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Most studies concerning to tendon healing and incorporation into bone are mainly
based on animal studies due to the invasive nature of the biopsy procedure. The
evidence considering tendon graft healing to bone in humans is limited in several case
series or case reports, and therefore, it is difﬁcult to understand the healing process. A
computerized search using relevant search terms was performed in the PubMed,
EMBASE, Scopus, and Cochrane Library databases, as well as a manual search of
reference lists. Searches were limited to studies that investigated tendon graft healing
to bone by histologic examination after anterior cruciate ligament (ACL) reconstruction
with hamstring. Ten studies were determined to be eligible for this systematic review.
Thirty-seven cases were extracted from the included studies. Most studies showed that
a ﬁbrovascular interface would form at the tendon–bone interface at the early stage
and a ﬁbrous indirect interface with Sharpey-like ﬁbers would be expected at the later
stage. Cartilage-like tissue at tendon graft–bone interface was reported in three
studies. Tendon graft failed to integrate with the surrounding bone in 10 of the 37
cases. Unexpectedly, suspensory type of ﬁxation was used for the above failure cases.
An indirect type of insertion with Sharpey-like ﬁbers at tendon–bone interface could be
expected after ACL reconstruction with hamstring. Regional cartilage-like tissue may
form at tendon–bone interface occasionally. The underlying tendon-to-bone healing
process is far from understood in the human hamstring ACL reconstruction. Further
human studies are highly needed to understand tendon graft healing in bone tunnel
after hamstring ACL reconstruction.

Anterior cruciate ligament (ACL) rupture is one of the most
common injuries in sports medicine.1 ACL reconstructions
are usually performed to restore the stability of the knee
joint.2,3 Hamstring tendons are commonly used in ACL
reconstruction because of the low harvest site morbidity
compared with the patellar tendon.4 Reconstruction with

hamstring tendons requires osteointegration of the tendon
graft after initial ﬁxation. Appropriate graft-to-bone healing
is essential for postoperative rehabilitation and resumption
of athletic activities.5 Although ACL reconstruction is performed with predictably good results, over thousands of
articles have been published to understand how tendon
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Methods
Search Strategy
A systematic review of the literature was performed in
accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analyses statement.14 An electronic
search was performed using the following databases PubMed
(until January 31, 2018), EMBASE (until January 31, 2018),
Scopus (until January 31, 2018), and Cochrane Central Register of Controlled Trials (CENTRAL) databases (until January
31, 2018). The computerized search was performed using the
following search terms “(ACL reconstruction AND histology
AND human) OR (ACL reconstruction AND histology AND
human).”
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Study Selection
Eligibility criteria: (1) ACL reconstruction with hamstring
autograft, (2) tendon-to-bone interface tissue biopsy, and (3)
tendon healing in bone tunnel was evaluated by histology.
Exclusion criteria: (1) ACL reconstruction with bone-patellar
tendon–bone graft, allografts, or artiﬁcial grafts and (2) only
intra-articular graft was biopsied and evaluated.

Study Quality Assessment
The methodological quality of the selected studies was
assessed with regard to study design, sample size, surgical
techniques, detailed description of the biopsy procedure, use
of independent or blinded examiners, and the adequate
reporting of the techniques used to examine the specimens.

Data Extraction
Two reviewers independently extracted data from all eligible
studies with a predeveloped data extraction form. The
following information was collected: design of study, sample
size, surgical techniques, graft type, graft ﬁxation, resurgery
indications for biopsy, biopsy procedures, techniques used to
examine the samples, interval between ACL reconstruction
and biopsy, and tendon-to-bone healing process. Any discrepancies between reviewers were resolved by consensus,
and if necessary, a third reviewer would be consulted to
make the ﬁnal decision.

Results
Literature Search
The literature search totally generated 2,628 relevant
citations from the four databases (►Fig. 1). After excluding
the duplicates, there were 1,846 articles left. Subsequent
review of the title/abstracts generated 11 articles that

PubMed (n=1705); EMBASE (n=462); Scopus (n=457); CENTRAL (n=4)
Excluded because of overlapping between the above databases (n=757)
Potentially relevant studies identified and screened for retrieval (n=1871)
Excluded after reviewing the abstract (n=1860)
Studies retrieved for more detailed evaluation (n=11)
Excluded (n=3):
(1) No histology on tendon bone interface (n=1)
(2) Allografts used (n=2)
Included (n=2):
Reviewing the reference and citation list of each eligible study (n=2)
Studies included in systematic review (n=10)
Fig. 1 The ﬂow diagram illustrating the search process.
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grafts heal to bone and how to improve tendon-to-bone
healing in the past decades.6–10
Conventional mechanical testing has been regarded as a
gold standard for the evaluation of tendon graft healing
in bone tunnel.11–13 However, it is impossible to obtain
enough human specimens for tensile testing to explore the
tendon-to-bone healing process after ACL reconstruction
with hamstring. Radiological evaluations are usually
employed to explore the tendon-to-bone healing process,
while histological evaluations could provide a direct and
microscopic understanding. Due to the invasive nature of the
biopsy procedure, most studies concerning to tendon healing
and incorporation into bone are mainly based on animal
studies.6,10 The evidence considering tendon graft healing to
bone in humans is limited in several case series or case
reports, and therefore, it is difﬁcult to understand the healing
process. The objective of this study was to systematically
review the histological results of tendon healing in bone
tunnel after human ACL reconstruction.
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were retrieved for further evaluation.15–25 One study
was excluded because of no histology on tendon–bone
interface.25 Two articles were excluded due to allografts
used.19,24 Two additional studies were included after
reviewing the reference list of each eligible study.26,27
Finally, 10 studies were included in this systematic
review.15–18,20–23,26,27

Study Characteristics
Five studies were conducted in European countries,17,18,20,21,23 two in North American countries,16,27
two in Australia,15,22 and one in Korea.26 Thirty-seven cases
were extracted from the included studies. Seven of 10 studies
reported the age of the patients, with a range of 14 to 42 years
old.17,20–23,26,27 The interval between ACL reconstruction
and biopsy ranged from 6 weeks to 3 years. The surgical
techniques were variable among the included studies.
Arthroscopic-assisted ACL reconstructions were only
reported in four studies.15,21,22,27 The other six studies did
not detail the surgical techniques. The graft ﬁxation techniques greatly differed between reports. The main study
characteristics are summarized in ►Table 1.

Study Quality
Assessment of the methodologic quality of these studies
revealed that no prospective studies could be retrieved
owing to the invasive nature of the biopsy procedure. Four
reports were case series (level of evidence 4).18,20,21,23 The
remaining six reports were case reports (level of evidence
5).15–17,22,26,27 Only one of the included reports used a
blinded, independent examiner to evaluate the specimens.18

Biopsy Procedure
Most specimens were harvested during revision ACL reconstruction associated with traumatic graft failure or recurrent
knee dysfunction (►Table 1).15–18,20–23,26 Ten specimens
were obtained during TransFix device removal because of
persistent pain on the lateral side of the knee.18 One specimen was obtained during knee resection for tibial
osteosarcoma.27
The graft–bone interface tissues were mainly biopsied by
coring a tunnel with a diameter of 4 to 10 mm and varied
length (►Table 1). Six specimens were obtained under
arthroscopy with a diameter of 4 to 7 mm by a sharp spoon.18
Ten specimens were taken by coring a tunnel of 5 mm in
diameter and 20 mm long along the femoral TransFix axis to
obtain a cylindrical core of tissue composed of bone and
ligament, 2 cm from the femoral outlet.21

Study Techniques
All samples were subjected to light microscopic evaluation.
Sample preparation was similar in these reports with regard
to ﬁxation, dehydrating, and embedding of the specimens.
Most specimens were stained using standard hematoxylin
and eosin and Masson trichrome (►Table 2).15–17,21,23,27
Additionally, polarized light microscopy was used to explore
the continuity of the collagen ﬁbers of the tendon and bone
in most studies (►Table 2).15,17,18,20–23,27 In all included
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studies, histologic changes during the graft–bone healing
process were only qualitatively analyzed. None of the studies
analyzed the histologic results in a quantitative way.

Tendon Graft Healing in Bone Tunnel
The study by Robert et al included 12 cases, with the largest
sample size, and summarized the changes occurring in the
healing of graft to bone and divided into three stages.21 None
of the other studies analyzed the histological data based on
different stages. The histological results of these studies were
summarized based on the three stages (►Table 2).
At 3 months, a ﬁbrovascular interface was seen between
the tendon and uncalciﬁed osteoid with very few collagen
ﬁbers. One study reported that Sharpey-like ﬁbers was
visible at tibial tunnel as early as 6 weeks in one case.16
Another study also showed collagen ﬁber continuity
between tibial bone tunnel and tendon at 3 to 4 months in
two cases.15 The study by Lazarides et al included a case with
knee resection at 4 months and revealed that collagen ﬁbers
were tightly interfaced into the surrounding bone with
abundant bony ingrowth within the tibial tunnel, while there
was an abundance of fat and no clear osseous inﬁltration
within the femoral tunnel. There was abundant new bone
formation and evidence of remodeling near the tibial screw
insertion site.27
At 6 months, the ﬁbrous interface was in continuous
contact with the osteoid tissue covering lamellar bone, and
Sharpey-like ﬁbers started to be visible. One study by Nebelung et al included one case after ACL reconstruction using
interference screw and revealed a ﬁrm attachment of tendinous tissue to the bone tunnel of femur at 8 months.20
At 10 months, mature indirect anchorage, characterizing
Sharpey-like ﬁbers, was obtained. The study by Heyde et al
included ﬁve cases after ACL reconstruction with Synthes
Milagro screw and revealed collagenous Sharpey-like ﬁbers
which extended from the tendon tissue radiated into the
surrounding bone, with chondral metaplasia in the tibial
tunnel at 8 to 24 months.23 The study by Petersen and Laprell
included six cases after ACL reconstruction using EndoButton
and Cramp and conﬁrmed the healing of hamstring grafts in
both tibial and femoral tunnels by formation of a ﬁbrous
insertion during 6 to 33 months.18 One study by Fankhauser
et al included one case and revealed collagen-ﬁbrous tendinous tissue with some myxoid degeneration, focal sclerosis,
and scanty mesenchymal proliferation at the tibial and
femoral articular tunnel aperture site at 2 years. The Sharpey-like collagenous ﬁbrils could be detected by polarized
light microscopy within the bone tunnel, along with atrophied tendinous tissue, fatty atrophic deposits, and focal
regenerative vascular proliferation.22 The study by Eriksson
et al showed that completed osseointegration of the graft had
occurred with continuity of the collagen ﬁbers of the tendon
and tibial bone and formation of an interface resembling
normal tendon to bone insertion in one case at 1 year.17
Overall, 10 cases from four studies were reported with
negative results. The study by Nebelung et al included four
cases after ACL reconstruction using the EndoButton or
TransFix device and revealed granulation tissue between
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Scranton et al
(1998)16

Petersen and
Laprell (2000)18

Eriksson et al
(2000)17

Robert et al
(2003)21

Nebelung et al
(2003)20

Song et al
(2004)26
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Fankhauser et al
(2004)22

Heyde et al
(2006)23

Lazarides et al
(2015)27

EndoButton

Interference screw

Interference screw

SemiFix

Interference screw
(1); TransFix (1);
EndoButton (3)

TransFix screw

EndoButton

EndoButton

Interference screw

Interference screw

Formal (N)

Graft fixation

Interference screw

Interference screw

Interference screw

2 staples

Interference screw
(2); Ethibond and
AO screw (3)

Interference screw
and staples

Screws with
washers

Cramp

Interference screw

Interference screw

Tibial (N)

Tibial osteosarcoma

Traumatic graft failure

Traumatic graft failure

Knee instability

Traumatic failure (1);
pain (1); meniscal tear
(1); impingement (1);
instability (1)

Persistent pain (8),
device instability (2);
graft rupture (2)

Traumatic graft failure
(1); knee instability (1)

Traumatic graft failure
or severe joint stiffness

Traumatic mid-substance failure

Traumatic mid-substance failure

Resurgery indications
for biopsy (N)

Resection of the knee joint
(formal and tibial)

Drilled with a hollow drill
(tibial)

9-mm diameter bone block
was harvested by a shell
auger (formal and tibial)

Using a 10-mm coring reamer
(tibial)

Cylindrical bone tubes with a
diameter of 4 mm crossing
the wall in an oblique direction (formal)

Coring a tunnel of 5 mm in
diameter and 20 mm long
along the TransFix axis
(femoral, n ¼ 10); coring
along with the axis of the
tunnel (femoral, n ¼ 2)

Cored out a tunnel, 10 mm in
diameter and 40 mm in
length (tibial)

Cored with a diamond bone
cutting system (tibial); a
sharp spoon (formal)

Cored tunnel (tibial)

Coring a tunnel 9 mm in
diameter and 45 mm in
length (tibial)

Biopsy procedures (formal
or tibial tunnels)
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Pinczewski et al
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size

Level of
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Table 1 Study characteristics

4 months

8–24 months

2 years

3 and 2.5 years

6–14 months

3–20 months

1 year and
11 months

6–33 months

6 week

12 and
15 weeks

Interval after
surgery
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HE, Masson trichrome, Solochrome
cyanine, polarization

HE, Giemsa, methylene blue,
polarization

Not available

HE, polarization

HE, Masson trichrome, polarization

Van Gieson Staining, Masson–
Goldner staining, polarization

Robert et al (2003)21

Nebelung et al (2003)20

Song et al (2004)26

Fankhauser et al (2004)22

Heyde et al (2006)23

Lazarides et al (2015)27
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Within the tibial tunnel, the collagen ﬁbers were tightly interfaced into the
surrounding bone
Near the tibial screw insertion site, there was abundant new bone
formation and evidence of remodeling
Within the femoral tunnel, there was no clear osseous inﬁltration on the
femoral side

The collagenous Sharpey-like ﬁber penetrated directly from the tendon
into the surrounding bones

At the tibial and femoral articular tunnel aperture site, there were collagenﬁbrous tendinous tissue with some myxoid degeneration, focal sclerosis,
and scanty mesenchymal proliferation
Within the tunnel, Sharpey-like ﬁbers could be detected in some positions,
along with atrophied tendinous tissue, fatty atrophic deposits, and focal
regenerative vascular proliferation

No or very limited connective tissue ﬁlled the gap between the graft
tendon and bone

The ﬁbers anchored the tendon graft directly to the mineralized bone in a
Sharpey’s ﬁbers-like pattern (1 case)
There was no evidence of direct ingrowth of the tendon ﬁbers to the bone
(4 cases)

At 3 mo (1 case), a ﬁbrovascular interface was seen between the tendon
and uncalciﬁed osteoid with very few collagen ﬁbers
At 6 mo (2 cases), the ﬁbrous interface is in continuous contact with the
osteoid tissue covering lamellar bone
At 10 mo (6 cases), mature indirect anchorage was obtained
No ligament to bone contact was noted in three cases

Graft was integrated with the surrounding bone by Sharpey’s ﬁbers (the
ﬁrst case)
Tendon graft with severe myxoid degeneration, loss of collagen ﬁbers,
marked reduction in cellularity, and focal accumulation of macrophages
(the second case)

The ﬁbrils of the graft penetrated the bone directly and conﬁrmed the
healing of hamstring grafts by formation of a ﬁbrous insertion in the
human

Abundant intratunnel Sharpey’s ﬁbers formed

Collagen ﬁbers in the new bone were in direct continuity with those in the
graft, consistent with well-developed graft integration

Cartilage-like tissue

None

Chondral metaplasia

None

None

Metaplastic ﬁbrous
cartilage

None

Hyaline and ﬁbrous
cartilage in the ﬁrst
case

None

None

None

Tendon Healing in Bone Tunnel
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HE, van Gieson’s trichrome stain,
polarization,
immunohistochemistry

Eriksson et al (2000)17

Toluidine blue, immunohistochemistry, polarization

HE, Masson trichrome

Scranton et al (1998)16

Petersen and Laprell (2000)18

HE, Masson trichrome, immunoperoxidase staining, polarization

Pinczewski et al (1997)15

Specimen staining techniques

Table 2 Staining techniques and tendon graft healing in bone tunnel
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the graft and the bone without evidence of connecting
collagen ﬁbers at the femoral tendon–bone junction during
6 to 14 months.20 Eriksson et al included one case and
reported that the tendon graft in tibial tunnel showed severe
degenerative changes, the collagen ﬁbers in many parts
being dissolved and replaced by loose myxoid tissue, and
areas of resorption with clusters of macrophages at
11 months.17 The study by Song et al included two cases
with recurrent knee stability after ACL reconstruction with
two staples, and showed no evidence of osteointegration or
biologic remodeling of the tendon.26 Additionally, the study
by Robert et al reported three cases in which no ligament to
bone contact was noted despite good clinical stability at 12 to
15 months.21 Unexpectedly, suspensory type of ﬁxation,
including staples, screws with washers, TransFix and EndoButton, was used for the above 10 cases in which tendon graft
failed to integrate with the surrounding bone.
Necrotic tendon graft was only seen in two cases from two
studies at 6 to 12 weeks.15,16 Three studies explored the
tendon-to-bone healing differences at different site22,23,27
and two studies revealed that tendon graft healed better at
the articular tunnel aperture site than the intratunnel
part.22,23 Cartilage-like tissue at tendon graft–bone interface
was only reported in three studies in which interference
screw was used for graft ﬁxation (►Table 2).17,20,23

Discussion
Tendon graft healing in bone tunnel after ACL reconstruction
has been explored widely in animal studies. Knowledge
about tendon graft–bone healing process in human subjects
is very limited due to the invasive and unethical nature. This
study for the ﬁrst time pooled all available studies to understand the healing process of tendon to bone after hamstring
ACL reconstruction. The ﬁndings of the current systematic
review indicated that a ﬁbrovascular interface was formed
between tendon graft and bone tunnel at early stage of
3 months. A ﬁbrous interface in continuous contact with
the bone tunnel could be expected at around 6 months. An
indirect insertion, characterizing Sharpey-like ﬁbers, tended
to be matured after 10 months.
The femoral and tibial ACL insertions belong to ﬁbrocartilaginous insertion and comprise four distinct zones:
ligament, unmineralized ﬁbrocartilage, mineralized ﬁbrocartilage, and bone.28 This complex composite insertion is
responsible for effectively transmitting the forces from ligament to bone.29,30 However, this study revealed that the
ﬁbrocartilaginous insertion was not regenerated after ACL
reconstruction and a ﬁbrous insertion, characterizing Sharpey-like ﬁbers, was formed at tendon–bone interface
instead. The outcomes following ACL reconstruction were
reported to be generally good, with the success rates vary
between 73 and 95%, in the literature.31–33 The study by
Robert et al indicated that tendon-to-bone healing was not
always necessary for clinical stability of the knee joint.21
Rodeo et al studied the extensor tendon healing in the
transtibial tunnel of dogs. At 12 and 24 weeks, polarized
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light microscopy showed evidence of collagen ﬁbers connecting the tendon to the surrounding bone and tensile
testing revealed that all specimens failed by pull-out of the
tendon from the clamp or by mid-substance rupture of the
tendon. Although a ﬁbrocartilaginous insertion was not
formed at the tendon–bone interface, tendon failed at the
tendon-clamp junction or mid-substance of the tendon, not
at the tendon–bone interface.34 These might explain why
most patients are satisﬁed with the outcomes although a
ﬁbrocartilaginous insertion is not regenerated after ACL
reconstruction.
A secure mechanical ﬁxation is required to meet the
demand of a rapid return of knee function in the early
postoperative period before biologic incorporation of the
graft in the bone tunnels. Many options are currently available that provide rigid ﬁxation of hamstring graft. Commonly
used ﬁxation methods could be divided into two types: (1)
ﬁxation at the joint surface with interference screw and (2)
ﬁxation at a distance such as staples, screws with washers,
TransFix and EndoButton.35 Weiler et al demonstrated that
ﬁxation at the joint surface using interference ﬁt ﬁxation
might neutralize tendon graft-tunnel motions, and thus
promoted the development of a direct type of ligament
insertion at the joint surface.36 However, in this systematic
review, cartilage-like tissue at tendon graft–bone interface
was only reported in limited cases though interference screw
was used for graft ﬁxation. In the study by Weiler et al, the
interference screw was inserted into the tibial tunnel in an
inside-out direction, so that the head of the screw was ﬂush
with the intra-articular aperture of the tibial tunnel.36
Currently, the interference screw was usually inserted into
the tibial tunnel in an outside-in direction, and this technique would reduce the compression of interference screw on
the graft. Graft tunnel motion at the intra-articular aperture
of the tibial tunnel would be expected in this technique,
especially when the length of the interference screw is
shorter than the length of the tibial tunnel. A direct ﬁbrocartilaginous insertion was not regenerated in the included
studies as that of Weiler et al’s study,36 possibly because of
graft motion existed at intra-articular aperture of bone
tunnel.6
The ﬁxation of the hamstring tendon far from the tunnel
aperture did not compress the tendon graft along the length
of the tunnel as ﬁxation with interference screw. This
technique may allow the ingrowth of blood vessels along
the entire length of the tendon graft.35 In this study, 37 cases
were included for analysis. Unexpectedly, there were 10
cases failed to integrate tendon graft with the surrounding
bone and suspensory type of ﬁxation was used in these
failure cases. Early intratunnel motion of the graft was
considered to preclude graft tendon healing to bone. Graft
motion would be expected when suspensory type of ﬁxation
was used. The study by Lazarides et al explored the tendonto-bone healing differences between interference screw
versus EndoButton, and indicated that ﬁxation with interference screw leading to an indirect ligamentous insertion
and ﬁxation with EndoButton leading to viability of the graft
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but with very little evidence of a healing response.27
Although ﬁxation with EndoButton may lead to slow healing
process, the success rate of ACL reconstruction with EndoButton is up to 95.8%.37 A recent meta-analysis by Browning
et al revealed that there was signiﬁcantly better knee stability in the suspensory ﬁxation group compared with the
aperture ﬁxation group and the graft rupture rate was lower
with suspensory ﬁxation compared with aperture ﬁxation.38
The security of the graft is more reliant on tunnel wall
integrity at aperture ﬁxation than suspensory ﬁxation.
This might explain why there was better knee stability in
the suspensory ﬁxation group and reconﬁrmed that tendonto-bone healing was not always necessary for clinical stability of the knee joint.
It has been suggested that differences in the histologic
appearance of the tendon-to-bone attachment on different
sides of the bone tunnel. Weiler et al demonstrated that
intratunnel healing was only important during early healing
stages. When solid surface healing occurred, the intratunnel
part of the graft tissue might be stress shielded, resulting in a
partial resorption and continuous tunnel narrowing over
time.36 This was conﬁrmed by Fankhauser et al’s study, in
which Sharpey-like collagen ﬁbers was found bridging the
bone and the graft, along with atrophied tendinous tissue,
fatty atrophic deposits, and focal regenerative vascular proliferation.22 The study by Lazarides et al revealed that the
collagen ﬁbers were tightly interfaced into the surrounding
bone within bone tunnel and there was abundant new bone
formation and evidence of remodeling at the aperture site.27
The study by Weiler et al found a direct ligament insertion
formed at the joint surface with these speciﬁc transition
zones after tendon graft implantation into a bone tunnel.36
Both studies by Fankhauser et al and Lazarides et al did not
reveal a direct ligament insertion formed at the joint surface
although interference screw was used for graft ﬁxation.22,27
In contrast, Rodeo et al employed a rabbit ACL reconstruction
model with suspensory ﬁxation and demonstrated that
tendon-to-bone healing was slower at the intra-articular
tunnel aperture than at the tunnel exit.39 This difference
might be owing to the presence of graft tunnel motion in the
grafts ﬁxed with suspensory ﬁxation.
It is clear that tendon-to-bone healing process is a continuum of biologic changes rather than a series of distinct,
time-dependent biologic events. Based on animal studies,
tendon graft healing in bone tunnel could be divided into
four stages: (1) inﬂammatory phase, (2) proliferative phase,
(3) matrix synthesis, and (4) matrix remodeling.7,10 An
inﬁltration and recruitment of inﬂammatory cells and
stem cells could result in the release of cytokines and growth
factors, leading to an ingrowth of blood vessels and nerves. In
the current review, a ﬁbrovascular interface was developed
at 3 months, probably corresponding to the inﬂammatory
phase and proliferative phase. During the matrix synthesis
phase, collagen ﬁbers form at tendon–bone interface. At
6 months, the ﬁbrous interface was in continuous contact
with the surrounding bone, probably corresponding to
matrix synthesis phase. At the matrix remodeling phase,
the
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newly formed graft–bone interface remodeled with mature
collagen ﬁbers formed between tendon graft and bone
tunnel. At 10 months, mature indirect insertion with Sharpey-like ﬁbers was formed, probably corresponding to
matrix remodeling phase. However, due to the lack of enough
high-quality studies, it is far from understanding of the
tendon-to-bone healing process.
There are several limitations existed in this review. First,
all the included studies were case series or case reports.
There were massive differences in surgical techniques, graft
ﬁxations, and rehabilitation protocols among included studies. The level of evidence of these reports was too poor to
draw a deﬁnite conclusion. Further studies with standard
surgical and ﬁxation techniques are highly needed to understand the healing process of tendon to bone. Second, due to
the invasive nature of the biopsy procedure and its potential
deleterious effects, most specimens included were harvested
during revision ACL reconstruction associated with traumatic graft failure or recurrent knee dysfunction. Only one
study retrieved an entire knee joint from a boy with osteosarcoma of the tibia. The graft healing process in this case
was similar to that reported in several included studies. The
biopsy location of the tunnel was not clear among included
studies. Standardized biopsy procedures would help provide
a better understanding of tendon graft healing to bone in
human ACL reconstruction. Third, most included studies
only employed standard staining methods, not immunohistochemical methods. Certain speciﬁc proteins or cell types of
the healing interface could not be explored. The histological
results of all eligible studies were only qualitatively analyzed.
Future studies with large sample size may include immunohistochemistry and qualitative analysis. Fourth, 10 of 37
(27%) cases were reported with negative results in the
systematic review. Most specimens were harvested during
revision ACL reconstruction. The rate of negative results
might have been overestimated. In addition, the graft–
bone interface was unloaded during the time of trauma
and revision surgery. This might also affect the healing
process of tendon graft in bone tunnel. These results might
not be entirely representative.
In summary, the key ﬁnding of this systematic review is
that an indirect type of insertion with Sharpey-like ﬁbers
between tendon and bone would be expected after ACL
reconstruction with hamstring. Cartilage-like tissue may
be formed in the tendon–bone interface occasionally. A
ﬁrm tendon-to-bone healing was not always necessary for
clinical stability of the knee joint. The underlying graft bone
healing process is far from understood in the human ACL
reconstruction with hamstring. Further human studies are
highly needed to understand tendon graft healing in bone
tunnel after hamstring ACL reconstruction.
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