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Abstract

Background: Patients who undergo anterior cruciate ligament reconstruction (ACLR) present
with deficiencies in strength, functional performance, and biomechanical function at return-to-
activity. ACLR patients with abnormal strength and function may be at a greater risk for secondary
injury and post-traumatic osteoarthritis.

Purpose: To examine quadriceps strength, functional performance, and knee biomechanics in
patients who are 9, 12, 18, and 24 months post-ACLR.

Design: Cross-Sectional Study.

Methods: Eighty-two subjects (45 female) who underwent ACLR and were cleared to return to
activity were recruited. Subjects were assigned to one of four groups based on their time from
ACLR: 9-months (285.26 + 8.16 days), 12-months (373.59 + 8.81 days), 18-months (557.50 +
11.96 days), and 24-months post-operative (741.05 + 11.86 days). Quadriceps strength was
measured concentrically at 60°/second. Functional performance was assessed by measuring
maximal hop distances or heights during dynamic hopping/jumping tests (single leg hop, triple
hop, cross-over hop, and single leg vertical hop). Biomechanical function was evaluated during the
dynamic hop tests by using peak sagittal plane knee flexion angles recorded during landings.
Strength, performance, and biomechanics data were collected for both limbs and reported as
symmetry scores (injured/uninjured*100). Self-perceived function was measured using the
International Knee Documentation Committee (IKDC) subjective knee form.

Results: Quadriceps strength in the 9- (77.61+16.73) and 12-month (77.80+13.99) groups were
significantly lower (P<.01) when compared to the 24-month group (92.40+15.55). Self-perceived
function for the 9-month group (79.33+£10.40) was significantly lower (P<.01) when compared to
12- (87.58+10.29), 18- (89.81+8.36), and 24-month (91.59+5.70) groups. Single leg hop distance
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symmetry was significantly lower (P<.01) for the 9-month group (90.01+9.46) when compared to
the 18- (96.24+6.47) and 24-month (96.30+6.46) groups, triple hop symmetry was significantly
lower (P < .05) for the 9-month group (90.2+10.03) when compared to the 18- (96.83+9.60) and
24-month (95.91 + 6.36) groups, and cross-over hop was significantly lower (P<.05) for the 9-
month group (88.35+13.53) when compared to the 18-month (95.85+8.63) and 24-month
(97.1044.12) groups.

Conclusions: Quadriceps strength, self-perceived function, and functional performance,
improve 9 to 24 months post-ACLR indicating recovery is ongoing after return-to-activity. Return-
to-activity criteria after ACLR should objectively account for strength and function.
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anterior cruciate ligament; knee; biomechanics; muscle; weakness

INTRODUCTION

Injury to the anterior cruciate ligament (ACL) is a common occurrence, with an incidence of
68.6 per 100,000 person-years per annum.3! In persons that are physically active or the knee
is unstable, surgical reconstruction of the anterior cruciate ligament (ACLR) is the
recommended path of care. Although ACLR restores sagittal plane knee joint stability,
deficiencies in quadriceps strength,26:27:32.36 hjomechanical function,29 and functional
performance?433 are present, and often linger even after patients are cleared to return to
activity. At the time of return to activity (e.g. 6-9 months after ACLR), ACLR patients
present with substantial between limb asymmetry in quadriceps strength>26:27 gait
biomechanics?!, and functional performance®.

Return to activity/sport while deficient in strength, biomechanical function, and/or
functional performance, can lead to ACL re-injury and/or injury to the contralateral limb.® A
study by Grindem et al® found that ACLR patients who returned to activity with strength and
functional performance symmetry above 90% had a significantly reduced rate of re-injury,
while those subjects with poor symmetry had a noticeably higher risk of re-injury. Poor
quadriceps strength has also been associated with altered sagittal plane knee flexion angles.
21,26 Abnormal knee joint kinematics have predictive ability for primary ACL tears in
female athletes,13 and abnormal knee kinetics have been linked to secondary ACL injury.2?

Patients who undergo ACLR are usually medically cleared to return to activity at six to
seven months post-operative,! with a return to preinjury level of activity occurring within 24
months of surgery.® However, within the same 24 month timeframe there is also a high risk
of subsequent ACL injury.-2842 previous research found a secondary ACL injury in 6% of
subjects, with an equal rate of ACL tears in the ipsilateral and contralateral limb.42 Paterno
et al28 studied the incidence rates of ACL injury in patients within two years of ACLR and
when compared to controls, ACLR patients were 15 times more likely to incur an ACL
injury than healthy controls.

Given the risk of a second ACL injury occurring during the first 24 months post-ACLR, it is
imperative to examine the recovery of factors related to injury/reinjury, such as strength,
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knee joint biomechanics, and functional performance. While quadriceps strength
deficiencies have been shown within two years after ACLR,:16:27.35 the magnitude of
functional performance changes and biomechanical function is less studied. Much of the
research examining knee joint biomechanics4:21:26:32 or functional hop
performance®10.12.26.33 jn ACLR patients was performed within the first 12 months (e.g. 3—
12 months post-ACLR) following surgery. Studies that examined biomechanics#4% in ACLR
patients after 12 months post-operative (e.g. on average 3-5 years post-ACLR) did not
characterize recovery at multiple timepoints within the high-risk 24-month timeframe. To
our knowledge no study has examined functional hop test performance from 12 to 24
months post-operative.

In order to better characterize ACLR patient recovery within 24 months of surgery we
propose to examine strength, biomechanics, and functional performance symmetry in
persons at 9, 12, 18, and 24 months post-operative. By examining strength, functional hop
performance, and knee joint biomechanics at these timepoints we seek to better to
understand the amount and type of deficiency present, in order to help clinicians target
problem areas for recovery. We hypothesize that ACLR patients at 9 months will present
with substantial inter-limb asymmetry in quadriceps strength, knee biomechanics, and
functional performance. Furthermore, we hypothesize patients that have had more recovery
time after ACLR will demonstrate less asymmetries (i.e. patients 18 months post-operative
will be more symmetrical than those at 12 months post-operative). Lastly, we hypothesize
that the ACLR patients at 24 months post-operative will present with symmetrical (=90%)
quadriceps strength, biomechanical function, and functional performance.

METHODS

Participants

Eighty-two subjects (45 female, 37 male; age = 20.2 + 6.6 years, height = 170.3 £ 9.0 cm,
mass = 73.8 + 15.2 kg) who had undergone ACLR and were cleared to return to activity by
their treating physician were recruited to participate in this study. A sample size of 15
subjects per group was estimated based on an effect size (f) of 1.378 using previous
literature examining quadriceps strength at different time points post ACLR (9, 12, and 24
months).152544 Subjects were recruited into one of four groups (9 months + 21 days, 12
months £ 21 days, 18 months * 21 days, and 24 months + 21 days) depending on time from
surgery. Subjects were eligible to participate if they: 1) were between 14 to 45 years of age,
2) had an acute ACL injury, 3) had no prior history of knee ligament injury to either limb, 4)
had no history of a prior knee surgery to either limb, 5) had no surgical intervention on any
knee ligament other than the ACL, 6) were not pregnant, 7) and did not have a cardiac
demand-type pacemaker. Fifty-seven of the subjects had surgical reconstruction with a bone-
patellar tendon-bone autograft, twenty with a semitendinosus-gracilis autograft, and five
with a quadriceps tendon autograft. All subjects had their surgical reconstruction performed
by 1 of 3 orthopaedic surgeons from our sports medicine clinic. Objective criteria used by
the physicians to clear patients to return to activity included: 1) full range of motion, 2) no
visible effusion, 3) completion of a three-week agility program, and 4) successful
completion of a leg press test. To pass the leg press test, individuals needed to complete at
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least 15 repetitions of a single-leg (i.e. ACLR limb) leg press with the knee moving from
neutral to 90 degrees of flexion at 100% of body weight. This study was reviewed and
approved by the University of Michigan Medical Institutional Review Board.

Study Procedures

All measurements described below were collected in the same session in the Orthopaedic
and Rehabilitation Biomechanics laboratory at The University of Michigan. Recruitment
took place between 2015-2017.

Quadriceps Strength

Isokinetic quadriceps strength was assessed bilaterally and collected with a Biodex System 3
dynamometer (Biodex Medical Systems; Shirley, NY). Subjects were positioned in the
dynamometer with the hip and knee flexed to 90°, and secured into place with straps across
the torso, waist, thigh, and shank. Subjects were instructed to perform three sub-maximal
(i.e. 50% effort) practice knee extension contractions at a rate of 60° per second prior to
attempting the maximal effort trials. Following the sub-maximal contractions, subjects
rested for two minutes, and then attempted five maximal intensity concentric knee
extensions. The trial with the maximal torque for each leg was selected and used to quantify
the isokinetic quadriceps index (Equation 1) for statistical analyses. Limb testing order was
randomized for each subject before testing began.

Surgical Limb Value

k .
Non — Surgical Limb Value 100 Equation 1

Limb Symmetry Index = (

Dynamic Hop Testing Protocol

Subjects performed a battery of dynamic hop tests that are clinically relevant to ACLR
patient functional recovery. The hop test battery included: single-leg hop, triple hop, cross-
over hop, and single-leg vertical hop. During hopping the MyoMotion 3-dimensional
wireless motion analysis system (Noraxon USA Inc., Scottsdale, AZ, USA) sampling at
200Hz was used to record sagittal plane knee flexion angles. Eight wireless inertial
measurement units (IMUs) were placed on each subject on specific lower limb and torso
segments (left foot, right foot, left shank, right shank, left thigh, right thigh, pelvis, and
lower thoracic), and Noraxon footswitch insoles were placed into the subjects’ shoes. Once
the footswitch insoles were secured in the shoes, a wireless footswitch sensor was placed on
the medial aspect of the corresponding shank and connected to the insole. Once all IMU’s,
insoles, and sensors were secured, the subject was then ready to perform the hop testing.
Pilot data collected in our laboratory suggest there is a “good-to-high” level of agreement
between knee flexion angle measured with IMU’s and with standard motion capture ICCs
(3,k) = .85-.99.

Subjects performed five independent successful attempts, for each limb, for each dynamic
hop test. A successful attempt required the subject to hold the final landing of the task for
two seconds without shuffling his/her landing foot or making ground contact with any body
part other than the landing foot. Subjects were instructed to jump for maximal distance
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during the single-leg hop, triple hop, and cross-over hop tests, and maximal height for the
single leg vertical hop, as is common in post-operative ACLR clinical hop testing (Figure 1).
Maximal values for hop distance and hop height were recorded and used for analysis.

Maximal vertical hop height was measured with the use of a Vertec, vertical jump measuring
device (Sports Imports, Hilliard, OH, USA). Prior to testing, a baseline measurement of each
subject’s stand and reach height was measured using the Vertec. Subjects stood directly
underneath the vanes of the device, raised both arms straight up overhead and pushed away
as many vanes as they could reach with both hands simultaneously. This stand and reach
value was recorded as the subjects baseline. During the actual testing, subjects were asked to
jump as high as they possibly could off one leg, and try to move the highest vane they could
reach. The height of the highest vane reached by the subject during the hop was recorded,
the baseline value was subtracted, and the final value was kept as a measure of hop height
for that attempt.

All measures of functional performance, maximal hop distance and maximal hop height,

were converted into symmetry scores (Equation 1) in the same manner as the quadriceps

index, and the symmetry values were used for statistical analysis. Dynamic hop test order
and limb order were randomized prior to testing. All dynamic hop testing was performed
after the strength testing.

Kinematic Data Processing

Sagittal plane knee kinematics for the hop tests were assessed during the landing phases
specific to each test, because it is during the landing phases that the greatest loads are
experienced in the knee and when most ACL injuries occur. For the single leg forward hop
and the single leg vertical hop there is only one hop and one landing. The landing phase for
these tasks was defined as initial foot contact with the ground to peak knee flexion. Peak
knee flexion was chosen to define the end of the landing as it characterizes the end of the
deceleration phase of the movement during which peak ground reaction forces and peak
knee moments would occur. For the triple hop and cross-over hop there are three hops and
three landing phases. We assessed each of the three landing phases, for both the triple hop
and cross-over hop, and defined each landing phase in the same manner as the single leg
forward hop and the single leg vertical hop, initial contact to peak knee flexion. Foot contact
was identified with the use of footswitch insoles.

For the single leg forward hop and single leg vertical hop the average peak knee flexion for
all the attempts for each limb were used for analysis. For triple hop and cross-over hop
attempts, the average peak knee flexion values for each of the three landings was calculated,
and then an average across all three landing phases was calculated to be used as the peak
knee flexion value for that attempt. Symmetry scores were created for each hop task using
the test specific peak knee flexion values and calculated in the same manner as the
quadriceps index (Equation 1). The symmetry values were used in the statistical analysis.

Patient-Reported Outcomes

Subjects completed the International Knee Documentation Committee (IKDC) form for
subjective knee function, and the Tegner activity rating scale for graded physical labor and
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sports activities. The IKDC is a reliable and valid measure of patient-reported function in the
ACLR population.3® The IKDC is comprised of three different types of questions: three11-
point Likert scales, fourteen 5-point Likert scales, and one dichotomous *“yes” or “no”. The
IKDC was processed and scored on a 0 to 100 scale, with 100 being representative of
highest knee function, for use in statistical analysis. The Tegner activity rating scale is a
standardized grading system for physical activity that is both reliable and valid for use in the
ACLR population.?

Statistical Analysis—Separate one-way ANCOVAs with graft type and gender used as a
covariates were run for all dependent variables. Dependent variables included: strength
(isokinetic quadriceps index), peak knee flexion symmetry from all four hopping tasks,
maximal hop distance symmetry for the three applicable hopping tasks, maximal vertical
jump height symmetry and score on the IKDC. The independent variable was group (9
months, 12 months, 18 months, or 24 months). One-way ANOVAs were performed to assess
demographic differences between groups for subject age, height, and weight, and chi-square
regression was used to assess between group difference in the categorical variables (gender
and graft type). Due to the low frequency of graft type per timepoint, Fisher’s Exact Test
was used to assess significance. Least Significant Difference post hoc comparisons were
performed once ANCOVA between group significant differences were found. Binomial
logistic regression analyses were completed, with statistical significance determined using
the Wald chi-square test, to examine the between group difference in the rate of subjects that
met acceptable clinical criteria (i.e. 90% limb symmetry indices) for quadriceps strength,
functional performance (distance or height hopped), biomechanical function (peak knee
flexion for the hop/jump tests), and self-reported function (=85% score on IKDC). Given the
variability in our participants’ activity levels at time of return to activity, we wanted to
consider the effect that activity level may have played on our outcome measures. Therefore,
regression analyses were performed examining the relationship between the Tegner activity
score and any dependent variable where the ANCOVAs showed between group differences
(i.e. strength and functional performance). The a priori a. level was set at £< .05 for all tests.
Statistical analyses were performed with SPSS (version 22; IBM Corp, Armonk, NY).

RESULTS

No significance differences in demographics were found between groups (P> .05) (Table 1).
Descriptive statistics including means and standard deviations for all variables for each
group can be found in Table 2. Significant between group differences were noted for the
IKDC (F3 76 = 8.04, £<0.001), quadriceps index (3 76 = 3.97, P =.01), and maximal hop
distance symmetry for single leg hop (/3 76 = 4.18, P =.01), triple hop (/3 76 = 3.07, P
=.03), and cross-over hop (/3,76 = 3.69, P=.02). Post hoc analyses showed significant
difference in the isokinetic quadriceps strength index between the 9- and 24-month groups,
(P=.01), and between the 12- and 24-month groups, (P = .01). A significant difference in
IKDC scores was found between the 9- and 12-months groups, (P < .01), the 9- and 18-
month groups, (P <.001), and the 9- and 24-month groups, (P <.001). Significant
differences in hop symmetry were found for the maximal single leg hop distance, maximal
triple hop distance, maximal cross-over hop distance between the 9 months and 18-month
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groups and the 9-month and 24-month groups (P =<.03). No significant between group
differences in peak knee flexion symmetry were found during any hop test (P> .05).
Significant differences for the number of patients meeting clinical recommendations for
isokinetic quadriceps strength index (xZ = 9.06, P=.03), was noted between the 9- and 24-
month groups (P =.02), and the 12- and 24-month groups (P =.01) (Figure 2). Significant
differences were also noted between the number of patients meeting clinical
recommendations for the IKDC at 9 months when compared with the remaining 3 groups (P
< 0.05). No significant differences were found between groups for the percentage of subjects
who met the clinical criteria for functional performance or biomechanical function (£ > .05).

DISCUSSION

The purpose of this study was to examine quadriceps strength, sagittal plane knee
kinematics, and functional performance after patients were cleared to return-to-activity post-
ACLR. Patients 9- and 12-months post-ACLR were similar in terms of strength and function
displaying the greatest asymmetries (strength > 20% asymmetry; average function
asymmetry across hopping tasks 10%). Patients in the 18- and 24-month groups were also
similar in terms of strength and function displaying smaller asymmetries than the 9- and 12-
month groups (strength ~10% asymmetry; average function asymmetry across hopping tasks
~6%). Our results suggest that longer time periods post-ACLR may be beneficial to
achieving symmetrical strength and function.

We found substantial quadriceps strength asymmetry (>20%) in subjects who were 9 and 12
months post-ACLR. The quadriceps strength deficits found in our study are similar to those
found in prior research (11.1 — 27.1%) that examined ACLR patients at 12 months post-
operative.”16 Clinical recommendations for quadriceps strength is a level of asymmetry less
than 10% (> 90% symmetry) since greater levels of asymmetry have been linked to a higher
risk of secondary injury (injury to the ipsilateral or contralateral knee) following ACLR.®
Within the 9- and 12-month groups, only four subjects from each group (21.1% and 18.8%
of subjects respectively) met the 90% strength symmetry criterion (table 2). Our data suggest
that at 12 months post-operative, muscle strength for the majority of patients is not at
acceptable levels and therefore return-to-activity is likely not safe. Our finding supports the
recommendation that strength assessments be incorporated in ACLR return to activity
criteria and considered more strongly than time from surgery when clearing an ACLR
patient to resume activity.? Further, it is clear a more concerted focus on regaining strength
during rehabilitation, or new approaches to allow for better strength recovery after ACLR
are necessary.

Subjects in the 18- and 24-month groups had quadriceps strength symmetry of 86.7% and
92.4%, respectively. Both the 18- and 24-month groups had higher levels of strength
symmetry (~8% and 14% higher, respectively) when compared to the 9- and 12-month
groups, with the difference in strength symmetry in the 24-month group achieving statistical
significance. The amount of strength symmetry we found at 18- and 24-months post-
operative is consistent with prior research,11:16.17.3541 and suggests that strength
improvements in ACLR patients continue to occur after completion of formal rehabilitation
and return-to-activity. Despite the higher levels of strength in the 18 and 24 month groups,
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and the 24 month group mean higher than the clinically recommended criteria of 90%
symmetry, it should be noted that individually a large percentage of patients in both groups
did not meet the 90% symmetry level. In fact, 55% and 43% of subjects in the 18- and 24-
month groups, respectively, were unable to meet the =90% symmetry criteria. Additionally,
muscle strength recovery within each group was variable amongst the ACLR patients in our
study, with some subjects (4 out of 19) achieving acceptable strength at 9 months post-
operative, and yet a high percentage of patients failing to meet this criterion at 24 months
post-operative. Variability in muscle strength after ACLR appears to be common (range of
strength asymmetry at 6 months, 3% - 40%)1° and beyond.19:22.27 |_gpley et al8 noted that
subjects with less strength deficiency had participated in rehabilitation protocols that
incorporated early post-operative cryotherapy, closed-chain exercise, range of motion
restoration, in addition to exercises that focus on proprioception, agility, and balance. In our
study, we did not control for patient rehabilitation facility, and as such cannot confirm
consistency in the rehabilitation protocols performed by each subject. It’s likely that
variance in quadriceps strength symmetry in ACLR patients within each group is due in part
to variance in rehabilitation protocols (i.e. the inclusion/ exclusion of therapeutic exercise
that addresses early recovery of range-of motion, strength, and neuromuscular control).

Functional symmetry (distance/ height) for the four hop tests were similar between the 9-
and 12-month groups, with mean symmetry across the two groups ranging from 87.1% to
93.5%. Both groups, on average, achieved 90% symmetry for single leg hop and triple hop
distance, with cross-over hop distance in the 12 month group also meeting the criterion.
Despite these mean values achieving 90% symmetry, it is important to note that
recommended functional performance symmetry, associated with reduced risk of secondary
injury, is >90% for all tests included in a hop test battery.8:12.23 \When we examined the hop
test battery as a whole, there was no significant difference between the 9- and 12-month
groups, with only 3 (15.8%) subjects in the 9-month group and 7 (31.8%) subjects in the 12-
month group meeting the symmetry criteria for all four hop tests, and deemed as having
acceptable functional performance (Figure 2).

Prior research by Grindem et al® reported 55.0% patients at 12 months post-ACLR
successfully completed the hop test battery. The difference in findings between studies for
hop test battery success rate at 12 months post-operative may be due to differences in patient
population, as Grindem included only those who had participated in high demand sport prior
to injury and were expecting to return to the same level of sport following completion of
rehabilitation. The activity level of the subjects in our study was quite diverse, ranging from
normal daily activity to high-level sport and it would logically follow that those subjects
participating in higher level of activity would present with better functional performance. We
considered level of activity in our analyses and found a significant relationship between both
subjective function and single leg hop performance with activity level. However, level of
activity was not associated with functional performance on triple hop, cross-over hop, or
single leg vertical hop, which are considered to be more difficult. Lastly, it should also be
noted that instead of the 6-meter speed hop used by Grindem et al,® we used the single-leg
vertical hop, which had a lower success rate than the other three hop tests across all groups,
and most likely reduced the overall success rate of the functional hop test battery (table 2).
The single-leg vertical hop has been recommended for use in functional performance hop
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test batteries because of its value in discriminating between healthy vs ACL-injured limbs in
previous literature.10 It has been proposed that vertical hop tests characterize a different
aspect of functional performance than the hops for distance,1? and the disparity between the
forward hop tests and vertical hop test in our study would support this conclusion.

The 18 and 24-month groups were significantly higher in hop distance symmetry, for 3 of
the 4 hop tests, compared to the 9-month group. The patients 24 months post-ACLR were
the only group to achieve mean functional performance values for all four hop tests that met
acceptable levels of function, with symmetry values ranging from 90.7% to 97.1% across the
four hop tests. These higher mean hop symmetry values indicate that improvements in
functional performance do continue more than a year after completion of formal
rehabilitation. It is also important to note that the rate of successful completion of all four
hop tests was 27.1% higher in the 24 months group compared to the 9 months group, though
this difference in success rate did not reach statistical significance. Despite the higher
success rate for functional performance in the 24 month group, 57% of subjects were still
unable to meet the 90% threshold for all four hop tests, further supporting the need for
improved functional recovery in ACLR patients.

No significant differences in sagittal plane peak knee flexion angle were noted during the
four hop tests between any of our four groups. Similar to functional hop testing, the range of
mean knee flexion symmetry in the 9- and 12-month groups was close to or above 90%, with
symmetry level ranging from 86.3% to 91%. However, if we apply the same criteria for
successful achievement of functional hop performance to knee flexion angle symmetry,
requiring =90% symmetry of knee flexion during all four hop tests, less than 10.5% and
27.3% of subjects met the recommended criteria in the 9- and 12-month groups respectively.
The percentage of subjects who met the biomechanical criteria in the 18- and 24-month
groups was 30% and 42.9%, which was not significantly higher than the earlier groups. The
lack of significant difference between subjects in the early timepoints (9 and 12 month) and
the later timepoints (18 and 24 month) is surprising since later groups had higher levels of
functional performance symmetry, which has been related to knee joint kinematics
previously. However, a study performed by Xergia et al*3 examined single leg forward hop
distance symmetry in male ACLR patients between six and nine months post-operative, and
found moderate positive correlations between hop distance and isokinetic knee extension
strength, but no correlation with knee flexion angle. Furthermore, a study by Trigsted et al38
found that although ACLR patients had symmetrical hop distances during functional testing,
these same subjects still exhibited altered landing biomechanics, including asymmetrical
peak knee flexion. Given our findings and the findings of previous research, it would seem
that although knee flexion angle does play a role in functional hop performance, it is
probably one of multiple variables, such as hip and ankle joint kinetics and kinematics,38
and non-biomechanical values such as balance and confidence.3’

Patient perceived function was higher in the 12-, 18-, and 24-month groups (87.6%, 89.8%,
91.6%, respectively) when compared to the 9 month group (79.3%). Previous research has
found that self-perceived function in ACLR patients improves over time.>34 In a prior study
performed in our lab we found improvements in IKDC from return to sport to after 12
months post-surgical.> Additionally, prior research has also shown a relationship between
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patient reported function and both strength3? and functional hop testing.23 Given that we
saw higher levels of strength and functional hop performance in the 18- and 24-month
groups it is not surprising that patient perceived function was also higher.

LIMITATIONS

This study employed cross-sectional design to assess strength, biomechanical function, and
functional performance in four separate groups of ACLR patients, at different times post-
ACLR surgery. While this allows us to compare what different patients look like at different
time point post-ACLR it would be valuable to make a longitudinal assessment of these
variables over time to examine within-patient recovery. Also, the subjects in this study
performed their post-ACLR rehabilitation at various physical therapy facilities. We
recognize that rehabilitation protocols and procedures can vary between facilities, and that
those variations can affect patient outcome and recovery.

CONCLUSION

Subjects in the 9- and 12-month groups differed in strength and functional performance
when compared to the 18- and 24-month groups. While groups with more time had more
strength and function, a number of patients continued to present with asymmetry at 2 years
post-ACLR. These asymmetries could place patients at risk for future injury or
osteoarthritis. We recommend that clinicians use objective criteria including, quadriceps
strength, hop testing, and measures of patient-reported function to assess when patients may
return to activity/sports.
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What is known about this subject:

Quadriceps strength, patient perceived function, and functional performance are impaired
at the time of return to sport/activity after ACLR.

What this study adds to existing knowledge:

This work begins to explore how strength and function recover over the 24 months after
ACLR. No work to our knowledge has compared strength and function at various time
points during the ACLR recovery process. Further, we explore the number of patients that
are passing recommended clinical criteria during the 24 months after ACLR.
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Single-Legged Hop for Distance

J

Crossover Hop for Distance

Graphic depiction of the hop tests for distance utilized in subject testing. For all tests,
subjects hopped on a single leg and were instructed to hop as far as possible in order to
achieve maximal distance. For the single-legged hop, a single one-legged forward hop was
performed forward. The triple hop required three forward hops to be performed in a row.
With the crossover hop, subjects were instructed to perform three consecutive forward hops
while crossing the central line with each hop. The first hop crossed medially, the second hop
crossed laterally, and the third and final hop crossed medially.
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Figure 2.
Percentage of subjects who met the acceptable criteria per outcome variable for each group.

Abbreviations: IKDC, International Knee Documentation Committee Knee Form, Biomech,
Biomechanical Function, Function, Functional Hop Performance, Comb, Combined.
Acceptable strength symmetry is =90%, acceptable biomechanical function is peak knee
flexion symmetry =90% for all four hop tests, acceptable functional performance is hop
distance/ height symmetry >90% for all four hop tests, acceptable IKDC scores are >85.
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