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Hip External Rotation Strength Predicts Hop Performance after Anterior Cruciate Ligament 1	

Reconstruction 2	

ABSTRACT 3	

Purpose: Quadriceps strength and single-leg hop performance are commonly evaluated prior to 4	

return to sport after anterior cruciate ligament reconstruction (ACLR). However, few studies have 5	

documented potential hip strength deficits after ACLR, or ascertained the relative contribution of 6	

quadriceps and hip strength to hop performance.  7	

Methods: Patients cleared for return to sports drills after ACLR were compared to a control group. 8	

Participants’ peak isometric knee extension, hip abduction, hip extension, and hip external rotation 9	

(HER) strength was measured. Participants also performed single-leg hops, timed hops, triple hops, 10	

and crossover hops. Between-limb comparisons for the ACLR to control limb and the non-operative 11	

limb were made using independent two-sample and paired-sample t-tests. Pearson’s correlations and 12	

stepwise multiple linear regression were used to determine the relationships and predictive ability of 13	

limb strength, graft type, sex, and limb dominance to hop performance.  14	

Results: Sixty-five subjects, 20 ACLR (11F, Age: 22.8(15-45) years, 8.3±2 months post-op, Mass: 15	

70.47±12.95 kg, Height: 1.71±.08 m, Tegner: 5.5 (3-9)) and 45 controls (22F, Age: 25.8(15-45) 16	

years, Mass: 74.0±15.2 kg, Height: 1.74±0.1 m, Tegner: 6 (3-7)) were tested. Knee extension 17	

(4.4±1.5 vs 5.4±1.8 N/kg, p=0.02), HER (1.4±0.4 vs 1.7±0.5 N/kg, p=0.04), single-leg hop (146±37 18	

vs 182±38 % limb length, p<0.01), triple hop (417±106 vs 519±102 % limb length, p<0.01), timed 19	

hop (3.3± 2.0 vs 2.3±0.6 s, p<0.01), and crossover hop (364±107 vs 446±123 % limb length, p=0.01) 20	

were significantly impaired in the operative versus control subject limbs. Similar deficits existed 21	

between the operative and non-operative limbs. Knee extension and HER strength were significantly 22	

correlated to each of the hop tests, but only HER significantly predicted hop performance. 23	
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Conclusions: After ACLR, patients have persistent HER strength, knee extension strength, and hop 24	

test deficits in the operative limb compared to the control and non-operative limbs, even after starting 25	

sport specific drills. Importantly, HER strength independently predicted hop performance. Based on 26	

these findings, to resolve between-limb deficits in strength and hop performance clinicians should 27	

include HER strengthening exercises in postoperative rehabilitation.  28	

Level of Evidence: Prognostic Study, Level II 29	

Keywords: ACL; hip strength; rehabilitation; quadriceps   30	
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INTRODUCTION 31	

Between 130,000 and 175,000 anterior cruciate ligament reconstructions (ACLR) are 32	

performed annually in the United States with only 44-55% of all patients returning to competitive 33	

sport [1,2,23]. Of those who return to sport (RTS), 11.1-29.5% experience a second ACL injury in 34	

the same or contralateral knee [42]. Poor RTS outcomes have generated significant discussion 35	

regarding the criteria used to assess athlete readiness for RTS after ACLR [1,22,24]. 36	

Of the objective RTS criteria described, quadriceps strength and single leg hop tests are the 37	

most commonly assessed [22]. Quadriceps muscle weakness following ALCR has been well 38	

documented and is a significant risk factor for re-injury after RTS [9,18,33]. Furthermore, athletes 39	

achieving ≥90% symmetry in quadriceps strength and single leg hop testing compared to the non-40	

injured limb were reinjured less frequently [9]. Despite the recommended utilization of quadriceps 41	

strength and hop testing in RTS decision-making, there appears to be a minimal relationship between 42	

the two measures [10,37]. A lack of relationship between quadriceps strength and hop testing 43	

suggests that the two measures assess different constructs in recovery from ACLR and highlights the 44	

need to explore the contribution of weakness in other muscle groups, such as the hip, to hop 45	

performance.  46	

While less commonly studied than quadriceps strength, hip muscle weakness has also been 47	

described after ACLR [5,14,33]. Interestingly, several prospective studies have linked hip 48	

dysfunction to knee biomechanics associated with increased incidence of lower extremity injury 49	

[7,12,13,39]. Despite these findings, hip muscle strength is not often used as a RTS criterion or 50	

evaluated in terms of ACL re-injury risk. Likewise, the relationships between hip strength and 51	

common RTS criteria such as single leg hop testing have yet to be elucidated. Given the contribution 52	
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of the hip musculature in both propulsion and eccentric control during single leg landings, deficits in 53	

hip strength may play a role in impaired hop performance after ACLR [4,13]. 54	

The purpose of this study was to compare the isometric hip and quadriceps muscle strength 55	

and single leg hop test performance of the ACLR extremity to a control group, as well as to the non-56	

operative extremity. This study also sought to examine the relationship between hip and quadriceps 57	

muscle strength with performance on single leg hop tests. It was hypothesized that ACLR patients 58	

would have persistent muscle strength and hop test deficits, and that hip muscle strength would be 59	

more closely related to hop test performance than quadriceps strength. Additionally, it was 60	

hypothesized that hip muscle strength would better predict hop test performance than quadriceps 61	

strength, sex, graft type, and limb dominance.  62	

MATERIALS AND METHODS 63	

ACL Reconstruction Patients and Controls 64	

Patients included in the ACLR group were recruited from eligible patients at the University’s 65	

outpatient sports medicine clinic. Inclusion criteria included: (1) at least six months status post ACL 66	

reconstruction with hamstring or bone-patellar tendon-bone (BPTB) autograft, (2) no injury to the 67	

ipsilateral or contralateral limb in the prior 3 months, (3) no previous history of injury or surgery to 68	

the contralateral limb that may affect hip or knee function, and (4) cleared for return to sport drills 69	

and sport-specific training by their physical therapist and surgeon. Patients were excluded if they had 70	

any of the following: (1) a history of other ligamentous injuries to either knee, (2) knee effusion in 71	

either knee, (3) positive Lachman’s test in either knee, or (4) positive pivot shift in either knee.  72	

Participants included in the control group were recruited from a sample of convenience. 73	

Flyers and recruitment emails were distributed amongst university classes and throughout the 74	

community. To be included, all participants were in good general health and met the following 75	
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inclusion criteria: (1) age between 18-45 years, (2) currently free of any trunk, hip, or knee injuries 76	

within the last three months, and (3) no previous history of injury or surgery that may affect their 77	

trunk, hip, or knee function. At the time of data collection, all participants completed a Tegner 78	

activity scale to quantify their current physical activity level and declared their pre-injury limb 79	

dominance. 80	

Strength Testing 81	

Participants completed a series of isometric lower extremity strength tests: hip abduction, hip 82	

extension, hip external rotation, and knee extension. Tests were performed by two male assessors 83	

using a hand-held dynamometer (Lafayette Instruments, Lafayette, IN) secured by a stabilization 84	

strap, as previously described and validated [3,41]. One practice and three experimental trials were 85	

performed for five seconds, with 15 seconds of rest between contractions. The average of the three 86	

experimental trials was used for calculations. To allow for comparison between groups, the 87	

experimental trials were normalized to body mass by dividing the strength value by the subject’s 88	

weight in kilograms. Hip abduction strength was tested with the subject lying in the sidelying 89	

position. Hip extension strength was tested with participants in the prone position and the knee flexed 90	

to 90°. Hip external rotation strength was tested with participants in the seated position, with the knee 91	

and hip flexed to 90 °. Knee extension strength was tested with the participant in the sitting position, 92	

the examined thigh parallel to the floor, and the leg hanging off the table in a vertical position with 93	

the knee flexed to 90 °. 94	

Single Leg Hop Testing 95	

Participants in each group performed a series of single leg hop tests as described and validated 96	

[17,21,25,35,36]. This battery of hop tests included a single leg hop for distance, a timed 6-meter 97	

hop, a triple hop for distance, and a crossover hop for distance. For all of the tests, the participant was 98	
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required to start from a resting single leg stance. ACLR participants performed with their non-99	

operative limbs first to prevent inadvertently biasing the performance of the non-operative limb to 100	

match the performance of the operative limb. One trial hop followed by two measured hops were 101	

performed for each test [35]. The average value of the measured hops was used for later calculations. 102	

To allow for comparison between groups, hop distances were normalized to limb length by dividing 103	

the distance by limb length as measured from the anterior superior iliac spine to the medial malleolus 104	

[25]. The Institutional Review Board of the University of Kentucky approved this study (13-0326-105	

P1H). 106	

Statistical Analysis 107	

 Comparisons between the operative and non-operative limb for the ACLR group were made 108	

using two-tailed paired samples t-tests to compare knee strength, hip strength, and single leg hop 109	

performance. To compare the ACLR operative limb with the control group and for comparisons of 110	

sex, limb dominance, and graft type in the ACLR group, independent two-sample t-tests were 111	

utilized. As an ordinal variable, the Tegner activity scale was compared using a Mann-Whitney U 112	

test. Muscle strength and hop performance variables identified as significantly different between-113	

groups or between-limbs were included in subsequent correlational analyses. Pearson’s product 114	

moment correlation coefficients were calculated to assess the relationship between limb strength and 115	

hop performance. Subsequently, only those relationships which were significantly correlated were 116	

entered into a stepwise multiple linear regression along with sex, limb dominance, and graft type to 117	

determine the predictability of hip and knee strength measures on single leg hop performance in the 118	

ACLR operative limb. PASW Statistics Version 18.0 (SPSS Inc, Chicago, IL, USA) was utilized for 119	

all limb comparisons, correlations, and linear regression analyses. Statistical significance was defined 120	
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as p≤ 0.05. To detect an effect size of 0.5 at α = .05 and β = 0.8, a sample size calculation revealed a 121	

need for a minimum of 17 subjects per group. 122	

RESULTS 123	

A total of 65 participants (20 ACLR, 45 controls) completed the study. No significant 124	

differences in mean age, height, weight, or Tegner activity level between the ACLR and Control 125	

groups were present at the time of testing (Table 1).  126	

 There was a significant difference between the ACLR operative limb and control limb in hip 127	

external rotation strength, knee extension strength, single-leg hop, timed hop, triple hop, and 128	

crossover hop, with the ACLR operative limb significantly weaker and demonstrating poorer 129	

performance in each hop test (Table 2). There were no significant differences in hip abduction 130	

strength or hip extension strength. Similar results were observed when comparing the ACLR 131	

operative to the non-operative limb (Table 3). 132	

 Males significantly outperformed females in all four hop tests in the ACLR limb. There were 133	

no significant differences when the ACLR group was stratified by injury to the dominant or non-134	

dominant limb. Lastly, subjects with BPTB autograft demonstrated greater hip extension strength, hip 135	

external rotation strength, hip abduction strength, and single leg hop performance compared to 136	

subjects with hamstring autograft. For complete results by sex, limb dominance, and graft type, refer 137	

to Table 4. 138	

Significant correlations were found between hip external rotation and knee extension strength, 139	

and performance on all hop tests (Table 5). Stepwise multiple linear regression models revealed hip 140	

external rotation as the sole predictor of hop performance (single leg hop: b = 0.833, p =.000; triple 141	

hop: b = 2.23, p =.000; timed hop b = -0.034, p =.007; crossover hop: b = 2.37, p =.000). The R2 of 142	

the models were 0.56, 0.48, 0.30, and 0.56, respectively. 143	
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DISCUSSION 144	

The most important finding of the present study was the presence of isometric hip external 145	

rotation weakness which predicted single leg hop performance independent of knee extension 146	

strength after ACLR. Despite recommendations that hip strength be assessed after ACLR, little is 147	

known about hip muscle weakness following ACL reconstruction [6,11]. The results of the current 148	

study partially agree with previous investigations of hip strength impairments after ACLR, which 149	

also found no differences in hip abduction strength in a cohort of females 7 months post-ACLR [28]. 150	

However, in contrast, the current study found that ACLR subjects had significantly weaker hip 151	

external rotation strength than controls while the previous study reported no significant differences 152	

[28]. Differences in hip external rotation strength between this and the former study may be partially 153	

due to the mixed gender cohort and lower Tegner score at the time of testing in the current cohort 154	

compared to the previous study (5.7 vs 6.5). Additionally, one previous study also reported no 155	

difference in isometric hip external rotation strength in the ACLR limb compared to a control group, 156	

but the participants in this study were greater than 3 years post-ACLR, as compared to 8 months post-157	

ACLR in the current study [5]. As such, a direct comparison between the two studies is difficult, and 158	

differences are likely due to the variability in time points used for testing. Nonetheless, these data 159	

suggest that hip external rotation strength deficits are present at time of return to sport after ACLR 160	

and represent a potential area for additional intervention during postoperative rehabilitation. 161	

The current study’s finding of reduced hip external rotation strength in the ACLR group is 162	

notable in light of a several prospective studies linking hip muscle function to ACL injury risk. For 163	

instance, Paterno et al. identified reduced contralateral hip external rotation torque production as a 164	

significant predictor of a second ACL tear [32]. Additionally, Khayambashi et al. demonstrated that 165	

hip external rotation strength independently predicted non-contact primary ACL injury in a large 166	

prospective study of male and female competitive athletes [15]. The findings of this study extend 167	
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those of previous studies by providing evidence that hip external rotation strength remains impaired 168	

following rehabilitation, possibly contributing to impaired performance and heightened injury risk. 169	

These results suggest the need for hip external rotation strengthening exercises during rehabilitation 170	

after ACLR. To date, only one study has evaluated the efficacy of an isolated hip strengthening 171	

intervention during post-ALCR rehabilitation [8]. This study demonstrated minimal differences in 3-172	

month knee extension range of motion, pain rating, and International Knee Documentation 173	

Committee scores compared to the group that did not receive early hip strengthening during 174	

rehabilitation. However, this study did not assess hip strength at any time during the study to 175	

determine if baseline impairments in hip strength were present and/or were improved after the 176	

intervention [8]. The lack of objective hip strength assessment makes it difficult to assess if any 177	

improvements in hip strength were achieved, possibly accounting for lack of significant findings. 178	

Based on data presented in the current study, additional investigations into the role of hip external 179	

rotation strengthening exercises during recovery from ACLR on subsequent sport performance and 180	

injury are needed. 181	

The findings of significantly reduced knee extension strength and single leg hop performance 182	

compared to controls are consistent with previous studies of knee extension strength deficits and hop 183	

performance at several time points after ACLR [19,30,31,33,34]. Recovery of quadriceps strength has 184	

been cited as an important factor in achieving a successful outcome after ACLR [16,34,38]. 185	

Assessments of quadriceps strength and hop performance are commonly performed to provide 186	

objective criteria for return to sport [24,35]. However, the relationship between quadriceps strength 187	

and single leg hop performance is variable, suggesting that other factors contribute to improved hop 188	

performance [11]. In the current study, while both knee extension strength and hip external rotation 189	

strength were significantly related to hop performance, the relationship with hip external rotation 190	
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strength was the strongest (Table 5). A recent review of the measurement properties of single leg hop 191	

tests noted limited and conflicting evidence regarding the tests’ abilities to predict injury [10]. It 192	

should be noted, however, that the value of single leg hop assessments in RTS testing may be from 193	

these tests serving as valuable benchmarks for recovery from ACLR. Of the single leg hop tests 194	

utilized in the current study, the single hop for distance is the most studied and demonstrates good 195	

discriminative validity in males after ACLR [10,26]. Additionally, the single leg hop for distance is 196	

responsive to improvements in performance after ACLR [10,40]. Thus, improvement in single hop 197	

performance during rehabilitation from ACLR may further determine the degree of recovery 198	

achieved. Without additional evidence on how hop test performance contributes to future injury risk 199	

or readiness for RTS after ACLR, it is difficult to derive absolute meaning from observed 200	

asymmetries for an individual athlete. However, the minimal equipment demands associated with hop 201	

testing, the discriminative validity of the single hop test after ACLR, responsiveness to rehabilitation, 202	

and the inclusion of hop testing for limb symmetry in successful RTS testing batteries suggest there is 203	

clinical utility in administering single leg hop testing in patients after ACLR [9,10,18].   204	

The results of this study highlight the need to address hip external rotation strength deficits 205	

during rehabilitation after ACLR. It was found that when knee extension strength, hip external 206	

rotation strength, sex, graft type, and injury to dominant or non-dominant limb were entered into a 207	

regression model, only hip external rotation strength was a significant predictor of hop performance 208	

and independently predicted between 30 to 56% of the variance in performance. Hopping for 209	

maximum distance demands large amounts of muscle power to propel the body forward and to 210	

control the landing. As one of the most powerful muscles in the human body, and a significant 211	

contributor to trunk control during dynamic lower extremity tasks [20,29], the gluteus maximus is 212	

critical for performance of the hopping tasks. This may explain why patients who have sufficient 213	
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postoperative quadriceps strength recovery continue to demonstrate asymmetries in hop testing 214	

performance, and points to possible global muscle strength impairment in the ACLR limb. Active hip 215	

external rotation, as tested in this study, consists mostly of gluteus maximus recruitment [20,27]. 216	

Other muscles commonly associated with hip external rotation, such as the piriformis and short 217	

external rotators, have little or no effect on external rotation when the hip is flexed to 90 degrees [27]. 218	

Interestingly, despite differences observed in hip external rotation strength, hip extension strength 219	

was not significantly different between the ACLR, non-operative limb, or control group. Testing was 220	

performed in prone with the knee flexed to 90° and the lumbar spine stabilized with a strap to limit 221	

the contribution of the hamstrings and lumbar extensors, respectively. However, contributions from 222	

these muscle groups may have masked gluteal weakness during hip extension. Future work should 223	

investigate the efficacy of hip strengthening intervention on reducing biomechanical risk factors for 224	

second ACL injury, rate of successful return to sport, and the role of improved hip strength on 225	

psychological factors related to recovery after ACLR. These studies will further clarify the 226	

significance of proximal weakness and identify the most successful means of intervention to improve 227	

hip strength in this population. 228	

There are several limitations of the current study. First, the study was cross-sectional and thus 229	

potential associations between muscle weakness or hop performance with future injury risk cannot be 230	

made. Additionally, hip strength was not assessed pre-operatively or at prior time points post-231	

operatively so baseline differences cannot be accounted for nor can the time of onset of hip external 232	

rotation weakness be established. Lastly, although isometric testing is the most easily reproduced 233	

clinically, it does not reflect how these muscles perform during dynamic activities like hopping. 234	

The findings of this study showed that isometric hip external rotation weakness is present 235	

after ACLR and is predictive of single leg hop performance. Based on these findings, interventions to 236	
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increase hip external rotation strength should be included as part of rehabilitation after ACLR in 237	

order to achieve better and potentially more symmetrical single leg hop performance. 238	

CONCLUSIONS 239	

Patients after ACLR have significant deficits in hip external rotation strength, knee extension 240	

strength, and single leg hop performance with hip external rotation strength independently predicting 241	

single leg hop performance. Although quadriceps strengthening should continue to be an important 242	

component of rehabilitation after ALCR, patients may also benefit from exercises to improve hip 243	

external rotation strength to facilitate better dynamic limb function. 244	

LIST OF ABBREVIATIONS 245	

ACLR: anterior cruciate ligament reconstruction 246	

HER: hip external rotation 247	

RTS: return to sport  248	



13	
	

REFERENCES 249	

1. Anderson MJ, Browning WM, 3rd, Urband CE, Kluczynski MA, & Bisson LJ (2016) A systematic 250	

summary of systematic reviews on the topic of the anterior cruciate ligament. Orthop J Sports 251	

Med 4(3): 2325967116634074. 252	

2. Buller LT, Best MJ, Baraga MG, & Kaplan LD (2015) Trends in anterior cruciate ligament 253	

reconstruction in the united states. Orthop J Sports Med 3(1): 2325967114563664. 254	

3. Burnham JM, Yonz MC, Robertson KE, McKinley R, Wilson BR, Johnson DL, Ireland ML, & 255	

Noehren B (2016) Relationship of hip and trunk muscle function with single leg step-down 256	

performance: implications for return to play screening and rehabilitation. Phys Ther Sport 22: 257	

66-73. 258	

4. Comyns T, Kenny I, & Scales G (2015) Effects of a low-load gluteal warm-up on explosive jump 259	

performance. J Hum Kinet 46: 177-187. 260	

5. Dalton EC, Pfile KR, Weniger GR, Ingersoll CD, Herman D, & Hart JM (2011) Neuromuscular 261	

changes after aerobic exercise in people with anterior cruciate ligament-reconstructed knees. J 262	

Athl Train 46(5): 476-483. 263	

6. Di Stasi S, Myer GD, & Hewett TE (2013) Neuromuscular training to target deficits associated 264	

with second anterior cruciate ligament injury. J Orthop Sports Phys Ther 43(11): 777-792, 265	

A771-711. 266	

7. Frank B, Bell DR, Norcross MF, Blackburn JT, Goerger BM, & Padua DA (2013) Trunk and hip 267	

biomechanics influence anterior cruciate loading mechanisms in physically active 268	

participants. Am J Sports Med 41(11): 2676-2683. 269	



14	
	

8. Garrison JC, Bothwell J, Cohen K, & Conway J (2014) Effects of hip strengthening on early 270	

outcomes following anterior cruciate ligament reconstruction. Int J Sports Phys Ther 9(2): 271	

157-167. 272	

9. Grindem H, Snyder-Mackler L, Moksnes H, Engebretsen L, & Risberg MA (2016) Simple 273	

decision rules can reduce reinjury risk by 84% after acl reconstruction: the delaware-oslo acl 274	

cohort study. Br J Sports Med 50(13): 804-808. 275	

10. Hegedus EJ, McDonough S, Bleakley C, Cook CE, & Baxter GD (2015) Clinician-friendly lower 276	

extremity physical performance measures in athletes: a systematic review of measurement 277	

properties and correlation with injury, part 1. The tests for knee function including the hop 278	

tests. Br J Sports Med 49(10): 642-648. 279	

11. Hewett TE, Di Stasi SL, & Myer GD (2013) Current concepts for injury prevention in athletes 280	

after anterior cruciate ligament reconstruction. Am J Sports Med 41(1): 216-224. 281	

12. Hollman JH, Ginos BE, Kozuchowski J, Vaughn AS, Drause DA, & Youdas JW (2009) 282	

Relationships between knee valgus, hip-muscle recruitment during a single-limb step-down. 283	

Journal of Sport Rehabilitation 18(1): 104-117. 284	

13. Jacobs CA, Uhl TL, Mattacola CG, Shapiro R, & Rayens WS (2007) Hip abductor function and 285	

lower extremity landing kinematics: sex differences. J Athl Train 42(1): 76-83. 286	

14. Karanikas K, Arampatzis A, & Bruggemann GP (2009) Motor task and muscle strength followed 287	

different adaptation patterns after anterior cruciate ligament reconstruction. Eur J Phys 288	

Rehabil Med 45(1): 37-45. 289	

15. Khayambashi K, Ghoddosi N, Straub RK, & Powers CM (2016) Hip muscle strength predicts 290	

noncontact anterior cruciate ligament injury in male and female athletes: a prospective study. 291	

Am J Sports Med 44(2): 355-361. 292	



15	
	

16. Kline PW, Johnson DL, Ireland ML, & Noehren B (2016) Clinical predictors of knee mechanics 293	

at return to sport after acl reconstruction. Med Sci Sports Exerc 48(5): 790-795. 294	

17. Kockum B, & Heijne AI (2015) Hop performance and leg muscle power in athletes: reliability of 295	

a test battery. Phys Ther Sport 16(3): 222-227. 296	

18. Kyritsis P, Bahr R, Landreau P, Miladi R, & Witvrouw E (2016) Likelihood of acl graft rupture: 297	

not meeting six clinical discharge criteria before return to sport is associated with a four times 298	

greater risk of rupture. Br J Sports Med 50(15): 946-951. 299	

19. Lepley LK (2015) Deficits in quadriceps strength and patient-oriented outcomes at return to 300	

activity after acl reconstruction: a review of the current literature. Sports Health 7(3): 231-301	

238. 302	

20. Lieberman DE, Raichlen DA, Pontzer H, Bramble DM, & Cutright-Smith E (2006) The human 303	

gluteus maximus and its role in running. J Exp Biol 209(Pt 11): 2143-2155. 304	

21. Logerstedt D, Grindem H, Lynch A, Eitzen I, Engebretsen L, Risberg MA, Axe MJ, & Snyder-305	

Mackler L (2012) Single-legged hop tests as predictors of self-reported knee function after 306	

anterior cruciate ligament reconstruction: the delaware-oslo acl cohort study. Am J Sports 307	

Med 40(10): 2348-2356. 308	

22. Makhni EC, Crump EK, Steinhaus ME, Verma NN, Ahmad CS, Cole BJ, & Bach BR, Jr. (2016) 309	

Quality and variability of online available physical therapy protocols from academic 310	

orthopaedic surgery programs for anterior cruciate ligament reconstruction. Arthroscopy 311	

32(8): 1612-1621. 312	

23. Mall NA, Chalmers PN, Moric M, Tanaka MJ, Cole BJ, Bach BR, Jr., & Paletta GA, Jr. (2014) 313	

Incidence and trends of anterior cruciate ligament reconstruction in the united states. Am J 314	

Sports Med 42(10): 2363-2370. 315	



16	
	

24. Mueller LM, Bloomer BA, & Durall CJ (2014) Which outcome measures should be utilized to 316	

determine readiness to play after acl reconstruction? J Sport Rehabil 23(2): 158-164. 317	

25. Munro AG, & Herrington LC (2011) Between-session reliability of four hop tests and the agility 318	

t-test. J Strength Cond Res 25(5): 1470-1477. 319	

26. Myer GD, Schmitt LC, Brent JL, Ford KR, Barber Foss KD, Scherer BJ, Heidt RS, Jr., Divine 320	

JG, & Hewett TE (2011) Utilization of modified nfl combine testing to identify functional 321	

deficits in athletes following acl reconstruction. J Orthop Sports Phys Ther 41(6): 377-387. 322	

27. Neumann DA (2010) Kinesiology of the hip: a focus on muscular actions. J Orthop Sports Phys 323	

Ther 40(2): 82-94. 324	

28. Noehren B, Abraham A, Curry M, Johnson D, & Ireland ML (2014) Evaluation of proximal joint 325	

kinematics and muscle strength following acl reconstruction surgery in female athletes. J 326	

Orthop Res 32(10): 1305-1310. 327	

29. Norris B, & Trudelle-Jackson E (2011) Hip- and thigh-muscle activation during the star excursion 328	

balance test. J Sport Rehabil 20(4): 428-441. 329	

30. Pairot de Fontenay B, Argaud S, Blache Y, & Monteil K (2015) Contralateral limb deficit seven 330	

months after acl-reconstruction: an analysis of single-leg hop tests. Knee 22(4): 309-312. 331	

31. Palmieri-Smith RM, & Lepley LK (2015) Quadriceps strength asymmetry after anterior cruciate 332	

ligament reconstruction alters knee joint biomechanics and functional performance at time of 333	

return to activity. Am J Sports Med 43(7): 1662-1669. 334	

32. Paterno MV, Schmitt LC, Ford KR, Rauh MJ, Myer GD, Huang B, & Hewett TE (2010) 335	

Biomechanical measures during landing and postural stability predict second anterior cruciate 336	

ligament injury after anterior cruciate ligament reconstruction and return to sport. Am J Sports 337	

Med 38(10): 1968-1978. 338	



17	
	

33. Petersen W, Taheri P, Forkel P, & Zantop T (2014) Return to play following acl reconstruction: a 339	

systematic review about strength deficits. Arch Orthop Trauma Surg 134(10): 1417-1428. 340	

34. Pietrosimone BG, Lepley AS, Ericksen HM, Gribble PA, & Levine J (2013) Quadriceps strength 341	

and corticospinal excitability as predictors of disability after anterior cruciate ligament 342	

reconstruction. J Sport Rehabil 22(1): 1-6. 343	

35. Reid A, Birmingham TB, Stratford PW, Alcock GK, & Giffin JR (2007) Hop testing provides a 344	

reliable and valid outcome measure during rehabilitation after anterior cruciate ligament 345	

reconstruction. Phys Ther 87(3): 337-349. 346	

36. Reinke EK, Spindler KP, Lorring D, Jones MH, Schmitz L, Flanigan DC, An AQ, Quiram AR, 347	

Preston E, Martin M, Schroeder B, Parker RD, Kaeding CC, Borzi L, Pedroza A, Huston LJ, 348	

Harrell FE, Jr., & Dunn WR (2011) Hop tests correlate with ikdc and koos at minimum of 2 349	

years after primary acl reconstruction. Knee Surg Sports Traumatol Arthrosc 19(11): 1806-350	

1816. 351	

37. Ross MD, Irrgang JJ, Denegar CR, McCloy CM, & Unangst ET (2002) The relationship between 352	

participation restrictions and selected clinical measures following anterior cruciate ligament 353	

reconstruction. Knee Surg Sports Traumatol Arthrosc 10(1): 10-19. 354	

38. Schmitt LC, Paterno MV, & Hewett TE (2012) The impact of quadriceps femoris strength 355	

asymmetry on functional performance at return to sport following anterior cruciate ligament 356	

reconstruction. J Orthop Sports Phys Ther 42(9): 750-759. 357	

39. Stickler L, Finley M, & Gulgin H (2015) Relationship between hip and core strength and frontal 358	

plane alignment during a single leg squat. Physical Therapy in Sport 16(1): 66-71. 359	



18	
	

40. Svensson M, Sernert N, Ejerhed L, Karlsson J, & Kartus JT (2006) A prospective comparison of 360	

bone-patellar tendon-bone and hamstring grafts for anterior cruciate ligament reconstruction 361	

in female patients. Knee Surg Sports Traumatol Arthrosc 14(3): 278-286. 362	

41. Thorborg K, Bandholm T, & Holmich P (2013) Hip- and knee-strength assessments using a hand-363	

held dynamometer with external belt-fixation are inter-tester reliable. Knee Surg Sports 364	

Traumatol Arthrosc 21(3): 550-555. 365	

42. Wiggins AJ, Grandhi RK, Schneider DK, Stanfield D, Webster KE, & Myer GD (2016) Risk of 366	

secondary injury in younger athletes after anterior cruciate ligament reconstruction: a 367	

systematic review and meta-analysis. Am J Sports Med 44(7): 1861-1876. 368	

  369	

  370	



19	
	

Table 1. Subject Demographics 371	

 Number 
Age 

(years) Sex 
Weight 

(kg) 
Injured 

Side 
Follow-up 
(months) Graft Type Tegner 

ACLR 20 22.8 
(15-45) 

11 female, 
9 male 70.5±12.9 8 left, 12 

right 8.3 (6-14) 

8 Hamstring 
Autograft, 
12 BPTB 
Autograft 

5.5   
(3-9) 

Controls 45 25.8 
(15-45) 

22 female, 
23 male 74.0±15.2 - - - 6      

(3-7) 

P-value - 0.097 0.649 0.370 - - - 0.761 

- Not applicable 
ACLR: Anterior cruciate ligament reconstruction 
BPTB: Bone patellar tendon bone 
Data presented as mean ± standard deviation or mean (range). 
Tegner presented as median (range).	
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Table 2. Comparison of Muscle Strength and Hop Test Performance Between ACLR and 388	

Control Group Limbs 389	

 390	

 391	

 392	

 393	

 394	

 395	

 
ACLR  Controls 

   

Test Mean Mean % Difference 95% CI P-value 

Hip Extension 2.9 ± 1.1 3.1 ± 1.0 -6.7 -0.8, 0.4 n.s. 

Hip External Rotation 1.4 ± 0.4 1.7 ± 0.5 -19.4 -0.5, -0.1 0.04* 

Hip Abduction 4.1 ± 0.7 4.3 ± 1.0 -4.8 -0.6, 0.4 n.s. 

Knee Extension 4.4 ± 1.5 5.4 ± 1.8 -20.4 -1.9, -0.2 0.02* 

Single Leg Hop 146 ± 37 182 ± 38 -22 -56, -16 <0.01* 

Timed Hop (seconds) 3.3 ± 2.0 2.3 ± 0.6 35.7 0.4, 1.6 <0.01* 

Triple Hop 417 ± 106 519 ± 102 -21.8 -156, -46 <0.01* 

Crossover Hop 364 ± 107 446 ± 123 -20.2 -147, -18 0.01* 

Strength tests reported in N/kg. Hop tests reported as % of limb length, unless otherwise specified. 
95% CI: 95% Confidence Interval for mean difference between ACLR and Controls. 
* Statistically significant 
± Standard deviation 
ACLR: Anterior cruciate ligament reconstruction 
Note: Statistically significant differences in bold; Hop test results normalized for limb length. 
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Table 3. Between-Limb Comparison of Muscle Strength and Hop Test Performance in ACLR 396	

Group 397	

 398	

 399	

 400	

 401	

 402	

 ACLR 
Extremity 

Non-operative 
Extremity    

Test Mean Mean % Difference 95% CI P-value 

Hip Extension 195.4 ± 70.7 193.6 ± 44.6 0.9 -21.7, 25.3 n.s. 

Hip External Rotation 101.6 ± 33.7 114.4 ± 36.7 -11.9 -25.6, -0.1 0.05* 

Hip Abduction  287.8 ± 56.5 287.1 ± 59.1 0.2 -22.9, 24.4 n.s. 

Knee Extension  308.0 ± 120.1 366.4 ± 119.4 -17.3 -103.2, -13.6 0.01* 

Single Leg Hop  132 ± 37 162 ± 34 -20.4 -37, -22 <0.01* 

Timed Hop (seconds) 3.3 ± 2.0 2.5 ± 0.9 27.6 0.2, 1.5 0.02* 

Triple Hop 379 ± 105 452 ± 108 -17.6 -95, -51 <0.01* 

Crossover Hop 331 ± 107 390 ± 108 -16.4 -79, -38 <0.01* 

Strength tests reported in Newtons; Hop tests reported in cm, unless otherwise specified. 
95% CI: 95% Confidence Interval for mean difference between ACLR and Non-operative extremity. 
* Statistically significant 
± Standard deviation 
ACLR: Anterior cruciate ligament reconstruction 
Note: Statistically significant differences in bold. 
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Table 4. Comparison of Muscle Strength and Hop Test Performance of the ACLR extremity in the ACLR Group Stratified by 403	

Sex, Limb Dominance, and Graft Type. 404	

Test Male Female P-value Dominant 
Limb Injured 

Non-dominant 
Limb Injured P-value BPTB 

Autograft 
Hamstring 
Autograft P-value 

Hip Extension 2.7 ± 1.2 3.0 ± 1.0 n.s. 3.0 ± 1.0 2.7 ± 1.2 n.s. 3.3 ± 1.1 2.3 ± 0.7 0.03* 

Hip External 
Rotation 1.6 ± 0.5 1.4 ± 0.4 n.s. 1.5 ± 0.4 1.4 ± 0.5 n.s. 1.7 ± 0.4 1.1 ± 0.3 0.01* 

Hip Abduction 4.3 ± 0.8 4.0 ± 0.5 n.s. 4.3 ± 0.7 3.9 ± 0.6 n.s. 4.4 ± 0.7 3.8 ± 0.4 0.04* 

Knee Extension 4.5 ± 1.6 4.3 ± 1.4 n.s. 4.3 ± 1.6 4.4 ± 1.4 n.s. 4.8 ± 1.7 3.8 ± 0.8 n.s. 

Single Leg Hop 164 ± 36 130 ± 32 0.04* 148 ± 41 142 ± 34 n.s. 159 ± 36 126 ± 30 0.04* 

Timed Hop 2.3 ± 0.7 4.2 ± 2.3 0.03* 3.5 ± 2.3 3.1 ± 1.6 n.s. 2.6 ± 1.2 4.4 ± 2.5 n.s. 

Triple Hop 479 ± 95 367 ± 89 0.02* 427 ± 126 406 ± 81 n.s. 453 ± 109 363 ± 79 n.s. 

Crossover Hop 429 ± 91 305 ± 87 0.01* 361 ± 123 367 ± 89 n.s. 399 ± 103 303 ± 91 n.s. 

Strength tests reported in N/kg. Hop tests reported as % of limb length, except the Timed Hop which is reported in seconds. 
* Statistically significant 
Data presented as mean ± standard deviation 
ACLR: Anterior cruciate ligament reconstruction 
BPTB: Bone patellar tendon bone 
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Table 5. Pearson Correlations Between Limb Strength and Hop Performance of the ACLR 405	

Limb 406	

 Single Leg Hop Triple Hop Timed Hop Crossover Hop 

Hip External Rotation 0.765 (.000)* 0.714 (.000)*  -0.579 (.007)* 0.766 (.000)* 

Knee Extension 0.554 (.011)*  0.513 (.021)*  -0.426 (n.s.) 0.461 (.047)* 

Data presented as r-value (p-value). 
* statistically significant at p<0.05 
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