vol. 14 e no. 2 SPORTS HEALTH

Factors That Predict Sagittal Plane Knee
Biomechanical Symmetry After Anterior
Cruciate Ligament Reconstruction:

A Decision Tree Analysis

Riann M. Palmieri-Smith, PhD, ATC,*"*$ Michael T. Curran, MS, ATC, S Steven A. Garcia, MS, S
and Chandramouli Krishnan, PT, PhDT'1*

Background: Biomechanical knee asymmetry is commonly present after anterior cruciate ligament (ACL) reconstruction.
Factors that could assist in identification of asymmetrical biomechanics after ACL reconstruction could help clinicians

in making return-to-play decisions. The purpose of this study is to determine factors that may contribute to knee
biomechanical asymmetry present after ACL reconstruction.

Hypothesis: We hypothesized that quadriceps strength and activation and patient-reported function would allow for
identification of patients with symmetrical knee biomechanics.

Study Design: Cross-sectional study.
Level of Evidence: Level 3.

Methods: Thirty-one subjects (18 women,; time since ACL reconstruction = 284.4 £ 53.6 days) who underwent ACL
reconstruction and were to return to activity were recruited. Participants completed bilateral assessments of isokinetic
quadriceps strength, quadriceps activation using the superimposed burst technique, and biomechanical function testing
during a single-leg forward hop. The International Knee Documentation Committee (IKDC) subjective knee form was also
completed. Symmetry values were calculated for each variable. Decision trees were utilized to determine which input factors
(quadriceps strength symmetry, quadriceps activation symmetry, IKDC score, age, sex, height, mass, graft type) were able to
identify participants who had symmetrical knee flexion angles (KFAs) and extension moments. Angles and moments were
considered symmetrical if symmetry values were >90%.

Results: Quadriceps strength and activation symmetry were able to predict whether a patient landed with symmetrical or
asymmetrical KFAs, with thresholds of 77.2% strength symmetry and 91.3% activation symmetry being established. Patient-
reported function and quadriceps strength were factors that allowed for classification of participants with symmetrical/

asymmetrical knee extension moments, with thresholds of 89.1 for the IKDC and 80.0% for quadriceps strength symmetry.

Conclusions: Quadriceps strength contributed to both models and appears to be a critical factor for achieving symmetrical
knee biomechanics. High patient-reported function and quadriceps activation are also important for restoring knee
biomechanical symmetry after ACL reconstruction.

Clinical Relevance: Quadriceps strength and activation and patient-reported function may be able to assist clinicians in
identifying ACL patients with symmetrical/asymmetrical knee biomechanics.
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nee biomechanical asymmetries are commonplace after

ACL injury and reconstruction.'** If left unresolved, the

persistence of biomechanical asymmetries may result in
decreased functional performance," increased risk for
secondary injury,” and the development of accelerated knee
osteoarthritis (OA).” Young athletes with asymmetrical knee
flexion excursions, for example, exhibit decreased self-reported
function 2 years after ACL reconstruction while patients who
display knee extension moment asymmetries are at a 4 times
greater risk for secondary ACL injury.” Furthermore, long-lasting
alterations in knee motion or loading relative to pre-ACL injury
status (ie, asymmetries) may promote catabolic processes in
knee articular cartilage, resulting in structural decline and early
onset of knee OA.*” Given the negative repercussions
biomechanical asymmetries can have on patients who have
undergone ACL reconstruction, it is imperative to better
understand factors that may contribute to the development of
these abnormal movement strategies so that they can be better
targeted with appropriate interventions.

Quadriceps muscle strength and activation are often impaired
after ACL reconstruction” and may affect the recovery of
symmetrical knee joint mechanics. Our prior work has shown
that at the time of return to activity after ACL reconstruction,
patients who exhibit more symmetrical quadriceps strength and
activation also exhibit more symmetrical knee biomechanics
during a single-leg forward hop.26 Similar findings have been
noted during gait, where patients 7 months after ACL
reconstruction with greater quadriceps strength symmetry
exhibited more symmetrical knee flexion angles (KFAs) and
moments.”” However, other research has shown conflicting
findings wherein patients 6 months after ACL reconstruction
displayed symmetrical knee biomechanics despite exhibiting
asymmetrical quadriceps strength.” It is plausible that the
discrepancy in results could be attributed to differences in study
design/testing (ie, participant sex, time of testing, strength
assessment used, task performed during biomechanical
analysis). Nonetheless, the lack of agreement among previous
research underscores the need to clarify the role of quadriceps
strength on knee biomechanics after ACL reconstruction.
Moreover, it is not currently clear what thresholds of quadriceps
strength and activation symmetry are able to identify patients
who are more likely to achieve symmetrical knee biomechanical
function. Such knowledge would have substantial clinical value
to aid in identifying patients who may require extended
rehabilitation.

Patient-reported outcome measures are often employed after
ACL reconstruction to track patient progress, function, and
symptoms during recovery.” Furthermore, they have been used
to estimate the risk for posttraumatic OA after ACL
reconstruction.”* Poor patient-perceived knee function after ACL
reconstruction could be indicative of abnormal knee movement
and loading.” In fact, previous research has demonstrated that
patients after ACL reconstruction with asymmetrical sagittal plane
knee biomechanical function had lower patient-reported
outcome scores (measured via the Knee Injury and Osteoarthritis

Outcome Score)." It remains unclear, however, if patient-
reported outcomes of knee function could aid in identifying
patients who would display symmetrical knee biomechanics
during tasks like landing. Furthermore, identifying cutoff values
that aid in determining symmetrical biomechanical profiles could
help establish clinical guidance for return-to-activity criteria.

The ubiquitous nature of asymmetrical biomechanics after ACL
reconstruction and the propensity for these asymmetries to
promote deleterious alterations in knee joint health underscore
the need to discover factors contributing toward their
development. Therefore, this study aimed to determine whether
quadriceps strength, activation, and patient-reported outcomes
at the time of return to activity would aid in identifying patients
who can successfully reestablish sagittal plane knee
biomechanical symmetry after ACL reconstruction. We
hypothesized that quadriceps strength and self-reported knee
function would be the factors predominantly responsible for
predicting patients that achieved biomechanical symmetry
in the KFA and knee extension moment after ACL
reconstruction.

METHODS
Participants

Thirty-one subjects who underwent ACL reconstruction and
who completed postoperative rehabilitation in our clinic and
were cleared to return to activity (eg, competitive and
recreational sports) participated in this study (Table 1). Subjects
were eligible to participate if they (1) were between 14 and 30
years of age, (2) did not have a previous ACL injury or prior
knee surgery, (3) did not have a cardiac demand-type
pacemaker, and (4) were not pregnant. All subjects were
required to read and sign the informed consent before study
participation. Subjects younger than 18 years were required to
sign an assent and both parents were required to consent. This
study was approved by the University of Michigan Medical
School Institutional Review Board.

Study Overview

Subjects performed all study-related tests in either 1 or 2
sessions, depending on their availability. If data were collected
in a single session, quadriceps strength and activation testing
was performed first and motion capture testing was completed
last. For subjects electing to do 2 testing sessions, strength and
activation was always performed in one session and motion
capture in the other. The average time from surgery for the
testing sessions is as follows: quadriceps strength and activation
(283.32  52.67 days postoperative) and motion capture

(285.50 £ 54.51 days postoperative).

Quadriceps Activation

Bilateral quadriceps muscle activation was examined with the
superimposed burst (SIB) technique. For this testing, subjects
were seated in an isokinetic dynamometer (Biodex Medical
Systems) with the knee and hip flexed to 90° and then were
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secured with straps across the torso, waist, thigh, and shank.
Electrodes (Dura-Stick 1T [7 x 13 cm] Chattanooga Group) were
placed over the distal aspect of the vastus medialis and the
proximal aspect of the vastus lateralis. Before testing, subjects
warmed up with submaximal contractions after which they were
instructed to complete a minimum of 3 repetitions of a maximal
voluntary isometric knee extension contraction (MVIC) without
an applied SIB. Subjects continued to perform MVICs until the
examiner noted no increase in torque. Once the MVIC was
established, subjects performed 3 MVIC repetitions, but with the
application of a supramaximal stimulus (100 pulses/s, 600 ps
pulse duration, 10 pulse train, 130 V; Grass S88 Dual Output
Square Pulse Stimulator/SIUST Stimulus Isolation Unit, Grass
Technologies) delivered to the quadriceps. The torque signal
during testing was sent from the Biodex using a custom-made
cable to an A/D board (DAQ model USB-6251 multifunction 1/0
Device, National Instruments) and was displayed and recorded
using a custom-written LabVIEW program (LabVIEW Version 8.5,
National Instruments). For SIB trials, the supramaximal stimulus
was triggered by our LabVIEW program and was delivered once
subjects matched their MVIC knee extension torque output, and
then dropped by 1 N-m,"1%%

Voluntary peak torque and peak torque resulting from the SIB
were recorded during the SIB trials and were used to calculate
the central activation ratio (CAR). The CAR is calculated by
dividing the peak MVIC torque by the peak SIB isometric knee
extension torque, and then multiplying by 100."

Quadriceps Strength

Subjects performed bilateral isokinetic knee extension strength
testing at 60 deg/s on the Biodex with the hip flexed to 90°.
Subjects completed a standardized warmup, after which they
were instructed to perform 5 repetitions of maximal knee
extension/flexion contractions.

Peak torque values were recorded for the 5 isokinetic knee
extension repetitions and the peak value for each limb was
used to calculate the quadriceps index ([injured limb/noninjured
limb] x 100). Limb testing order was randomized before subject
arrival.

International Knee Documentation Committee Subjective Knee

Evaluation Form
To capture patient-reported knee function, participants were
asked to complete the International Knee Documentation
Committee (IKDC) form for subjective knee function. The IKDC
is a reliable and valid measure of patient-reported function in
the ACL population.*” The IKDC is composed of 18 questions
covering 3 different domains: (1) symptoms, (2) sports and daily
activities, and (3) function. The IKDC was scored on a 0 to 100
scale with 100 being representative of highest knee function.

Knee Biomechanics Testing
Single-Leg Forward Hop

Participants were asked to perform a single-leg forward hop for
maximal distance.** During the hopping task, biomechanical

data were collected with a Vicon motion capture system (Vicon
MX, Oxford Metrics) sampling at 240 Hz, used in conjunction
with an AMTI force platform (OR 6-7, Advanced Medical
Technology, Inc) sampling at 1200 Hz.

To determine hop distance, subjects performed successive hops,
with 1 minute of rest in between, until no increase in distance was
noted. A minimum of 3 hops had to be performed. Once maximal
hop distance was determined, that distance was measured from
the center of the force platform to a marked location on the floor
that was used as the starting point for the trial.

Subjects then performed 3 successful hop attempts. The order
of limb testing was randomized before the beginning of the
testing session.

Biomechanical Data Processing

Lower limb joint rotations in the sagittal plane were determined
using a 3-dimensional coordinate system and retroreflective
markers similar to our previous work."” The markers were
placed on precise locations per segment: torso (7th cervical
vertebrae, 10th thoracic vertebrae, bilateral acromion process,
and sternum), pelvis (bilateral anterior superior iliac spine,
bilateral iliac crest, and bilateral posterior superior iliac spine),
thigh (greater trochanter, distal thigh, medial and lateral femoral
epicondyle), lower leg (tibial tuberosity, lateral lower leg, distal
lower leg, medial and lateral malleoli), and foot (calcaneus,
navicular, base of fifth metatarsal, and head of the first
metatarsal). Once markers were properly placed and secured,
subjects were asked to stand on the center of the force platform
so that a static trial in alignment with the laboratory coordinate
system could be recorded. From the static trial, we used
Visual3D software (Version 4.0, C-Motion) to generate a
kinematic model of the skeletal segments.” The 3-dimensional
marker trajectories recorded during each dynamic hopping trial
were subsequently processed with the respective subject’s
Visual 3D model to solve for the generalized coordinates of
each frame. Joint rotations were calculated using the Cardan
rotation sequence (X, ¥, 2)” and were expressed relative to the
subject’s neutral position recorded from the static trial. Ground-
reaction force data were sampled and synchronized with the
kinematic data and both were filtered with a fourth-order, zero-
lag, low-pass Butterworth filter with 12-Hz cutoff frequency.”
Filtered ground-reaction force data and joint rotations were then
submitted to standard inverse dynamics within Visual 3D.
Sagittal plane knee joint moments were expressed as flexion-
extension moments with regard to the Cardan axes of the local
joint coordinate system. Moments were normalized to subject
body height and mass and represented as internal moments.
The landing phase for the single-leg forward hop task was
time normalized from initial contact, occurring when the vertical
ground-reaction force exceeded 10 N, to 250 ms post-initial
contact."”"” This time window was selected as it was considered
to include the time when the knee was maximally loaded (ie,
peak flexion/extension moments and peak ground-reaction
force had occurred in all subjects during this window).
Ensemble averages for sagittal plane KFAs and knee extension
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moments were calculated for the landing phase.'”* From the

created ensemble averages, we recorded the peak sagittal plane
knee joint rotations and knee moments and converted them into
symmetry scores in the same manner as the quadriceps index.

Statistical Analysis

Two decision tree analyses using the classification and
regression tree modeling were created to assess factors that
predict peak sagittal plane KFA and peak knee extension
moment symmetry. KFAs and moments were dichotomously
characterized as symmetrical or asymmetrical. Values were
considered symmetrical if the index was 90% or greater and
considered asymmetrical if indices were <90%. The 90%
threshold was chosen because healthy subjects present with
symmetrical KFAs and knee moments during movement that are
above this level.” Factors/predictors considered in the decision
tree included (1) age, (2) sex, (3) mass, (4) height, (5) graft
type, (6) isokinetic quadriceps index at the time of return to
activity, (7) CAR symmetry at the time of return to activity, (8)
IKDC score at the time of return to activity, and (9) time from
surgery to biomechanical testing. The conditions of the decision
tree analysis were as follows: maximum depth of tree, 5;
minimum value of parent node, 4; and minimum value of child
node, 2. Analyses were performed using Statistical Package for
the Social Sciences (SPSS) (Version 26, IBM Corporation).

RESULTS

Symmetry data for outcome and predictor variables along with
relevant surgical information and demographics for participants
classified with symmetrical and asymmetrical KFAs and knee
extension moments can be found in Tables 1 and 2. ACL limb
and uninjured limb data for participants classified with
symmetrical and asymmetrical KFAs and knee extension
moments can be found in Appendix Tables Al and A2
(available in the online version of this article).

The decision tree for peak KFA highlighted isokinetic
quadriceps index as the most important predictive factor. After
quadriceps index, CAR was the only other variable that
improved the model’s predictability (Figure 1).

The score on the IKDC was identified as the most important
predictive factor in the decision tree for the knee extension
moment. After IKDC, only quadriceps index was identified as an
additional predictor (Figure 2).

DISCUSSION

The purpose of this study was to examine if quadriceps strength
and activation symmetry as well as patient-reported knee
function could be utilized to predict patients that would have
symmetrical sagittal plane knee biomechanics during hopping
after ACL reconstruction. We found that quadriceps strength and
activation symmetry allowed for patients with symmetrical KFAs
to be identified, while self-reported function and quadriceps

strength symmetry allowed for detection of patients with
symmetrical knee extension moments. The KFA decision tree
was robust as it correctly classified between 80% and 90% of
patients into their respective groups, while the knee extension
moment decision tree was perfect in identifying patients with
asymmetrical knee extension moments, but only fair in
identifying those with symmetrical moments.

Quadriceps strength symmetry was the most important
predictive factor contributing to successful identification of
patients with a symmetrical KFA in the current study. Previous
research® has shown that isokinetic and isometric quadriceps
strength symmetry during hopping is associated and/or
correlated with the KFA, which corroborates our finding.
Achieving isokinetic quadriceps strength symmetry of at least
77% was the threshold for classification into the symmetrical
KFA group, suggesting that greater quadriceps strength
symmetry is important for KFA symmetry. While we
hypothesized that higher strength symmetry would lead to
higher KFA symmetry, the 77% threshold value was lower than
anticipated. Quadriceps strength symmetry is considered to be
clinically acceptable at levels of 80%'**" or 90%"**" and as such
we hypothesized that strength symmetry of at least 80% may be
required to achieve adequate neuromuscular control and
acceptable KFA symmetry. However, this was not the case.
Adequate muscle forces may be produced during landing tasks
using a variety of strategies and may not require higher
magnitudes of quadriceps strength or strength symmetry to
achieve the necessary forces to control knee flexion during
landing. Regardless, our results indicate that higher quadriceps
strength symmetry can predict symmetry in the KFA and
patients achieving more than 77% quadriceps strength symmetry
are more likely than not to land with symmetrical sagittal plane
knee angles.

In addition to quadriceps strength symmetry, quadriceps CAR
symmetry also contributed to the decision tree model’s ability to
identify patients with symmetrical KFAs. We identified that a
CAR symmetry of 91.2% was the threshold value associated with
a more symmetrical KFA. It is not surprising that the CAR, a
measure of muscle activation failure or quadriceps neurological
inhibition, helped predict knee flexion symmetry. Greater
quadriceps activation symmetry may allow for more symmetrical
recruitment of the quadriceps muscles during gait, which could
contribute to greater, more symmetrical knee flexion excursions.
No prior work has examined the relationship between
quadriceps CAR symmetry and KFA symmetry, but existing
data® do support that CAR is related to knee mechanics in
patients after ACL reconstruction. Furthermore, experimental
models that induce quadriceps inhibition have been shown to
elicit changes in sagittal plane knee flexion suggesting that
quadriceps inhibition can alter knee motion.” Therefore,
rehabilitation strategies aimed at reversing neurological
inhibition may be critical to promote the recovery of knee
biomechanical function after ACL reconstruction.
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Node 0
Category % n
Asymmetrical KFA 64.5 20
Symmetrical KFA 35.5 11
Total 100 31
Isokinetic Quadriceps Index
Improveant =0.13
I I
<77.15 >77.15
Node 1 Node 2
Category % n Category % n
Asymmetrical KFA 92.9 13 Asymmetrical KFA 41.2 20
Symmetrical KFA 71 1 Symmetrical KFA 58.8 11
Total 452 14 Total 54.8 17
CAR
Improvement = 0.08
I
<91.27 >91.27
I
Node 3 Node 4
Category % n Category % n
Asymmetrical KFA 10 3 Asymmetrical KFA 28.6 4
Symmetrical KFA 0 0 Symmetrical KFA 71.4 10
Total 9.7 3 Total 452 14

Figure 1. Decision tree for knee flexion angle. CAR, central activation ratio; KFA, knee flexion angle.

The present study illustrates that patient-reported knee
function, as measured by the IKDC, was the largest predictor of
patients who achieved symmetrical knee extensor moments.
Our findings suggest ACL-reconstructed patients with high
perceived knee function (IKDC > 89.1) were more likely to load
their knees equally during a landing task. It is possible patients
with high function may not adapt a compensatory landing
strategy aimed at avoiding or underloading the ACL limb due to
neuromuscular deficiencies. Prior work supports a relationship
between sagittal plane knee moments and patient-reported
function. For example, asymmetries during a single-leg drop
landing at return to sport have been previously shown to be
linked with patient-reported knee function, measured using the
Knee Injury and Osteoarthritis Outcome Score (KOOS), at 2
years after ACL reconstruction."” Similarly, lower KOOS
indicating lower self-reported knee function have been shown
to be related to sagittal plane knee moments in patients 8
months after ACL reconstruction.” Our work reinforces these
findings and expands on them to show ACL patients with IKDC
scores 289 are likely to restore symmetrical knee loading during
landing at the time they return to activity.

Symmetrical quadriceps strength, secondary to patient-
reported knee function, was an additional contributor to the
predictive model’s ability to identify patients with symmetrical
knee extension moments. Participants with quadriceps strength
symmetry >80% were more likely to hop with symmetrical knee

extension moments. The quadriceps musculature plays a key
role during landing as it is necessary to produce sufficient
sagittal plane moments to control knee motion and dissipate
impact forces. Quadriceps strength in the ACL-reconstructed
limb that is not symmetrical to the contralateral, uninjured limb
is suggestive of lingering quadriceps muscle weakness.
Lingering weakness may lead to poor neuromuscular control
during landing that puts the knee at risk for further injury or
future joint degeneration. The ability of quadriceps strength to
help classify patients as symmetrical or asymmetrical knee joint
loaders is not surprising given their functional role described
earlier. Furthermore, previous research® supports a relationship
between knee extensor moments and quadriceps strength, with
ACL reconstruction patients with stronger quadriceps also
having more symmetrical knee extensor moments and patients
with weaker quadriceps having more asymmetrical knee
extensor moments. Our work is the first to show, however, that
quadriceps symmetry of 80% may be adequate, when combined
with adequate patient function, to produce symmetrical knee
joint loads.

This study has limitations. The sample size for this study is
small. We opted to consider a heterogeneous ACL sample in this
study who had a variety of concomitant injuries/surgeries,
different graft types, and so on, which could affect our decision
tree models. We chose a heterogeneous sample as we believe it

is most representative of the true ACL population and thus
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Node 0
Category % n
Asymmetrical KEM 67.7 21
Symmetrical KEM 32.3 10
Total 100 31
IKDC Score
Improvement = 0.10
\ \
< 89‘.10 > 89‘.10
Node 1 Node 2
Category % n Category % n
Asymmetrical KEM 88.2 15 Asymmetrical KEM 42.9 6
Symmetrical KEM 11.8 2 Symmetrical KEM 57.1 8
Total 54.8 17 Total 54.8 14
Isokinetic Quadriceps Index
Improvement = 0.12
\ |
<79.99 >79.99
| \
Node 3 Node 4
Category % n Category % n
Asymmetrical KEM 75.0 6 Asymmetrical KEM 0 0
Symmetrical KEM 25.0 2 Symmetrical KEM 100 6
Total 25.8 8 Total 19.4 6

Figure 2. Decision tree for knee extension moment. IKDC, International Knee Documentation Committee; KEM, knee extension

moment.

wanted our outcomes to be of value to this larger population of
interest. Last, the model predicting the knee extensor moment
symmetry using IKDC and isokinetic strength was only able to
classify symmetrical patients accurately 60% of the time while
asymmetrical loaders were classified correctly 100% of the time.
This suggests that an IKDC score <89 combined with quadriceps
strength <80% may be a useful metric to use to determine when
patients are landing with asymmetrical mechanics. Furthermore,
it supports that while achieving these cut-points may make a
patient more likely to be a symmetrical loader, it does not
ensure symmetry.

CONCLUSION

Quadriceps strength and activation symmetry classified
patients who landed with symmetrical or asymmetrical KFAs
after ACL reconstruction, while patient-reported function (ie,
IKDC) and quadriceps strength classified patients landing with
symmetrical or asymmetrical knee extension moments.
Quadriceps strength and patient-reported function assessments
can be easily completed in a clinical setting and should be
utilized to help clinicians determine if patients are landing
with symmetrical biomechanics at the time of a return-to-
activity decision.
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