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Abstract
Background: Owing to a paucity of research on minimally processed orthobiologics, we sought to investi-
gate the efficacy of minimally processed bone marrow aspirate (BMA) and fat graft with a leukocyte-rich, 
platelet-rich plasma (PRP) intra-articular injection series on pain, function, and global rating of change
(GROC) among patients with severe knee osteoarthritis (OA).
Methods: Thirty-one adults (23 females and 8 males, mean age 67 years) with clinical and radiographic 
evidence of knee OA (Kellgren–Lawrence ≥ 3) were included. During the initial visit, patients were exam-
ined and administered the patient-specific functional scale (PSFS) and a numerical pain rating scale ranging 
from 0 to 10. Patients then underwent procedures to obtain 4–6 mL of PRP, a minimally processed 6 mL 
fat graft, and 10 mL of BMA. Patients returned twice over 6-week intervals for booster PRP injections. At 
each follow-up (F1 and F2), the GROC questionnaire and prior outcome measures were completed. 
Results: Patients returned at an average of 41 days for the second PRP (F1) and 90 days from initial visit for 
the third PRP injection (F2). Friedman Chi Square analysis indicated statistically significant improvements 
in pain (best and worst) and PSFS from initial to F1 and F2 (P ≤ 0.001). Post hoc Wilcoxon signed-ranks 
analysis with Bonferroni correction identified improvement from initial to F1 and F2, as well as F1–F2 for 
pain, PSFS, and GROC (P ≤ 0.013). Effect sizes ranged from r = 0.32 to 0.51. Change, based on established 
minimum clinically important differences, indicated pain, GROC, and PSFS met thresholds at F2. 
Conclusion: A minimally processed fat graft with BMA and a series of three PRP injections improved 
pain and function among individuals with severe knee OA who were previously recalcitrant to conservative 
care. Although results indicated significant improvement, clinically important change did not occur until 
F2. A one-arm design is a limitation of this study.
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Abstract
Anterior cruciate ligament reconstruction (ACLR) has become a popular surgery in orthopedic practice 
today, and the technique has evolved significantly over time. Surgical procedure, graft choice, and fixation 
systems have varied over the years. Nonetheless, several challenges like insufficient graft ligamentization, 
tunnel enlargement, and insufficient reestablishment of proprioception remain in ACLR. A vision of better 
graft healing and integration for improved outcomes after ACLR introduced the idea of the biological 
ACLR. Various techniques with growth factors, cellular therapies, or tissue augment have been researched 
with ACLR surgery for better integration and ligamentization. This review highlights the tissue wrapping 
modalities currently being explored in biological ACLR.
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INTRODUCTION

Because of the high incidence of anterior cru-
ciate ligament (ACL) injury this has had an effect 
of increasing utilization of anterior cruciate liga-
ment reconstruction (ACLR) surgery in orthope-
dic practice today.1,2 ACLR evolved as an invasive 
procedure before the arrival of arthroscopy because 
there was no  need for an arthrotomy. The develop-
ment of fixation devices and methods has shown 
ACLR to become quite a streamlined procedure 
with good outcomes. Current shortcomings of this 

surgery include inconsistent graft integration, tunnel 
enlargement, and insufficient restoration of proprio-
ception.3–6 One of the primary reasons could be the 
poor vascularity in the intra-articular compartment, 
therefore reducing the number of cells and growth 
factors available for healing. Current graft choices 
in ACLR include tendons from muscles such as 
hamstrings, peroneus longus, quadriceps, and the 
bone patella bone tendon-bone graft (BPTB).7,8 
Among this BPTB, is the most popular followed by 
hamstring grafts. However, these are tendons used 
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to reconstruct ligaments. Therefore, when compared 
with each other, they vary in their structure and 
composition. These tendons must undergo a process 
of ligamentization, and the tendon must undergo 
osteointegration within the bone tunnels to perform 
comparably to a native ACL ligament.4 To address 
the deficiencies in ACLR, researchers have turned 
to biological options and augmentation with cellular 
therapies, growth factors, and tissue engineering.9 
Tissue wrapping the tendon graft has been one such 
approach to enhance ACLR when using soft tissue 
hamstring grafts.10 BPTB have bone plugs on either 
side of the graft, which allows the bone to bone 
growth and better integration. Tissue wrapping is 
being used to emulate the native ACL, which has a 
synovial lining around that potentially promotes its 
blood supply and improves its tunnel integration.11 
Tissues studied in the past include amnion and peri-
osteum.10,12,13 Synovium has also been postulated but 
is not formally reported. The idea is for this tissue to 
act as a fertilizer to improve graft integration. Our 
review aims to enumerate the explored tissues used 
in ACLR graft wrapping.

PERIOSTEUM

The periosteum is the outermost covering layer 
of every bone in the entire human body and con-
sisting of an outer fibrous layer and cambium inner 
layer with a considerable concentration of mesen-
chymal progenitor cells.14  This layer has high osteo-
genic potential and is imperative for regular bone 
growth. This potential has been noted to vary with 
age and location of the tissue.15 Preclinical rabbit 
models using bone tunnels and an ACLR model 
have shown positive results. In the bone tunnel 
models, the periosteum demonstrated a fibrovascu-
lar layer which allowed the cancellous bone in the 
tunnel to interdigitate with itself at 4 weeks post-
surgery. At 8 weeks, there was excellent tendon to 
bone integration with collagen fiber-bone anchor-
ing.10 In the ACLR model, radiographs confirmed 
enhanced new bone formation and matrix deposi-
tion around the tendon-bone interface within the 
tunnels. At 8 weeks, there was further maturation 
of the bone tunnel interfaces with direct new bone 

apposition to the tendon.16 As early as 1930, Burman 
and Umansky demonstrated an experimental model 
wherein a transplanted free periosteal flap wrapped 
around a tendon could promote bony ingrowth even 
at 2 weeks after wrapping.17 These studies form the 
basis that wrapping the tendon with periosteum 
can promote earlier graft integration, reduce tunnel 
enlargement, and improve the pull-out strength of 
the graft. The wrapping also theoretically allows 
for a tighter snugger seal in the tunnel, reducing the 
amount of synovial fluid reflux within the tunnel that 
usually disrupts healing.18

With such evidence, a clinical study was per-
formed by Chen et al.10 using the periosteum from 
the anterior cortex of the tibia to wrap the ends of 
the semitendinosus and gracillis graft during ACLR. 
The periosteum is wrapped with the inner cambium 
layer facing outwards owing to its greater osteogenic 
potential. About 62 patients underwent ACLR with 
hamstring tendons wrapped in the periosteum and 
were followed up for 2 years. The mean Lysholm 
score increased from 59 to 94, which was a sig-
nificant increase, and 81% of the patients were able 
to return to moderate to strenuous activities. Bone 
tunnel enlargement of more than 1 mm, was found 
in 5% of femoral tunnels and 6% of tibial tunnels. 
Wang et al.19 performed a comparative study using 
single bundled ACLR with periosteal wrapping in 
68 participants including 31 patients with periosteal 
wrapping and 37 with a normal ACLR. Patients were 
followed up for a mean of 26 months and assessed 
for tunnel enlargement using computer tomogra-
phy and outcome scores.  The outcomes showed 
that tunnel enlargement was significantly less in the 
periosteum-wrapped group (16%) than the normal 
ACLR group (37.8%) and concluded that perios-
teal wrapping could improve tendon to bone healing 
within the bone tunnels. Robert et al.20 performed a 
comparative study between the periosteum-wrapped 
hamstring tendons versus those without ACLR. 
Their main objective was to study tunnel widening 
in 41 patients of which 21 underwent ACLR with the 
periosteal flap and 20 without. At 2.5 months and 11 
months, a significantly less tunnel widening at the 
tunnel outlet in the periosteal flap group was noted; 
however, widening did occur in both groups. In 
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2010 another group reported a similar comparative 
study in 110 subjects with a 19-month follow-up. Of 
these, 52 received a periosteal wrapped hamstring 
graft, and both groups underwent standard ACLR. 
They reported a significantly lower incidence of 
tunnel enlargement in the periosteum group (17.3% 
vs. 34.5%).21

Preclinical studies are still being conducted to 
improve graft integration. The periosteum is the 
focus because of its easy availability during graft 
harvest without much donor site morbidity and cost-
effectiveness. Recently magnesium pretreated peri-
osteal grafts have shown improved osteointegration 
with improved pull-out strength and reduced tunnel 
enlargement. Further studies are needed to identify 
the biological mechanisms to optimize tendon-bone 
healing. Figure 1 shows a schematic demonstration 
of periosteal tissue sutures to the ends of a hamstring 
graft before a graft passage.

AMNIOTIC TISSUE

Amnion and chorion are layers found in the 
placenta of a developing embryo. The amnion is 
the innermost layer, and the chorion is its adjacent 
layer.22 Amniotic tissue,  a vital part of embryonic 
development, is a potent source of stem cells and 
growth factors along with functioning as a scaf-
fold with anti-inflammatory and antimicrobial 
properties.23 The scaffold nature of the amnion 
also provides a matrix for cellular migration and 
proliferation. Amnion also allows for an ethical 
source of pluripotent cells as there is no need to 

sacrifice a blastocyst.24 Amniotic tissue has been 
used immensely in medicine, but only a few stud-
ies have utilized it in ACLR. Preclinical data have 
suggested that amnion-derived cells can differenti-
ate into ACL fibroblasts, and several culture tech-
niques and growth factors can be used to upregulate 
ligament-specific genes.25 Clinical reports of using 
amnion in ACLR are few, with clinical trials under-
way. Woodall et al.12 described the technique of 
wrapping and suturing the intra-articular part of the 
ACLR hamstring graft with an amniotic membrane. 
Another technique using an amniotic membrane 
included the use of bone marrow aspirate concen-
trate (BMC) and a suture tape. The authors dubbed 
the fertilized ACLR technique, wherein an internal 
bracing was performed in addition to the hamstring 
ACLR, the graft was enveloped in an amniotic 
membrane graft and further BMC was injected into 
the tunnel sites and the amniotic-membrane covered 
ACL graft. The study stated all possible available 
biological advantage was applied to the hamstring 
graft to promote ligamentization and graft integra-
tion and reduce tunnel enlargement.26 Levengood 
et al.27 published a case report using amniotic mem-
brane in ACLR. Here a postoperative magnetic 
resonance imaging (MRI) scan was performed at 3 
months and 6 months. They noted early vasculariza-
tion and maturation of the graft at 3 months, where 
the MRI demonstrated a graft with a uniform dark 
signal in the T2 MRI images.

At present, several animal trials have reported 
outcomes after the amniotic membranes use in 

Figure 1. Schematic diagram showing periosteal tissue wrapping around the bone tunnel exposed parts of 
the hamstring tendon graft.
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ligament reconstruction. Equine studies have shown 
reduced ligament reinjury rates when using amni-
otic cells.28,29 In vitro studies remain the positive 
indicator for the use of amnion in ligament recon-
struction, where amnion cells have shown the capa-
bility of differentiating into tenocytes with increased 
collagen production and cross-linking. Resulting in 
a graft with superior biomechanical characteristics 
and improving the subject’s functional outcome and  
activity regain. In a clinical setting, we still do not 
have objective outcome data of the advantages of 
tissue wrapping with amnion. Figure 2 summarizes 
the harvest to implantation of amniotic tissue for 
graft wrapping.

FUTURE DIRECTION

Tissue wrapping has been proposed for ham-
string grafts mainly since they are purely soft tissue 
grafts and do not have bone plugs for tunnel inte-
gration. Research has shown that these grafts never 
become a bone within the femoral and tibial tun-
nels.30 Wrapping the graft ends with periosteal 
tissues with high osteogenic potential may help 
stimulate the tissue to become a bone over time. On 
the other hand, amnion contains pluripotent mes-
enchymal stem cells, which can aid in osteogenic 
differentiation in the tunnels and ligamentization 

and graft maturation through the entire graft tissue. 
Growth factors such as platelet- rich plasma have 
been used in clinical studies with little objective out-
come data; however, preclinical studies have shown 
benefit with the bone morphogenic proteins (BMPs) 
use in a rabbit model.31,32 In these studies, BMP-2 
was injected at the ends of the semitendinosus ten-
dons of the hamstring graft before ACLR. Both 
studies showed new bone formation at the ends of 
the hamstring graft and superior pull-out strengths 
than the control group. This outcome could be an 
option in the future to address tunnel enlargement 
and improve graft fixation.

CONCLUSION

Hypothetically, the concept of tissue wrapping 
to address the biological deficiencies in ACLR does 
seem to have a rationale. Fertilizing the hamstring 
graft with progenitor cells could improve its healing 
and biomechanical function addressing the present 
biological shortcomings of current ACLR. However, 
there is no compelling evidence for the use of 
amnion or periosteum in ACLR, and it remains to be 
determined with randomized trials that are under-
way. Delivery of growth factors may also play a role 
in the promotion of tunnel-bone healing. Future 
research is needed.

Figure 2. Amnion is harvested from placental membranes, and after processing the tissue is wrapped around 
the ACL graft with the amnion side facing inwards and the chorion side facing outwards.
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