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Abstract
Purpose  Limited evidence suggests that cross-education affords clinical benefits in the initial 8 weeks after anterior cruciate 
ligament (ACL) reconstruction, but it is unknown if such cross-education effects are reproducible and still present in later 
phases of rehabilitation. We examined whether cross-education, as an adjuvant to standard therapy, would accelerate the 
rehabilitation up to 26 weeks after ACL reconstruction by attenuating quadriceps weakness.
Methods  ACL-reconstructed patients were randomized into experimental (n = 22) and control groups (n = 21). Both groups 
received standard care after ACL reconstruction. In addition, the experimental group strength trained the quadriceps of the 
non-operated leg during weeks 1–12 after surgery (i.e., cross-education). Self-reported knee function was assessed with 
the Hughston Clinic Knee score as the primary outcome. Secondary outcomes were maximal quadriceps and hamstring 
strength and single leg hop distance. All outcomes were measured 29 ± 23 days prior to surgery, as a reference, and at 5-week, 
12-week, and 26-week post-surgery.
Results  Both groups scored 12% worse on self-reported knee function 5-week post-surgery (95% CI 7–17) and showed 15% 
improvement 26-week post-surgery (95% CI − 20 to − 10). No cross-education effect was found. Interestingly, males scored 
8–10% worse than females at each time point post-surgery. None of 33 secondary outcomes showed a cross-education effect. 
At 26-week post-surgery, both legs improved maximal quadriceps (5–14%) and hamstring strength (7–18%), and the non-
injured leg improved 2% in hop distance. The ACL recovery was not affected by limb dominance and age.
Conclusion  26 weeks of standard care improved self-reported knee function and maximal leg strength relative to pre-surgery 
and adding cross-education did not further accelerate ACL recovery.
Level of evidence  I.
Clinical Trial Registry name and registration  This randomized controlled clinical trial is registered at the Dutch trial register 
(http://www.trial​regis​ter.nl) under NTR4395.

Keywords  Anterior cruciate ligament reconstruction · Hughston Clinic Knee score · Limb symmetry index · Maximal 
voluntary force · Resistance training
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Introduction

Anterior cruciate ligament (ACL) reconstruction restores 
knee laxity in the sagittal plane but quadriceps weakness 
persists [25]. This weakness is associated with greater 
limb asymmetries in hop distance and poor self-reported 
function [32], and seems greater for patellar tendon than 
hamstring tendon autografts [21]. Some [6, 18], but not 
all studies [42] report that quadriceps weakness is present 
also in the contralateral non-injured leg up to 24 months 
after ACL surgery. Hence, training both legs after an ACL 
surgery might improve the outcome of rehabilitation [25].

Rehabilitation after ACL reconstruction has been rec-
ommended to consist of strength and neuromuscular train-
ing to minimize the risk of a second ACL injury [8, 38]. 
Strengthening the quadriceps in the early phase of ACL 
rehabilitation is, however, difficult due to knee pain, effu-
sion, and concerns about graft elongation when loading 
the quadriceps [38]. Therefore, it is not surprising that 
quadriceps’ strength in the reconstructed leg decreases 
rapidly in the first months after surgery [14]. Cross-edu-
cation, which is the increase in motor output in a limb 
muscle after resistance training of the homologous mus-
cle in the contralateral limb [5], might, as an adjuvant to 
standard therapy, minimize strength loss in the early phase 
after ACL reconstruction [26] and also reduce weakness 
in the non-operated leg [6, 18]. Cross-education is also 
relevant to ACL rehabilitation, because it acts through 
neural pathways that are involved in the strength loss [31]. 
Evidence for a strength-sparing effect produced by cross-
education comes from immobilization studies in which 
strength training of the free limb attenuated strength loss 
and atrophy in healthy adults’ immobilized limb [3, 28]. 
Neural mechanisms are likely to mediate such a strength-
maintenance effect [28].

Cross-education studies in patients with unilateral 
orthopedic injuries are scant [19, 26, 27], but they all 
confirm that cross-education improves rehabilitation out-
comes when added to standard care. To illustrate, ACL-
reconstructed patients showed less quadriceps weakness 
[26] and a better self-reported function [27] following 
additional eccentric strength training with the non-injured 
leg in the initial 8 weeks after surgery. However, it is 
unclear if such cross-education effects are reproducible 
and if the early benefits persist through the later phases 
of rehabilitation.

The purpose of the present study was to examine if add-
ing cross-education to standard care in the first 12 weeks 
after ACL reconstruction could accelerate the recovery 
in the early and late phase of ACL rehabilitation. The 
ACL patients subjected to additional strength training of 
the non-injured leg were expected to show accelerated 

recovery in self-reported knee function, maximal quadri-
ceps’ strength, and single leg hop distance at 5 weeks, 
12 weeks, and 26 weeks after surgery. The recovery of 
maximal hamstring strength would not be accelerated as 
the cross-education intervention was designed to target 
quadriceps’ weakness.

Materials and methods

This study was a randomized controlled trial where patients 
were tested 29 ± 23  days prior to ACL surgery and at 
5-week, 12-week, and 26-week post-surgery. Patients were 
individually randomized to one of two parallel groups in a 
1:1 ratio, to receive either the standard care or standard care 
plus cross-education intervention. An independent physi-
otherapist allocated the patients to one of two treatment 
groups according to a computer generated randomization 
list prepared by an investigator who was not involved in data 
collection. Group allocation was completed after surgery 
but before the start of the rehabilitation program. Except for 
the physiotherapists administering the treatment, orthopedic 
surgeons and data collectors were blinded to patients’ group 
assignment.

Participants

Patients awaiting ACL reconstruction were recruited for 
2 years from the Martini Hospital in Groningen, The Neth-
erlands, under the direction of two orthopedic surgeons. 
The patients who were scheduled for ACL surgery and met 
the inclusion criteria were invited to take part in the study. 
Inclusion criteria were: age between 18 years and 60 years, 
unilateral ACL tear with/without partial meniscal resection, 
time between ACL injury and testing < 2 years, autograft, 
allograft or artificial graft of any source, and minimal one 
supervised rehabilitation session per week. Patient exclu-
sion criteria were: previous ACL reconstruction, history of 
a lower limb injury that required surgery, pregnancy, and 
current or prior neurological conditions. The pre and post-
injury physical activity level was determined using the Teg-
ner activity score [34]. Leg dominance was determined using 
the Waterloo Footedness questionnaire [9].

Intervention

The control and experimental group performed the standard 
rehabilitation protocol as described in Table 1. In addition, the 
experimental group performed quadriceps’ strengthening exer-
cises with the non-injured leg (i.e., cross-education training). 
These exercises consisted of three sets at an 8–12 repetition 
maximum on the leg press and leg extension machine with a 
1- to 2-min rest period. The cross-education training aimed to 
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maximize hypertrophy and was performed in week 1–12 after 
ACL reconstruction [2]. The resistance for the cross-educa-
tion training increased ~ 8% over time. The physiotherapists 
ensured that the patients received an adequate training stimu-
lus by gradually increasing the resistance at which patients 
trained. Every patient trained twice a week supervised by a 
physiotherapist. Physiotherapist kept a training log for every 
patients, but compliance to the home exercise program was 
not monitored.

Flow of patients through the study

Online Resource 1 shows the flow of patients through the 
study. From December 2013 to February 2016, 124 patients 
were assessed for eligibility. Of these, 12 (10%) did not met 
the inclusion criteria and 54 (44%) declined to participate. The 
remaining 58 patients (47%) underwent pre-surgery testing. 
One patient did not undergo surgery and two patients were 
excluded, because the time between injury and surgery became 
more than 2 years. Fifty-five patients were randomized after 
surgery and started the intervention. Four patients deviated 
from the protocol as they received the control group treatment, 
while they were allocated to the experimental group. Of these, 
43 (78%) were included in the final analysis. Table 2 shows 
the group characteristics of the patients that were included in 
the final analysis.

Outcome measures

Primary outcome

The primary outcome was self-reported knee function 
assessed with the Hughston Clinic Knee (HCK) ques-
tionnaire [10]. The HCK questionnaire rates subjective 
knee complaints through answers marked on a visual ana-
logue scale (0–10) to 28 questions [10]. These questions 
comprise symptoms of the knee, functioning in sports, 
and functioning in activities of daily living. The score 
on each question was converted to a percentage and the 
mean percentage, calculated over 28 questions, was used 
in the analysis. A score of 0% means no knee complaints. 
The HCK questionnaire is reliable, valid, and sensitive 
to changes over time in ACL patients recovering from 
reconstructive surgery [10, 15]. The HCK questionnaire 
is not as often utilized in ACL research, but, for patients, 
it is an easier questionnaire to complete and understand 
relative to other questionnaires [10]. Thereby, scores on 
the HCK questionnaire correlate highly with scores on 
the Cincinnati Knee questionnaire (r = 0.91) and Lysholm 
Knee questionnaire (r = 0.88), questionnaires that are often 
used in ACL research [15].

Table 1   Rehabilitation program 
after ACL reconstruction

Phase Weeks Content

Phase 1: active mobilization 1–4 Mobilization, focus on passive extension (first 2 weeks)
Reducing inflammation
Quadriceps strength 3 × 15 reps per leg (leg press, leg extension)
Straight leg raises 3 × 10 reps per leg

Phase 2: basic strength 4–12 Minimizing inflammation
Quadriceps’ strength 3 × 15 reps per leg (leg press; leg extension)
Hamstring strength 3 × 15 reps per leg (leg curl)
Squats 3 × 15 reps
Good mornings 3 × 15 reps
Straight leg raises 3 × 10 reps per leg
Step ups 3 × 10 reps per leg
Balance and core stability exercises

Phase 3: maximal strength 12–24 Strength exercises as above (4 × 10 reps or pyramid strength 
14/12/10/8 reps, progression after a few weeks to 10/8/6/4 reps)

Balance and core stability exercises
Start running, with a minimal change in direction/pivoting
Basic two legged jumping tasks

Phase 4: power and jumping 24–36 Power training, working on strength deficits
Progress running, directional changes/pivoting
Progress from two legged to one legged jumping tasks
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Secondary outcomes

The secondary outcomes were maximal quadriceps’ torque, 
maximal hamstring torque, and single leg hop distance (see 
explanation below). The secondary outcomes were assessed 
in each leg in one of three random orders, with the starting 
leg being also randomly selected, and the randomization car-
ried forward to subsequent testing sessions.

Maximal quadriceps and hamstring torque

Isometric and dynamic (eccentric 60°/s and concentric 
60°/s, 120°/s, 180°/s) quadriceps and hamstring maximal 
voluntary contractions (MVCs) were measured on an isoki-
netic dynamometer (Biodex Medical Systems, Shirley, NY, 
USA) using an established protocol [42]. Strength testing 
was preceded by a 5-min warm-up on a bicycle ergometer. 
Every contraction condition started with two familiariza-
tion trials at 50% of the patients’ estimated MVC followed 
by three maximal contractions to obtain the isometric and 
eccentric MVCs and six maximal contractions to obtain 
the concentric MVCs [42]. Patients were randomly sub-
jected to one of three different contraction orders. There 
was a 1-min break between repetitions and contraction 

conditions. The peak torque, normalized to body weight, 
was used in the statistical analysis. The test–retest reliabil-
ity of these measurements in ACL-reconstructed patients 
is good-to-excellent [37].

Single leg hop distance

The hop distance was examined in a subsample of patients 
as not all patients were cleared by their physiotherapist 
to perform this test (experimental group: n = 18; control 
group: n = 16). Patients performed the single leg hop test 
for distance as published previously [42], with excellent 
test–retest reliability [1]. Two practice trials were followed 
by two scored single leg hops. The hop distance was meas-
ured from the toe at push-off to the heel where landed. 
The maximal hop distance of the two trials was used in 
the analysis.

In accordance with the Declaration of Helsinki, all 
patients provided written informed consent to the experi-
mental procedures, which were approved by the medical eth-
ics committee of the University Medical Center Groningen 
(ID 2012.362). This randomized controlled clinical trial is 
registered at trialregister.nl identifier: NTR4395.

Table 2   Mean (SD) baseline 
characteristics of the 
participants

*Group difference (p < 0.05)

Experimental 
group (n = 22)

Control group 
(n = 21)

p value

Age (years) 28 (9) 28 (10) (n.s.)
Sex 0.022*
 Male 16 8
 Female 6 13

Mass (kg) 82 (13) 74 (10) 0.029*
Height (cm) 182 (8) 175 (6) 0.002*
BMI (kg/m2) 25 (3) 24 (3) (n.s.)
Leg dominance (n.s.)
 Left 3 3
 Right 19 18

Operated leg (n.s.)
 Dominant 12 15
 Non-dominant 10 6

Graft type (n.s.)
 Hamstring tendon 18 19
 Bone-patellar tendon-bone 3 2
 Artificial 1 0

Tegner score
 Pre-injury 8 (2) 7 (2) (n.s.)
 Post-injury 4 (1) 4 (1) (n.s.)

Number of training sessions 44 (11) 50 (12) (n.s.)
Time between injury and pre-surgery testing (days) 189 (138) 160 (95) (n.s.)
Time between pre-surgery testing and surgery (days) 28 (28) 30 (17) (n.s.)



Knee Surgery, Sports Traumatology, Arthroscopy	

1 3

Statistical analysis

Data in the text and figures are presented as mean ± SD. 
A modified intention-to-treat analysis was performed that 
included all patients who were randomized for treatment and 
attended at least two test sessions. Normality was checked 
for each variable. Group characteristics of the two groups 
were compared with a one-way ANOVA when measured on 
a ratio scale and with a Kruskal–Wallis or Chi-square test 
when measured on, respectively, an ordinal or nominal scale.

The primary and secondary outcome measures were ana-
lysed using multilevel analysis (SPSS version 23), because 
9% of the data points were missing. In contrast to repeated-
measures analysis of variance, multilevel analysis handles 
incomplete data sets [29] and baseline differences between 
groups by allowing intercepts to vary between patients. A 
random intercept and slope model was used where repeated 
measurements (level 1) were nested within individual ACL 
patients (level 2). Thereafter, the following explanatory vari-
ables were added to the model: group (experimental, control 
[as a reference]), time (pre-surgery [as a reference], 5-weeks, 
12-weeks, and 26-week post-surgery), and the group-by-
time interaction. Sex was added as covariate for MVCs and 
hop distance in the (SPSS) model. The parameters of the 
multilevel model were estimated using the maximum-like-
lihood method. Only models with significantly better log 
likelihood values were retained. The analysis of the second-
ary outcomes was separately executed for the reconstructed 
leg, non-injured leg, and limb symmetry index (LSI). The 
LSI was calculated as: (reconstructed leg/non-injured 
leg) × 100%.

Additional multilevel analyses were performed to exam-
ine whether sex, limb dominance, and age affected the 
recovery after ACL surgery. The multilevel model was 
identical to the model above with the exception that the 
explanatory variable group was replaced by sex (male, 
female), injured leg (non-dominant, dominant), and age 
(old, young). For age, patients in the old group were 
≥ 30 years and patients in the young group were < 30 years 
[7]. The outcomes of interest were the Hughston Clinic 
Knee score and LSIs for quadriceps MVCs, hamstring 
MVCs, and single leg hop distance.

Explanatory variables that significantly contributed to 
the model were subjected to a Bonferroni post hoc test to 
determine the means that were different. Cohen’s d and 
95% confidence intervals (CI) were calculated for sig-
nificant effects. The level of significance (α) was set at 
p < 0.05.

An a priory power analysis was performed using 
G*Power 3.1 to calculate the sample size necessary to 
attain a significant effect of cross-education on the pri-
mary outcome measure (i.e., HCK score). The effect of 
cross-education on the HCK score has not been examined 

previously, and therefore, we used a small effect size of 
0.2 for the power analysis to prevent underestimation of 
the sample size. Using an effect size of 0.20 with a power 
of 80% at the p < 0.05 significance level required a sample 
size of 36 (i.e., 18 patients per group). The aim was to 
recruit 25 patients per group to allow for dropouts.

Results

Primary outcome

Figure  1 shows the HCK scores for the experimental 
and control groups. A main effect of time was observed 
(F3,121 = 66.6, p < 0.001). Relative to pre-surgery, both 
groups showed self-reported knee function to be impaired 
12% at 5-week post-surgery (95% CI 7–17, p < 0.001) and 
15% improved at 26-week post-surgery (95% CI − 20 to 
− 10, p < 0.001).

Secondary outcomes

Maximal quadriceps’ torque

Table 3 shows the quadriceps MVCs in the ACL patients’ 
reconstructed and non-injured leg, including LSIs. Sig-
nificant time effects were found for MVCs of the recon-
structed leg, non-injured leg, and LSI. Relative to pre-
surgery, quadriceps MVCs of the reconstructed leg were 
38% decreased at 5-week post-surgery, 14–16% decreased 
at 12-week post-surgery, and 5–13% increased at 26-week 
post-surgery. The quadriceps’ MVCs of the non-injured leg 
increased 3–8% at 5-week post-surgery, 8–12% at 12-week 
post-surgery, and 8–14% at 26-week post-surgery. LSIs were 
lower at 5-week and 12-week post-surgery compared to pre-
surgery and were returned to pre-surgery level at 26-week 
post-surgery. Only the LSI of eccentric quadriceps MVCs 
was still lower at 26-week post-surgery.

Maximal hamstring torque

Table 4 shows the hamstring MVCs in the ACL patients’ 
reconstructed and non-injured leg, including LSIs. No 
between-group differences were observed. Significant time 
effects were found for the reconstructed leg, non-injured 
leg, and LSI. Relative to pre-surgery, MVCs of the recon-
structed leg showed 43% deficit at 5-week post-surgery, 21% 
deficit at 12-week post-surgery, and 8–9% improvement at 
26-week post-surgery. Relative to pre-surgery, MVCs of the 
non-injured leg increased 8% at 12-week post-surgery and 
7–18% at 26-week post-surgery. Compared to pre-surgery, 
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the LSI of hamstring MVCs was worse at 5-week, 12-week, 
and 26-week post-surgery.

Single leg hop distance

Table  5 illustrates the single leg hop distance for the 
ACL-reconstructed and non-injured leg, including LSIs. 
There was a significant time effect for the non-injured leg 
(p = 0.039). Post hoc testing revealed that the hop distance 
was 2% increased at 26-week post-surgery compared to 
pre-surgery.

Effects of sex, limb dominance, and age on ACL 
recovery

Online Resource 2 shows the recovery after ACL surgery for 
males and females. A sex-by-time interaction was observed 
for the HCK score (F3,121 = 3.3, p = 0.021). Relative to pre-
surgery, self-reported knee function was 10% worse for 
males than females at 5-week post-surgery (95% CI 3–18, 
d = − 0.80), 10% worse at 12-week post-surgery (95% CI 
2–18, d = −0.80), and 8% worse at 26-week post-surgery 
(95% CI 1–16, d = −0.64) (all p ≤ 0.034). Online Resource 
3 shows that ACL recovery was unaffected by whether the 
injured leg was the non-dominant or dominant leg (all n.s.). 
Online Resource 4 shows that ACL recovery was also not 
affected by age (all n.s.). Time effects are not reported here 
as they are already explained in the previous sections.

Discussion

The most important findings of the present study were that 
cross-education as an adjuvant to standard care did not 
improve ACL rehabilitation outcomes at 5-week, 12-week, 
and 26-week post-surgery. Nonetheless, 26 weeks of ACL 
rehabilitation improved self-reported knee function, maxi-
mal quadriceps and hamstring MVCs, and single leg hop 
distance in both groups relative to pre-surgery. Interestingly, 
self-reported knee function was 8–10% worse in males than 
females at each time point after surgery.

Primary outcome

Self-reported knee function was not different between the 
experimental and control groups which supports the idea 
that the cross-education effect is too small to meaningfully 
improve activities of daily living [5, 19]. However, there is 
also evidence to the contrary [27], but baseline differences 
and small (~ 8%) between-group differences after the inter-
vention also question the clinical relevance of those data. 
Interestingly, females compared with males reported 8–10% 
better self-reported knee function in the first 6 months after 
surgery, but this between-sex difference is smaller than the 
11% required to overcome the measurement error [4]. Thus, 
the clinical relevance of this sex difference is questionable, 
especially because poorer self-reported knee function was 
observed for females compared with males at 12–45 months 
post-surgery [33, 39]. Our pre and post-surgical scores on 
the HCK questionnaire were comparable to the previous 
research [15], were not influenced by limb dominance or 

Fig. 1   Hughston Clinic Knee 
score of the experimental and 
control groups (mean ± SD). A 
higher score means worse self-
reported knee function. †The 
scores in both groups were dif-
ferent compared to pre-surgery 
(p < 0.05)
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age, and reflect a clinically relevant improvement (15%) 
in subjective knee function at 26 week post-surgery vs. 
pre-surgery.

Maximal quadriceps’ torque

This is the first study designed to specifically examine the 
long-term effects of cross-education training in patients after 
ACL reconstruction. Unlike in a previous study at 8 weeks 
after ACL reconstruction [26], the present study found no 
cross-education effects at any point up to 26 weeks after 
surgery in the reconstructed and non-injured leg for quadri-
ceps MVCs. How and if at all it was cross-education that 
improved quadriceps strength is unclear because, unlike the 
previous cross-education studies [5, 20], cross-education 
occurred in the absence of a training effect in the trained 
leg [26]. In healthy adults, the effects of cross-education on 
maximal voluntary muscle strength can last up to 12 weeks 
[16] and in patients up to 26 weeks after a wrist fracture 
[19]. The absence of a cross-education effect in the present 
study made it not possible to compare the time course of 
cross-education between patients and healthy adults.

The rate of change in quadriceps MVC torques showed 
a different pattern in the two legs. The reconstructed leg 
showed a 38% deficit at 5-week post-surgery relative to 
pre-surgery, but this deficit diminished and was 14–16% 
at 12-week post-surgery and changed into 5–13% improve-
ment at 26-week post-surgery. In contrast, the non-injured 
leg showed a monotonic 3–14% increase from pre-surgery 
to 26-week post-surgery. Five patients where operated 
using the patellar tendon instead of the hamstring tendon 
as autograft which could have negatively influenced the 
overall quadriceps MVC results [21]. The LSIs for the 
different contraction types were 78–86% at 26-week post-
surgery, meaning that most patients did not meet yet the 
LSI criterion of ≥ 90% to safely return to sports [12, 24]. 
The recovery of quadriceps MVCs did not differ between 
sexes confirming the previous research [33] and was not 
affected by age, a factor that has not been systematically 
examined yet. Only a handful of studies report the time 
course of MVC torques after ACL surgery [6, 14, 17], so 
our data elucidate the longitudinal strength development 
of the reconstructed and non-injured leg.

Maximal hamstring torque

The cross-education effect is muscle specific [3], so it was 
expected that cross-education training for the quadriceps 
would not further improve hamstring MVCs. Thirty-seven 
subjects received a hamstring tendon autograft for ACL 
reconstruction and the ensuing hamstring weakness was 
not unexpected [21]. Relative to pre-surgery, hamstring Ta
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torque deficits for the reconstructed leg of 43% and 21% 
were observed, respectively, 5-week and 12-week post-
surgery. The reconstructed and non-injured leg improved 
7–18% in hamstring MVCs at 26-week post-surgery vs. 
pre-surgery, and these MVCs were comparable to never-
injured, active controls [42]. As shown before [33], sex did 
not affect the recovery of hamstring strength as assessed 
by MVCs and this study now shows, for the first time, that 
age and limb dominance also did not affect this recovery.

Although hamstring MVCs were comparable to controls 
at 26-week post-surgery, LSIs for eccentric and isometric 
MVCs were below the satisfactory 90% [35]. The lowest 
LSIs were observed for isometric MVCs, but these values 
were not different compared to the previous research [14, 
17]. The low LSIs for isometric MVCs are likely caused 
by the harvested hamstring tendon that has a more severe 
effect on the torque production at deeper knee-flexed posi-
tions (i.e., peak torques are attained at higher knee flexion 
for isometric contractions than for eccentric and concen-
tric contractions) [23].

Single leg hop distance

The hop distance, measured before and 26 weeks after sur-
gery, did not differ between groups and was comparable to 
the previous research [6, 30]. The hop test simulates loads 
encountered during sport-specific movements where an LSI 
of > 90% is a criterion for return to sports [35]. Not surpris-
ingly, our ACL patients, at 26-week post-surgery, were not 
yet ready to return to sports with an LSI of 86%. The LSI 
for hop distance was not affected by whether the injured 
leg was the dominant or non-dominant leg. Lower LSIs 
are observed for females and ACL patients > 25 years at 
14-month post-surgery [39], but we did not find such effects 
at 26-week post-surgery. However, the LSI for single leg hop 
distance should be interpreted with caution, because both 
legs showed deficits at 7-month post-surgery compared to 

normative data reported for healthy controls [11]. Quadri-
ceps’ strength is a strong predictor of hop test performance 
[32], but the increase in quadriceps’ strength observed in 
the present study was not enough to produce a clinically 
meaningful increase in single leg hop distance of 7% [30].

Only knee extensor exercises were part of our cross-
education protocol, because quadriceps’ weakness is often 
associated with functional impairments after ACL recon-
struction [32]. However, a cross-education intervention that 
also targets hamstring strength could be of additive value for 
the recovery after ACL reconstruction, because hamstring 
weakness can persist up to 24 months after ACL surgery [6, 
17]. Targeting the hamstrings is also relevant, because a 25% 
reduction in hamstring strength can increase ACL loading 
by 36% during sidestep cutting [40] and because females 
with reduced hamstring strength prior to an ACL injury were 
more likely to rupture their ACL [22].

Strict inclusion and exclusion criteria were applied, 
but the inter-subject variability was still high. The cross-
education training might have caused subtle differences in 
primary and secondary outcome measures, but these remain 
unnoticed due to the high inter-subject variability. Future 
studies should examine the cross-education effect in more 
homogeneous clinical populations to conclude more firmly 
whether cross-education training can be meaningful in the 
rehabilitation from unilateral orthopedic and neurological 
impairments.

To implement cross-education training in ACL practice, 
the training load of the cross-education protocol should be 
higher than in the present study to induce strength gains 
in the non-injured and reconstructed leg. Interventions like 
cross-education that target quadriceps and hamstring weak-
ness after ACL reconstruction are necessary as data from the 
traditional ACL rehabilitation programs are concerning. To 
illustrate, discharge criteria for hamstring and quadriceps 
strength are only met by 21% of the patients at 9-month 
post-surgery [41] and by 28% of the patients at the time of 

Table 5   Single leg hop distances and limb symmetry indices

Mean (SD) of each group, mean (SD) difference within each group, and mean (95% CI) difference between groups
Exp Experimental group, Con control group
† Different compared to pre-surgery (p < 0.05)

Outcome Groups Difference within 
groups

Difference between groups

Pre-surgery 26-week post-surgery 26-week minus 
pre-surgery

26-week minus pre-surgery

Exp (n = 18) Con (n = 16) Exp (n = 18) Con (n = 16) Exp Con Exp–Con

Reconstructed leg (m) 124 (38) 113 (37) 121 (42) 120 (35) 6 (36) 2 (18) − 4 (− 23 to 15)
Non-injured leg (m) 147 (33) 130 (31) 144 (33) 139 (28) 3 (15) 9 (15)† 6 (− 5 to 17)
Limb symmetry index (%) 84 (17) 86 (13) 86 (18) 85 (13) 3 (21) − 4 (9) − 6 (− 17 to 5)
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return to sports [36]. Leaving these strength deficits untar-
geted increases the risk of rerupturing the ACL [13]. Cross-
education training could decrease quadriceps and hamstring 
weakness in the early phase after ACL reconstruction, mak-
ing it more likely that patients meet the strength criteria for 
safe return to sports in the later phase of rehabilitation.

Conclusions

This randomized controlled clinical trial shows that cross-
education in the early phase after ACL reconstruction did 
not improve rehabilitation outcomes. The training load of 
the cross-education program was not high enough as cross-
education training did not induce extra strength gains in 
the quadriceps muscles of the non-injured leg. Nonethe-
less, irrespective of the adjuvant cross-education training, 
improvements in self-reported knee function, quadriceps 
strength, and hamstring strength were observed at 26-week 
post-surgery compared to pre-surgery. Cross-education had 
no negative influence on ACL recovery and could suppos-
edly still accelerate the ACL recovery when training load of 
the cross-education protocol is increased.

Acknowledgements  The authors thank BSc. A. Doornbos, BSc. A. 
Elsinghorst, BSc. K. Koorenhof, and BSc. L. Winkelhorst for their 
assistance with the data collection, MSc. E. Nieman and MSc. I. Brook-
man for performing the pilot study, Dr. R. Stewart for his assistance 
with the statistical analysis, and Medisch Centrum Zuid-Flytta for pro-
viding the research facilities.

Funding  This work was supported by start-up fund 653013 from the 
University Medical Center Groningen, Groningen, The Netherlands.

Compliance with ethical standards 

Conflict of interest  The authors report that no conflicts of interest have 
occurred that are associated with the current study.

Ethical approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional research committee and with the 1964 Helsinki declaration and 
its later amendments or comparable ethical standards.

Informed consent  Informed consent was obtained from all individual 
participants included in the study.

References

	 1.	 Ageberg E, Zatterstrom R, Moritz U (1998) Stabilometry and 
one-leg hop test have high test–retest reliability. Scand J Med Sci 
Sports 8:198–202

	 2.	 American College of Sports Medicine (2009) American College 
of Sports Medicine position stand. Progression models in resist-
ance training for healthy adults. Med Sci Sports Exerc 41:687–708

	 3.	 Andrushko JW, Lanovaz JL, Bjorkman KM, Kontulainen SA, 
Farthing JP (2018) Unilateral strength training leads to muscle-
specific sparing effects during opposite homologous limb immo-
bilization. J Appl Physiol (1985) 124:866–876

	 4.	 Bennell K, Bartam S, Crossley K, Green S (2000) Outcome meas-
ures in patellofemoral pain syndrome: test retest reliability and 
inter-relationships. Phys Therapy Sport 1:32–41

	 5.	 Carroll TJ, Herbert RD, Munn J, Lee M, Gandevia SC (2006) 
Contralateral effects of unilateral strength training: evidence and 
possible mechanisms. J Appl Physiol 101:1514–1522

	 6.	 Chung KS, Ha JK, Yeom CH, Ra HJ, Lim JW, Kwon MS, Kim JG 
(2015) Are muscle strength and function of the uninjured lower 
limb weakened after anterior cruciate ligament injury? two-year 
follow-up after reconstruction. Am J Sports Med 43:3013–3021

	 7.	 de Valk EJ, Moen MH, Winters M, Bakker EW, Tamminga R, 
van der Hoeven H (2013) Preoperative patient and injury fac-
tors of successful rehabilitation after anterior cruciate ligament 
reconstruction with single-bundle techniques. Arthroscopy 
29:1879–1895

	 8.	 Di Stasi S, Myer GD, Hewett TE (2013) Neuromuscular training 
to target deficits associated with second anterior cruciate ligament 
injury. J Orthop Sports Phys Ther 43:777–792 (A1–11)

	 9.	 Elias LJ, Bryden MP, Bulman-Fleming MB (1998) Footedness is 
a better predictor than is handedness of emotional lateralization. 
Neuropsychologia 36:37–43

	10.	 Flandry F, Hunt JP, Terry GC, Hughston JC (1991) Analysis 
of subjective knee complaints using visual analog scales. Am J 
Sports Med 19:112–118

	11.	 Gokeler A, Welling W, Benjaminse A, Lemmink K, Seil R, Zaff-
agnini S (2017) A critical analysis of limb symmetry indices 
of hop tests in athletes after anterior cruciate ligament recon-
struction: a case control study. Orthop Traumatol Surg Res 
103:947–951

	12.	 Gokeler A, Welling W, Zaffagnini S, Seil R, Padua D (2017) 
Development of a test battery to enhance safe return to sports 
after anterior cruciate ligament reconstruction. Knee Surg Sports 
Traumatol Arthrosc 25:192–199

	13.	 Grindem H, Snyder-Mackler L, Moksnes H, Engebretsen L, Ris-
berg MA (2016) Simple decision rules can reduce reinjury risk 
by 84% after ACL reconstruction: the Delaware-Oslo ACL cohort 
study. Br J Sports Med 50:804–808

	14.	 Harput G, Kilinc HE, Ozer H, Baltaci G, Mattacola CG (2015) 
Quadriceps and hamstring strength recovery during early neu-
romuscular rehabilitation after ACL hamstring-tendon autograft 
reconstruction. J Sport Rehabil 24:398–404

	15.	 Hoher J, Munster A, Klein J, Eypasch E, Tiling T (1995) Valida-
tion and application of a subjective knee questionnaire. Knee Surg 
Sports Traumatol Arthrosc 3:26–33

	16.	 Hortobagyi T, Lambert NJ, Hill JP (1997) Greater cross education 
following training with muscle lengthening than shortening. Med 
Sci Sports Exerc 29:107–112

	17.	 Lee DH, Lee JH, Jeong HJ, Lee SJ (2015) Serial changes in knee 
muscle strength after anterior cruciate ligament reconstruction 
using hamstring tendon autografts. Arthroscopy 31:890–895

	18.	 Lepley AS, Gribble PA, Thomas AC, Tevald MA, Sohn DH, Pie-
trosimone BG (2015) Quadriceps neural alterations in anterior 
cruciate ligament reconstructed patients: a 6-month longitudinal 
investigation. Scand J Med Sci Sports 25:828–839

	19.	 Magnus CR, Arnold CM, Johnston G, Dal-Bello Haas V, Basran 
J, Krentz JR, Farthing JP (2013) Cross-education for improving 
strength and mobility after distal radius fractures: a randomized 
controlled trial. Arch Phys Med Rehabil 94:1247–1255

	20.	 Manca A, Dragone D, Dvir Z, Deriu F (2017) Cross-education 
of muscular strength following unilateral resistance training: a 
meta-analysis. Eur J Appl Physiol 117:2335–2354



Knee Surgery, Sports Traumatology, Arthroscopy	

1 3

	21.	 Mohtadi NG, Chan DS, Dainty KN, Whelan DB (2011) Patel-
lar tendon versus hamstring tendon autograft for anterior cru-
ciate ligament rupture in adults. Cochrane Database Syst Rev 
9:CD005960

	22.	 Myer GD, Ford KR, Barber Foss KD, Liu C, Nick TG, Hewett TE 
(2009) The relationship of hamstrings and quadriceps strength to 
anterior cruciate ligament injury in female athletes. Clin J Sport 
Med 19:3–8

	23.	 Nakamura N, Horibe S, Sasaki S, Kitaguchi T, Tagami M, Mit-
suoka T, Toritsuka Y, Hamada M, Shino K (2002) Evaluation of 
active knee flexion and hamstring strength after anterior cruci-
ate ligament reconstruction using hamstring tendons. Arthros-
copy 18:598–602

	24.	 Nawasreh Z, Logerstedt D, Cummer K, Axe MJ, Risberg MA, 
Snyder-Mackler L (2017) Do patients failing return-to-activity 
criteria at 6 months after anterior cruciate ligament reconstruc-
tion continue demonstrating deficits at 2 years? Am J Sports 
Med 45:1037–1048

	25.	 Palmieri-Smith RM, Thomas AC, Wojtys EM (2008) Maximiz-
ing quadriceps strength after ACL reconstruction. Clin Sports 
Med 27:405–424

	26.	 Papandreou M, Billis E, Papathanasiou G, Spyropoulos P, Papa-
ioannou N (2013) Cross-exercise on quadriceps deficit after 
ACL reconstruction. J Knee Surg 26:51–58

	27.	 Papandreou MG, Billis EV, Antonogiannakis EM, Papaioannou 
NA (2009) Effect of cross exercise on quadriceps acceleration 
reaction time and subjective scores (Lysholm questionnaire) fol-
lowing anterior cruciate ligament reconstruction. J Orthop Surg 
Res 4:2 (799X-4-2)

	28.	 Pearce AJ, Hendy A, Bowen WA, Kidgell DJ (2013) Corticospi-
nal adaptations and strength maintenance in the immobilized 
arm following 3 weeks unilateral strength training. Scand J Med 
Sci Sports 23:740–748

	29.	 Rabash J, Steele F, Brown W, Goldstein H (2009) A user’s guide 
to MLwiN, v. 2.10, 3rd edn. Center for Multilevel Modelling, 
University of Bristol, Bristol

	30.	 Reid A, Birmingham TB, Stratford PW, Alcock GK, Giffin 
JR (2007) Hop testing provides a reliable and valid outcome 
measure during rehabilitation after anterior cruciate ligament 
reconstruction. Phys Ther 87:337–349

	31.	 Ruddy KL, Carson RG (2013) Neural pathways mediating cross 
education of motor function. Front Hum Neurosci 7:397

	32.	 Schmitt LC, Paterno MV, Hewett TE (2012) The impact of 
quadriceps femoris strength asymmetry on functional perfor-
mance at return to sport following anterior cruciate ligament 
reconstruction. J Orthop Sports Phys Ther 42:750–759

	33.	 Tan SH, Lau BP, Khin LW, Lingaraj K (2016) The importance 
of patient sex in the outcomes of anterior cruciate ligament 
reconstructions: a systematic review and meta-analysis. Am J 
Sports Med 44:242–254

	34.	 Tegner Y, Lysholm J (1985) Rating systems in the evaluation of 
knee ligament injuries. Clin Orthop Relat Res 198:43–49

	35.	 Thomee R, Kaplan Y, Kvist J, Myklebust G, Risberg MA, The-
isen D, Tsepis E, Werner S, Wondrasch B, Witvrouw E (2011) 
Muscle strength and hop performance criteria prior to return to 
sports after ACL reconstruction. Knee Surg Sports Traumatol 
Arthrosc 19:1798–1805

	36.	 Toole AR, Ithurburn MP, Rauh MJ, Hewett TE, Paterno MV, 
Schmitt LC (2017) Young athletes cleared for sports participa-
tion after anterior cruciate ligament reconstruction: how many 
actually meet recommended return-to-sport criterion cutoffs? J 
Orthop Sports Phys Ther 47:825–833

	37.	 Undheim MB, Cosgrave C, King E, Strike S, Marshall B, Falvey 
E, Franklyn-Miller A (2015) Isokinetic muscle strength and 
readiness to return to sport following anterior cruciate ligament 
reconstruction: is there an association? A systematic review and 
a protocol recommendation. Br J Sports Med 49:1305–1310

	38.	 van Melick N, van Cingel RE, Brooijmans F, Neeter C, van 
Tienen T, Hullegie W, Nijhuis-van der Sanden MW (2016) 
Evidence-based clinical practice update: practice guidelines 
for anterior cruciate ligament rehabilitation based on a system-
atic review and multidisciplinary consensus. Br J Sports Med 
50:1506–1515

	39.	 Webster KE, Feller JA (2017) Younger patients and men achieve 
higher outcome scores than older patients and women after ante-
rior cruciate ligament reconstruction. Clin Orthop Relat Res 
475:2472–2480

	40.	 Weinhandl JT, Earl-Boehm JE, Ebersole KT, Huddleston WE, 
Armstrong BS, O’Connor KM (2014) Reduced hamstring strength 
increases anterior cruciate ligament loading during anticipated 
sidestep cutting. Clin Biomech (Bristol Avon) 29:752–759

	41.	 Welling W, Benjaminse A, Seil R, Lemmink K, Zaffagnini S, 
Gokeler A (2018) Low rates of patients meeting return to sport 
criteria 9 months after anterior cruciate ligament reconstruction: 
a prospective longitudinal study. Knee Surg Sports Traumatol 
Arthrosc. https​://doi.org/10.1007/s0016​7-018-4916-4

	42.	 Zult T, Gokeler A, van Raay JJ, Brouwer RW, Zijdewind I, Hor-
tobagyi T (2017) An anterior cruciate ligament injury does not 
affect the neuromuscular function of the non-injured leg except 
for dynamic balance and voluntary quadriceps activation. Knee 
Surg Sports Traumatol Arthrosc 25:172–183

https://doi.org/10.1007/s00167-018-4916-4

	Cross-education does not improve early and late-phase rehabilitation outcomes after ACL reconstruction: a randomized controlled clinical trial
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 
	Level of evidence 
	Clinical Trial Registry name and registration 

	Introduction
	Materials and methods
	Participants
	Intervention
	Flow of patients through the study
	Outcome measures
	Primary outcome
	Secondary outcomes
	Maximal quadriceps and hamstring torque
	Single leg hop distance

	Statistical analysis

	Results
	Primary outcome
	Secondary outcomes
	Maximal quadriceps’ torque
	Maximal hamstring torque
	Single leg hop distance

	Effects of sex, limb dominance, and age on ACL recovery

	Discussion
	Primary outcome
	Maximal quadriceps’ torque
	Maximal hamstring torque
	Single leg hop distance

	Conclusions
	Acknowledgements 
	References


