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Background: Interference screws are the most common femoral fixation for anterior cruciate ligament 
(ACL) reconstruction with polyethylene terephthalate (PET) artificial ligaments. However, interference 
screws have several disadvantages, such as the risk of one tunnel blowout and damage to the graft. Suspensory 
fixations have the advantages of high tensile strength and promotion of graft bone contact. The purpose of 
this study was to compare PET artificial ligament graft osseointegration between interference screw fixation 
(ISF) and cortical suspensory fixation (CSF) for ACL reconstruction.
Methods: Forty sheep underwent ACL reconstruction of the right knee with PET artificial ligament. The 
graft was fixed with ISF or CSF for femoral fixation. Animals were randomly assigned to the ISF (n=20) or 
the CSF (n=20) groups. The sheep were sacrificed at 3 or 12 months postoperatively for biomechanical tests, 
micro computed tomography (micro-CT) scans, and histological assessments.
Results: The mean load-to-failure between the CSF group (836±355 N) appeared higher than that of the 
ISF group (604±277 N) at 3 months, but no significant difference was detected between the groups (P=0.24). 
At 12 months, there was also no significant difference in load-to-failure between the CSF and ISF groups 
(1,194±350 vs. 1,097±764 N; P=0.78). According to the micro-CT scan results, the femoral bone tunnel 
diameter of the ISF group appeared larger than that of the CSF group at 3 months (12±1 vs. 10±1 mm;  
P=0.02) and similar to that of the CSF group at 12 months (12±1 vs. 11±2 mm; P=0.38). Furthermore, 
histological results showed that at the graft-tunnel interface of the femoral tunnel aperture, disoriented fibers 
formed in the ISF group while oriented and dense fibers formed in the CSF group.
Conclusions: ACLR with synthetic ligament by cortical suspension devices with adjustable loops 
demonstrated a better graft-bone healing capacity at the femoral tunnel aperture compared with that 
from titanium interference screws over 12 months postoperatively. No significant difference was found in 
biomechanical strength between the two fixation methods during the early healing stage.
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Introduction

Synthetic ligaments have emerged as substitute materials 
for allografts or autografts in surgical anterior cruciate 
ligament reconstruction (ACLR). The benefits of synthetic 
ligaments are the elimination of donor-site morbidity and 
postoperative early rehabilitation (1-4). Most clinical studies 
have demonstrated satisfying long-term outcomes after 
ACLR using synthetic grafts (5-8). However, a few follow-
up studies for synthetic graft reconstruction showed some 
failure cases, including the graft being pulled or loosened 
away from the bone (9-12). The incidence of synthetic 
ligament failure, which could result from inferior graft 
osseointegration, was also slightly higher in large animal 
studies (13). Accordingly, understanding how to guarantee 
firm fixation of the reconstructed graft and subsequent graft 
osseointegration is important for using synthetic ligaments 
in ACLR (14).

As reported (15,16), improper graft fixation can lead to 
knee laxity or constraint and graft slippage, as well as delayed 
graft osseointegration and tunnel widening. These can lead 
to graft stress failure (17). The importance of proper graft 
fixation is greater when reconstructed using synthetic grafts, 
as early mobilization is usually expected. Interference screw 
fixation (ISF) is commonly applied in synthetic ligament 
reconstruction (18-20). However, it is still doubtful whether 
ISF is the optimal choice. ISF presents several disadvantages, 
including the risk of bone tunnel blowout as well as damage 
to the grafts. Furthermore, screw divergence during 
surgical reconstruction may lead to inadequate graft fixation 
strength during the early range of motion exercise (21-23). 
Conversely, when applied as the femoral fixation method, 
cortical suspensory fixation (CSF) shows the advantages of 
the precise tunnel positioning, high tensile strength, and 
avoidance of graft damage (24). In autograft ACLR, CSF has 
proven superior for graft healing compared with ISF (25-27). 
To date, a comparison between CSF and ISF in synthetic 
ligament ACLR has not been reported.

Therefore, the purpose of this study was to compare PET 
artificial ligament graft osseointegration between ISF and 
CSF for ACL reconstruction in a sheep model. Sheep have 
been widely used to assess postoperative results in ACLR 
and have shown their validity in evaluating biomechanical 
and histological properties (28-30). We hypothesized that 
biomechanical strength and graft osseointegration after 
synthetic ligament ACLR by CSF would be superior to 
those by ISF. We present the following article in accordance 
with the ARRIVE reporting checklist (available at https://

dx.doi.org/10.21037/atm-21-1076).

Methods

Study design

The animal experiments were performed under a project 
license (No. 201401050001) granted by the Institutional 
Animal Care and Use Committee (IACUC) of Shanghai 
Jiao Tong University Animal Department, in compliance 
with national guidelines for the care and use of animals. A 
total of 40 healthy adult sheep (n=4 males; n=16 females) 
were used. The sheep were randomly assigned to two 
groups (n=20 per group), with an equal sex ratio. In the 
ISF group, grafts were fixed with titanium interference 
screws on the femoral side. In the group, CSF grafts were 
fixed with cortical suspension devices using an adjustable 
loop (ACL TightRope Implant, produced by Arthrex Inc., 
Florida) on the femoral side. Ten sheep were euthanized 
at 3 or 12 months after surgery in each group. Gross 
morphology was evaluated immediately after euthanasia 
and arthrotomy. Afterwards, micro-CT and biomechanical 
testing were conducted in six sheep from each group. 
Histological evaluation of the intraarticular and intraosseous 
portions of the graft on the femoral side was performed in 
four sheep from each group.

Surgical procedure

A unilateral open surgical procedure was performed under 
general anesthesia (anesthesia was induced with 4 mg/kg 
propofol. Anesthesia was maintained with 2% isoflurane). 
A medial arthrotomy was performed, and the patella was 
laterally displaced. The fat pad was partly excised to expose 
the anterior cruciate ligament (ACL). The knee joint was 
then flexed to 90°. The ACL was clearly exposed and cut at 
the midpoint of the intra-articular part of the ligament with 
the remnant preserved. Femoral and tibial tunnels were 
drilled with guide through the center of the ACL stump. 
The bone tunnel diameter was 7.0 mm.

In the ISF group, a synthetic ligament [polyethylene 
terephthalate (PET) ligament (Ligatech Bioscience Co. Ltd., 
Shanghai), diameter =7 mm, single-stranded] was inserted 
through the tunnel and fixed on the femoral side with a 
titanium interference screw (diameter: 7 mm; length: 25 mm) 
using the outside-in method. In the CSF group, a 7.0 mm-
diameter femoral bone socket with a tunnel length of 15 mm 
was drilled inside-out. The synthetic graft [PET ligament 
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(Ligatech Bioscience Co. Ltd., Shanghai), diameter = 
7 mm, double-stranded] was fixed with ACL TightRope 
Implant (Figure 1). The grafts were tensioned by 30 knee 
flexion-extension cycles, and no obvious graft-tunnel motion 
was observed. On the tibial side, the graft was fixed with an 
interference screw (diameter: 7 mm; length: 25 mm). After 
fixation, the redundant extremities of the ligament were 
cut flush with the bone surface. After surgery, the animals 
were kept in cages the entire time and walked freely before 
sacrifice, with no restriction on active weight-bearing. All 
sheep were euthanized at 3 or 12 months postoperatively. 
Anesthesia was induced with Zoletil (25 mg/kg, Virbac, 
France) and maintained with propofol (10 mL/kg), followed 
by intravenous injection with 10% potassium chloride  
(1 mg/kg). After euthanasia, the articular capsule was opened, 
and the joint cavity was exposed for gross observation. 
Operated knees were dissected with the femoral side 
preserved at least 10 cm above the adductor tubercle and 
the tibial side preserved at least 10 cm beneath the tibial 
tuberosity for further testing. Biomechanical testing and CT 
scans were conducted on the day of dissection on unfixed 
specimens (6 samples for each group at each time point). 
The rest of the specimens (4 samples for each group at each 
time point) were immediately fixed in 10% neutral buffered 
formalin liquid for histological evaluation.

Micro-computed tomography (CT) analysis

After sacrifice, the graft-femoral samples (n=6) were 

scanned with micro-CT (Brilliance CT, Model No. 
728302; Philips Medical Systems, Inc., Cleveland, Ohio) 
before the biomechanical studies. All bone tunnel model 
images were acquired via a Philips Brilliance workstation 
(Software Version: 3.2.4.1900; Philips Medical Systems, 
Inc., Cleveland, Ohio). The bone tunnel diameter at the 
aperture was analyzed with DICOM software according to 
a previous method (Figure 2) (31). In each image, the tunnel 
diameter was measured from two directions and averaged. 
The femoral tunnel diameter of each case was calculated as 
the average of the values of five consecutive images.

Biomechanical testing

The ends of femoral and tibial specimens (n=6) were 
infiltrated and embedded in a cup with PMMA for  
10 minutes, during which a tension-free intraarticular 
ligament was ensured. The fixation devices were not 
removed prior to testing. All soft tissues were carefully 
removed from the tunnel-graft complex. Mechanical 
testing was conducted using a materials testing machine 
(Fatig-A-ECO101). The embedded tibial and femoral 
ends were firmly fixed with clamps. The knee joint was 
placed in extension and tested parallel to the longitudinal 
femoral axis. A preload of 1 N, followed by loading with 
a displacement rate of 10 mm/minute, was applied to the 
sample until the graft was pulled out from the bone tunnel 
or the intraarticular portion ruptured. The ultimate tensile 
strength, load to failure, ultimate displacement, and stiffness 
were obtained from the force-displacement curve.

Histological analysis

The graft-femoral samples were fixed in 10% neutral 
buffered formalin liquid for histological evaluation. The 
uncalcified femoral bone block containing a complete bone 
tunnel was embedded in PMMA. The bone block was 
sectioned into 50 μm thick slices parallel to the longitudinal 
axis of the bone tunnel. The intraosseous portion was 
stained with Paragon dye. The intraarticular portion was 
transversely sectioned into 5 μm-thick slices and stained 
with hematoxylin and eosin (H&E).

To assess the intraosseous portion of the graft, a 
panorama of the femoral bone tunnel was created using 
Adobe Photoshop CC 2018 (Adobe Systems, San Jose, CA) 
to observe the histological morphology of the graft and 
graft-bone interface. Graft osseointegration was evaluated 
further at high magnification. The bone tunnel was divided 

Figure 1 Graft is fixed with interference screw fixation (A) or 
cortical suspensory fixation (B) for the femoral fixation. 
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Figure 2 Measurement of the femoral bone tunnel diameter at the aperture. On the right image, the bone tunnel circular plane is 
perpendicular to the long axis of the femoral tunnel. The bone tunnel diameter was calculated using the following equation: (D1 + D2)/2.

into the tunnel aperture and tunnel exit by the midpoint 
of the tunnel. Tunnel aperture and exit were evaluated 
separately. The intraarticular sections were evaluated for 
fibrous ingrowth, neovascularization, and cell infiltration 
into grafts.

Statistical analysis

Statistical analysis was performed with SPSS Statistics 25 
(SPSS Inc., Chicago, IL). Continuous data were presented 
as mean ± standard deviation. Nonparametric Mann-
Whitney test was used for comparison of ultimate load-
to-failure between two groups. Unpaired t-test was used 
for comparison of load to failure and stiffness between two 
groups. The level of statistical significance was set at 0.05.

Results

Gross observation

After each time point, no graft failure or gross infection 
occurred. Grafts were intact in all specimens and available 
for further analysis. For synovial covering, there was no 

difference in the extent of synovial coverage between the 
CSF group and the ISF group (Figure 3).

CT scan (n=6)

According to the micro-CT scan, the ISF group revealed 
a larger femoral bone tunnel than the CSF group at  
12 months after surgery (Figure 4). The femoral bone 
tunnel diameter of the ISF group appeared larger than 
that of the CSF group at 3 months (12±1 vs. 10±1 mm; 
P=0.02) and at 12 months (12±1 vs. 11±2 mm; P=0.38). In 
the tibial bone tunnel, there was no significant difference in 
bone tunnel diameter between the ISF and CSF groups at  
3 months (9±1 vs. 8±2 mm; P=0.55) and 12 months (9±1 vs. 
9±1 mm; P=0.86) (Figure 5).

Biomechanics (n=6)

The mean load-to-failure between the CSF group 
(836±355 N) appeared higher than that of the ISF group 
(604±277 N) at 3 months, while no significant difference 
was detected between groups (P=0.24). At 12 months, there 

D1

D2
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was also no significant difference in load-to-failure between 
the CSF and ISF groups (1,194±350 vs. 1,097±764 N;  
P=0.78). Furthermore, there was also no significant 
difference in the mean stiffness at 3 months (147±38 
vs. 114±52 N/mm; P=0.23) or at 12 months (169±54 vs. 
205±97 N/mm; P=0.44) between the CSF and ISF groups. 
Moreover, six contralateral healthy knee samples were 
utilized to test the biomechanical properties of the native 
ACL. The mean load-to-failure and stiffness of the native 
ACL were 1,254±350 N and 416±121 N/mm, respectively 
(Figure 6). At 3 months, all the grafts of the CSF group 
were removed from the tibial tunnel, and the grafts of the 
ISF group were removed from the femoral tunnel in two 
samples and from the tibial tunnel in four samples. At  
12 months, the grafts of the CSF group were selected from 
the femoral tunnel in one sample, from the tibial tunnel in 
three samples, and from the graft rupture in two samples. 
The grafts of the ISF group were chosen from the femoral 
tunnel in one sample and from the tibial tunnel in five 
samples at 12 months (Figure 7).

Histology (n=4)

In the ISF group, while the tunnel exit was predominantly 
occupied by graft fibers, the tunnel aperture appeared to be 
infiltrated by more fibrous tissue at 3 months (Figure 8A). 
Large portions of synthetic material could still be observed 
at 3 months postoperatively in the femoral bone tunnel 
in the CSF group, as shown in Figure 8B. In addition, 
prominent tunnel enlargement was found in the tunnel 
aperture of group ISF (Figure 8A), whereas consistent 
tunnel widths from the tunnel aperture to exit were 
observed in group CSF (Figure 8B).

At 3 months after surgery, the histological appearance 
at high magnification also confirmed that the enlarged 
interface of the ISF group was primarily fibrous tissue. The 
collagen fibers were arranged irregularly, and prominent 
cellularization and vascularization were found in the area. 
Giant cells were observed around graft fascicles or at the 
graft-bone interface in 3/4 sections, indicating foreign body 
reactions in the enlarged area. A thin layer of newly formed 

Figure 3 Gross morphological appearance of femoral-graft samples (A,C) and tibial-graft samples (B,D) between the CSF group (A,B) and 
the ISF group (C,D) at 12 months after surgery. ISF, interference screw fixation; CSF, cortical suspensory fixation.
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Figure 4 CT scan images between the CSF group and ISF group at 12 months after surgery. White arrows indicate femoral bone tunnel 
enlargement. ISF, interference screw fixation; CSF, cortical suspensory fixation; CT, computed tomography. 
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Figure 5 Comparison of femoral (A) or tibial (B) bone tunnel 
diameter between the CSF group and ISF group. ISF, interference 
screw fixation. CSF, cortical suspensory fixation. ## indicates that 
there was a significant difference between the CSF group and 
ISF group. n.s. indicates that there was no significant difference 
between the CSF group and ISF group.

Figure 6 Comparison of biomechanical property between the CSF 
group and ISF group. (A) Ultimate load-to-failure; (B) stiffness. 
n.s. indicates that there was no significant difference between the 
CSF group and ISF group. ISF, interference screw fixation; CSF, 
cortical suspensory fixation.

bone tissue could be observed in the tunnel aperture of all 
sections, indicating that the process of osteogenesis occurred 
in this region (Figure 9A). A fibrous interzone was also 
observed in the tunnel exit of the ISF group. However, the 
graft-bone interface was significantly narrower, and direct 
graft-to-bone contact in part of the interzone was found 
in 3/4 of the sections (Figure 9B). A fibrous capsule at the 
graft-bone interface was found in both the distal and tunnel 
exits in the CSF group. In two specimens, dense fibrous 
tissue was found in the tunnel aperture. The collagen fibers 
were regularly arranged and oriented perpendicular to the 
direction of the bone tunnel. The same region of the other 
sections in the CSF group retained disoriented collagen 
fibers. Of note, two sections in the CSF group exhibited the 
formation of fibrocartilage in part of the tunnel aperture 
(Figure 9C). The interface was also filled with disoriented 
collagen fibers in the vicinity of the tunnel exit (Figure 9D). 
Newly formed bone tissue was found adjoining the fibrous 

tissue layer. Osteoclasts were rarely identified along the 
bone interface in either group (Figure 9C).

At 12 months after surgery, denser fibers formed at the 
proximal site of the femoral tunnel in the ISF group, and 
the fibers were parallel to the bone (Figure 10A). At the 
distal femoral tunnel, the graft was in direct contact with 
the bone surface, and new bone tissue protruding to the 
PET graft was observed in some specimens (Figure 10B). In 
the CSF group, the graft was in close contact with the host 
bone at the proximal and tunnel aperture of the femoral 
tunnel. Some oblique fibers, similar to Sharpey’s fiber, were 
observed to link the graft and bone in the femoral tunnel of 
the CSF group (Figure 10C,10D).

Discussion

CSF has been gaining popularity for use in autograft ACLR. 
It has been proven to promote graft-bone healing process 
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Figure 7 Graft failure models. (A) Graft was pulled out from the femoral tunnel; (B) graft was pulled out from the tibial tunnel; (C) graft 
was ruptured.

Figure 8 Photomicrographic panorama of graft-tunnel complex with Paragon staining at 3 months after surgery: (A) femoral tunnel of the 
ISF group, (B) femoral tunnel of the CSF group. The region between tunnel aperture and midpoint was named as tunnel aperture, and the 
region between tunnel midpoint and exit was named as tunnel exit. ISF, interference screw fixation; CSF, cortical suspensory fixation. 

and reduce tunnel widening in comparison with ISF (26).  
Interference screws have several disadvantages, such as 
the risk of one tunnel blowout and damage to the graft. 
Suspensory fixations have the advantages of high tensile 
strength and promotion of graft bone contact. To date, a 

comparison between CSF and ISF in synthetic ligament 
ACLR has not been reported.

In this study, the mean load-to-failure was 836±355 N in 
the CSF group and 604±277 N in the ISF group at 3 months.  
At 12 months, the load-to-failure of the CSF and ISF 
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Figure 9 Femoral graft-bone interface at different location with Paragon staining at 3 months. (A) Distal region of the femoral tunnel of 
the ISF group; (B) proximal region of the femoral tunnel of the ISF group; (C) distal region of the femoral tunnel of the CSF group; (D) 
proximal region of the femoral tunnel of the CSF group. ISF, interference screw fixation; CSF, cortical suspensory fixation.

groups were 1,194±350 and 1,097±764 N, respectively, 
almost approaching the load-to-failure of the normal ACL 
(1,254±350 N). The graft-to-bone link was weak during the 
early postoperative time when using synthetic ligaments in 
ACLR (13). Thus, proper graft fixation is very important. The 
two fixation devices showed similar biomechanical results at 
12 months. At 3 months, the CSF group appeared to have a 
higher load-to-failure than the ISF group, indicating that CSF 
may be a better choice to guarantee firm fixation for synthetic 
ligaments immediately following ACLR.

In this study, graft osseointegration was compared 
between ISF and CSF for ACL reconstruction in a sheep 
model at 3 or 12 months postoperatively. It was found that 
CSF promoted better graft-bone osseointegration of PET 
artificial ligament compared with ISF based on histological 
and CT results. The panorama of the graft-femoral tunnel 

complex in the ISF group displayed tunnel expansion in the 
tunnel aperture in comparison with the tunnel exit. It was 
previously believed that interference screw fixation could 
neutralize graft tunnel motion (32), while suspensory fixation 
could aggravate graft-tunnel motion and result in severe 
tunnel enlargement near the femoral tunnel aperture (33).  
However, our results argue against this theory.

In the present study, the ISF group revealed a larger 
femoral bone tunnel than the CSF group at 12 months after 
surgery according to the micro-CT scan. Previously, Boss 
et al. (34) found tunnel enlargement ranging from 30% to 
100% at both 6 and 12 months after synthetic graft ACLR 
in a goat model. However, the pattern of bone tunnel 
enlargement was not described. Tunnel widening after 
ACLR is still a poorly understood phenomenon. Reported 
mechanical factors include tunnel malposition (35,36), 
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Figure 10 Femoral graft-bone interface at different location with Paragon staining at 12 months. (A) Distal region of the femoral tunnel 
of the ISF group; (B) proximal region of the femoral tunnel of the ISF group; (C) distal region of the femoral tunnel of the CSF group; (D) 
proximal region of the femoral tunnel of the CSF group. ISF, interference screw fixation; CSF, cortical suspensory fixation.

aggressive rehabilitation (37,38), and improper fixation, 
all of which may correlate with increased graft-tunnel 
micromotion and graft tension (33). Biological factors 
include synovial fluid leakage, inflammatory response, 
remnant preservation, and osteoclast activation (39-41). 
Berg et al. (39) hypothesized that synovial fluid exposure, 
which might lead to “continuous exposure to enzymes, 
cytokines, and growth-factor inhibitors”, could lead to 
enlargement of the tunnel aperture. During synthetic 
ligament reconstruction, the outside-in fixation method 
was used, and a space may easily form between the graft 
and the bone tunnel aperture, leaving it more susceptible 
to a “synovial bathing effect”. A similar pattern of tunnel 
enlargement was found in clinical studies. Wang et al. (42)  
reported tunnel enlargement in the area without 
direct interference screw compression after autograft 

reconstruction. They ascribed the enlargement pattern 
to degenerated particles and activation of osteoclasts. 
Histological results from the ISF group showed giant cell 
infiltration in the region where the graft was not in direct 
contact with the screw. Therefore, we proposed that wear 
particles caused by inadequate fixation and subsequent 
foreign body immune response might precipitate tunnel 
aperture widening (38). In addition, tunnel aperture 
widening would exacerbate the transverse motion of the 
graft in the bone tunnel, known as the windshield-wiper 
effect (38), which might further aggravate bone tunnel 
enlargement.

The histological results of the present study demonstrate 
indirect graft-tunnel healing patterns, in accordance with 
previous studies of synthetic graft ACLR in large animal 
models. In a goat model of synthetic ligament ACLR, 
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Boss et al. (34) found a thick fibrous interface around the 
prosthesis 6 months postoperatively, accompanied by new 
bone remodeling and collagenous fibers parallel to the 
longitudinal axis of the bone tunnel. Viateau et al. (13) 
found a fibrovascular layer at the graft-bone interface 
three months after synthetic ligament ACLR in sheep and 
described “Sharpey-like fibers” at the interface. They also 
described direct graft-to-bone contact in some sections. 
However, the region in which direct contact existed was not 
mentioned. Vaquette et al. (43) found fibrous encapsulation 
with intense cellularity and nonoriented fibers three 
months postoperatively in an ovine model. In some cases, 
direct graft-to-bone contact was also found. Cai et al. (40)  
investigated the effects of remnant preservation after 
reconstruction with PET ligament in beagle dogs and found 
that the graft-bone interface was filled with fibrous scar 
tissue three months postoperatively. According to a previous 
study (44), disoriented fibrous tissue exhibited inferior 
biomechanical strength and decreased load transfer due to 
its anisotropic composition, whereas fibers perpendicular to 
the bone surface were capable of load-bearing (25). In half 
of the histological specimens of the CSF group, the fibers 
were more regularly oriented and perpendicular to the bone 
interface at the tunnel aperture. Furthermore, fibrocartilage 
occurred near the femoral tunnel aperture when fixed with 
adjustable-loop cortical suspension devices in this study. 
This phenomenon has been reported in animal models 
of autograft ACLR (45). According to Weiler et al. (32), a 
fibrocartilaginous layer may form at the region where high 
intensity force exists, such as at the tunnel aperture. This 
might explain the findings from the CSF group.

This experiment has several limitations. Firstly, we 
did not remove the fixation systems for biomechanical 
test ing.  Therefore,  i t  was  unknown whether  the 
difference in graft healing pattern had an effect on 
biomechanical strength. However, the results could prove 
that CSF and ISF provide equivalent fixation strength 
in the early stage of healing. Secondly, the sample 
size was relatively small for histological evaluation. 
Only four specimens were included in the histological 
evaluation. However, similarities in histological pattern 
were observed within the experimental groups. Finally, 
the biomechanical tests were made with knee extension 
rather than a degree of flexion. 

Conclusions

No significant difference was found in biomechanical 

strength between the two fixation methods during the early 
stage of healing.
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