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Functional Resistance Training to 
Improve Knee Strength and Function 
After Acute Anterior Cruciate Ligament 
Reconstruction: A Case Study
Scott R. Brown, PhD,† Edward P. Washabaugh, MSE,†‡ Aviroop Dutt-Mazumder, PhD,† 
Edward M. Wojtys, MD,§ Riann M. Palmieri-Smith, PhD,†§|| and Chandramouli Krishnan, PT, PhD*†‡||¶

Background: Thigh muscle weakness after anterior cruciate ligament reconstruction (ACLR) can persist after returning 
to activity. While resistance training can improve muscle function, “nonfunctional” training methods are not optimal for 
inducing transfer of benefits to activities such as walking. Here, we tested the feasibility of a novel functional resistance 
training (FRT) approach to restore strength and function in an individual with ACLR.

Hypothesis: FRT would improve knee strength and function after ACLR.

Study Design: Case report.

Level of Evidence: Level 5.

Methods: A 15-year-old male patient volunteered for an 8-week intervention where he performed 30 minutes of treadmill 
walking, 3 times per week, while wearing a custom-designed knee brace that provided resistance to the thigh muscles of 
his ACLR leg. Thigh strength, gait mechanics, and corticospinal and spinal excitability were assessed before and immediately 
after the 8-week intervention. Voluntary muscle activation was evaluated immediately after the intervention.

Results: Knee extensor and flexor strength increased in the ACLR leg from pre- to posttraining (130 to 225 N·m [+74%] 
and 44 to 88 N·m [+99%], respectively) and increases in between-limb extensor and flexor strength symmetry (45% to 92% 
[+74%] and 47% to 72% [+65%], respectively) were also noted. After the intervention, voluntary muscle activation in the ACLR 
leg was 72%, compared with the non-ACLR leg at 75%. Knee angle and moment during late stance phase decreased (ie, 
improved) in the ACLR leg and appeared more similar to the non-ACLR leg after FRT training (18° to 14° [−23.4] and 0.07 
to −0.02 N·m·kg−1·m−1 [−122.8%], respectively). Corticospinal and spinal excitability in the ACLR leg decreased (3511 to 2511 
[−28.5%] and 0.42 to 0.24 [−43.7%], respectively) from pre- to posttraining.

Conclusion: A full 8 weeks of FRT that targeted both quadriceps and hamstring muscles lead to improvements in strength 
and gait, suggesting that FRT may constitute a promising and practical alternative to traditional methods of resistance 
training.

Clinical Relevance: FRT may serve as a viable approach to improve knee strength and function after ACL reconstruction.
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A nterior cruciate ligament (ACL) injuries are common in 
young athletes participating in cutting and pivoting 
sports.24 ACL reconstruction (ACLR) remains the surgical 

treatment of choice for most individuals because of the resulting 
pain and knee instability. While ACLR restores knee stability and 
facilitates return to sports, quadriceps muscle weakness and 
activation deficits (ie, the inability to fully activate the 
quadriceps muscles during a maximal contraction) can linger in 
ACLR patients for months to years.56 Furthermore, 
biomechanical asymmetries that result from ACL injury and 
ACLR can be exacerbated by the persistent quadriceps 
weakness.

High-intensity resistance training can address persistent 
quadriceps dysfunction and ensuing biomechanical 
asymmetries in individuals with ACLR7,13,46,48,61; however, 
recovery has been reported to be incomplete even with such 
interventions.17,47,61 A key reason for incomplete recovery could 
be that interventions addressing strength and activation deficits 
are typically performed in a “nonfunctional” manner (eg, 
exercises performed in seated position), which is less than 
optimal for inducing transfer of benefits to functional activities 
such as walking because of practice specificity.2,27,52,60,74 
Moreover, high-intensity exercise interventions cannot be 
introduced very early after the surgery because of the fear of 
potential graft failure, knee laxity, or patellar fracture.11,59 Thus, 
low-load progressive resistance training, when performed using 
a task-specific approach, could be a safe and effective 
alternative to combat knee strength deficits and gait 
asymmetries in individuals with ACLR. Furthermore, such 
task-specific resistance training (also known as functional 
resistance training [FRT]) may facilitate structural and 
physiological alterations of the corticospinal pathways and 
promote neuronal plasticity through principles of motor 
learning and experience-dependent neural plasticity.5,14,27,65,69,71 
Thus, FRT may positively alter the excitability of spinal-
reflexive and descending corticospinal pathways,4,22,62 which 
have been attributed as potential sources of persistent 
quadriceps weakness and activation deficits after ACLR.44,45 
Thus, the implementation of FRT into a rehabilitation program 
could facilitate improved clinical and functional outcomes after 
ACLR; however, the feasibility of FRT to improve knee strength 
and function has not been verified to date in the ACLR 
population.

In this case study, we sought to determine whether FRT is a 
feasible approach to improve knee strength and activation, 
knee joint biomechanics, and corticospinal excitability in a 
patient after ACLR. We performed FRT using a novel resistive 
knee brace that is capable of providing scalable resistive 
torques to the quadriceps and hamstring muscles during 
walking.70,71 We hypothesized that incorporation of FRT in 
conjunction with standard ACLR rehabilitation would improve 
quadriceps strength and activation, gait mechanics, and 
corticospinal excitability.

Methods
Case Description

An adolescent male patient (age = 15.1 years; body height = 
197.8 cm; and body mass = 95.5 kg) presented with a complete 
ACL rupture and a grade II lateral collateral ligament sprain in 
the left (preferred kicking/dominant) leg. The noncontact injury 
occurred while sidestepping to evade a defender during a 
basketball game. The participant’s sporting background 
consisted of freshman-level high school basketball and water 
polo with no known prior history of lower-extremity injury, 
neurological issues (ie, headache, epilepsy, etc), uncontrolled 
illnesses (ie, diabetes, hypertension, etc), and/or medication (ie, 
antiseizure, antidepression, antianxiety, etc). Ten weeks after the 
injury, the participant began his preoperative rehabilitation (30 
minutes/session, 2× per week for 4 weeks), which focused on 
restoring full range of motion, reducing effusion, and improving 
quadriceps/hip/gluteal strength. Fourteen weeks after the ACL 
rupture, the participant underwent pediatric reconstructive 
surgery with a left quadriceps tendon autograft and no reported 
complications. One week after the surgery, the participant 
began his standard postoperative rehabilitation (see Appendix, 
available in the online version of this article, for details of 
postoperative rehabilitation protocol).

A quadriceps tendon autograph procedure was selected for 
this particular patient, and agreed on, because of its versatility 
in the skeletally immature preservation of hamstring anatomy 
and function, reduced incidence of anterior knee pain and 
patellar fracture, and similarities in anterior knee stability and 
subjective outcomes compared with hamstring and patellar 
tendon grafts.6,50,64 Seven weeks after ACLR, the surgeon’s 
patient examination reported no infection, minimal joint 
effusion, disuse of crutches, no pain with walking or stairs, 
difficulties with squatting and ambulation without a slight limp, 
and decreased active and passive range of motion (ACLR: 0° to 
120° and 0° to 130° [terminal extension achieved after 1- to 
2-min warm-up], respectively; non-ACLR: 0° to 130° and 0° to 
140°, respectively). After the surgeon’s approval, the participant 
and his mother met with the research team and were fully 
informed of the study details and commitment. After this, 
written informed consent/assent to participate in the research 
was obtained using documents approved by the University of 
Michigan Medical Institutional Review Board.

Study Protocol and Assessments

This investigation comprised pretesting (pre), an 8-week FRT 
intervention, and posttesting (post) immediately after the 
intervention (Figure 1). Pre- and posttesting sessions included a 
battery of assessments collected over the course of 1 week. Pre 
measurements included bilateral isometric strength of the 
quadriceps and hamstring muscle groups, sagittal-plane gait 
mechanics, corticospinal and spinal excitability of the 
quadriceps, and questionnaires to determine knee health–related 
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quality of life. Posttesting sessions additionally included 
quadriceps muscle voluntary activation testing during isometric 
strength assessment—this testing was only performed during 
the posttesting session because of safety reasons.59 Each 
assessment lasted 1.5 to 3 hours and was performed 
approximately at the same time of day at pre and post time-
points to account for any potential diurnal variations.63 In-depth 
descriptions on testing procedures, instrumentation, data 
reduction, and variable selection are fully detailed in the 
Appendix (available online).

Training Intervention

The FRT intervention included 3 training sessions per week  
(24 sessions total) lasting 1 hour per session, including training, 
setup and breakdown time, and rest periods. FRT was 
performed using a custom-designed resistive brace that was 
fitted with an eddy current brake to provide scalable resistive 
torques at the knee during walking.70 The details of this brace 
are provided elsewhere.70,71 Briefly, eddy current brakes are 
magnetic brakes that generate resistive torques when a 
conductive material/disc moves through a magnetic field. The 
equation governing the magnitude of torque is given by  
t = s × A × d × B2 × R2 × w,15,70,71 where t is the resistive 
torque, s is the conductivity of the disc, A is the area of the disc 
exposed to the magnetic field, d is the thickness of the disc, B is 
the magnetic field strength, R is the effective radius of the disc, 
and w is the angular velocity at which the disc rotates (Figure 
2a). Thus, by simply changing the amount of magnet exposed 
over the disc using a linear slider (Figure 2b), we were able to 
adjust the resistive torque produced at the knee during training.

During each session, the participant was fitted with 3 reflective 
markers (19-mm diameter) placed on the lateral side of the hip, 
knee, and ankle joints of the ACLR leg. The knee marker was 
outlined by pen and then removed to allow for the ACLR leg to 
be fitted with a custom-designed resistive leg brace (Figure 2, c 
and d).70,71 The axis of rotation of the brace was aligned with the 
previous placement of the knee marker. An additional 19 mm 
marker was placed on the axis of rotation of the brace to 
approximate the knee position while walking with the brace.

The training session commenced by first collecting a “baseline” 
trial where the participant was asked to walk normally on the 
treadmill for 60 seconds at 80% of his overground walking speed 
(determined weekly, prior to training). A camera (C920 Pro HD 
Webcam, Logitech) was used to track real-time sagittal 
kinematics via the reflective markers and obtain ensemble 
averages of his right hip and knee angles.39 The ensemble 
averaged trajectories were then scaled by 30% (130% of normal) 
during swing-phase to create a target template that was 
displayed in real-time in front of the participant for his target-
match training.30,33-35,38 The stance phase was unaltered in the 
scaling of the template, as the foot was in contact with the 
ground (treadmill belt) in this phase and could not extend any 
further while in support of the body. An up-scaled version of the 
target template was used to ensure that the participant walked 
with an increased range of motion to work on achieving full 
knee extension and flexion, an essential element to combat 
quadriceps inhibition.10 This also ensured that the participant 
was adequately incentivized to increase effort and to maintain 
optimal spatiotemporal coordination.70,71 The slower than normal 
walking speed was used to allow the participant more time to 
learn the skill, promote a more symmetrical gait pattern, and 
allow greater loading on the leg muscles.26 Bidirectional brace 
resistance (0% to 100% exposure) was then manually set 
corresponding to a self-perceived difficulty of 5 to 7 using the 
OMNI scale.68 Target-match training consisted of six 5-minute 
walking trials with 1 minute rest between each trial, during 
which the participant walked on the treadmill with bidirectional 
resistance and matched the real-time target template. At each 
training session, close attention was paid to appropriately cue 
the participant in order to match the target-match template as 
close as possible. The cue involved bending the leg after toe-off 
by focusing on the hamstring muscles and extending the leg 
fully during the terminal swing by focusing on the quadriceps 
muscles.

Results

The participant tolerated the 8-week intervention well and 
completed the FRT protocol without any adverse effects. The 
participant had no complaints of pain or swelling during or 
after the intervention. The participant reported that the brace 
was comfortable and showed no visible gait deviations (eg, 
limping) during the training.

Knee Strength and Activation

The isometric knee extensor and flexor strength of the ACLR leg 
increased after the intervention (+73.8% and +98.8%, 
respectively), while knee extensor strength slightly decreased 
and flexor strength slightly increased (−14.8% and +15.8%, 
respectively) in the non-ACLR leg (Table 1). At posttraining, 
voluntary activation of the quadriceps muscle was similar 
between legs (Table 1). Limb symmetry indices of knee extensor 
and flexor strength also improved (+104.1% and +82.3%, 
respectively) from pre- to posttraining (Table 1).

Figure 1.  Schematic of the participant’s injury and general 
study timeline overview. ACL, anterior cruciate ligament.
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Gait Mechanics

The knee angle excursion (computed from the entire gait cycle) of 
the ACLR leg increased slightly with training (66.6° to 67.6° 
[+1.6%]). There were small increases in peak knee flexion during 
early stance and peak knee extension during late stance (23.5° to 
24.8° [+5.8%] and 18.0° to 13.8° [−23.4%], respectively) after the 
intervention. While there were only minor alterations in the knee 
moment during early stance (0.40 to 0.41 N·m·kg−1·m−1 [+2.2%]), 
the knee moment during late stance showed a larger change 
(changed from extension to flexion moment) and became more 
similar to the non-ACLR leg after the intervention (0.07 to −0.02 
N·m·kg−1·m−1 [−122.8%]) (Figure 3).

Corticospinal and Spinal Excitability

The corticospinal excitability (area under the recruitment 
curve) of the ACLR leg decreased after the intervention 

(−28.5%). The MEP
max

 (maximum motor evoked potential) 
and the slope (k) of the recruitment curve on both the  
ACLR and the non-ACLR legs also decreased with training 
(ACLR: −17.5% and −21.3%, respectively; non-ACLR: −40.4% 
and −7.1%, respectively) (Figure 4). There were minimal 
changes in the stimulus intensity leading to half-maximal 
MEP torque size (S

50
) on the ACLR leg with training (+3.6%). 

The normalized spinal excitability of the ACLR leg, as 
measured by the Hoffmann reflex to muscle response ratio 
(H:M ratio), also decreased after the intervention (0.42 to 
0.24 [−43.7%]).

Knee Health Questionnaires

All clinical assessment scores improved from pre to post 
timepoints, many beyond a minimal clinically important 
difference (Table 2).

Table 1.  Quadriceps and hamstrings isometric strength and voluntary activation in the healthy and ACLR leg during pre and post 
timepoints

Pre Post

  Non-ACLR ACLR LSI Non-ACLR ACLR LSI

Knee extensor peak torque (N·m) 286.5 129.6 45.3 244.0 225.3 92.3

Knee flexor peak torque (N·m) 94.1 44.2 47.0 108.9 87.9 80.7

Voluntary activation (%) — — — 75.2 71.6 95.2

ACLR, anterior cruciate ligament reconstruction; LSI, limb symmetry index; Post, subsequent to intervention; Pre, prior to intervention. Dashes indicate no 
values were recorded, as voluntary activation (%) was only measured after the intervention. 

Figure 2.  (a) Schematic of torque generation in eddy current braking. As the disc rotates through a magnetic field (B ) with angular 
velocity (w), eddy currents (I ) form within the disc, which resists the motion of the disc by creating a force (F ). The resulting torque  
(t) is proportional to the conductivity of the disc (s), the area of the disc exposed to the magnetic field (A ), the thickness of the 
disc (d ), the magnetic field strength (B ), the effective radius of the disc (R ), and the angular velocity at which the disc rotates (w). 
(b) Drawings showing the parts of eddy current braking device. The linear slider allows to change the resistance by changing the 
amount of disc exposed to the magnets and the gearbox helps in amplifying the angular velocity at which the disc rotates. (c) A 
picture showing the eddy current braking device attached to a commercially available adjustable knee brace. (d) A picture showing 
the brace applied to the leg of a human patient.
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Discussion

The purpose of this case report was to assess whether FRT 
could serve as a feasible method to improve knee strength and 
function after ACLR. For this purpose, we recruited a young 
ACLR participant and trained him for 8 weeks (3 times per 
week) using a novel resistive knee brace that provided 
bidirectional resistance during treadmill walking. After the 
intervention, the participant showed substantial improvements 
in knee strength and limb symmetry indices, which were 
paralleled by reductions in corticospinal excitability and 
improvements in gait mechanics and patient-reported knee 
outcomes. There were also no adverse events during the 
training. These results suggest that FRT is a safe and feasible 
approach to improve knee strength and function and may serve 
as a promising adjuvant to traditional rehabilitation.

After ACL surgery, restoration of lower-extremity strength 
(specifically in the quadriceps) is a top priority, as persistent 

weakness can lead to altered gait mechanics, degeneration of the 
knee joint, and eventually lowered quality of life.49,56 Previous 
authors have shown that FRT during treadmill walking can 
improve muscle activation and gait mechanics in healthy70 and 
poststroke71,75 individuals. However, to date, the benefits of FRT 
have not been tested in individuals with ACL injury or surgery. 
Here, we show for the first time that FRT can facilitate knee 
strength and function after ACLR. The participant in this study 
showed substantial improvements in knee extensor and flexor 
strength in the ACLR leg. The improvements in knee strength 
were also paralleled by improvements in limb symmetry indices 
(45.3% to 92.3% in knee extensors and 47.0% to 80.7% in knee 
flexors). The vast improvement in knee extensor symmetry after 
the intervention was due, in part, by a large increase in strength 
in the ACLR leg (+74%) and a slight decrease in strength in the 
non-ACLR leg (−15%). This observation may potentially be the 
result of less attention given to strengthening the non-ACLR leg 
during the intervention and/or a compensatory mechanism for 

Figure 3.  Sagittal-plane knee joint angle and internal moment (equal and opposite to an external moment) of the non-ACLR 
(dashed line) and ACLR (solid line) leg during the entire gait cycle (heel strike-to-heel strike) at pre and post timepoints. Dotted line 
represents the visual division between stance phase (0% to 60% of gait cycle) and swing phase (61% to 100% gait cycle). Ellipses 
represent the point at which gait data were evaluated: maximum knee angle and internal knee moment during early (loading 
response) stance, and minimum knee angle and internal knee moment during late (terminal) stance. ACLR, anterior cruciate 
ligament reconstruction.
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the body to regain a higher level of symmetry between legs. We 
also found larger improvements in hamstring strength during the 
intervention, compared with quadriceps, but lower restoration of 
limb symmetry indices. The greater increase in hamstring 
strength could be explained, in part, by the specific demands of 
the bidirectional FRT device we implemented, which provided 

equal resistance to the quadriceps and hamstrings during gait. 
Thus, the hamstring muscles received greater training load as 
compared with the quadriceps muscles, resulting in a greater 
gain in the hamstring strength. However, unlike the quadriceps, 
the strength of the contralateral hamstring muscles also increased 
after the intervention, which resulted in lower limb symmetry 
index in the ACLR leg. Nonetheless, these improvements are 
noteworthy because standard postoperative rehabilitation 
programs have only reported small improvements in knee 
extensor and flexor strength (16% and 4%, respectively) and 
symmetry (12% and 10%, respectively).28 Furthermore, the 
participant showed high symmetry (95.2%) in voluntary 
activation of the quadriceps muscle after the intervention, 
although there were bilateral activation deficits. The observed 
symmetry values in knee strength and voluntary activation are 
typically considered to be normal and optimal for returning 
athletes to their sport. Thus, based on these results, we believe 
that FRT could serve as a valuable addition to the traditional ACL 
rehabilitation program.

During overground gait, improvements were seen in knee 
extension angle and internal flexion moment during stance, as 
well as an overall improvement in gait symmetry. Prior to the 
training intervention, the participant progressed through the gait 
cycle with less knee extension in the ACLR leg compared with 
his non-ACLR leg during midstance (ie, his knee stayed in a 
more flexed position). Because the participant showed the 

Figure 4.  Motor evoked torque recruitment curves of the non-ACLR (dashed line) and ACLR (solid line) leg at pre and post 
timepoints. Motor evoked torques were normalized to the peripherally evoked knee extensor torque responses elicited at 100% 
maximum stimulator output when the participant sat quietly on the chair (ie, resting torque). ACLR, anterior cruciate ligament 
reconstruction; AMT, active motor threshold; MEP, motor evoked potential; TMS, transcranial magnetic stimulation. 

Table 2.  Self-reported knee health questionnaires reported 
at pre and post timepoints

Clinical Assessment Pre Post

IKDC score 49 54

KOOS–Pain 75 89

KOOS–Symptoms 61 79

KOOS–ADL 88 93

KOOS–Sport/Recreation 20 50

KOOS–QOL 50 54

ADL, Activities of Daily Living; IKDC, International Knee Documentation 
Committee; KOOS, Knee injury and Osteoarthritis Outcome Score; Post, 
subsequent to intervention; Pre, prior to intervention; QOL, Quality of 
Life.
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ability (with a 1- to 2-minute warm-up) to achieve full passive 
knee extension at his 7-week postoperative checkup, the 
increases seen in knee extension angle are most likely attributed 
to increased quadriceps strength. Less peak internal knee 
flexion moment was also seen in the participant’s ACLR leg, 
compared with his non-ACLR leg, coinciding with the lower 
knee extension angle. These discrepancies in knee angle and 
moment data were reduced after 8 weeks of FRT, subsequently 
improving overall gait symmetry at the posttraining timepoint. 
Considering that the average length of time at which gait returns 
to “normal” is suggested to occur at ~1 year postsurgery,72 our 
findings in this case study of near symmetrical gait at <4 months 
are encouraging and deserve further exploration.

Previous research has shown that altered corticospinal 
excitability contributes to the persistent quadriceps strength and 
activation deficits after ACLR.44,45 When examining the area 
under the curve and peak MEP of the recruitment curves of 
motor evoked torque responses, we saw a decrease in 
corticospinal excitability of the quadriceps muscles after the 
intervention. This observation is consistent with prior research 
studies that have shown a reduction in corticospinal excitability 
with resistance training in “healthy” individuals8,23; but was 
contradictory to other studies that have shown either no 
changes or an increase in corticospinal excitability after 
resistance training.16,25,43,73 The reduction in motor evoked 
torque responses for the same background activation after the 
training suggests that fewer motoneurons were activated (or 
recruited) to perform the task than were activated prior to the 
training.8 This could have been either due to a reduction in the 
magnitude of the descending volleys elicited by the transcranial 
magnetic stimulation or due to changes in the functional 
properties of circuitry within the spinal cord.8 The observed 
decrease in spinal excitability (H:M ratio) of the ACLR leg suggests 
that the observed changes in corticospinal excitability could 
have been primarily mediated at the spinal level.

Limitations

Several limitations should be noted when interpreting the results 
of this study. First, the findings presented within this article 
derive from a single participant; as such, generalized 
conclusions and practical takeaways are not possible at this 
time. As with any case study, the results only establish the safety 
and feasibility of the intervention. Second, while the results 
from our single participant were very promising, he may have 
simply been a “responder” to FRT and other individuals may not 
respond in a similar fashion (ie, “nonresponders”). Our 
participant was very self-motivated and focused throughout the 
intervention. In a larger cohort, however, there may be instances 
where participants could be less motivated (or are extrinsically 
motivated), physically or mentally exhausted from the day (ie, 
work, school, physical therapy, etc), or can only commit to a 
fewer number of training sessions within the 8-week 
intervention. Last, it is not clear to what extent FRT contributed 
to the improvements observed in this study, as the participant 
also received standard rehabilitation during the intervention 
period. Thus, it is likely that a good portion of the 

improvements could have been mediated by traditional 
rehabilitation that accompanied FRT. Further research on a 
larger cohort with appropriate control group is warranted to 
fully understand the true benefits of FRT.

Conclusion

In summary, this case study confirms the feasibility of an 8-week 
FRT intervention to improve knee strength and function after 
ACLR. The participant showed substantial improvements in knee 
extensor and flexor strength (+73.8% and +98.8%, respectively) 
after the completion of the intervention in conjunction with 
standard rehabilitation. The symmetry in knee extensor strength 
and activation levels also reached the acceptable norms (<10% 
deficit) after the intervention. These improvements were also 
accompanied by improvements in gait mechanics and knee health–
related quality of life; thereby, supporting the need for further 
research on FRT through a large-scale, controlled clinical trial.
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