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Background: Recent studies have suggested increased rates of lower extremity (LE) musculoskeletal injury after a diagnosed
concussion, although significant heterogeneity exists.

Purpose: To examine the current body of research and determine whether there is an increased risk for LE musculoskeletal injury
after a concussion and to identify populations at an increased risk.

Study Design: Systematic review; Level of evidence, 3.

Methods: A systematic review of current literature using MEDLINE and PubMed databases was performed. Keywords included
concussion, athlete, lower extremity injury, and return to sport. Inclusion criteria required original research articles written in the
English language examining the rate of LE injuries after a diagnosed concussion.

Results: A total of 13 studies involving 4349 athletes (88.1% male and 11.9% female; mean age, 19.8 years) met inclusion criteria.
Athletes were classified as high school (46.1%), collegiate (17.0%), or professional (36.9%). Of the 13 studies, 4 demonstrated an
increased risk of LE injury within 90 days of a diagnosed concussion (odds ratio [OR], 3.44; 95% Cl, 2.99-4.42), and 6 revealed an
elevated risk of injury within 1 year of concussion (OR, 1.85; 95% ClI, 1.73-2.84). Increased risk was seen in professional (OR, 2.49;
95% Cl, 2.40-2.72) and collegiate (OR, 2.00; 95% ClI, 1.96-2.16) athletes compared with high school athletes (OR, 0.97; 95% Cl,
0.89-1.05). A stepwise increase in risk of sustaining an LE injury was observed with multiple concussions, with increasing risk
observed from >2 (OR, 2.29; 95% ClI, 1.85-2.83) to >3 (OR, 2.86; 95% Cl, 2.36-3.48) career concussions.

Conclusion: An increased incidence of LE injuries was observed at 90 days and 1 year after the diagnosis of a concussion. Higher
levels of competition, such as at the collegiate and professional levels, resulted in an increased risk of sustaining a subsequent LE
injury after a diagnosed concussion. These results suggest an at-risk population who may benefit from injury prevention methods
after a concussion. Future studies should focus on identifying which injuries are most common, during what time period athletes
are most vulnerable, and methods to prevent injury after return to sports.
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The understanding of the short- and long-term conse-
quences of concussions has significantly evolved in recent
years. Concussions occur commonly in athletes of all skill
levels at a rate of 0.17 to 0.99 per 1000 athlete-exposures,
with increasing incidence over time.3%** The most com-
mon cause of a concussion is direct, player-to-player
contact.2® Despite how frequently these injuries occur,
concussions remain poorly understood and difficult to
diagnose, with up to 52.7% of sports-related concussions
going unreported.?® Although return-to-play protocols
have been designed to mitigate subsequent injury,
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athletes experience an increased rate of musculoskeletal
injury after a concussion.?18-3

Concussive episodes produce myriad symptoms, includ-
ing headaches, gait imbalances, dizziness, difficulties
concentrating, irritability, and confusion.*? Multiple
theories®383 have suggested that concussions share sim-
ilar pathophysiology and biological factors with injuries
such as altered cerebral blood flow, diffuse axonal injury,
and neuroinflammation. The acute effects of concussions
can be detrimental to athletic performance, with prior
studies®!7273% demonstrating alterations in reaction
time, gait patterns, and postural stability after returning
to play. These alterations not only adversely affect perfor-
mance but also make the athlete more vulnerable to sub-
sequent injury.
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Recent literature’?4° illustrates that neuromuscular

impairment increases the risk of lower extremity (LE)
injury. The purpose of this systematic review was to assess
whether there is an elevated risk of LE injury after a
sports-related concussion and identify which athletes har-
bor the highest risk of subsequent injury. We hypothesized
that there would be an increased risk of LE injury after
concussion at all levels of competition.

METHODS
Research Framework

Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines were applied upon the
review and evaluation of literature for this study.?3

Search Strategy

A systematic review of the Cochrane Database of System-
atic Reviews, the MEDLINE/PubMed Database (U.S.
National Library of Medicine, National Institutes of
Health), Embase, and Web of Science electronic databases
was performed in October 2020. Results were limited to
articles in English published between January 1, 2000,
and September 30, 2020. Titles and keywords were uti-
lized to screen literature for inclusion. The following
search terms were constructed for the search: (concussion
OR head injury) AND (return to sport OR athletes base-
ball OR basketball OR bicycling OR cricket sport OR golf
OR boxing OR football OR hockey OR martial arts OR
racquet sports OR soccer OR track and field OR volleyball
OR weight lighting OR youth sports) AND (lower extrem-
ity injury OR groin injury OR hip injury OR buttocks
injury OR thigh injury OR knee injury OR ankle injury).
Reference lists from all primary articles were checked by 4
of the authors (T.R.J., J.P.C., P.J.B., and Y.H.) to further
retrieve articles that may not have been found in the ini-
tial search. The search yielded 278 potential articles, of
which 13 articles were included after application of selec-
tion criteria (Figure 1).

Data Extraction and Synthesis

Data extracted from each study included the number of
athletes, age, sex, sport played, level of play, odds ratio
(OR) of injury, and number of concussions per athlete. Arti-
cles were reviewed by all authors, and agreement was
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Figure 1. PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) 2009 flow diagram of study
selection.

reached regarding the data extracted. Because of the het-
erogenicity of patient populations, differences in sport
played, and reported outcomes including types of LE injury,
a meta-analysis was not performed. The statistics were pri-
marily descriptive, and each study was evaluated qualita-
tively. Three authors (P.J.B., M.J.A., and Y.H.) assessed
the eligibility and quality of studies for reporting LE inju-
ries after concussions. Outcome data were extracted from
the reviewed papers. Selected studies were grouped into
categories, allowing results to be compared across studies
and data to be weighted and pooled. Validity assessment
and data extraction were reviewed by 3 additional authors
(T.R.J.,J.P.C., and K.R.O.). All discrepancies were resolved
by reviewing the original source papers; discussion culmi-
nated with consensus reached among all authors.
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Risk of Bias

Because of the heterogenicity of studies included in this
review, the Methodological Index for Non-Randomized
Studies (MINORS) instrument was utilized to evaluate the
quality of the literature.*’ The MINORS instrument is a
validated tool designed to evaluate the methodological
quality of nonrandomized controlled studies; it contains a
24-point scale for comparative studies and a 16-point scale
for noncomparative studies.*!

RESULTS
Study Selection and Study Bias

All 13 of the included studies were comparative studies,
with a mean MINORS score of 19.8 of 24 (range, 19-21).
Of the total included studies, 10 examined college athletes,
2 focused on professional athletes,>>3* and 1 studied high
school athletes.?®

Study Characteristics

The collection of studies included a total of 4349 partici-
pants. Only 9 of the 13 studies included participant gen-
ders, of which 2066 (88.1% of reported) were men and 278
(11.9% of reported) were women (Table 1).7 In terms of skill

TABLE 1
Study Characteristics®
Variable Value
No. of included studies 13
Total No. of participants 4349
Male patients, n (%) 2066 (88.1)
Female patients, n (%) 278 (11.9)

335 (12-2004)
19.8 (19.3-20.1)

Mean sample size (range)
Mean age, y (SD)*

“Only 5 studies reported age (all collegiate athletes).

Lower Extremity Injury After Return to Sports From Concussion 3

level, 1604 participants were professional, 741 collegiate,
and 2004 high school athletes. A mean age of 19.8 (SD,
19.3-20.1) years was reported among only 5 studies that
reported age (391 total athletes).*%111424 Nine studies
focused on multiple sports, including contact and noncon-
tact sports.Y Two studies examined American football
exclusively,2"3* 1 focused only on NBA athletes,?? and 1
study explored National Collegiate Athletic Association
(NCAA) Division I athletes but did not specify sports
included.?®

Relative Risk of LE Injury Within 90 Days
of Return to Play After Concussion

Four studies*!52%24 evaluated the 90-day window after

return to play from a concussion and reported variable
results. The OR in the 4 studies ranged from 1.47 to 4.69.
The 3 studies examining collegiate athletics included a het-
erogenous grouping of sports, while the other study exam-
ined only professional athletes in the National Basketball
Association (NBA). The pooled data from the 4 studies
resulted in an elevated risk of LE injury (OR, 3.44; 95%
CI, 2.99-4.42). The findings are summarized in Table 2.

Relative Risk of LE Injury Within 1 Year
of Concussion

Six studies®1116212429 examined the odds of college ath-

letes sustaining an LE injury 1 year after concussion com-
pared with controls. The findings are summarized in Table
3. Collectively, athletes experienced a 1.85-fold increase
(95% CI, 1.73-2.84) in LE injury within 1 year of a diag-
nosed concussion.

Risk of LE Injury After Concussion Stratified by Sex

While 9 studies collected data on male and female athletes, T
only 2 studies'®1® performed an analysis comparing the
associated risk between male and female athletes (Table
4). Pooled data for men resulted in an OR of 2.81 (95% CI,

TABLE 2
Odds Ratio of Sustaining Lower Extremity Injury Within 90 Days After Concussion

Lead Author Level of Concussed

(Year) Study Type  Athletics Sports Athletes,n  OR (95% CI) P

Lynall (2015)*  Cohort College Cross-country, field hockey, football, lacrosse, 44 1.47 (0.67-2.87) .28
swimming, rowing, softball, wrestling, basketball,
soccer, tennis

Brooks (2016)* Cohort College Football, soccer, hockey, basketball, wrestling, 75 2.48 (1.04-5.91) .04¢
volleyball, softball

Herman (2017)*® Cohort College Football, basketball, soccer, lacrosse 73 3.39 (1.90-6.05) .01¢

Jildeh (2020)°
Pooled data

Case-control Professional Basketball (NBA)

153 4.69 (1.96-11.23) <.001“
321 3.44 (2.99-4.42) —

“Statistically significant (P < .05).

IReferences 4, 5, 11, 12, 14-16, 21, 24, 29.
YReferences 4, 5, 11, 12, 14-16, 24, 25.
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TABLE 3
Odds Ratio of Sustaining Lower Extremity Injury Within 1 Year After Concussion®
Athlete Concussed
Lead Author (Year)  Study Type Level Sports Athletes, n OR (95% CI) P
Lynall (2015)%* Cohort College Cross-country, field hockey, football, 44 1.64 (1.07-2.51) .02°
lacrosse, swimming, rowing, softball,
wrestling, basketball, soccer, tennis
Murray (2020)%° Cohort College Not reported 42 1.88 (1.09-3.95) .043°
Krill (2018)%! Cohort College Football 12 3.16 (1.21-7.15) .02°
Fino (2019)! Retrosp College Baseball, basketball, lacrosse, football, 110 1.67 (1.11-2.53) .02?
soccer, softball, swimming, tennis,
wrestling, volleyball
Buckley (2020)° Cross-sectional College Football, soccer, softball, volleyball, 66 1.78 (1.12-2.84) .015°
lacrosse, basketball, crew,
cheerleading, track and field, field
hockey, baseball, tennis, swimming
Houston (2018)¢ Cross-sectional College Baseball, basketball, cross-country, 115 Ankle: 2.07 (1.85-3.18) Ankle: <.001°
field hockey, football, golf, lacrosse, Knee: 1.90 (1.24-2.92)  Knee: .004°
sailing, softball, soccer, swimming
and diving, tennis, track and field,
volleyball, wrestling
Pooled data 389 1.85 (1.73-2.84) —
“Retrosp, retrospective.
bStatistically significant (P < .05).
TABLE 4
Odds Ratio Comparing Sex to Impact of Concussion on Lower Extremity Injury®
Male Female
Lead Author (Year) Study Type Athlete Level CON OR (95% CI) P CON OR (95% CI) P
Herman (2017)'% Cohort College 52 3.72 (1.84-7.54) <.01° 21 2.75 (0.98-7.69) .05
Houston (2018)1¢ Cross-sectional College 36 Ankle: 1.41 (0.68-2.91) Ankle: .36 79 Ankle: 2.54 (1.88-7.54) Ankle: <.01°

Knee: 1.59 (0.74-3.41) Knee: .30
2.81 (2.12-3.79) — 100

Pooled data 88

Knee: 1.88 (1.10-3.19) Knee: <.01°
2.32 (1.81-3.31) —

“CON, concussion.
bStatistically significant (P < .05).

2.12-3.79), while the data for women yielded an OR of 2.32
(95% CI, 1.81-3.31). Both sexes had an elevated risk of LE
injury in 1 of the 2 studies. There were no discernable dif-
ferences between male and female athletes regarding risk
of LE injury after a concussion.

Level of Competition, Concussions, and LE Injuries

There was a significant heterogeneity in the age and level of
competition among studies reporting on LE injury after
concussion. The high school study did not demonstrate an
increased risk of LE injury after return to sports (RTS)
after a concussion; however, this was the only article to
make a distinction between time-loss injuries and non—
time-loss injuries. The authors defined a time-loss injury
as any injury evaluated or treated by an athletic trainer
or physician that resulted in restriction from participation
beyond the day of injury.?®> When accounting for the sever-
ity of LE injury, the authors reported a significantly

increased incidence of time-loss LE injuries after a concus-
sion in high school athletes compared with nonconcussed
controls (OR, 1.34; 95% CI, 1.13-1.60; Wald test 32 = 0.58).
Pooled data from studies on both collegiate- and
professional-level athletes demonstrated an increased risk
of LE injury after returning from a concussion. A compar-
ison of pooled data stratified by level of competition is dis-
played in Table 5.

Multiple Concussions and LE Injuries

Several studies explored the effect of multiple concussions
on LE injuries. Pietrosimone et al** examined the relation-
ship of the number of concussions sustained in the National
Football League (NFL) and subsequent LE injuries
throughout the player’s NFL career. Of the players who
filled out the survey, 60.8% (1477/2429) players sustained
at least 1 concussion. The authors reported that among
NFL athletes who sustained 1 concussion in their career,
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TABLE 5
Comparing Lower Extremity Injury Risk After Concussion
by Level of Competition

Athlete Level Studies, n Athletes, n OR (95% CI)

High school 1 2004 0.97 (0.89-1.05)
College 10 741 2.00 (1.96-2.16)
Professional 2 1604 2.49 (2.40-2.72)

there was a 1.59-fold increased risk of LE injury as com-
pared with nonconcussed controls (OR, 1.59; 95% CI, 1.30-
1.94). A stepwise increase in risk of sustaining an LE injury
was observed with >2 (OR, 2.29; 95% CI, 1.85-2.83) and >3
(OR, 2.86; 95% CI, 2.36-3.48) career concussions.
Additionally, Harda et al** investigated the relationship
of multiple concussions and LE injury in a cohort of
144 male collegiate athletes. Among participants who expe-
rienced multiple concussions, a significantly higher risk of
LE injury was observed compared with a nonconcussed
group (n = 48; OR, 1.66; 95% CI, 1.07-2.56; P = .02) and
with those with a single concussion (n = 48; OR, 3.00; 95%
CI, 1.26-7.12; P = .01). However, the authors found no sig-
nificant risk of LE injury between 1 concussion and no con-
cussions (n = 48; OR, 0.92; 95% CI, 0.41-2.05; P = .84).

DISCUSSION

The present study demonstrates that athletes returning to
play from a concussion harbor an elevated risk of LE inju-
ries within 90 days and 1 year of concussion. As the level of
competition increased, there was a concurrent increase in
the likelihood of sustaining an LE injury. Additionally,
when evaluating the impact of multiple concussions, a
greater number of concussions were found to correlate with
an increasing risk of LE injury. Finally, both men and
women were shown to be vulnerable to LE injury. However,
minimal data exist comparing men and women. Overall,
despite the implementation of return-to-play protocols after
concussion, the current literature reports an increased risk
of LE injuries for collegiate and professional athletes in
both the short- and long-term periods.

Traditionally, return-to-play protocols after concussion
focused on neuroprotective measures.'® In more recent
years, research has revealed a more global impact of brain
injury, including effects on LE and proprioceptive factors,
resulting in greater focus on kinematic metrics.”?2 In the
present systematic review, we found an increased risk of
subsequent LE injury at both 90 days (OR, 3.44; 95% CI,
2.99-4.42) and 1 year (OR, 1.85; 95% CI, 1.73-2.84) after the
initial diagnosis of a concussion. Dubose et al” studied 39
Division I collegiate football players using motion-capture
systems and force plates to compare joint stiffness before
and after the season. Thirteen of the 39 players sustained a
concussion during the season at an average of 49.9 days
before the postseason testing. Comparing post- to presea-
son testing, the concussed group demonstrated increased
hip stiffness, decreased knee and leg stiffness, and no
change in ankle stiffness, suggesting altered joint
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properties after concussion. Lapointe et al?? kinematically

evaluated jump cuts between 10 previously concussed ath-
letes and 10 matched nonconcussed controls. The concussed
group exhibited significant alterations in the vertical cen-
ter of mass during the act of jump cutting: decreased knee
external rotation and flexion for both left and right cutting
movements. Collectively, these studies suggest that joint
kinematics may be altered after sustaining a concussion,
which may explain the increased incidence of LE injury
observed in our study. The included studies in our analysis,
however, did not examine these kinematic properties. Fur-
ther studies are warranted to clinically correlate and iden-
tify which kinematic alterations create the highest risk for
LE injury. Ultimately, return-to-play protocols that incor-
porate joint kinematic analysis may be developed to iden-
tify athletes who may require additional rehabilitation
before safely returning to competition.

Recent studies®1%2%3%3! hayve demonstrated that both
age and competition level affect time to RTS, as younger
athletes require more time to recover from a concussion
compared with older, higher-level athletes. The delayed
RTS in high school athletes is likely multifactorial. The
developing brain may require more time to recover; thus,
RTS protocols tend to be more conservative to protect ado-
lescents. However, as the level of competition increases to
the professional level, additional internal and external
pressures to return to play exist with financial incentives,
team roster management, and postseason pursuits. A study
examining 127 American collegiate athletes who sustained
a concussion reported an RTS of 12.9 days (interquartile
range, 9.7-20.7 days),?® while 124 European professional
soccer players revealed an even faster average RTS of
10.9 days (95% CI, 2-28 days).3” These timelines are less
than half the 30.4 + 23.2 days reported for RTS by Jildeh
et al®® in their evaluation of 357 concussed high school ath-
letes. The decreased time to RTS from a concussion in col-
lege and professional athletes may not be enough time to
adequately rehabilitate and return safely, as demonstrated
by the increasing rates of LE injury in these groups; addi-
tionally, even the increased time in RTS for high school
athletes may not fully protect the athletes from a subse-
quent LE injury. Furthermore, there are more physical
demands at the collegiate and professional levels, which
may portend a higher risk of LE injury, as demonstrated
in the present study.

The current literature demonstrates mixed results
regarding the effect of sex on LE injury risk after concus-
sion. In a systematic review evaluating factors that predict
recovery from a concussion, Iverson et al'® identified 17
studies reporting that female sex predicted a longer recov-
ery time compared with male sex, but also described 27
studies suggesting that sex played no significant predictive
value in recovery time. The present systematic review
showed conflicting results from the 2 studies examining sex
and concussions. Herman et al'® demonstrated that men
had a higher risk of LE injury after concussion compared
with women (OR, 3.72; 95% CI, 1.84-7.54 vs OR, 2.75; 95%
CI, 0.98-7.69, respectively). Conversely, Houston et al'®
described men who sustained a concussion as having a
lower rate of subsequent ankle (OR, 1.41; 95% CI, 0.68-
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2.91 vs OR, 2.54; 95% CI, 1.88-7.54) and knee (OR, 1.59;
95% CI, 0.74-3.41 vs OR, 1.88; 95% CI, 1.10-3.19) injuries
compared with women. In an effort to evaluate the relation-
ship between sex and concussions, Tanveer et al*® prospec-
tively compared 695 men and 362 women who sustained a
concussion. They found differences in cognitive and symp-
tom scores between men and women older than 13 years.
However, when they only compared patients younger than
13 years, there were no sex-based differences in concussion
symptoms or cognitive scores. The authors suggest that
systemic hormonal changes during and after puberty may
affect recovery from concussions. Only 11.9% of the athletes
in our systematic review were female, which suggests that
women were understudied and that the majority of studies
focused on male-dominated sports, such as football and bas-
ketball. With the current body of literature demonstrating
conflicting results, future investigations examining female
athletes are required to elucidate the role of sex in recovery
from concussions.

Limitations

There are several limitations to this study. First, the
reporting was not standardized across studies, and many
relied on self-reporting, which may introduce selection and
recall biases. Many of these studies included a wide variety
of sports. This heterogeneity introduces significant vari-
ability in diagnostic protocols and symptom reporting
across sports, so certain populations may be underrepre-
sented from underreporting. While collegiate and profes-
sional sports mandate the reporting of concussions by
teams, high school sports have significant variability in
these requirements. Similarly, there is a lack of informa-
tion regarding the process of medical clearance and which
return-to-play protocols were utilized, thus limiting the
generalizability of these results. Finally, one important
consideration is that the majority of studies report signifi-
cant results demonstrating increased LE injuries. While
this suggests a correlation, it is possible that publication
bias exists and may skew these results. There is also lim-
ited reporting in these studies of types of LE injuries sus-
tained. Further longitudinal studies with larger sample
sizes, more standardized diagnosis, and return-to-play pro-
tocols are required to identify those at risk for LE injury,
which injury types are more likely in each sport, and the
optimal timing to RTS.

CONCLUSION

An increased incidence of LE injuries was observed at
90 days and 1 year after the diagnosis of a concussion.
Higher levels of competition, such as at the collegiate and
professional levels, resulted in an increased risk of sustain-
ing a subsequent LE injury after a diagnosed concussion.
These results suggest an at-risk population who may ben-
efit from injury prevention methods after a concussion.
Future studies should focus on identifying which injuries
are most common, during what time period athletes are
most vulnerable, and methods to prevent injury after RTS.

The Orthopaedic Journal of Sports Medicine

REFERENCES

1. Achenbach L, Krutsch V, Weber J, et al. Neuromuscular exercises
prevent severe knee injury in adolescent team handball players. Knee
Surg Sports Traumatol Arthrosc. 2018;26(7):1901-1908.

2. Barlow KM, Marcil LD, Dewey D, et al. Cerebral perfusion changes in
post-concussion syndrome: a prospective controlled cohort study.
J Neurotrauma. 2017;34(5):996-1004.

3. Broglio SP. Return to play following sports-related concussion.
Handb Clin Neurol. 2018;158:193-198.

4. Brooks MA, Peterson K, Biese K, et al. Concussion increases odds of
sustaining a lower extremity musculoskeletal injury after return to play
among collegiate athletes. Am J Sports Med. 2016;44(3):742-747.

5. Buckley TA, Howard CM, Oldham JR, et al. No clinical predictors of
postconcussion musculoskeletal injury in college athletes. Med Sci
Sports Exerc. 2020;52(6):1256-1262.

6. Covassin T, Elbin RJ, Harris W, Parker T, Kontos A. The role of age
and sex in symptoms, neurocognitive performance, and postural sta-
bility in athletes after concussion. Am J Sports Med. 2012;40(6):
1303-1312.

7. Dubose DF, Herman DC, Jones DL, et al. Lower extremity stiffness
changes after concussion in collegiate football players. Med Sci
Sports Exerc. 2017;49(1):167-172.

8. Eckner JT, Kutcher JS, Broglio SP, Richardson JK. Effect of sport-
related concussion on clinically measured simple reaction time. Br J
Sports Med. 2014;48(2):112-118.

9. Emery CA, Roy TO, Whittaker JL, Nettel-Aguirre A, van Mechelen W.
Neuromuscular training injury prevention strategies in youth sport: a
systematic review and meta-analysis. Br J Sports Med. 2015;49(13):
865-870.

10. Field M, Collins MW, Lovell MR, Maroon J. Does age play a role in
recovery from sports-related concussion? A comparison of high
school and collegiate athletes. J Pediatr. 2003;142(5):546-553.

11. Fino PC, Becker LN, Fino NF, et al. Effects of recent concussion and
injury history on instantaneous relative risk of lower extremity injury in
Division | collegiate athletes. Clin J Sport Med. 2019;29(3):218-223.

12. Gilbert FC, Burdette GT, Joyner AB, Llewellyn TA, Buckley TA. Asso-
ciation between concussion and lower extremity injuries in collegiate
athletes. Sports Health. 2016;8(6):561-567.

13. Guskiewicz KM, McCrea M, Marshall SW, et al. Cumulative effects
associated with recurrent concussion in collegiate football players:
the NCAA Concussion Study. JAMA. 2003;290(19):2549-2555.

14. Harada GK, Rugg CM, Arshi A, Vail J, Hame SL. Multiple concussions
increase odds and rate of lower extremity injury in National Collegiate
Athletic Association athletes after return to play. Am J Sports Med.
2019;47(13):3256-3262.

15. Herman DC, Jones D, Harrison A, et al. Concussion may increase the
risk of subsequent lower extremity musculoskeletal injury in collegiate
athletes. Sports Med. 2017;47(5):1003-1010.

16. Houston MN, Hoch JM, Cameron KL, et al. Sex and number of con-
cussions influence the association between concussion and muscu-
loskeletal injury history in collegiate athletes. Brain Inj. 2018;32(11):
1353-1358.

17. Howell DR, Beasley M, Vopat L, Meehan WP lll. The effect of prior
concussion history on dual-task gait following a concussion. J Neu-
rotrauma. 2017;34(4):838-844.

18. Huh JW, Widing AG, Raghupathi R. Midline brain injury in the imma-
ture rat induces sustained cognitive deficits, bihemispheric axonal
injury and neurodegeneration. Exp Neurol. 2008;213(1):84-92.

19. Iverson GL, Gardner AJ, Terry DP, et al. Predictors of clinical recovery
from concussion: a systematic review. Br J Sports Med. 2017;51(12):
941-948.

20. Jildeh TR, Meta F, Young J, et al. Concussion is associated with
increased odds of acute lower-extremity musculoskeletal injury
among national basketball association players. Arthrosc Sports Med
Rehabil. 2020;27;3(1):e219-e225.

21. Krill ML, Nagelli C, Borchers J, Krill MK, Hewett TE. Effect of concus-
sions on lower extremity injury rates at a Division | collegiate football
program. Orthop J Sports Med. 2018;6(8):2325967118790552.



The Orthopaedic Journal of Sports Medicine

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lapointe AP, Nolasco LA, Sosnowski A, et al. Kinematic differences
during a jump cut maneuver between individuals with and without a
concussion history. Int J Psychophysiol. 2018;132(Pt A):93-98.
Liberati A, Altman DG, Tetzlaff J, et al. The PRISMA statement for
reporting systematic reviews and meta-analyses of studies that
evaluate healthcare interventions: explanation and elaboration. BMJ.
2009;339: b2700.

Lynall RC, Mauntel TC, Padua DA, Mihalik JP. Acute lower extremity
injury rates increase after concussion in college athletes. Med Sci
Sports Exerc. 2015;47(12):2487-2492.

Lynall RC, Mauntel TC, Pohlig RT, et al. Lower extremity musculo-
skeletal injury risk after concussion recovery in high school athletes.
J Athl Train. 2017;52(11):1028-1034.

Marar M, Mcllvain NM, Fields SK, Comstock RD. Epidemiology of
concussions among United States high school athletes in 20 sports.
Am J Sports Med. 2012;40(4):747-755.

Martini DN, Sabin MJ, DePesa SA, et al. The chronic effects of con-
cussion on gait. Arch Phys Med Rehabil. 2011;92(4):585-589.
McCrea M, Hammeke T, Olsen G, Leo P, Guskiewicz K. Unreported
concussion in high school football players: implications for preven-
tion. Clin J Sport Med. 2004;14(1):13-17.

Murray N, Belson E, Szekely B, et al. Baseline postural control and
lower extremity injury incidence among those with a history of con-
cussion. J Athl Train. 2020;55(2):109-115.

Nelson LD, Guskiewicz KM, Barr WB, et al. Age differences in recov-
ery after sport-related concussion: a comparison of high school and
collegiate athletes. J Athl Train. 2016;51(2):142-152.

Nelson LD, Tarima S, LaRoche AA, et al. Preinjury somatization symp-
toms contribute to clinical recovery after sport-related concussion.
Neurology. 2016;86(20):1856-1863.

Patel BH, Okoroha KR, Jildeh TR, et al. Concussions in the National
Basketball Association: analysis of incidence, return to play, and per-
formance from 1999 to 2018. Orthop J Sports Med. 2019;7(6):
2325967119854199.

Pattinson CL, Meier TB, Guedes VA, et al. Plasma biomarker concen-
trations associated with return to sport following sport-related con-
cussion in collegiate athletes—a Concussion Assessment, Research,

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Lower Extremity Injury After Return to Sports From Concussion 7

and Education (CARE) Consortium Study. JAMA Netw Open. 2020;
3(8):e2013191.

Pietrosimone B, Golightly YM, Mihalik JP, Guskiewicz KM. Concus-
sion frequency associates with musculoskeletal injury in retired NFL
players. Med Sci Sports Exerc. 2015;47(11):2366-2372.

Powers KC, Kalmar JM, Cinelli ME. Dynamic stability and steering
control following a sport-induced concussion. Gait Posture. 2014;
39(2):728-732.

Putukian M, Aubry M, McCrory P. Return to play after sports concus-
sion in elite and non-elite athletes? Br J Sports Med. 2009;43(suppl 1):
i28-i31.

Ramkumar PN, Navarro SM, Haeberle HS, et al. Concussion in Amer-
ican versus European professional soccer: a decade-long compara-
tive analysis of incidence, return to play, performance, and longevity.
Am J Sports Med. 2019;47(10):2287-2293.

Reuben A, Sampson P, Harris AR, Williams H, Yates P. Postconcus-
sion syndrome (PCS) in the emergency department: predicting and
pre-empting persistent symptoms following a mild traumatic brain
injury. Emerg Med J. 2014;31(1):72-77.

Silverberg ND, Iverson GL. Etiology of the post-concussion syn-
drome: physiogenesis and psychogenesis revisited. NeuroRehabilita-
tion. 2011;29(4):317-329.

Silvers-Granelli HJ, Bizzini M, Arundale A, Mandelbaum BR, Snyder-
Mackler L. Higher compliance to a neuromuscular injury prevention
program improves overall injury rate in male football players. Knee
Surg Sports Traumatol Arthrosc. 2018;26(7):1975-1983.

Slim K, Nini E, Forestier D, et al. Methodological Index for Non-
Randomized Studies (MINORS): development and validation of a new
instrument. ANZ J Surg. 2003;73(9):712-716.

Steenerson K, Starling AJ. Pathophysiology of sports-related concus-
sion. Neurol Clin. 2017;35(3):403-408.

Tanveer S, Zecavati N, Delasobera EB, Oyegbile TO. Gender dif-
ferences in concussion and postinjury cognitive findings in an
older and younger pediatric population. Pediatr Neurol. 2017;70:
44-49.

Zetterberg H, Winblad B, Bernick C, et al. Head trauma in sports—
clinical characteristics, epidemiology and biomarkers. J Intern Med.
2019;285(6):624-634.



	Lower Extremity Injury After Return to Sports From Concussion: A Systematic Review
	METHODS
	Research Framework
	Search Strategy
	Data Extraction and Synthesis
	Risk of Bias

	RESULTS
	Study Selection and Study Bias
	Study Characteristics
	Relative Risk of LE Injury Within 90 Days of Return to Play After Concussion
	Relative Risk of LE Injury Within 1 Year of Concussion
	Risk of LE Injury After Concussion Stratified by Sex
	Level of Competition, Concussions, and LE Injuries
	Multiple Concussions and LE Injuries

	DISCUSSION
	Limitations

	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


