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SUMMARY
Introduction. While many studies focus on the restoration of muscle strength in the
mid-term after anterior cruciate ligament reconstruction (ACLR) with bone-patellar
tendon-bone (BTB) autograft, it is not known whether the mechanical properties of
the donor site and surrounding soft tissue are restored. The aim of this study was
to investigate the mechanical properties of the donor site patellar tendon (PT) and
surrounding soft tissues after ACLR with BTB autograft.
Methods. Eight patients with ACLR and 8 age-matched healthy controls were included to the study. Shear Wave Velocity (SWV) of the PT, quadriceps tendon (QT) and
vastus medialis obliques (VMO) muscle were performed using an ultrasonography
device with linear probe. In addition, the quadriceps femoris (QF) strength was
measured with isokinetic dynamometer at 60°/sec angular velocity.
Results. There were no differences in the SWV of the PT and VMO muscle between
the two groups (p > 0.05). The SWV of the QT was significantly lower in patients with
ACLR compared to healthy controls (p = 0.02). There was significantly reduced QF
strength on the operated side in patients with ACLR (p = 0.04).
Conclusions. The mechanical properties of the PT and VMO are restored in the
mid-term after ACLR. However, there may be strength deficit on the donor site QF
even after 16 months from the surgery.
KEY WORDS
Anterior cruciate ligament; elastography; patellar tendon; shear wave velocity; stiffness;
ultrasound.

INTRODUCTION
Reconstruction of anterior cruciate ligament (ACL) with
autograft is a standard procedure for regaining the stability of the knee joint after ACL injury. Bone-patellar tendonbone (BTB) graft is one of the most frequently used autografts during the surgery (1, 2). BTB was observed to be
superior in terms of joint stability, extremity function and
patient’s satisfaction compared to other graft types (1, 2).
However, complications such as; anterior knee pain, patellar
fracture and rupture of the remaining tendon are common22

ly observed in patients with ACL reconstruction (ACLR)
surgery using BTB (3).
Anterior knee pain can be observed up to 46 to 55% of the
patients undergoing ACLR surgery with BTB (4, 5). The
healing of the remaining patellar tendon is an important
factor that may cause, and its’ mechanical properties are
thought to be one of the factors that may cause the anterior
knee pain. Therefore, some studies have focused to understand the healing process of the donor site patellar tendon
(PT) (4-9). Nixon et al. (9) indicated that, the remaining PT
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histologically the same as normal PT after 2 years from the
surgery. However, some studies indicated that, the harvested 1/3 mid part of the PT could still be distinguishable from
the normal PT more than 2 years after the surgery (6, 10).
In addition, PT was also found to be wider and thicker and
had increased cross-sectional area after harvesting its central
1/3-part compared to normal PT (6, 7).
Poor mechanical properties of the harvested PT are thought
to be one of the factors that may cause complications and
affect the function of the knee. The stiffness and other
mechanical properties of the harvested PT decrease in the
early stages of post-operative period and restored in time
as the tendon’s volume increases (7, 11). Akkaya et al. (12)
assessed the harvested PT with ultrasound and revealed
thickening and decreased strain ration on the donor site PT
after 2 years from the surgery in contrast to the other studies. Yet, they conducted the measurements only during 30°
of knee flexion. However, there is still little information and
conflicting results regarding the mechanical properties of
the harvested PT after the surgery.
The healing process of the soft tissues and their mechanical
properties can be assessed using different methods. Ultrasonography is one of the most commonly using method for the
assessment of the soft tissues (13, 14). Sheer Wave Velocity
(SWV) is a reliable method for the assessment of the skeletal muscles and tendon units (14, 15). The aim this study
was to evaluate the mechanical properties of the harvested PT during different knee flexion angles and surrounding
soft tissue and the strength of the quadriceps femoris (QF)
muscle on patients with ACLR using BTB. The hypothesis of this study was that the stiffness of the harvested PT
and surrounding soft tissues of the donor site are restored
as the strength of the QF muscle recovers in mid-term after
the surgery.

MATERIALS AND METHODS
Study Design and Participants
This was an observational study including eight male
patients with ACLR surgery with BTB and eight ages
matched healthy male subjects. Patellar Tendon, Quadriceps Tendon (QT) and Vastus Medialis Obliques (VMO)
stiffness were measured with SWV. Quadriceps femoris
strength was measured with isokinetic dynamometer.
The inclusion criteria of the study:
• isolated unilateral arthroscopic ACLR with BTB
autograft;
• having passed at least 12 months after the surgery;
• full range of motion in the operated side knee joint;
• no lower extremity problem in healthy group at last 1-year.
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The exclusion criteria of the study:
• ACLR with hamstring tendon autograft or allograft;
• revision of ACLR;
• additional surgery to the ACLR procedure (meniscus
and/or cartilage repair, other ligament surgeries);
• complication in the operated knee after the surgery.
All patients were operated with the same surgeon and
the same procedure was performed. After the surgery, all
patients received the same standard rehabilitation program.
The ethical committee of University approved the study with
the number of GO 15/816-27. All participants signed the
informed-constant form and the experimental procedures
were conducted according to the Declaration of Helsinki
and as required by the journal (16).

Measurements
Clinical Assessment
The demographic characteristics of the participants were
recorded prior to the measurements. The International
Knee Documented Committee (IKDC) score (ICC 0.94)
was used to evaluate the knee functions of the patients (17).
The questionnaire contains 10 items related to knee-related symptoms, sports, and functional activities. The score
ranges from 0 to 100, and the higher score indicates better
knee function.
Ultrasonographic Measurements
The ultrasonographic measurements of the VMO muscle,
PT and QT were performed with the ACUSON S3000
device with using 9L4 (4-9 MHz) linear-array ultrasound
probe (Siemens Medical Solution, Mountain View, CA,
USA). Prior to the testing, participants rested for 5 minutes
in a seated position to ensure the elastic modulus of the
patellar tendon was evaluated at resting status. The room
temperature was controlled at 25 °C.
The VMO muscle was assessed in long sitting position
while hips were semi-flexed and knees were fully extended
(figure 1). The probe was placed approximately 10 centimeters (cm) proximal to the apex of patella in the direction of
the muscle fibers. The elastographic features were obtained
from the plumpest section of the muscle (18).
The elastographic features of the PT and QT were obtained
in the supine lying position while both knee were flexed 30°
(19). The US probe was placed to the mid-point of the PT
(between 1 cm distal of the patellar bone-tendon junction
and 1 cm proximal of bone-tendon junction of tibia) (figure
1). For the SWV measurements of the QT, the US probe was
placed on the area between the musculotendinous junction
of quadriceps tendon and the proximal part of the patella
23
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(figure 1). The transducer was stationed on the skin, with a
light pressure on top of a generous amount of coupling gel,
perpendicularly on the skin’s surface.
Virtual Touch Imaging and Quantification® (VTIQ) software was used to assess the SWV (Siemens Medical Solution, Mountain View, CA, USA) of the PT, QT, VMO. After
taking the VTIQ image, range of images (ROIs), which are
0.5x0.5 mm boxes, were placed along the direction of the
muscle and tendon fibers line. Average of used ROIs were
used to calculate the SWV of assessed VTIQ image. The

higher value of the SWV indicates more stiff tissue. The
SWV measurements were determined at least 20s breaks,
via average of three measurements, consecutively. All
measurements were performed bilaterally on both patients
and healthy participants.
Muscle Strength Assessment
QF muscle strength was measured with isokinetic dynamometer (IsoMed®2000 D & R GmbH, Germany).
Prior to testing, participants warmed-up for 5 minutes

Figure 1. Probe location and ultrasound imaging measurements. (a1) probe position of the patellar tendon, (a2) quadriceps
tendon, and (a3) vastus medialis muscle at stiffness measurements; (b1) 2-dimensional ultrasound image of the patellar tendon,
(b2) quadriceps tendon, and (b3) vastus medialis muscle at stiffness measurements; (c1) color map images of the patellar
tendon, (c2) quadriceps tendon, and (c3) vastus medialis muscle at stiffness measurements. Regions of interest were placed,
and corresponding shear wave velocity (m/sec) was recorded. Red-coded areas represent the highest stiffness, blue-coded
areas represent the lowest stiffness, and green-coded areas represent intermediate stiffness.
24
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on an electronic cycle ergometer. During the measurement, patients were seated on the isokinetic dynamometer with knees and hips flexed at 90° and they were fixed
to the device with straps from both shoulders and belly.
The rotation center of the knee joint was aligned to the
center of the dynamometer. The lever arm of the device
was placed at just proximal to the lateral malleoli. The
test was executed between 0° and 90° of knee flexion-extension range of motion. In order to familiarize to the
testing procedure, participants performed 3 repetitions
of knee flexion-extension with the isokinetic device prior
to the test. During the testing procedure, participants
performed 5 repetitions of knee flexion and extension
at 60°/sec angular velocity at their maximum strength.
Both knees were tested and the testing order was determined randomly.

Statistical Analysis
All data were analyzed with the statistical package for social
sciences (SPSS Version 21, Chicago, IL, USA). The demographic characteristics of the participants were analyzed
with the independent sample t test. Mann Whitney-U Test
was used for the comparison of the mechanical properties

of the PT, QT and VMO and, the QF strength between
the two groups. The mechanical properties of the PT, QT
and VMO, and the QF strength between the dominant
and the non-dominant of the patients with the ACLR were
analyzed with Wilcoxon Test.

RESULTS
The demographics characteristics of the participants on
both groups were similar (table I). The average post-operative duration of the patients was 15.6 ± 2.7 months (ranging
from 13 to 20 months). The pain intensity of the patients
was 0.7 ± 1.1.
QF strength in operated side was lower than non-operated
side in patients with ACLR (p = 0.04). SWV of the QT was
similar on the dominant and non-dominant sides in patients
with ACLR whereas it was lower than that of the control
group (p = 0.02). There was no difference on the SWV of
the PT, and VMO muscle between the dominant sides of the
healthy participants and the operated sides of the patients
with ACLR (p > 0.05). There was also no difference on the
SWV of the PT, QT and VMO muscle between the operated and the non-operated side on patients with ACLR (p >
0.05) (table II).

Table I. The demographics characteristics of the subjects.
Patient (n = 8)
Mean ± SD

Healthy Control (n = 8)
Mean ± SD

p

Age (years)

27.7 ± 6.6

27.8 ± 4.7

0.875

2

Body mass index (kg/m )

26.6 ± 2.7

24.1 ± 1.8

0.090

Body fat percentage (%)

21.5 ± 5.1

18.0 ± 3.02

0.115

Time since operation (months)

15.6 ± 2.7

--

--

IKDC

85.3 ± 8.5

--

--

SD: standard deviation, IKDC: international knee documentation committee.

Table II. Strength and stiffness of the subjects.
Patient (n = 8)
Mean ± SD
Operated

Non-operated

QF strength 60°/sec (Nm/kg)

2.30 ± 0.50

2.70 ± 0.5

PT stiffness (m/sec)

7.42 ± 1.76

QT stiffness (m/sec)

p1

Healthy Control (n = 8)
Mean ± SD
Dominant

Non-dominant

0.04*

2.40 ± 0.3

2.3 ± 0.20

7.10 ± 1.26

0.40

7.58 ± 1.65

4.30 ± 0.38

4.32 ± 0.49

> 0.05

PT 90° stiffness (m/sec)

9.30 ± 0.60

9.70 ± 0.10

VMO muscle stiffness (m/sec)

2.07 ± 0.20

2.20 ± 0.30

p2

p3

0.40

0.60

7.37 ± 1.5

0.8

0.80

4.75 ± 0.30

4.76 ± 0.5

> 0.05

0.02*

0.20

9.10 ± 0.80

8.80 ± 1.4

0.50

0.50

0.20

2.02 ± 0.13

2.08 ± 0.2

0.50

0.40

p1: intra group comparison of patient, p2: intra group comparison of healthy control, p3: inter group comparison, SD: standard deviation, *p < 0.05.
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DISCUSSION
The study was aimed to investigate the mechanical properties of the PT, QT and VMO on patients with ACLR
compared to healthy control. The most important finding
of the study is that the elastographic properties of the soft
tissues on the donor site are restored in the mid-term after
ACLR surgery. The donor site mechanical properties of the
PT and VMO were similar on patients with ACLR and the
dominant side of the healthy participants. These findings
partly support our hypothesis that the mechanical properties of the surrounding soft tissues of the knee recover in
mid-term. However, QT stiffness on both sides on patients
with ACLR was lower than the healthy participants. In
addition, there still strength deficit on the QF on patients
with ACLR after 16 months from the surgery. Our study is
important in that, it was the first study comparing the elastographic properties of PT, QT and VMO on patients with
ACLR with the healthy participants.
After the surgery, a regeneration process starts on the donor
site of PT. Studies revealed that, the collagen composition
of the PT increases rapidly starting from the early stages of
post-operative period (6, 22). The gap in the PT is closed
with the collagen tissue between 8 to 24 months after surgery
(9, 22). In parallel with the healing process, the mechanical
properties of the healing tissue also recover. It was found
that, the stiffness of the PT decreases in the early postoperative periods, and later it starts to increase as the cross-sectional area of the tendon increases (7). In the long term
after the ACL surgery the surgery, the PT becomes more
thicker and stiffer compared to non-operated side (12, 23).
We also had similar results in that, the stiffness of the PT on
the donor site was similar compared to non-operated side
and healthy participants in the mid-term after the surgery.
It may be thought that as the PT becomes more thicker the
stiffness starts to restore starting from the mid-term after
the surgery. In addition, donor site PT had similar response
to the stretching compared to normal tendon. The stiffness
of the normal PT was found to increases with the increased
knee flexion angle (24). Current study found that the stiffness of the PT on both the operated and the non-operated
sides was increased as the knee flexion angle is increased
which was similar to the healthy participants.
The interesting result of our study was that the stiffness of
the QT on both sides on patients with ACLR was lower
than that of the dominant side of the healthy participants.
The stiffness of a tendon increases with exercise and repetitive loading and decrees with inactivity (25). Patients with
ACLR did not able to perform high intensity exercise until
post-operative 5 months. Patients with ACLR were rela-
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tively inactive compared to healthy participants. Therefore,
it may be indicated that, the decrease in the QT tendon
stiffness may be due to the inactivity of the patients with
ACLR during the early stages of the post-operative period
compared to the healthy controls.
There were also similar mechanical properties in the donor
site VMO compared to the non-operated side and the
healthy controls. Studies reported that muscle strength and
stiffness of the muscles are correlated. Patients with ACLR
had lower QF strength on the donor site, yet it was not clear
whether this deficit was due to the VMO. Hence, it is debatable that similar stiffness in the VMO is correlated with the
strength of the muscle.
There was a strength deficit in QF muscle on the operated
side compared to the non-operated side on patients with
ACLR. The QF strength deficit is an important contributor to the ACL injury (26). Athletes with a greater lower
extremity strength deficit have decreased functional capacity and are more prone to ACL injury (27-29). The graft
choice has a major influence on the lower extremity strength
deficits after ACLR surgery. Patients with ACLR using BTB
autograft was reported to have decreased QF strength after
24 months from the surgery (30). The literature supports
our findings that there was still QF weakness on patients
with ACLR after 16 months from surgery. While the mean
IKDC score in patients was below the criteria for returning
to sports 1 year after surgery, it was very close to the normative data of healthy individuals in the same age group (31).
It can be said that low IKDC score is associated with quadriceps muscle strength deficit.
There were some limitations in the current study. First there
were only 8 patients with ACLR using BTB autograft. Most
of the patients in our clinic were operated using hamstring
tendon autograft and they were excluded as we wanted to
investigate the mechanical properties of the harvested PT.
Second, only male patients were included to the study.
Therefore, our results cannot be generalized to all populations. Lastly, we used ultrasonography to measure the
mechanical properties of the soft tissues and our patients
were passive during the measurements. Yet, the stiffness can
also be assessed while patients are active.

CONCLUSIONS
In conclusion, the mechanical properties of the PT and
VMO are restored in the mid-term after ACLR surgery.
However, there may still be QF strength deficit on the donor
site. Therefore, the strength training needs to be continued
after 1.5 years from the surgery.
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Main points
• The mechanical properties of the donor site soft tissues
are restored in mid-term after ACL reconstruction.
• There may still be strength deficits in the operated
knee muscles.
• Poorer mechanical properties might be one of reasons for
anterior knee pain during the early stages of the post-operative period.
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