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A B S T R A C T

The purpose is to explore the effects of Exercise rehabilitation (ER) on bone mineral density (BMD) of the knee,
muscle strength (MS), and physical function (PF) after ACL rupture. Finally, A total of 58 patients were ran-
domized into 2 groups (Control Group [CON]: conventional treatment, male ¼ 16, female ¼ 13, age ¼ [31.63 �
8.01] years; Exercise rehabilitation group [ER]: 6-week ER on CON basis, male ¼ 17, female ¼ 12, age ¼ [31.26
� 7.07] years). At baseline and 6 weeks, the knee BMD was measured using DEXA, MS and PF measures were
recorded by isokinetic strength test, IKDC, Lysholm, and VAS score. T-tests, analysis of variance (ANOVA), and
Mann-Whitney tests were used for comparisons. The BMD outcomes: after a 6-week period, the BMD of the CON
([1.47 � 0.24] g⋅cm�2) was significantly lower than that of the ER ([1.65 � 0.37] g⋅cm�2) at lateral condyle of
femur (LCF) (p ¼ 0.041). MS outcomes: at 6 weeks, the relative peak torque (RPT) of the quadriceps and ham-
strings during concentric contractions in ER group were significantly higher than that in CON group (p < 0.001, p
¼ 0.017). Similarly, during eccentric contractions in ER group, the RPT of the quadriceps and the H/Q ratio
revealed significant variations from the CON group (p ¼ 0.033, p ¼ 0.043). PF outcomes: the IKDC, Lysholm, and
VAS scores of the ER group were significantly improved compared to the CON group (p < 0.001, p < 0.001, p ¼
0.002). The conclusion is that 6 weeks of ER intervention for patients with ACL rupture can effectively delay the
decline of BMD in the LCF of the knee joint, and enhance the restoration of MS and PF. This provides guidance for
clinical rehabilitation.
1. Introduction

Anterior cruciate ligament (ACL) rupture is one of the most common
and serious knee injuries in sports medicine,1 with an annual incidence of
approximately five per 10 000 persons in the general population.2 ACL
rupture is usually accompanied by meniscus injury, cartilage injury, bone
contusion, and other injuries.3 In addition, patients experienced insta-
bility concerns, had pain during activity, lost bonemineral density (BMD)
of the knee, which could affect the healing of tendon-bone after surgery,
thereby increasing the risk of re-rupture of the graft.4 Furthermore,
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patients would decrease muscle strength (MS), which could affect daily
activities, physical activity, and even quality of life, especially for
athletes.5

Exercise has the effect of increasing BMD and enhancing MS.6 Exer-
cise rehabilitation (ER) is used physical activity to promote recovery.7

The rehabilitation therapy mainly includes improving joint range of
motion (ROM), increasing MS, raising equilibrium, and so on.8,9 Some
studies found that ER can improve physical function (PF), relieve muscle
atrophy, enhance muscle strength, speed up the rehabilitation process,
and allow for an early return to sports.10 ER has the advantages of
convenient operation, low cost, and popularization. As a result, ER has
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Abbreviations

ACL Anterior cruciate ligament
ER Exercise rehabilitation
BMD bone mineral density
PCL Posterior Cruciate Ligament
LCL Lateral Collateral Ligaments
MCL Medial Collateral Ligament
BMI Body Mass Index
RPE the Borg Rating of Perceived Exertion
MCF the medial condyle of the femur
LCF the lateral condyle of the femur

MCT the medial condyle of the tibia
LCT the lateral condyle of the tibia
ROM range of motion
MS muscle strength
PF physical function
CC concentric contraction
EC eccentric contraction
RPT relative peak torque
H/Q the hamstring-to-quadriceps ratio
IKDC the International Knee Documentation Committee score
VAS Visual analogue scale
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become popular in rehabilitation.11

However, the impact of ER on clinical outcomes such as local knee
joint BMD, MS, and PF measures after ACL rupture is not well known.
Currently, there is no research on the impact of ER on BMD after ACL
rupture. The objective of this study was to explore the changes in knee
BMD, MS, and PF after 6 weeks in ACL rupture patients within 6 months
of ER. We hypothesize that ER may mitigate the rate at which BMD di-
minishes in the knee joint, bolster MS, and enhance PF.

2. Methods

2.1. Trial design

This study was a randomized controlled superiority trial design with
parallel intervention groups, balanced randomization (1:1), and patient-
blinded. The ethics committee at Peking University Third Hospital
approved the study (202303303). This study adheres to the ethical
guidelines outlined in the Helsinki Declaration for human research.

This study was registered at www.clinicaltrials.gov (NCT05924178).
Informed consent was obtained from all participants prior to enrollment
and baseline testing.

2.1.1. Participant involvement
Patients were not directly involved in the design of the trial but

actively participated in the experiments. A recruitment advertisement
was posted in the outpatient department of Peking University Third
Hospital to attract the attention of patients with ACL rupture.

2.1.2. Participants
Inclusion criteria were:12–14

① Patients aged 18–45 years diagnosed with ACL rupture via MRI.
② Patients with first-time unilateral ACL rupture would undergo ER

at our hospital.
③ Time from injury was greater than 4 weeks and within 6 months

(sub-chronic phase).
④ The affected knee joint passed the acute stage, with no significant

swelling, pain, inflammation, limited joint movement, and had
basically recovered to normal joint range of motion.

⑤ No injuries to the Posterior Cruciate Ligament (PCL), or Lateral
Collateral Ligaments (LCL). No injuries or only minor injuries (no
more than grade I: mild injury/contusion, slight elongation of the
ligament, possible morphological changes, but normal ligament
MRI signal) to Medial Collateral Ligament (MCL).

Exclusion criteria were:

① Body Mass Index (BMI) less than 18.5 or greater than 35 kg⋅m�2.
② Aged over 45 years old or under 18 years old.
③ Injury occurred within 4 weeks or more than 6 months.
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④ Serious injury to the PCL, MCL, or LCL (grades II or III). Grade II is
a partial tear, ligament thickening, tortuous, partial fiber inter-
ruption, with surrounding soft tissue swelling; Grade III is a
complete rupture.

⑤ History of knee joint trauma.
⑥ Other knee joint diseases, such as knee osteoarthritis, knee joint

tumor, rheumatoid, tuberculosis, etc.

Data collection was performed at the Sports Medicine of Peking
University Third Hospital between April 2023 and May 2024.

2.1.3. Randomization and blinding
Patients were consecutively numbered from 1 to 60 and then

randomly assigned to 2 groups, each comprising 30 patients, using a
computer-generated randomization sequence. Upon inputting the range
of 1–60, the computer-generated randomization sequence automatically
generated 2 sets of random numbers to allocate participants into the
respective groups. The groups were designated as the control group
(CON) and the exercise rehabilitation group (ER). The sequence of pa-
tients visiting our hospital was marked with numbers 1–60. After base-
line assessments, the patients were enrolled and underwent different
intervention schemes. The CON group received only routine medical
treatment, while the ER group underwent a 6-week ER program in
addition to the CON group's treatment. This study utilized a single-blind
design, ensuring that the testers and data analysts were unaware of the
participants' group assignments.

2.1.4. Intervention
After enrollment, the patients in the ER group underwent an exercise

program for 6 weeks, three times a week, lasting approximately 45–60
min each session, with a rest day between sessions.9,15–20 Prior to each
formal training session, patients were prepared for 3–5 min, followed by
stretching and relaxation for another 3–5 min after the training. Ice
application was administered appropriately after the training. When
engaging in exercise, it was advisable to keep the intensity at a moderate
level. By presenting the Borg Rating of Perceived Exertion (RPE) scale to
patients, their subjective feeling should ideally fall within the range of
13–14 (Somewhat hard, but still able to talk).21 The ER training program
is outlined in Table 1 (or Protocol 1). In the knee range of motion (ROM)
section, it was about 4 min. In the muscle strength exercises section, it
was about 25–30 min; in the balance training section, it was about 4–6
min; and in the sclerotin training section, it was about 5–10 min. The
time allocation of each training session is detailed in protocol 1.

Patients in the CON group received only conventional treatment,
including ROM, daily activities, and conventional topical medications.
Patients in both the CON and ER groups maintained their original life-
style habits and schedules. Both groups underwent the same examina-
tions, tests, and assessments.

http://www.clinicaltrials.gov


Table 1
Exercise rehabilitation program.

Exercise Movement 1st

week
2nd

week
3rd

week
4th

week
5th

week
6th

week

ROM Knee Extension ✓ ✓ ✓ ✓ ✓ ✓

Knee Flexion ✓ ✓ ✓ ✓ ✓ ✓

Muscle
Strength

Wall Squats ✓ ✓ ✓

Deep Squat ✓ ✓ ✓

Lunge ✓ ✓ ✓

Seated Knee
Extension
Resistance
Exercise

✓ ✓ ✓ ✓ ✓ ✓

Prone Position
Knee Flexion
Resistance
Exercise

✓ ✓ ✓ ✓ ✓ ✓

Balance
Training

Catch and
throw with legs
standing under
the balance
Cushion

✓ ✓ ✓

Catch and
throw with
Single-leg
standing under
the balance
Cushion

✓ ✓ ✓

Sclerotin
Training

Low Leg Raise ✓ ✓

Leg Lift ✓ ✓ ✓ ✓

Skipping Rope ✓ ✓ ✓ ✓ ✓ ✓

ROM: Range of Motion.
Fig. 1. Custom regions of interest. A 5 cm vertical line was drawn from the
intercondylar pit of the femur, and a 4 cm vertical line was drawn from the
lateral intercondylar ridge of the tibia, and the knee joint was divided into 4
regions (Medial condyle of femur, MCF; Lateral condyle of femur, LCF; Medial
condyle of tibia, MCT; Lateral condyle of tibia, LCT), and 4 ROIs are formed with
the boundary line. ROI; region of interest.
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2.2. Sample size

The centripetal peak torque of quadriceps at 60�/s in the knee iso-
kinetic dynamometer was used as the observation index. According to the

calculation formula, n2 ¼ ðz1�α=2þz1�βÞ2ðsd21þsd22Þð1þ1=kÞ
2ðmean1�mean2Þ2 , n1 ¼ k� n2, and

z1�α=2 ¼ 1.96, z1�β ¼ 0.84. We calculated that a sample size of 24 patients
in each group would provide 80% power to detect a mean difference of
28.86 Nm (113.42–84.56 Nm) between groups, assuming standard de-
viations of 36 Nm for the experimental group and 34 Nm for the control
group, with a two-sided alpha of 0.05.22,23 Given an anticipated dropout
rate of 20%, the total sample size required was 60 patients (30 in the
experimental group; 30 in the control group).
2.3. Outcomes

2.3.1. Bone mineral density
BMD was measured using a Lunar iDXA (GE Healthcare, Milwaukee,

WI, USA).24,25 Lumbar BMD is first measured to rule out primary oste-
oporosis, and then the injured knee BMD is tested. All standard clinical
scans (lumbar bone mineral density and knee) were acquired and
analyzed in the standard clinical manner per manufacturer
recommendations.26

However, the BMD of the knee joint was measured by manually
outlining regions of interest (ROIs). A 5 cm vertical line was drawn from
the intercondylar pit of the femur, and a 4 cm vertical line was drawn
from the middle of the intercondylar spine of the tibia. This allowed the
knee joint to be divided into 4 distinct areas: the medial condyle of the
femur (MCF), the lateral condyle of the femur (LCF), the medial condyle
of the tibia (MCT), and the lateral condyle of the tibia (LCT) (Fig. 1).

2.3.2. Muscle strength
In addition, the isokinetic MS of the injured knee extensor and flexor

were measured using an isokinetic dynamometer (Con-Trex MJ; Ger-
many) at 60�/s for concentric contraction (CC) and eccentric contraction
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(EC). The indicators utilized were: relative peak torque (RPT) of quad-
riceps and hamstrings, as well as the hamstring-to-quadriceps ratio (H/
Q).

2.3.3. Knee physical function
Subjective knee function evaluation encompassed the International

Knee Documentation Committee (IKDC) score, Lysholm score, Tegner
Activity Scale level and Visual analogue scale (VAS).27

2.3.4. Kneelax
The KT-2000 knee laxity tester (KNEELAX3, MONITORED REHAB

SYSTEMS B.V.; Netherlands) was used to assess knee joint laxity. In this
test, the patient was positioned supine with the quadriceps muscle fully
relaxed. The difference in tibial advancement distance between the
affected side and the healthy side was measured at 30� flexion of both
knee joints under 30 P tension.
2.4. Statistical analysis

SPSS 21.0 statistical software was utilized for statistical analysis.
When the test index is normally distributed, it was expressed as mean �
standard deviation and analyzed using the Two-Way Analysis of Vari-
ance. If the detection indexes did not follow a normal distribution, they
were described by the median (P25, P75) and tested using a non-
parametric test (Friedman test). p < 0.05 was considered statistically
significant. When variances were equal, Cohen's d was used to calculate
the effect size. When variances were unequal, Hedges' gwas used. A small
effect is indicated by a d or g value less than 0.2, a medium effect by a d or
g value greater than 0.2 but less than 0.5, and a large effect by a d or g
value greater than 0.8.28



Table 2
Baseline characteristics of the control group (CON) and exercise rehabilitation
group (ER).

Characteristics CON (n ¼ 29) Mean
(SD)

ER (n ¼ 29) Mean
(SD)

Age (years) 31.63 (8.01) 31.26 (7.07)
Male/Female (n/n) 16/13 17/12
Right/Left (n/n) 16/13 13/16
Height (cm) 172.17 (7.48) 171.56 (9.37)
Weight (kg) 69.8 (10.73) 69.89 (13.54)
BMI (kg⋅m�2) 23.49 (2.90) 23.61 (3.33)
Time from rupture to
intervention(days)

58.06 (49.94) 49.23 (45.67)

Meniscus injury (n) 14 16
Kneelax (mm) 5.05 (2.37) 5.28 (2.21)
Pre-injury Tegner Activity Scale level
score

5.94 (0.87) 6.03 (1.07)

Post-injury Tegner Activity Scale level
score

2.2 (0.55) 2.26 (0.64)
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3. Results

3.1. Participants

From March 2023 to April 2024, a total of 75 ACL rupture patients
from the Sports Medicine Department of Peking University Third Hos-
pital were screened. Among them, 15 participants were excluded (11
patients had injuries longer than 6 months, and 4 patients had severe
MCL injuries), resulting in 60 participants being eligible for inclusion.
However, 2 participants (1 participant in the ER group and 1 participant
in the CON group) were lost to follow-up due to their failure to adhere to
the intervention program. Ultimately, 58 patients (29 participants in the
ER group and 29 participants in the CON group) completed the experi-
ment and opted for surgical treatment after 6 weeks. Intraoperatively, the
diagnosis of an ACL rupture was reaffirmed for all patients. (Fig. 2).

The CON group participants (n¼ 29; 44.83%women) had a mean age
of 31.63 years, a mean BMI of 23.49 kg⋅m�2, a kneelax of 5.05 mm, a pre-
injury Tegner score of 5.94, and a post-injury Tegner score of 2.22. The
ER group participants (n ¼ 29; 41.38% women) had a mean age of 31.26
years, a BMI of 23.61 kg⋅m�2, a kneelax of 5.28 mm, a pre-injury Tegner
score of 6.03, and a post-injury Tegner score of 2.26. Both groups
included participants (16 and 14, respectively) with meniscus injury.
There were no significant differences in baseline characteristics between
the groups (p > 0.05) (Table 2).

3.2. Outcomes

3.2.1. BMD measurement
The patients did not suffer from primary osteoporosis. At the MCF,

LCF, MCT, and LCT, the group � time effect was not significant (F ¼
1.062, 0.371, 1.252, 0.065) (p ¼ 0.307, 0.545, 0.268, 0.8). At baseline,
there was no significant difference in BMD at the MCF, LCF, MCT, and
LCT between the CON and ER groups (p> 0.05). However, after 6 weeks,
the BMD at the LCF in the CON group ([1.47 � 0.24] g⋅cm�2) was
significantly lower than that in the ER group ([1.65� 0.37] g⋅cm�2) (p¼
0.041). However, the effect size of BMD at LCF was small (d ¼ 0.093).
Additionally, the BMD of the MCF and LCF in the CON group decreased
Fig. 2. Flow diagram of eligible and included participants. Abbrev
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significantly compared to baseline (p < 0.05). In both the CON and ER
groups, the BMD of the MCT and LCT was significantly lower than the
baseline (p < 0.01) (Fig. 3).

3.2.2. Muscle strength measurement
Only at RPT of quadriceps CC and hamstrings EC had a significant

group � time effect (p < 0.05). In addition, there was no significant
difference in MS between the CON and ER groups at baseline (p > 0.05).
After 6 weeks, the RPT of CC and EC of quadriceps and hamstringmuscles
in both CON and ER groups increased significantly (p< 0.05). During CC,
the RPT of quadriceps and hamstring muscles in the ER group was
significantly higher than that in the CON group (p< 0.001, p¼ 0.017), at
the same time, the effect size was large (d ¼ 1.01) and medium (d ¼
0.636), respectively. During EC, the RPT of quadriceps muscle in the ER
group was significantly higher than that in the CON group (p ¼ 0.033),
and the H/Q ratio in the ER group was significantly lower than that in the
CON group (p ¼ 0.043). The isokinetic MS measurements are presented
in Table 3.
iations: CON, control group; ER, exercise rehabilitation group.



Fig. 3. BMD of Knee Baseline and After 6 weeks (g/cm2) BMD, bone mineral
density; ROIs, regions of interest; ER, exercise rehabilitation group; CON, con-
trol group; MCF, Medial condyle of femur; LCF, Lateral condyle of femur; MCT,
Medial condyle of tibia; LCT, Lateral condyle of tibia. * Significant difference
compared with CON groups p < 0.05, **p < 0.01. ★ Significant difference
compared with baseline p < 0.05, ★★ p < 0.01. Main result: After 6 weeks, the
BMD at LCF in CON group was lower than ER group, and the BMD at MCF and
TCF was lower than baseline.

Table 3
Isokinetic MS in the quadriceps and hamstrings.

Variables Groups CON ER p

CC 60�/s Ext
RPT(Nm/kg)

baseline 0.93 �
0.47★★

1.08 � 0.45★ 0.329

After 6
weeks

1.16 � 0.46 1.63 �
0.47**

< 0.001

p 0.001 0.012
group � time effect F ¼ 7.705, p ¼ 0.007

CC 60�/s Fle
RPT(Nm/kg)

baseline 0.73 � 0.24
★★

0.72 � 0.29
★★

0.143

After 6
weeks

0.88 � 0.32 1.10 � 0.37* 0.017

p < 0.001 < 0.001
group � time effect F ¼ 3.658, p ¼ 0.061

CC 60�/s
H/Q(%)

baseline 0.74 � 0.24 0.68 � 0.17 0.359
After 6
weeks

0.79 � 0.22 0.69 � 0.11 0.175

p 0.754 0.255
group � time effect F ¼ 0.048, p ¼ 0.828

EC 60�/s Ext
RPT(Nm/kg)

baseline 1.34 � 0.45
★

1.40 � 0.45
★★

0.54

After 6
weeks

1.58 � 0.56 1.95 � 0.74* 0.033

p 0.028 < 0.001
group � time effect F ¼ 2.120, p ¼ 0.151

EC 60�/s Fle
RPT(Nm/kg)

baseline 0.96 � 0.25
★★

0.92 � 0.29
★★

0.575

After 6
weeks

1.15 � 0.35 1.26 � 0.51 0.345

p < 0.001 0.001
group � time effect F ¼ 4.66, p ¼ 0.035

EC 60�/s
H/Q(%)

baseline 0.75 � 0.26 0.69 � 0.17 0.092
After 6
weeks

0.75 � 0.27 0.66 � 0.15* 0.043

p 0.538 0.246
group � time effect F ¼ 0.004, p ¼ 0.948

CC: concentric contraction; EC: eccentric contraction; Ext: extensor; Fle: flexor;
RPT: relative peak torque; H/Q: hamstring-to-quadriceps ratio; p, p-value.
*Significant difference compared with CON groups p < 0.05, **p < 0.01.
★Significant difference compared with baseline p < 0.05, ★★ p < 0.01.
Main result: After 6 weeks, the MS at CON and ER group was higher than
baseline, but ER group was higher than CON group.
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3.2.3. Knee physical function measurement
In Table 4, a significant group � time effect (p < 0.05) was observed

at the scores of IKDC, Lysholm, and VAS (p < 0.05). After 6 weeks, the
CON and ER groups were significantly improved compared to baseline.
The IKDC and Lysholm knee scores in ER group were higher than those in
CON group ([78.89� 3.97] vs [60.17� 7.57], p< 0.01, d¼ 3.10; [78.55
� 9.13] vs [60.24 � 9.56], p < 0.01, d ¼ 1.96), and the VAS scores were
lower than those in CON group ([1.5 � 1.2] vs [2.59 � 1.33], p < 0.01, d
¼ �0.86).

4. Discussion

After an ACL rupture, there is a decrease in BMD in the knee joint,
which is not conducive to the healing of the graft-bone junction after
reconstruction surgery.29,30 Consequently, sustaining or enhancing BMD
in the knee joint after an ACL injury is crucial for the healing process. ER
is instrumental in improving BMD, yet there is currently a lack of
research on the effects of ER on BMD in the knee joints of patients with
ACL ruptures. Our paper is the first randomized controlled clinical study
to explore the impact of ER on BMD in the knee joints of patients with
ACL rupture, and it boasts a high level of evidential quality. Our study
clarifies the importance of early ER intervention for patients with ACL
rupture in effectively delaying the decline in BMD which may facilitate
the postoperative healing of tendon-bone in those undergoing surgery,
and enhancing the restoration of MS and PF.

Our hypothesis, that ER may mitigate the rate at which BMD di-
minishes in the knee, was partially supported. Given that the BMD of the
knee joint after reconstruction may impact the tendon-to-bone healing,
the ROIs for BMD assessment is specifically designated based on the sites
where the bone tunnels are created by our department's surgeons during
the procedure. This approach lays a solid foundation for future research.
Our study found that after a six-week period, the BMD of the MCF and
LCF in the ER group remained relatively stable compared to the baseline
measurements, while a significant reduction in BMD was observed in the
CON group for the same regions. Additionally, the results of our study
demonstrate that after 6 weeks, the BMD at the LCF was significantly
lower in the CON group than in the ER group. These results indicate that
a continuous 6-week program of ER can effectively slow down the rate of
BMD loss in the LCF. The possible reasons for this may be as follows: The
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BMD at LCF is prone to decrease, and the LCF bears less weight compared
to MCF in the knee joint. Mechanical loading is a crucial factor in pro-
moting bone growth. Additionally, after ACL rupture, patients typically
experience reduced physical activity, which further diminishes the me-
chanical stimuli to the bone. Consequently, this leads to decreased bone
growth and remodeling at the LCF, resulting in lower BMD.Moreover, ER
training can enhance bone stimulation through muscle contraction.
However, the ER training employed in our study may have been of
relatively low intensity, thus only serving to delay the decline in BMD
rather than fully counteracting it. Currently, there are studies that align
with our findings, indicating a decrease in BMD in the knee joint
following an ACL rupture. A decrease in BMD of the medial femoral
condyle is noted within the first 4 weeks post-injury, with a pronounced
reduction in overall knee joint bone density by the 10th week.31

Furthermore, research has shown that BMD on the injured leg is mark-
edly reduced compared to the uninjured leg, regardless of whether lig-
ament reconstruction has been performed, 26 months after the
reconstruction, the BMD of the affected knee is still 16% lower than
before the operation,32 and the decline in BMDmay persist for more than
10 years.33 When patients undergo reconstruction surgery following an
ACL rupture, the local BMD in the knee is diminished, leading to
increased osteoclastic activity and compromised bone formation at the
tendon-bone attachment site. This results in weakened tendon-bone
interface strength, a reduction in the transitional structure of the
tendon-bone interface, and an enlargement of the bone tunnel, which is



Table 4
Effect of exercise rehabilitation on knee function score (mean [95% CI]).

Variables Groups CON ER p

IKDC knee score baseline 49.72 �
6.05★★

51.11 �
5.97★★

0.128

After 6
weeks

60.17 � 7.57 78.89 �
3.97**

< 0.001

p < 0.001 < 0.001
group � time effect F ¼ 99.793, p < 0.001

Lysholm knee
score

baseline 46.93 �
9.54★★

50.3 �
10.83★★

0.103

After 6
weeks

60.24 � 9.56 78.55 �
9.13**

< 0.001

p < 0.001 < 0.001
group � time effect F ¼ 27.36, p < 0.001

VAS score baseline 3.21 � 1.14★ 3 � 1.14★★ 0.466
After 6
weeks

2.59 � 1.33 1.5 � 1.2** 0.002

p 0.025 < 0.001
group � time effect F ¼ 6.313, p ¼ 0.015

IKDC, International Knee Documentation Committee; VAS, Visual analogue
scale. p, p-value.
*Significant difference compared with CON groups p < 0.05, **p < 0.01.
★Significant difference compared with baseline p < 0.05, ★★ p < 0.01.
Main result: After 6 weeks, the scores of IKDC, Lysholm and VAS at CON and ER
groups were better than baseline, but the ER group was better than the CON
group.
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detrimental to the healing of the reconstructed ligament and the inte-
gration of the tendon-bone junction, ultimately affecting the clinical
outcomes.34 However, current research findings have not delved into the
specific interventions for the decline in BMD in the knee joint post-ACL
rupture, nor have they explored the effects of these interventions. Our
findings indicate that ER can mitigate the rate of BMD decline after an
ACL rupture. In particular, it significantly slows down the rate of BMD
decrease at the LCF, whichmay promote local bone formation in the knee
joint. Some findings did not align with the initial hypothesis; after 6
weeks, the BMD of the tibial condyles (MCT and LCT) in both the ER
group and the CON group significantly decreased compared to the
baseline. This outcome could be attributed to the relatively short dura-
tion of the exercise intervention. Excluding the LCF, after the 6-week
period, there were no significant differences in BMD between the ER
and CON groups at the MCF, MCT, and LCT regions. However, past
research has suggested that a 6-week exercise intervention can increase
the overall BMD in the elderly.35 Therefore, this study suggests that for
individuals with an ACL rupture, enhancing tibial BMD may require ER
beyond 6 weeks. Moreover, muscle contractions can apply stress to the
bones, thereby promoting the growth of BMD.36 Anatomically, the ER
strength training primarily targets the quadriceps and hamstring mus-
cles. After 6 weeks, there was no significant change in the BMD of the
femoral condyles (MCF and LCF) in the ER group from the baseline.
Hence, relative to the tibia, this rehabilitation program is more effective
in decelerating the reduction of BMD in the femur. These results indicate
that adding calf muscle training to the rehabilitation program for ACL
rupture patients may be beneficial in mitigating the decline in tibial BMD
or even enhancing it. The mechanisms underlying the changes in BMD in
different regions of the knee joint following ACL rupture will need to be
further investigated. Furthermore, because the effect size of ER on
changes in BMD is small, future studies would also consider extending
the observation period and increasing the sample size to better evaluate
long-term effects.

Our hypothesis, that ER could bolster MS and enhance PF, was fully
supported. Our study demonstrates that following our rehabilitation
program, there is a marked enhancement in the MS of the quadriceps and
hamstrings, along with an enhancement in PF, when compared to CON
group. In addition, patients in the CON group also experienced a signif-
icant improvement in MS and PF after 6 weeks compared to baseline,
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likely due to the gradual resumption of daily activities after a 6-week
period of rest. This is consistent with previous research findings that an
ACL rupture results in reduced stability of the knee joint, characterized
by the anterior shift of the tibia and loss of joint stability. This prevents
patients from resuming their pre-injury sports activities and from
executingmovements that impose significant stress on the knee, resulting
in limited knee joint function. Concurrently, influenced by factors such as
joint trauma, immobilization, stress, and inflammatory reactions, the
muscles surrounding the knee joint experience a decline in strength and
undergo atrophy.37 Furthermore, our earlier studies have shown that
following an ACL rupture, there is a 38% reduction in the peak torque of
the quadriceps during EC and a 15% decrease in the peak torque of the
hamstrings during EC.22 Even after reconstruction surgery, by the first
postoperative year, the quadriceps strength and the H/Q ratio of the
patients' knees had not completely returned to normal; by the fourth
postoperative year, the quadriceps strength on the affected side was still
weaker compared to that of a healthy population.38 Nevertheless, this
study provides compelling evidence that ER is beneficial for the recovery
of MS and PF following an ACL rupture. Similarly, research indicates that
a systematic 9-session ER program for ACL rupture patients can increase
the cross-sectional area (CSA) of the knee muscles and improve the
strength of the extensors.39 Moreover, an array of rehabilitation ap-
proaches, suggestions, and guidelines have been successively introduced
for post-ACL injury recovery in clinical practice.10 ER should be a
continuous component of the entire treatment regimen, delivering ad-
vantages such as increased MS, reduced muscle atrophy, enhanced PF,
expedited recovery, and an earlier return to sports.38 Whether it is con-
servative treatment or surgical treatment, ER can facilitate post-injury
recovery. Studies have shown that ACL rupture patients who under-
went a 5-week preoperative RE exhibited increased knee ROM, enhanced
thigh MS, and improved PF.18 Likewise, post-reconstruction quadriceps
strengthening exercises contribute to an increase in quadriceps torque
and an improvement in the alignment of the lower limb's force line.40

Consequently, ER holds a significant role throughout the compre-
hensive treatment of ACL injuries. Our research represents a preliminary
exploration into the effects of early ER on the BMD of the knee joint in
patients with ACL ruptures. This rehabilitation protocol not only facili-
tated the restoration of PF in those opting for conservative management
but also established a foundation for the postoperative recuperation of
BMD and PF, including the enhancement of tendon-bone healing in those
who eventually underwent surgery.

5. Limitations

The primary limitation of our study is the considerable variation in
the enrollment period following injury among patients, which spans from
1 to 6 months. Nonetheless, the time elapsed from injury to study entry
did not significantly differ between the CON and ER groups. Conse-
quently, the influence of injury timing on the comparative outcomes
between the CON and ER groups is minimal. Future studies could benefit
from tailoring individualized rehabilitation programs based on the time
elapsed since injury and the degree of BMD loss. Moreover, the follow-up
period of this study was relatively short; it was a preliminary investiga-
tion into the impact of ER on BMD. However, the study has already
revealed that 6 weeks of ER can slow down the decline of BMD and
improve PF, laying a foundation for subsequent long-term research. We
have also formulated a long-term research plan, which will further
explore the long-term effects of ER on BMD and PF in patients with ACL
rupture.

6. Conclusion

6 weeks of ER intervention for patients with ACL rupture can effec-
tively delay the decline of BMD in the LCF of the knee joint which may
facilitate the postoperative healing of tendon-bone, and enhance the
restoration of MS and PF.
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