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Abstract

the sites where graft healing occurs within the bone
tunnel and where the intra-articular ligamentization
process takes place are the two most important sites of
biological incorporation after anterior cruciate liga-
ment (ACL) reconstruction, since they help to deter-
mine the mechanical behavior of  the femur-ACL
graft-tibia complex. Graft-tunnel healing is a complex
process influenced by several factors, such as type of
graft, preservation of  remnants, bone quality, tunnel
length and placement, fixation techniques and
mechanical stress. in recent years, numerous experi-
mental and clinical studies have been carried out to
evaluate potential strategies designed to enhance and
optimize the biological environment of  the graft-tun-
nel interface. 
Modulation of  inflammation, tissue engineering and
gene transfer techniques have been applied in order to
obtain a direct-type fibrocartilaginous insertion of  the
ACL graft, similar to that of  native ligament, and to
accelerate the healing process of  tendon grafts within
the bone tunnel. Although animal studies have given
encouraging results, clinical studies are lacking and
their results do not really support the use of  the vari-
ous strategies in clinical practice. Further investiga-
tions are therefore needed to optimize delivery tech-
niques, therapeutic concentrations, maintenance of
therapeutic effects over time, and to reduce the risk of
undesirable effects in clinical practice.

Keywords: graft-tunnel healing, anterior cruciate liga-
ment reconstruction, biological enhancement, physi-
cal stimulation.

Introduction

in recent years, numerous experimental and clinical
studies have been carried out to evaluate the effects of
exogenous factors on the healing of  a tendon graft
within a bone tunnel. these studies focused on two
different goals: first, to accelerate tendon-to-bone
healing by modulating the inflammatory phase and
increasing bone apposition around the tendon graft
and new formation of  collagen fibers at the graft-
bone interface (with the dual aim of  allowing early
postoperative return to normal daily activities as well
as sports, and of  reducing the risk of  graft failure due
to pullout from the bone tunnel); and second, to pro-
mote differentiation of  the newly formed tendon-
bone junction into a direct-type insertion, as similar as
possible to that of  normal anterior cruciate ligament
(ACL), in order to obtain a more physiological distri-
bution of  tensile forces between the intra-articular
part of  the graft and its insertion on the bone. 

Inflammation modulation techniques 

inflammation is a fundamental phase of  the tendon-
bone healing process, but it can ultimately result in
fibrosis rather than healthy regenerated tissue. Hence,
the use of  biological techniques to moderate inflam-
mation, so as to avoid healing occurring through the
formation of  fibrosis scar tissue and to facilite
osteointegration. Macrophages are among the most
important inflammatory cells accumulating around
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the tendon graft from the earliest stage of  healing, and
they play a critical role in the initiation and regulation
of  tendon healing (1). therefore, altering macrophage
behavior might result in changes in the tendon-bone
healing pattern. Bisphosphonates selectively induce
macrophage apoptosis. in a recent study in a rat
model, intraperitoneal injections of  liposomal clo-
dronate significantly decreased macrophages and
transforming growth factor beta (tGF-β) accumula-
tion at the tendon-bone interface, inducing accelerated
healing, characterized by enhanced collagen fiber con-
tinuity, increased osteoid formation and a greater
degree of  interface remodeling between tendon and
bone at all time points (2). on biomechanical analysis,
the experimental group showed significantly greater
increases than the control specimens with respect to
load to failure (13.5 ± 4.2 n and 9.7 ± 3.9 n, respec-
tively; p<0.05) and stiffness (11.5 ± 5.0 n/mm and
7.5 ± 3.2 n/mm, respectively; p<0.05) (2). similarly,
Lui et al. (3) showed that continued systemic adminis-
tration of  alendronate reduced peri-tunnel bone
resorption and increased mineralized tissue inside the
bone tunnel in a rat model. However, a systemic
increase in bone mineral density (BMD) was also
observed (3). therefore, the same study group (4)
subsequently evaluated the use of  a single local admin-
istration of  low-dose alendronate into the bone tunnel
during ACL reconstruction. they observed compara-
ble benefits on the reduction of  peri-tunnel bone loss,
enhancement of  bone tunnel mineralization, tunnel
graft integrity, graft osteointegration and mechanical
strength of  the reconstructed complex at early stage
post-reconstruction, but minimal systemic effects. 
Moreover, macrophages produce matrix metallopro-
teinases (MMPs), which play a central role in extracel-
lular matrix remodeling during the healing process.
Demirag et al. (5) tested the potential enhancement
effect of  local injection of  a-2 macroglobulin on
graft-tunnel healing in a rabbit model of  ACL recon-
struction. the injection of  a-2 macroglobulin was
supposed to block synovial MMP activity. two and
five weeks after the reconstruction, a significantly
decreased concentration of  type-i collagenase (MMP-
8) was observed in the synovial fluid when compared
with the control group. Histological examination
showed that in the treated specimens, compared with
the controls, the tendon-bone interface within the

tunnel had more areas of  denser connective tissue
ingrowth. Mechanical testing showed that the mean
ultimate failure load of  treated specimens was signifi-
cantly greater than in control specimens at both 2 and
5 weeks.
Furthermore, osteoclast differentiation and activation
are provided by the osteoprotegerin (oPG) / receptor
activator of  nuclear factor-kappa B (RAnK) / RAnK
ligand (RAnKL) system (6). Rodeo et al. (7) com-
pared the effect of  oPG and RAnKL activity on ten-
don-bone healing in a rabbit model of  ACL recon-
struction. the Authors showed significantly improved
bone formation and stiffness around the tendon graft
in the oPG-treated group compared with the
RAnKL-treated group at 8 weeks after surgery.
Finally, it has recently been reported that statins pos-
sess anti-inflammatory effects and can stimulate
angiogenesis (8, 9). oka et al. (10) conducted a study
in a rabbit model of  ACL reconstruction using a ham-
string graft implanted with either simvastatin-conju-
gated gelatin hydrogel or gelatin hydrogel alone in
their bone tunnels. they showed that angiogenesis
and osteogenesis were greater in the simvastatin-treat-
ed group at 2 weeks after surgery. Moreover, smaller
tibial bone tunnels were found in the simvastatin treat-
ed group on computed tomography (Ct) scan at 2
and 4 weeks after surgery. Biomechanical testing at 2
weeks demonstrated a significant increase in the ulti-
mate failure load in the simvastatin-treated group.

Bone proteins and growth factors 

several studies have shown the effect of  polypeptides
such as bone morphogenetic proteins (BMPs) and
growth factors (GFs) on the activation and regulation
of  proliferation and differentiation of  bone, fibrous
and cartilaginous tissues (11-13). on the basis of  these
experiences, other Authors investigated the role of
BMPs and GFs in promoting tendon-to-bone healing
through the activation and acceleration of  bone
ingrowth, collagen fiber synthesis, and fibrocartilagi-
nous differentiation at the tendon-bone graft interface,
the aim being to obtain early formation of  tendon-
bone insertion, similar to that of  normal ACL. 
Recombinant human bone morphogenetic proteins
(rhBMPs) are physiological agents responsible for the
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inherent potential of  bone to regenerate. they promote
the differentiation of  early-stage mesenchymal stem
cells (MsCs) into chondrogenic and osteogenic lineages
that support new bone formation. RhBMP-2 delivery
systems, based on collagen gels and sponges, and
designed to allow the prolonged and local release of
rhBMP-2, have been studied, and found to significantly
enhance new bone formation (14, 15). Rodeo et al. (16)
reported the effect of  locally applied rhBMP-2 on the
tendon-bone interface in a canine model. they showed
that animals treated with rhBMP-2 showed radiograph-
ic evidence of  more extensive formation and closer
apposition of  new bone around the tendon graft in
comparison with controls. Biomechanical analysis
showed higher pullout strength in BMP-treated speci-
mens. Anderson et al. (17) reported an experimental
study on ACL reconstruction with an autologous semi-
tendinosus (st) tendon graft in a rabbit model, using a
collagen sponge, wrapped around the portion of  the
graft inside the bone tunnel, as the carrier vehicle to
release a bone-derived extract containing several BMPs
(BMP-2, BMP-3, BMP-4, BMP-5, BMP-6 and BMP-7)
and GFs with known osteoinductive activity, such as
transforming growth factor (tGF) and fibroblast
growth factor. Although this use of  a mixture of  bone-
derived proteins made it impossible to discriminate the
effects of  each one on tendon-bone healing, the
Authors observed that animals treated with bone-
derived proteins showed, on histological examination,
more consistent and dense interface tissue and closer
apposition of  new bone to the graft, with the occasion-
al formation of  a fibrocartilaginous interface, when
compared with control specimens at 2, 4 and 8 weeks
after surgery. Biomechanical analysis demonstrated a
significant increase in the ultimate tensile strength of
the treated grafts (from 47% more than controls at 2
weeks to 80% more than controls at 8 weeks). Mihelic
et al. (18) reported a study on ACL reconstruction using
an autologous peroneus tertius tendon graft in a sheep
model. they applied a carrier sponge with rhBMP-7 to
the tendon graft -bone interface and observed more
extensive bone formation and remodeling around the
graft, as well as greater tensile strength in the experi-
mental group than in control knees, at 3 and 6 weeks
after surgery. Recent studies have also evaluated the use
of  injectable calcium phosphate cement (CPC) as a car-
rier of  BMPs. Ma et al. (14) reported that animals treat-

ed with injectable CPC-rhBMP-2 showed superior ten-
don-to-bone healing and a significant increase in the
width of  new bone formation at the tendon-bone inter-
face. However, the slow degradation rate of  injectable
CPC could block the ingrowth of  new bone and might
delay the osteointegration process (19). therefore,
recombined bone xenograft (RBX), a new type of
biosynthetic material which can be directly incorporat-
ed into injectable CPC, has been suggested to be more
effective in augmenting bone ingrowth in animal mod-
els (20). RBX has already been used as a BMP carrier,
showing accelerated tendon-bone healing (21). 
Moreover, Weimin et al. (22) showed that RBX further
accelerated tendon-to-bone healing and provided high-
er maximum loads to failure when compared with
injectable CPC alone after ACL reconstruction in a rab-
bit model. 
With regard to GFs, Yamazaki et al. (23) showed, in a
dog model, that tGF-β1, mixed with fibrin sealant and
applied in the graft-bone gap of  the tibial tunnel,
enhanced the formation of  collagen resembling
sharpey’s fibers and provided higher load to failure and
stiffness of  the graft-tibia complex compared with con-
trol knees at 3 weeks after surgery. sasaki et al. (24)
applied granulocyte colony-stimulating factor (G-CsF)
around the flexor digitorum superficialis tendon graft
used for an extra-articular model of  ACL reconstruc-
tion in dogs. G-CsF is a member of  the cytokine family
of  GFs, known to stimulate the development of  pro-
genitor cells to neutrophils and also to modulate their
actions. the Authors showed enhanced angiogenesis
and evidence of  sharpey-like fibers at 2 weeks after sur-
gery and increased osteogenesis and biomechanical
properties at 4 weeks. Recently, Qin et al. (25) per-
formed a similar study in a rabbit model. tGF-β1 was
injected directly into the bone tunnel. Histology
revealed increased numbers of  fibroblasts and collagen
fibers at 1, 3 and 6 months after surgery compared with
control knees. Mechanical properties (maximum force
and elastic modulus) differed significantly from those
of  the control group only at 3 and at 6 months. instead,
nakase et al. (26) evaluated the effect of  hepatocyte
growth factor (HGF) on tendon-bone healing in a rab-
bit model. it is already known that administration of
HGF or expression of  the HGF gene promotes tissue
regeneration or improves pathology in various disease
models in different tissues (27). the Authors demon-
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strated that local administration of  recombinant HGF
into the bone tunnel also accelerated the tendon-bone
healing process, both histologically and mechanically. in
particular, HGF-treated tendons showed lamellar bone
and sharpey-like fibers as early as 4 weeks after treat-
ment, while a direct-type insertion, characterized by a
continuous four-layer structure of  bone, calcified carti-
lage, fibrocartilage and tendon, was regenerated at 12
weeks (26). 
Finally, over the past decade, platelet-rich plasma
(PRP) has been extensively used in many fields; PRP
allows the release of  numerous GFs and proteins to
the surrounding tissue, thereby accelerating tissue
repair after surgery (28). A recent study (29) explored
the tendon-bone healing effects of  a PRP plus a
deproteinized bone compound in a rabbit model of
ACL reconstruction. At 4, 8 and 12 weeks after the
surgery, the bone density of  the tendon-bone junction
was higher in the experimental group than in the con-
trol knees. similarly, on biomechanical testing, the
maximum tensile load of  the experimental group was
higher than that of  the control group at 4 and 8 weeks.

Clinical studies
several studies have investigated the potential benefi-
cial effects, on tendon-bone healing, of  PRP adminis-
tration. three systematic reviews have recently been
published on this topic (30-32). Data pooling was
impossible for several reasons: different ACL recon-
struction techniques were performed in each trial, dif-
ferent PRP preparations were used, and PRP was
administered in different ways (intra-articular injec-
tion, combined with scaffolds, around or into the
graft, into one or both bone tunnels). However, it
appeared that the addition of  PRP did not affect bone
tunnel healing; furthermore, no differences, versus con-
trols, were found in tendon-bone integration, or in the
prevention of  bone tunnel enlargement. only two
studies (33, 34) showed reduction of  edema and
increased vascularity at 1 month after surgery.

Cell therapy

Cell therapy is based mainly on the use of  stem cells.
some Authors have investigated the effects of  MsCs
on the quality and rate of  tendon graft osteointegration

(35-39). MsCs are pluripotent cells that can be obtained
from various tissues and, under appropriate conditions,
can differentiate into tissues of  various lineages. three
main sources of  MsCs have been investigated with
regard to their capacity to enhance tendon-bone healing
after ACL reconstruction: bone marrow, tendon, and
umbilical cord. MsCs are usually isolated and cultured
in vitro, included in a fibrin gel as carrier, and applied
along the tendon graft-bone interface. several studies
have investigated the potentiality of  bone marrow stem
cells in rabbit models using either soft tissue autograft
or allograft material (35-37). they showed that, at 8
weeks after surgery, a mature zone of  fibrocartilage
blending from bone to the allograft, strongly resem-
bling a normal ACL insertion, can be found. Moreover,
higher load to failure rates, compared with the control
group, were found after injections of  bone marrow
stem cells into the bone tunnel. Lui et al. (38), in a rat
model of  ACL reconstruction, investigated the effects
of  the addition of  rat patellar tendon-derived stem
cells. the stem cells were sutured to the flexor digito-
rum longus tendon graft and routed through the bone
tunnels. Ct scan showed higher tunnel BMD (42.3%
increase, p=.047) and bone volume/total volume
(BV/tV) (625% increase, p=.009) at the metaphyseal
region of  the tibial tunnel at week 2 and at the femoral
tunnel at week 6 (BMD: 30.8% increase, p=.014;
BV/tV: 100% increase, p=.014) compared with the
control group. Biomechanical properties were also
greater in the experimental group at 2 and 6 weeks after
surgery. Jang et al. (39) evaluated the efficacy of  trans-
plantation of  non-autologous human umbilical cord
blood-derived MsCs into the bone tunnel in a rabbit
model. no evidence of  immune rejections was detect-
ed. At 12 weeks, micro-Ct showed significantly smaller
tibial and femoral bone tunnel enlargement in the treat-
ed group; histology showed a smooth transition
through fibrocartilage from tendon to bone, resembling
the direct insertion of  the normal ACL.

Clinical studies
to the best of  our knowledge, only one study (40) has
investigated the efficacy of  non-cultivated bone mar-
row MsCs in tendon-bone healing after ACL recon-
struction. in this recent study, MsCs were harvested
from the anterior iliac crest and centrifuged intraoper-
atively; 3 ml was then obtained and injected into the
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femoral tunnel and the femoral end of  the hamstring
graft. Magnetic resonance examination, 3 months
later, showed no difference in the signal-to-noise ratio
of  the fibrous interzone between the experimental
group and the conventional ACL reconstruction.
Histology of  the graft biopsies was also performed in
2 patients (one treated with stem cells and the other
not). the results were consistent with imaging find-
ings, showing no difference in the amount of  collagen,
the vascularity and the number of  fibroblasts between
the groups. Differences in these results compared
with previous animal studies could be related to the
absence of  cell culture, which clearly provided a high-
er amount of  cells per ml. 

Gene therapy

Limits in the intra-articular use of  bone proteins and
growth factors include their short half-life and removal
by synovial fluid, which can affect the maintenance of
therapeutic local concentrations. For this reason, some
researchers have attempted to develop gene transfer
techniques, which involve the injection of  transduced
cells that express genes allowing the synthesis of  the
desired proteins (i.e. GFs) at high local concentrations
for prolonged periods of  time. Martinek et al. (41)
reported a study on a genetically engineered st tendon
graft used for ACL reconstruction in rabbits, conducted
to evaluate the capacity of  BMP-2 gene transfer to
improve tendon-bone healing. At 6 weeks, they
observed that grafts infected with adenovirus BMP-2
showed broad zones of  newly formed transition layer
at the graft-bone interface, resembling a direct-type
insertion. Moreover, on mechanical testing, the experi-
mental group showed greater ultimate failure load and
stiffness than the controls. However, although these
results are encouraging, many safety questions need to
be answered and regulatory issues addressed before
gene transfer can be proposed as a therapeutic method
in orthopaedics (42).

Bone substitutes

Autogenous bone grafts are probably one of  the best
options for promoting bone healing because they offer

the best osteoconductive, osteogenic and osteoinduc-
tive properties, without the risk of  immunoreactions or
disease transmission. A recent study (43) in a rat model
confirmed that within 4 weeks of  surgery, bone graft
cells migrate to the tendon graft and differentiate into
cells involved in collagen production and macrophages,
contributing to the early stage of  remodeling of  the
tendon graft. However, disadvantages of  autologous
bone grafts include potential morbidity at the donor
site, the risk of  wound infection, increased blood loss,
and longer surgical times (44). For these reasons,
biosynthetic bone substitutes, such as demineralized
bone matrix (DBM), have been considered. DBM con-
sists of  insoluble collagen and natural non-collagenous
proteins, which are prepared by acid extraction of  allo-
graft bone and are thought to promote the early differ-
entiation of  MsCs into chondrogenic and osteogenic
lineages, leading to new bone formation (45). Lovric et
al. (46) evaluated the effects of  DBM on tendon-bone
healing in a rat model. the Authors showed that DBM
increased woven bone formation and enhanced bone
remodeling as indicated by histology and micro-Ct.
Moreover, DBM also appeared to influence biome-
chanical properties, being associated with a significant
increase in peak load to failure of  the tendon-bone
interface at 4 and 6 weeks postoperatively. Hsu et al.
(47) evaluated the effects of  DBM in a rabbit model.
immunohistochemical and histological analysis reve -
aled that DBM significantly improved tendon-to-bone
integration at 12 weeks, increasing expressions of
BMP-2 and vascular endothelial growth factor. 
Furthermore, Gulotta et al. (48) evaluated the effect of
administration of  a magnesium-based bone adhesive
into the bone tunnel around the graft in a rabbit
model. Application of  the bone adhesive resulted in
enhanced bone formation and increased load to fail-
ure at 6 weeks after surgery.
nevertheless, several studies have shown that graft
healing within bone tunnels can be enhanced by local
application of  CPC, which is a resorbable and osteo-
conductive biomaterial (49-55). in rabbit models of
ACL reconstruction using CPC-treated autografts,
new bone and sharpey-like fiber formation were
observed at the graft-bone interface at 6 and 12 weeks
after surgery, respectively (49, 51). Recent studies have
shown that the osteoconductivity of  CPC can be fur-
ther enhanced by the incorporation of  strontium (56,
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57). the Authors showed new bone formation at 3
weeks, indirect healing at 6 weeks, and remodeling
into a direct-type insertion at 12 weeks after surgery. 

Clinical studies
two studies evaluated the efficacy of  calcium phos-
phate and a nanohydroxyapatite-based bone graft sub-
stitute, respectively (58, 59). Mutsuzaki et al. (58) con-
ducted a prospective randomized clinical trial in 64
patients who underwent a single bundle ACL recon-
struction using either a four-strand st tendon or four-
strand st and gracilis (GR) tendons with EndoButton
femoral fixation and screw washer tibial fixation. the
patients were randomized into two groups: one with
and the other without CPC around the graft. the
CPC-group showed improved anterior knee stability
and Lysholm scores at the 2-year follow-up and
reduced percentage of  bone tunnel enlargement in
both tunnels at the 1-year follow-up compared with
the conventional reconstruction. iorio et al. (59) con-
ducted a randomized controlled clinical trial in 40
male patients to evaluate the efficacy of  a nanohy-
droxyapatite bone-based graft in facilitating tendon-
bone incorporation after ACL reconstruction with
hamstrings. Use of  the nanohydroxyapatite bone sub-
stitute did not provide significant clinical improve-
ments in terms of  better knee stability or patient sat-
isfaction. Radiological data showed better results in
terms of  tendon-bone interface and bone edema
remodeling at 1 and 3 months after surgery. At 6
months after surgery the differences were no longer
significant.

Biological scaffolds

in recent years, a number of  Authors have focused on
the use of  periosteal grafts (60-64). Because the perios-
teum is an osteogenic tissue that modulates bone for-
mation and remodeling at the cortical bone surface, it
was hypothesized that it might act as a biological scaf-
fold. Experimental studies on extra-articular models in
rabbits showed superior histological and biomechani-
cal features in tendon grafts enveloped in periosteum
in the intraosseous part (60-62, 64). Moreover, the
biological effect of  the periosteum on tendon graft -
bone healing was reported to be more evident when

the cambial layer of  the scaffold faced the tunnel wall
(63), and fresh periosteal graft was reportedly more
effective than fresh-frozen graft (60). subsequently,
Chen et al. (65) showed that photoencapsulation of
BMP-2 and periosteal progenitor cells improved ten-
don graft healing at 6 weeks after transplantation of
the long digitorum extensor tendon into a bone tunnel
in the proximal tibia in a rabbit model. Biomechanical
testing revealed higher maximum pullout strength and
stiffness at 3 and 6 weeks as compared to controls.
Finally, the use of  PRP combined with a canine small
intestinal submucosa scaffold has also been tested in a
rabbit model (66). the Authors showed a greater cellu-
lar response, but lower tensile strength in the PRP
group compared with the animals treated with the scaf-
fold only, at 8 weeks after surgery. According to the
Authors, the lower biomechanical properties of  the
PRP group could be due to the intense inflammatory
response in the early stages of  healing and the persist-
ence of  cytokine release (in particular tGF-β1) at rela-
tively high levels from PRP resulting in extensive
lesions due to chondrocyte infiltration of  the graft. 

Mechanical and physical stimulation

it has been shown that physical shock wave treatment
can induce neovascularization and improve blood sup-
ply at the tendon-bone junction (67, 68). Wang et al.
(69) used a rabbit ACL reconstruction model to show
a time-dependent effect of  shock waves on the ten-
don-bone interface. the experimental group was
treated with 500 impulses of  shock waves at 14kV for
4 weeks after surgery. Contralateral knees were used as
controls. new trabecular bone was seen to be signifi-
cantly increased around the tendon graft in the treated
group at each time interval (from 1 to 24 weeks after
treatment). Furthermore, the tensile strength of  the
tendon-bone interface was significantly higher in the
experimental group at 24 weeks.
Another physical modality that has been shown to
produce biological effects on bone healing is  low
intensity pulsed ultrasound (LiPUs). LiPUs was
found to stimulate osteoblast proliferation, endochon-
dral ossification, and enhancement of  mineralization
in vitro (70). Walsh et al. (71) used an intra-articular
sheep model of  ACL reconstruction to examine the
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effects of  LiPUs on tendon-bone healing. LiPUs was
applied daily for 20 minutes over the femoral and tib-
ial tunnels for 12 weeks after surgery. Histology
showed new bone formation at 3 weeks after surgery,
sharpey like-fibers at 6 weeks, and an accelerated rate
of  angiogenesis at 3, 6 and 12 weeks after surgery.
stiffness and peak load were greater than in the con-
trol group at 26 weeks after surgery. 
Yeh et al. tested the efficacy of  hyperbaric oxygen
(HBo) treatment on tendon-bone healing  and its
impact on the outcome of  ACL reconstruction (72) in a
rabbit model. Rabbits were exposed to 100% oxygen at
2.5 atmospheres of  pressure for 2 hours daily, on 5 con-
secutive days a week, whereas the control group animals
were kept in cages exposed to normal air before ACL
reconstruction using st graft. HBo treatment signifi-
cantly improved neovascularization and progressive
interface incorporation of  the tendon graft and bone at
12 weeks after surgery. Biomechanical analysis showed
that the HBo group achieved higher maximal pullout
strength than the control group at 12 and 18 weeks.

Clinical studies
Wang et al. (73), after showing beneficial effects of
extracorporeal shockwave therapy (EsWt) on tendon
healing in a rabbit model, recently conducted a ran-
domized clinical study in 53 patients, who underwent
a single bundle ACL reconstruction with a hamstring
graft. Patients in the experimental group received
1500 impulses of  EsWt at 20 kV (equivalent to 0.298
mJ/mm2 energy flux density) focused on the middle
third of  the tibial tunnel immediately after surgery. X-
ray and magnetic resonance evaluation showed a sig-
nificantly smaller tibial tunnel in the EsWt group at 6
months and 2 years after surgery. However, no differ-
ences in BMD were detected between the groups at
any time point.

Conclusions

Considerable efforts have been made in recent years
to improve quality and rate of  tendon-bone healing.
Even though animal studies have given promising
results, the limited evidence from human studies does
not really show superior results compared with con-
ventional ACL reconstructions. 
Further investigations are therefore needed to opti-

mize delivery techniques, therapeutic concentrations,
and maintenance of  therapeutic effects over time, and
to reduce the risk of  undesirable effects in clinical
practice.
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