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Abstract

Background—Rate of torque development (RTD) measures the ability of a muscle to produce
torque quickly. Decreased quadriceps RTD may impair performance of sporting tasks after
surgery. Currently, little is known about variations in quadriceps RTD between ACL reconstructed
and non-injured limbs.

Purpose—To determine the differences in RTD of the quadriceps, the rate and timing of knee
extensor moment (KEM) development, and knee flexion excursion during running following ACL
reconstruction with patellar tendon autograft.

Study Design—Cross-Sectional

Methods—Twenty-one (11 females) subjects 6-months post-ACL reconstruction with patellar
tendon autograft. (MediantIQR) age 18+4 years, mass 68.18+13.64 kg, height 1.74+0.11 m.
Subjects performed four, 5-second maximal voluntary isometric strength trials of both limbs on an
isokinetic dynamometer. RTD was calculated as the mean slope of the torque-time curve between
20 — 80% of total time to peak torque. Then, subjects underwent 3-D motion analysis while
running on an instrumented treadmill at a self-selected running speed (mean 2.68 + 0.28 m/s).
Rate of knee extensor moment (RKEM) was calculated as the mean slope of the moment curve
between 10-30% of stance phase. Between-limb comparisons were determined with a paired t-test
for peak KEM, RKEM, knee flexion excursion during 10-30% of stance, and time to generate
KEM.

Results—Deficits in peak rate of quadriceps torque development existed both isometrically
(RTD 257.56 vs. 569.11 Nm/s, p<0.001) and dynamically (RKEM 16.47 vs. 22.38 Nm/kg*m*s,
p<0.001) in the reconstructed limb. The reconstructed limb also generated a KEM later in the
stance phase (11.37 vs. 9.61 % stance, p<0.001) and underwent less knee flexion excursion (15.5
vs. 19.8°, p<0.001) than the non-injured limb.
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Conclusions—Following ACL reconstruction with patellar tendon autograft, patients have
lower RTD and RKEM in the reconstructed limb. Deviations in RTD and the timing of the KEM
can change the way the knee is loaded and potentially increases injury risk and future development
of post-traumatic osteoarthritis.

Clinical Relevance—Deficits in RTD affect the ability of the limb to generate sufficient KEM
at the appropriate time during dynamic tasks. Rehabilitation should consider exercises designed to
improve RTD and prepare the limb for the demands of sport performance.

Key Terms
knee extensor moment; running; loading; excursion

Introduction

Over 250,000 anterior cruciate ligament (ACL) tears occur annually® 26, Surgical
reconstruction requires a lengthy period of post-operative rehabilitation, after which between
37 - 56% of individuals do not return to sport’: 8 27 While the reasons for this are multi-
factorial, one limiting factor is the incomplete return of quadriceps strength, which may
persist for up to 4 years following surgery®: 21, 24, 31,32, 35,43 Decisions on readiness to
return-to-sport following an ACL reconstruction are made, in part, by comparing the
operative limb to the non-operative limb for symmetry in quadriceps strength, function, and
mechanics?3: 27. 28, 38,42 \While measurements of peak quadriceps strength have proven
valuable, they typically do not reflect how the quadriceps functions during critical times of
dynamic activity. Non-contact ACL tears occur quickly (<50 ms), while the quadriceps
requires >300 ms to reach peak torque production? 41. For this reason, alternative methods
to measure quadriceps function are needed that capture the quadriceps ability to generate
force quickly.

Measuring rate of torque development (RTD) of the quadriceps instead of peak strength has
been proposed as one potential method to assess how quickly the muscle can generate
force2 6. Additionally, examining differences in early and late-phase RTD may provide
insight as to whether reductions in RTD are due to neural or muscle physiology changess.
To date, few studies have focused on this variable following ACL reconstruction. One study
found diminished RTD following an ACL reconstruction despite a full recovery of peak
maximum isometric quadriceps strength®. While informative, this study used a leg press
machine with the subjects performing an isometric contraction. This testing method does not
isolate the quadriceps as the hip extensors and ankle plantar flexors can contribute to the
torque produced. More recently, Jordan et al. (2014) used isometric knee extension to
determine quadriceps RTD in 8 elite alpine ski racers after ACL reconstruction and found
that RTD and peak torque were impaired in the reconstructed limb more than 2 years after
surgery20, While informative, the small and highly specific sample limits the study’s
generalizability. Thus, a need remains to define quadriceps RTD following an ACL
reconstruction in a wider population.

Since the quadriceps are the primary active stabilizers of the knee joint during dynamic
tasks10, its ability to generate force during these tasks could lend important insights into the
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altered mechanics often observed after ACL reconstruction that potentially predispose the
patient to post-traumatic osteoarthritis® 19. Little is known of quadriceps RTD during
dynamic functional tasks such as running. Due to the timing demands of dynamic tasks,
these activities require that muscles generate torque rapidly for safe and optimal
performance? 37. For this reason, RTD may be a suitable measurement of quadriceps
function and reflect the ability of the quadriceps to generate torque during functional and
sports tasks.

While the knee extensor moment is a surrogate measure of all forces across the knee, the
contribution of the quadriceps are one of the largest modifiable components#®. Therefore,
determining the RTD of the knee extensor moment may provide insight into how the
quadriceps function during dynamic activity. Moreover, little is known regarding the
differences in timing of the knee extensor moment. Alterations in the onset of the knee
extensor moment could modify the loading pattern in the knee joint during early stance.
Impaired RTD could potentially delay the timing of the knee extensor moment and result in
altered knee mechanics. Reduced knee flexion angle during early stance phase has been
reported in walking, but this relationship was not seen in runningl# 30, To date, knee flexion
excursion, defined as the difference between maximum and minimum knee flexion angle
during stance phase, has been relatively understudied during running and may affect the
ability of the quadriceps to stabilize the knee joint and attenuate shock during higher-level
tasks® 13. 19,

Therefore, the purpose of this study was to determine if there are reductions in RTD of the
quadriceps, determine between-limb differences in the rate and timing of the knee extensor
moment (KEM) development, and determine between-limb differences in sagittal plane knee
mechanics following an ACL reconstruction. We hypothesized that the reconstructed limb
would have a lower RTD, lower rate of KEM, and decreased knee flexion excursion.

Following a protocol approval by the university institutional review board, twenty-one
recreational athletes (11 females, 10 males, age 18+4 years, mass 68.18+13.64 kg, height
1.74+0.11 m) (median£IQR) with a reconstructed ACL using a patellar tendon autograft
provided their written informed consent. The subjects reported an average pre-surgery
Tegner Activity Scale Rating of 9+1. An a priori power analysis based on previously
published data (Jordan et al., 2015) (a=0.05, $=0.90) revealed a need for a minimum of 11
subjects for adequate statistical power to detect a 300 Nm/s difference in RTD. All
participants were tested 6 months following surgery, after having completed rehabilitation,
and were cleared to return to sport by a physician. Concurrent meniscus repair or
meniscectomy may have been performed at time of reconstruction, but potential subjects
were excluded if total knee dislocation occurred at time of injury. All ACL reconstructions
were performed by 1 of 2 surgeons from the same orthopedic practice. Each subject used a
standardized rehabilitation protocol, with a 4-6 week period of reduced weightbearing for
those who underwent concurrent meniscectomy. Return to sport decisions were made based
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on performance of a battery of functional testing including hop testing, Y balance test, and
strength within 80% of non-operative limb.

Rate of Torque Development

Subjects performed four, 5-second maximal voluntary isometric knee extension strength
trials of both the operative and non-operative limb using a Biodex System 3 isokinetic
dynamometer with a sampling rate of 30 Hz (Biodex Medical Systems, Inc., Shirley, NY,
USA). An initial practice trial was allowed for each limb to familiarize the subject with the
task and device. Subjects were securely situated in the dynamometer using shoulder, lap,
and thigh straps to ensure joint motion did not influence the isometric contraction. All trials
were performed with the knee at 90° and the hip at 85° of flexion. Maximal verbal
encouragement was provided to facilitate full effort. Custom MATLAB code (MathWorks
Inc., Natick, MA, USA) was used to calculate the mean slope of the torque-time curve
between 20 and 80% of total time between the onset of the trial and peak torque (Figure 1).
Additionally, the time-torque curve was divided into two phases: 0-100 ms (RTD1) and
100-200 ms (RTD2) to examine differences in neurological and muscular contributions to
knee extensor torque, respectively (Figure 1)3. Early phase RTD (0-100 ms) is influenced
by muscle fiber type, while late-phase (100-200 ms) is thought to be more influenced by
neural drivel: 2 1117 Data from each trial was extracted individually and a mean
established for each limb for each subject.

3-D Motion Analysis

Fifty-six reflective markers were placed on the participant using a previously established
configuration2®: thirty-two on anatomical landmarks and twenty-four as tracking clusters.
The anatomical landmarks were placed on the following locations: sternal notch, spinous
process of C7, right and left superior acromion processes, posterior L5/S1, right and left
superior iliac crests, right and left greater trochanters, right and left posterior superior iliac
spine, right and left anterior superior iliac spines, right and left medial and lateral distal tibia,
right and left medial and lateral proximal tibia, right and left medial and lateral malleoli,
right and left 51" metatarsal heads, right and left 15! metatarsal head, right 2"d metatarsal
head, and right and left distal foot. Tracking clusters were attached to rigid plates and
secured to bilateral thigh and shank. Each plate contained 4 markers. Three tracking markers
were secured to the rearfoot of each shoe to identify proximal, distal, and lateral heel
locations. In order to differentiate the left and right limbs, 2 additional tracking markers
were placed on the right anterior thigh and shank. All participants wore neutral running
shoes (New Balance 662, New Balance Athletic Shoe Inc., Boston, MA, USA) to minimize
potential alterations in mechanics due to footwear. After the participant ran a warm-up for 5
minutes, the participant ran at a self-selected test speed (2.7 + 0.26 m/s) while marker
trajectories were recorded using a 10 camera motion analysis system (Motion Analysis
Corp, Santa Rosa, CA, USA) sampling at 200 Hz. Force plate data was simultaneously
recorded from an instrumented Bertec treadmill (Bertec, Columbus, OH, USA) sampling at
1200 Hz.

Visual 3D software (C-motion, Germantown, MD, USA) was used to filter the data,
calculate knee joint angles, and perform inverse dynamics to calculate knee joint moments.
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Marker trajectories were filtered at 8 Hz and the force data at 35 Hz using a fourth-order,
low-pass, zero-lag Butterworth filter. The biomechanical model used has been previously
described?® where angles and moments were calculated using Cardan XYZ angles
referencing the distal segment to the proximal. The moments were normalized with respect
to body mass and height. Custom MATLAB code was used to extract sagittal plane knee
moment curves and sagittal plane knee angles. Knee moments from individual strides were
analyzed for each limb in each subject. Peak KEM, percent stance of KEM onset, and rate of
KEM were extracted from each stride. Percent stance of KEM onset was defined as the time
percentage of the stance phase in which the KEM is greater than zero and remains above
zero for the duration of the stance phase. RKEM was defined as the change in KEM divided
by stance duration between 10-30% of stance, which corresponds to the most linear phase of
KEM (Figure 2).

Statistical Analysis

Results

Comparisons between the operative and non-operative limb were made using SPSS (IBM
Corporation, Armonk, NY, USA) software to perform two-tailed paired t-tests to compare
RTDy, RTD1, RTD2, RKEM, percent stance to KEM, peak KEM, and sagittal plane knee
excursion. Statistical significance was defined as p < 0.05.

There was a significant difference between the reconstructed limb and non-injured limb for
all variables of interest (Table 1). RTD, RTD1, and RTD2 were 55%, 51%, and 57% slower,
respectively, in the reconstructed limb than the non-injured limb (p<0.001) (Table 1).
Additionally, the reconstructed limb demonstrated the following differences compared the
injured limb: 4.5 + 3.5° less knee flexion excursion during the stance phase of running
(p<0.001), 26% reduced RKEM (p<0.001), and 15% more time to onset of KEM during
stance (p<0.001) (Figure 2) (Table 1).

Discussion

The purpose of this study was to determine the between limb differences in RTD of the
quadriceps and the knee extensor moment during running following an ACLR with patellar
tendon autograft. We found that the reconstructed limb had a significantly lower RTD of the
quadriceps as compared to the non-reconstructed limb. Differences between limbs were also
seen during running with decreased rate of knee extensor moment, and delayed time to
generation of knee extensor moment in the reconstructed limb. These results suggest that
alterations in quadriceps functional abilities persist in both the static and dynamic RTD
condition, which could have implications for long term joint health and return to sport
readiness.

The reduction in RTD of the quadriceps is consistent with previous reports that showed
decreased quadriceps RTD up to 2 years after surgery® 2022 The percent reduction was
greater in our findings (55% reduction between limbs) compared to those found in previous
studies (28% and 29% reduction between limbs) at 6 months after surgery and 23%
reduction 2 years after surgery® 2022 However, direct comparisons between this work and
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others are not fully possible due to the use of an isometric leg press machine to determine
RTD in the previous study®. This measurement may have included contributions from the
hip extensors and ankle plantar flexors, potentially depressing the full impact of reduced
quadriceps RTD®. Another possible factor is the type of athlete used in the study. For
example, previous studies used professional athletes while we included recreational athletes.
Despite differences in the methodology and patient populations, all of these studies have
reported impairment in the RTD at the time of return to sport, supporting its use to measure
patient functional progress. In fact, a recent report has found that quadriceps RTD collected
at 3 months post-surgery correlated with the patients’ self-reported knee functionl8. Thus,
future work should consider the use of RTD as part of return to sport testing for athletes
following an ACL reconstruction.

Our results demonstrate significant reductions in both early (RTD1) and late-phase (RTD2)
quadriceps RTD. Two potential contributors to RTD are neural drive and intrinsic
contractile properties of the musclel~3 16, For example RTD1 is believed to be more
dependent upon contractile properties of muscle such as the myosin-heavy chain
composition of type Ila and 11x fibers!l: 17 In support of this, a moderate relationship has
been reported between voluntary RTD and twitch-evoked RTD, suggesting that muscle
fiber-type composition contributes to the ability of muscle to generate torque within the first
40ms of contractionS. Previous work has found that RTD2 is influenced more by neural
drive via increased motor unit firing rate, which is believed to increase force summation and
lead to more rapid development of isometric forcel: 2. Another study showed that increases
in RTD can occur even after peak isometric force is attained!2. Previous findings link
increases in maximal isometric strength through resistance training with increases in RTD
150-250m:s after onset of muscle contraction, which overlaps with RTD2 in our sample?: 16,
Since most dynamic movements require torque production within shorter time frames of 50—
150ms, early phase RTD may be of greater interest*l. Heavy resistance training has been
demonstrated to improve both early and late-phase RTD through increased neural drive,
motor unit firing, and increased muscle strength? 16: 44, Thus, interventions targeted at
improving muscle force during earlier phases of quadriceps contraction may improve
impairments in quadriceps RTD overall.

We have also extended the findings of deficits in RTD to dynamic activities such as running.
We have found that both the onset of the knee extensor moment and the rate of the knee
extensor moment (RKEM) are delayed in the ACL reconstructed limb (Figure 2). The delay
in the onset of the knee extensor moment reduces the time available for the quadriceps to
generate an extensor moment to control knee flexion and absorb the knee load. Similarly,
impaired RKEM demonstrates additional reductions in the ability of the quadriceps to
generate an extensor moment. Interestingly, the delayed time to develop the knee extensor
moment occurs during the period of the initial impact peak. Previous work by Radin et al.,
(1991) has shown that a lack of quadriceps contraction at heel strike resulted in higher
impact forces in humans, a loading mechanism that led to joint damage in an animal
model36. The reduced rate of knee extensor moment possibly further impairs load
attenuation. These findings support previous work linking reduced knee extensor strength
and altered gait pattern as possible contributors to accelerated development of post-traumatic
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osteoarthritis* 19. However, further research is needed to define whether these factors
contribute greater risk for injury and decrements in long-term joint health.

One difficulty in studying between-limb differences in a population with a unilateral injury
lies in accounting for the physiological changes that occur in the non-injured limb while the
injured limb recovers. Studies can be designed to partially control for this by including a
healthy control group. While comparing to a control group highlights absolute differences
after ACL reconstruction, the between-limb comparison gives us a relative difference within
the individual, which is important in running. In a cyclic activity like running, motion of one
limb can affect motion in the other as both limbs are engaged in the activity and
asymmetries may contribute to unequal forces and movement patterns. Between-limb
mechanical asymmetries have been reported in dynamic activities post-ACL reconstruction
including running30, jumping33, and cutting?®. Also, between-limb differences, especially in
sagittal plane knee moments, present during jump landings after initial ACL reconstruction
were predictive of second ACL injury34. Additionally, decisions regarding return-to-sport
are often based upon normalizing between-limb differences?3: 27. 28, 38,42 Thys, between-
limb differences help to give the clinician an understanding of the relative difference
between the limbs, which can have implications for future injury risk and ability to return to
sport safely.

There are limitations to the findings of this study. First, the data were collected 6 months
post-ACL reconstruction. Although the findings reported in this paper are consistent with
RTD reduction at 1 and 2 year post-reconstruction, the findings related to RKEM and the
timing of the knee extensor moment cannot be generalized to individuals greater than 6
months after reconstruction. Additionally, this study included only subjects that underwent a
reconstruction using a patellar tendon autograft. While the effects of graft type on RTD have
not been established, the procedure to harvest the patellar tendon graft may impair the
quadriceps of an ipsilateral bone-patellar-bone autograft differently than an allograft and
hamstring graft. Due to pain and structural changes in the patella in harvesting an ipsilateral
patellar tendon graft, ACL reconstructions utilizing a contralateral patellar tendon autograft
have demonstrated improved between limb symmetry for quadriceps strength and knee
range of motion3?: 40, These findings indicate that the graft harvest site may play a role in
torque production of the quadriceps independent of the presence of an ACL reconstruction.

Future studies should examine the relationship between RTD and knee mechanics during
running and sport-specific tasks such as landing and cutting. Additionally, investigating the
mechanics of dynamic sporting activities in an ACL-reconstructed group with normal RTD
compared to a group with impaired RTD would provide better clarity to the role of RTD of
the quadriceps in functional and sporting activities. Impairments in quadriceps RTD have
been reported as long as 2 years post-reconstruction, however the expected time course and
chronicity of impaired quadriceps RTD is unknown?°. Additional knowledge of the
expected duration of and the impact of reduced RTD on performance and mechanics will aid
clinicians and researchers in addressing this impairment.
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Conclusion

We have shown that the RTD of the quadriceps, rate and timing of knee extensor moment,
and knee flexion excursion do not normalize between limbs after 6 months following ACL
reconstruction with patellar tendon autograft and may be a contributing factor to
unsuccessful return to sport and long-term joint health. These results suggest that additional
attention should be paid to restoring normal RTD and between-limb gait mechanics prior to
clearing a patient to return to sport participation.
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What is known about the subject

Up to 56% of individuals do not return to sport after undergoing an ACL reconstruction.
While low return-to-sport rates are multi-factorial, limited restoration of quadriceps
strength is believed to be a contributing factor. RTD has been proposed as a novel
method to assess how quickly a muscle can generate force and may provide more insight
into quadriceps function after ACL reconstruction. To date, though, impaired quadriceps
RTD following an ACL reconstruction is not well-defined and has only been investigated
during isometric contractions.

What thisstudy addsto existing knowledge

This study describes the novel findings of decreased rate of torque development both
isometrically and during running. These between-limb differences highlight areas for
further attention during rehabilitation in order to restore normal quadriceps function and
normalize running gait prior to return-to-sport.
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Figure 1.
Torque-time graph from a single subject. The rate of torque development is the slope of the

torque-time curve from the initiation of torque production to the respective time threshold.
RTD1: 0 — 100ms, RTD2: 100 — 200 ms, RTD: 0 — 200 ms. MVIC = maximal voluntary
isometric contraction.

Am J Soorts Med. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kline et al. Page 13
2
— Non-Injured Limb Reconstructed Limb
1.5
\
N\
_ N\
*E 1 , \
zn
e "§_ / \
2z
z< \
=7 05 \ , \
Q = 4
g g . _.::-". \
=< Bz A ‘ ' AMoment \
s o M\ ¥ ——
0’ ‘ ' 20 60 80- s — 11}
\ /
0.5 d V
' I RKEM = AMoment
ATime ATime
-1
% Stance
Figure 2.

Sagittal plane knee moment from single subject demonstrating differences between ACL-
reconstructed limb and non-injured limb. Rate of knee extensor moment (RKEM) is the
slope of the moment-time curve between 10 — 30% of the stance phase during running. * =
time, in % stance, of achievement of knee extensor moment.
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Table 1

Between-Limb Comparisons: Reconstructed vs Non-Injured. Paired t-tests

Variable Reconstructed Limb  Non-Injured Limb  Paired T-test

RTD1 (Nm/s)

RTD2 (Nm/s)

RTD (Nm/s)
Knee Flexion Excursion (°)
Rate of KEM (Nm/kg*m*s)

% stance to KEM

302.40 + 169.80
(225.11, 379.69)

178.10 + 102.00
(131.67, 224.52)

257.56 + 147.1
(190.60, 324.52)

155 +5.23
(13.12, 17.88)

16.47 +5.38
(14.02, 18.92)

11.37 +£1.95
(10.48, 12.26)

620.71 + 223.83
(518.82, 722.60)

41157 + 141.83
(347.01, 476.13)

569.11 + 180.68
(486.87, 651.35)

19.83 + 4.14
(17.95, 21.71)

22.38+£5.32
(19.96, 24.80)

9.61+1.59
(8.89, 10.33)

<0.001"
<0.001"
<0.001*
<0.001"
<0.001"

<0.001"

Continuous variables reported as mean + SD. 95% CI shown in parentheses below mean + SD.

RTD1 = Quadriceps rate of torque development 0 — 100 ms.
RTD2 = Quadriceps rate of torque development 100 — 200 ms.
RTD = Quadriceps rate of torque development 0 — 200 ms.
KEM = Knee Extensor Moment during running.
% stance to KEM = Time (in % of stance) to achievement of KEM

*
Significant at a=0.05.
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