.doi.org/10.1177/0363546505284183
http://www.ncbi.nlm.nih.gov/pubmed/16423913
http://dx.doi.org/10.1177/0363546506295699
http://www.ncbi.nlm.nih.gov/pubmed/17293469
http://dx.doi.org/10.1007/s00167-013-2725-3
http://dx.doi.org/10.1177/0363546504269591
http://dx.doi.org/10.1177/0363546516665810
http://dx.doi.org/10.1136/bjsm.2007.037192
http://dx.doi.org/10.1097/JSM.0b013e318190bddb
http://dx.doi.org/10.1519/JSC.0b013e3181c7c5d4
http://dx.doi.org/10.2519/jospt.2015.5335
http://www.ncbi.nlm.nih.gov/pubmed/25679342
http://dx.doi.org/10.1016/j.knee.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25709088


Sports 2019, 7, 158 10 of 11

24. Chappell, J.D.; Creighton, R.A.; Giuliani, C.; Yu, B.; Garrett, W.E. Kinematics and electromyography of
landing preparation in vertical stop-jump: Risks for noncontact anterior cruciate ligament injury. Am. J.
Sports Med. 2007, 35, 235–241. [CrossRef] [PubMed]

25. Sugimoto, D.; Mattacola, C.G.; Mullineaux, D.R.; Palmer, T.G.; Hewett, T.E. Comparison of isokinetic hip
abduction and adduction peak torques and ratio between sexes. Clin. J. Sport Med. 2014, 24, 422–428.
[CrossRef] [PubMed]

26. El-Ashker, S.; Allardyce, J.M.; Carson, B.P. Sex-related differences in joint-angle-specific
hamstring-to-quadriceps function following fatigue. Eur. J. Sport Sci. 2019. [CrossRef]

27. Jayanthi, N.; Pinkham, C.; Dugas, L.; Patrick, B.; Labella, C. Sports specialization in young athletes:
Evidence-based recommendations. Sports Health. 2013, 5, 251–257. [CrossRef]

28. DiFiori, J.P.; Benjamin, H.J.; Brenner, J.S.; Gregory, A.; Jayanthi, N.; Landry, G.L.; Luke, A. Overuse injuries
and burnout in youth sports: A position statement from the American Medical Society for Sports Medicine.
Br. J. Sports Med. 2014, 48, 287–288. [CrossRef]

29. Feeley, B.T.; Agel, J.; LaPrade, R.F. When is it Too Early for Single Sport Specialization? Am. J. Sports Med.
2016, 44, 234–241. [CrossRef]

30. Jayanthi, N.; LaBella, C.R.; Fischer, D.; Pasulka, J.; Dugas, L.R. Sports-specialized intensive training and the
risk of injury in young athletes: A clinical case-control study. Am. J. Sports Med. 2015, 43, 794–801. [CrossRef]

31. Hall, R.; Barber Foss, K.; Hewett, T.E.; Myer, G.D. Sport specialization’s association with an increased risk of
developing anterior knee pain in adolescent female athletes. J. Sport Rehabil. 2015, 24, 31–35. [CrossRef]

32. Myer, G.D.; Ford, K.R.; Divine, J.G.; Wall, E.J.; Kahanov, L.; Hewett, T.E. Longitudinal assessment of
noncontact anterior cruciate ligament injury risk factors during maturation in a female athlete: A case report.
J. Athl. Train. 2009, 44, 101–109. [CrossRef] [PubMed]

33. Ford, K.R.; Shapiro, R.; Myer, G.D.; Van Den Bogert, A.J.; Hewett, T.E. Longitudinal sex differences during
landing in knee abduction in young athletes. Med. Sci. Sports Exerc. 2010, 42, 1923–1931. [CrossRef]
[PubMed]

34. Quatman-Yates, C.C.; Myer, G.D.; Ford, K.R.; Hewett, T.E. A longitudinal evaluation of maturational effects
on lower extremity strength in female adolescent athletes. Pediatr. Phys. Ther. 2013, 25, 271–276. [CrossRef]
[PubMed]

35. Hewett, T.E.; Myer, G.D.; Kiefer, A.W.; Ford, K.R. Longitudinal Increases in Knee Abduction Moments in
Females during Adolescent Growth. Med. Sci. Sports Exerc. 2015, 47, 2579–2585. [CrossRef] [PubMed]

36. Stracciolini, A.; Casciano, R.; Levey Friedman, H.; Meehan, W.P.; Micheli, L.J. Pediatric sports injuries: An age
comparison of children versus adolescents. Am. J. Sports Med. 2013, 41, 1922–1929. [CrossRef] [PubMed]

37. Stracciolini, A.; Stein, C.J.; Zurakowski, D.; Meehan, W.P.; Myer, G.D.; Micheli, L.J. Anterior cruciate ligament
injuries in pediatric athletes presenting to sports medicine clinic: A comparison of males and females through
growth and development. Sports Health. 2015, 7, 130–136. [CrossRef] [PubMed]

38. Sugimoto, D.; McCartney, R.E.; Parisien, R.L.; Dashe, J.; Borg, D.R.; Meehan, W.P. Range of motion and ankle
injury history association with sex in pediatric and adolescent athletes. Phys. Sports Med. 2018, 46, 24–29.
[CrossRef] [PubMed]

39. Lopezosa-Reca, E.; Gijon-Nogueron, G.; Garcia-Paya, I.; Ortega-Avila, A.B. Does the type of sport practised
influence foot posture and knee angle? Differences between footballers and swimmers. Res. Sports Med.
2018, 26, 345–353. [CrossRef]

40. Vlachopoulos, D.; Barker, A.R.; Williams, C.A.; Arngrímsson, S.A.; Knapp, K.M.; Metcalf, B.S.; Gracia-Marco, L.
The Impact of Sport Participation on Bone Mass and Geometry in Male Adolescents. Med. Sci. Sports Exerc.
2017, 49, 317–326. [CrossRef]

41. Myer, G.D.; Jayanthi, N.; Difiori, J.P.; Faigenbaum, A.D.; Kiefer, A.W.; Logerstedt, D.; Micheli, L.J.
Sport Specialization, Part I: Does Early Sports Specialization Increase Negative Outcomes and Reduce the
Opportunity for Success in Young Athletes? Sports Health. 2015, 7, 437–442. [CrossRef]

42. Myer, G.D.; Jayanthi, N.; DiFiori, J.P.; Faigenbaum, A.D.; Kiefer, A.W.; Logerstedt, D.; Micheli, L.J.
Sports Specialization, Part II: Alternative Solutions to Early Sport Specialization in Youth Athletes.
Sports Health. 2016, 8, 65–73. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/0363546506294077
http://www.ncbi.nlm.nih.gov/pubmed/17092926
http://dx.doi.org/10.1097/JSM.0000000000000059
http://www.ncbi.nlm.nih.gov/pubmed/24905541
http://dx.doi.org/10.1080/17461391.2019.1574904
http://dx.doi.org/10.1177/1941738112464626
http://dx.doi.org/10.1136/bjsports-2013-093299
http://dx.doi.org/10.1177/0363546515576899
http://dx.doi.org/10.1177/0363546514567298
http://dx.doi.org/10.1123/jsr.2013-0101
http://dx.doi.org/10.4085/1062-6050-44.1.101
http://www.ncbi.nlm.nih.gov/pubmed/19180226
http://dx.doi.org/10.1249/MSS.0b013e3181dc99b1
http://www.ncbi.nlm.nih.gov/pubmed/20305577
http://dx.doi.org/10.1097/PEP.0b013e31828e1e9d
http://www.ncbi.nlm.nih.gov/pubmed/23619561
http://dx.doi.org/10.1249/MSS.0000000000000700
http://www.ncbi.nlm.nih.gov/pubmed/25970663
http://dx.doi.org/10.1177/0363546513490644
http://www.ncbi.nlm.nih.gov/pubmed/23739684
http://dx.doi.org/10.1177/1941738114554768
http://www.ncbi.nlm.nih.gov/pubmed/25984258
http://dx.doi.org/10.1080/00913847.2018.1413919
http://www.ncbi.nlm.nih.gov/pubmed/29202636
http://dx.doi.org/10.1080/15438627.2018.1447470
http://dx.doi.org/10.1249/MSS.0000000000001091
http://dx.doi.org/10.1177/1941738115598747
http://dx.doi.org/10.1177/1941738115614811
http://www.ncbi.nlm.nih.gov/pubmed/26517937


Sports 2019, 7, 158 11 of 11

43. Sugimoto, D.; Jackson, S.S.; Howell, D.R.; Meehan, W.P.; Stracciolini, A. Association between training volume
and lower extremity overuse injuries in young female athletes: Implications for early sports specialization.
Phys. Sports Med. 2019, 47, 199–204. [CrossRef] [PubMed]

44. Post, E.G.; Bell, D.R.; Trigsted, S.M.; Pfaller, A.Y.; Hetzel, S.J.; Brooks, M.A.; McGuine, T.A. Association of
Competition Volume, Club Sports, and Sport Specialization With Sex and Lower Extremity Injury History in
High School Athletes. Sports Health. 2017, 9, 518–523. [CrossRef] [PubMed]

45. Post, E.G.; Trigsted, S.M.; Riekena, J.W.; Hetzel, S.; McGuine, T.A.; Brooks, M.A.; Bell, D.R. The Association
of Sport Specialization and Training Volume with Injury History in Youth Athletes. Am. J. Sports Med. 2017,
45, 1405–1412. [CrossRef] [PubMed]

46. Weinhandl, J.T.; Earl-Boehm, J.E.; Ebersole, K.T.; Huddleston, W.E.; Armstrong, B.S.; O’Connor, K.M.
Reduced hamstring strength increases anterior cruciate ligament loading during anticipated sidestep cutting.
Clin. Biomech. 2014, 29, 752–759. [CrossRef] [PubMed]

47. Greenberg, E.M.; Greenberg, E.T.; Ganley, T.J.; Lawrence, J.T. Strength and functional performance recovery
after anterior cruciate ligament reconstruction in preadolescent athletes. Sports Health. 2014, 6, 309–312.
[CrossRef] [PubMed]

48. Lynch, A.D.; Logerstedt, D.S.; Grindem, H.; Eitzen, I.; Hicks, G.E.; Axe, M.J.; Snyder-Mackler, L.
Consensus criteria for defining ‘successful outcome’ after ACL injury and reconstruction: A Delaware-Oslo
ACL cohort investigation. Br. J. Sports Med. 2015, 49, 335–342. [CrossRef]

49. Portney, L.G.; Watkins, M.P. Foundations of Clinical Research: Application to Practice; Prentice Hall Health:
Upper Saddle River, NJ, USA, 2008.

50. Kim, S.G.; Lee, Y.S. The intra- and inter-rater reliabilities of lower extremity muscle strength assessment of
healthy adults using a hand held dynamometer. J. Phys. Ther. Sci. 2015, 27, 1799–1801. [CrossRef]

51. Mentiplay, B.F.; Perraton, L.G.; Bower, K.J.; Adair, B.; Pua, Y.H.; Williams, G.P.; Clark, R.A. Assessment of
Lower Limb Muscle Strength and Power Using Hand-Held and Fixed Dynamometry: A Reliability and
Validity Study. PLoS ONE 2015, 10, e0140822. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/00913847.2018.1546107
http://www.ncbi.nlm.nih.gov/pubmed/30403911
http://dx.doi.org/10.1177/1941738117714160
http://www.ncbi.nlm.nih.gov/pubmed/28628419
http://dx.doi.org/10.1177/0363546517690848
http://www.ncbi.nlm.nih.gov/pubmed/28288281
http://dx.doi.org/10.1016/j.clinbiomech.2014.05.013
http://www.ncbi.nlm.nih.gov/pubmed/24970112
http://dx.doi.org/10.1177/1941738114537594
http://www.ncbi.nlm.nih.gov/pubmed/24982702
http://dx.doi.org/10.1136/bjsports-2013-092299
http://dx.doi.org/10.1589/jpts.27.1799
http://dx.doi.org/10.1371/journal.pone.0140822
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Study Design 
	Participants 
	Instrumentations 
	Procedures 
	Data Reduction 
	Statistical Analysis 

	Results 
	Discussion 
	Limitations 
	Conclusions 
	References

