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18.1	 �Introduction

There have been numerous treatments developed 
to address ligament injury, given the functional 
impact of such injury on lifestyle and participa-
tion in physical activities at all levels of recre-
ational and competitive endeavors. With regard to 
commonly diagnosed knee injuries, anterior cru-
ciate ligament (ACL) insufficiency is a frequently 
encountered pathology that often requires surgi-
cal treatment to restore the desired level of func-
tion. Considering that ligament injuries most 
commonly affect active individuals who tend to 
be younger, such injuries can lead to substantial 
alterations in lifestyle, and therapeutic treatments 
that restore near-anatomic function of damaged 
ligaments have the potential to overcome some of 
the shortcomings associated with current meth-

ods of reconstruction, particularly in the case of 
ACL insufficiency. The incidence of complete 
injury to the posterior cruciate ligament (PCL) is 
considerably lower than that of the ACL and is 
estimated to occur at a rate of 2 per 100,000; 
however, the prevalence of asymptomatic PCL 
injury is considered to be not ably higher [1]. 
Injury to collateral ligaments represents a signifi-
cant proportion of knee injuries that present to 
emergency rooms, and high rates of medial and 
collateral ligament injuries are associated with 
collegiate sporting activities, with many of these 
cases involving noncontact competition [2].

Despite advances in sports medicine, there 
remains controversy in the treatment of ligament 
injury, particularly when there is functional insuf-
ficiency associated with partial ligament injury. 
For instance, reconstruction of the ACL is the 
current gold standard treatment for symptomatic 
ACL insufficiency, irrespective of injury pattern, 
and high rates of return to sport are expected [3, 
4]. Disadvantages of ACL reconstruction include 
donor site morbidity, inability to restore normal 
joint kinematics, and an increased incidence of 
premature degenerative joint changes [5–8].

There are challenges associated with restoring 
anatomic function in cases of ligament injury, 
and biologic therapies have great potential to 
address some of these concerns. Therapeutic 
interventions that utilize bioactive growth factors 
and cellular elements may be used to augment 
ligament repair processes and can be used in 
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conjunction with surgical treatment modalities. 
These biologic treatments may be a prominent 
feature of treatment algorithms as these technolo-
gies develop and understanding of reparative pro-
cesses at the cellular level advances.

18.2	 �Basic Science and Anatomic 
Considerations of Ligament 
Healing and Repair

The ACL and PCL receive vascular supply from 
the middle genicular artery, after branching from 
the popliteal artery. There are synovial sheath ves-
sels that are associated with the cruciate ligaments, 
as well as capsular vessels that supply the distal 
fibers of the PCL, which branch from the popliteal 
and inferior genicular arteries [9]. While the ACL 
and PCL both share blood supply arising from the 
middle genicular artery, anatomic differences in 
the vascular supply may impact the improved 
healing capacity of the PCL.  Anastomosing 
branches of the middle genicular artery and 
infrapatellar fat pad are an important vascular con-
tributor to the ACL, whereas the PCL derives a 
more direct arterial supply. Moreover, there is 
greater synovial encapsulation of the PCL.

Collateral ligaments have a greater inherent 
healing potential, and there are anatomic factors 
related to vascular supply that should be consid-
ered. Differences in the healing capabilities of 
the ACL and MCL have been examined in animal 
models that have highlighted the positive impact 
of vascular supply on the healing potential of 
these ligaments [10]. There are multiple branch-
ing vessels about the medial collateral ligament 
(MCL), and several vessels directly supply the 
ligament tissue [11, 12], whereas the vascular 
supply of the ACL consists of one or two branches 
of the middle genicular artery that course beneath 
the synovial sheath [12, 13]. The body of the 
ACL has sparse or no direct vascular supply and 
is relatively hypovascular, and this may be a 
major contributor to the reduced healing capacity 
of the ACL as a result of the diminished physio-
logic and metabolic response to injury.

There are anatomic and physiologic factors 
related to the intra- or extra-articular location of 
ligaments that impact the healing potential. 

Processes of cell signaling, migration, prolifera-
tion, and differentiation, as well as the profi-
ciency of collagen production, affect the inherent 
capacity for ligamentous repair and regeneration. 
Fibrin clot formation at the site of ligament injury 
sequesters reparative cells and provides a micro-
environment that favors healing and repair. Due 
to the intra-articular position of the ACL, the pro-
cess of fibrin clot formation is deficient, and tis-
sue repair processes are impaired. Moreover, 
circulating plasmin within the intra-articular 
space can inhibit fibrin clot formation, and syno-
vial fluid may inhibit fibroblast proliferation and 
migration [14, 15].

18.3	 �Growth Factors and Platelet-
Rich Plasma (PRP) 
in Ligament Repair

Numerous bioactive substances coordinate the 
complex processes of cellular regenerative acti-
vation and response after tendon injury [16]. 
Certain growth factors are capable of directing 
cellular proliferation, migration, and differentia-
tion while also enhancing collagen production. 
Bioactive growth factors are upregulated in 
response to ligament and tendon injury and act at 
several phases of the regenerative cascade, of 
which transforming growth factor beta (TGF-β), 
insulin-like growth factor-1 (IGF-1), basic fibro-
blast growth factor (bFGF), bone morphogenetic 
protein (BMP), and vascular endothelial growth 
factor (VEGF) have been shown to have particu-
larly considerable contributions to processes crit-
ical to ligament healing [17–20]. PDGF could 
also play a significant role in the early stages of 
healing as the application of PDGF-BB has been 
shown to improve the structural composition of 
rabbit and rat ligaments [21, 22].

Platelet-rich plasma is generally defined as an 
isolate of plasma that has a concentration of 
platelets above the baseline concentration in 
whole blood. Autologous PRP can be prepared 
after venous blood extraction using a variety of 
commercially available preparation systems. 
Within platelets, there are important regulatory 
bioactive factors that coordinate processes of 
ligament repair, including cellular proliferation, 

G. P. Whyte et al.



203

chemotaxis, differentiation, and deposition of 
extracellular matrix. Applying PRP to a site of 
tissue injury is performed to provide a concen-
trated release of platelet-derived growth factors 
to stimulate and augment reparative processes. 
There is variability in the protocols used for PRP 
preparation, and there is debate as to the ideal 
constituency. Plasma isolates can generally be 
categorized as platelet-poor plasma (PPP) or 
platelet-rich plasma (PRP). PRP can then be fur-
ther categorized as either leucocyte-poor platelet-
rich plasma (LP-PRP) or leucocyte-rich 
platelet-rich plasma (L-PRP) [23]. When PRP is 
applied to injured tissue, thrombin or intra-
articular collagen will activate the platelets, lead-
ing to sustained release of regenerative growth 
factors capable of augmenting repair processes. 
A variety of biologic growth factor preparations 
have been studied to treat ligament and tendon 
injury, and these treatments are being increas-
ingly utilized in the clinical setting [24, 25].

The application of growth factors contained 
within platelets has been studied in several ani-
mal models. TGF-β1, bone morphogenetic pro-
tein 2 (BMP2), and growth differentiation factor 
5 (GDF5) have shown increased collagen syn-
thesis and healing in response to ligament injury 
[26, 27]. There continues to be contrasting find-
ings in the literature related to the use of growth 
factors in ACL repair. The application of basic 
fibroblast growth factor (bFGF) has shown 
enhanced vascularity and ligament healing in 
cases of canine ACL injury [28], whereas other 
research examining the use of PRP for ACL 

injury in animal models has failed to demon-
strate superior ligament repair. In examining the 
clinical use of growth factors to treat ligament 
injury in humans, preliminary research has dem-
onstrated that the use of such therapy in partial 
ACL injury may enable high rates of return to 
pre-injury activity levels. There is, however, 
inconsistency in the literature, and there may be 
important differences in the expected outcome of 
biologic treatments depending on the concentra-
tion of bioactive factors, the type of ligament 
treated, and also the specific injury pattern. 
Recent work by LaPrade et al. [29] examined the 
use of PRP to treat complete MCL disruption in 
a rabbit model. While treatment with a PRP iso-
late of two times the baseline platelet concentra-
tion did not improve healing, it was actually 
found that treatment with a PRP isolate contain-
ing four times the baseline platelet concentration 
negatively impacted the quality of repair tissue 
compared to controls.

18.4	 �Cellular Therapy in Ligament 
Repair

Mesenchymal stem cells (MSCs) are multipotent 
cells that have an inherent self-renewal capability 
and contain a large assortment of growth factors 
that direct regenerative processes. These cells can 
be isolated from a number of readily accessible 
tissues that include the bone marrow and fat tis-
sue [30] (Fig.  18.1). There has been increasing 
interest in the clinical use of such cells in recent 

a b c

Fig. 18.1  Bone marrow aspiration from the iliac crest 
(a). Processing of bone marrow aspirate in a commer-
cially available system to isolate bone marrow aspirate 

concentrate (b). Final preparation of bone marrow aspi-
rate concentrate (BMAC) for clinical application (c)
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years due to the wide range of potential therapeu-
tic applications [31, 32]. These multipotent cel-
lular isolates have been used successfully to 
restore healthy and functional tissues for a vari-
ety of pathologies, including challenging cases of 
high-grade articular cartilage injury [33–35]. 
Therapies that utilize MSCs have the capacity to 
coordinate regenerative processes at the molecu-
lar level, and there are similar cellular character-
istics with ligament outgrowth cells that are 
important for ligament repair [6, 36]. Intra-
articular injection therapy of multipotent cells 
sourced from bone marrow aspirate concentrate 
to treat ligament injury has demonstrated 
improvement in tissue integrity according to MRI 
examination [37].

18.5	 �Scaffolds and Cell-Scaffold 
Composites in Ligament 
Repair

Scaffolds may be used to provide structural bio-
mechanical support to healing ligamentous tissue 
and to contain concentrations of endogenous 
cells, while extracellular matrix is deposited and 
remodeled, thereby contributing to stability of 
the repair and optimizing the local regenerative 
microenvironment. Scaffolds may be used to 
facilitate cellular proliferation and differentiation 
and can encourage growth factor attachment 
while promoting extracellular matrix production 
and remodeling into ligament repair tissue [38].

Combining cellular isolates with biologic 
scaffolding has demonstrated promising clinical 
utility in the treatment of chondral and osteo-
chondral lesions [39–42], and there are great 
potential advantages for this treatment in cases of 
ligament injury. Biologics such as PRP and MSC 
preparations contain regenerative growth factors 
and cellular elements important for ligament 
repair, and combining these bioactive isolates 
with scaffolding can provide a supportive matrix 
to facilitate cellular processes while also provid-
ing biomechanical support to the destabilized 
injured tissue. Moreover, when undertaking pri-
mary repair of injured ligament tissue, such scaf-
folding can act to protect the repair site from the 

effects of plasmin, thereby stabilizing the micro-
environment for tissue regeneration to proceed. 
Randomized controlled trials are needed to fur-
ther study the extent of expected clinical benefits 
of such techniques, as there has been limited 
critical evaluation of outcomes in human trials.

18.6	 �Surgical Techniques 
of Ligament Repair

There continues to be debate among clinicians 
regarding treatment of ligament injuries, particu-
larly in cases of partial tears that are associated 
with instability. Noyes et al. determined that con-
servative treatment of partial ACL injury would 
lead to complete ACL insufficiency in 50% of 
those treated where more than 50% of the liga-
ment was injured [43].

Historical data indicates that surgical repair 
of the ACL leads to a failure rate that is exces-
sively high for this method to be considered a 
preferential treatment [44, 45]. Short-term fol-
low-up in a military cohort of patients by Feagin 
demonstrated good outcomes; however, 94% of 
these cases suffered from knee instability 5 years 
postoperatively [46]. There have been cohorts of 
patients treated with primary ACL repair that 
have had successful outcomes and maintained 
knee stability long-term [45], and so it is thought 
that a subset of injury types could benefit from a 
primary repair procedure, when properly 
indicated.

Reconstruction of the ACL is widely consid-
ered the gold standard surgical treatment to 
restore stability and enable return to physical 
activity in cases of complete or partial ligament 
instability that is associated with functional lim-
itation [3, 4]. Reconstruction of the ACL is asso-
ciated with a number of complications that 
include donor site morbidity, altered proprio-
ception, bone tunnel widening, the inability to 
replicate anatomic joint kinematics, and degen-
erative changes to the articular cartilage [6–8]. 
With reconstructive methods, the incorporation 
of the graft is typically slow due to the hypovas-
cular and hypocellular characteristics of the 
graft tissue [47].
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18.6.1	 �Biologic Augmentation 
of Surgical Ligament Repair

Regeneration of the ACL and restored stability 
after primary repair procedures that have been aug-
mented by biologic growth factors and cellular 
therapy has been demonstrated [48–52]. 
Augmenting the healing processes of ligament 
repair with multipotent cellular elements provides 
an array of regenerative growth factors to support 
healing processes. Early methods of providing 
such augmentation have been described by 
Steadman and involved releasing marrow elements 
from the bone marrow to assist with ligament 
repair [51, 53]. Phenotypically, these cells are 
capable of great plasticity, and several methods 
have been developed to strategically isolate and 
proliferate cell lines with these capabilities to treat 
a growing number of musculoskeletal disorders, 
including ligament injury. These regenerative cells 
can be readily isolated from tissues such as bone, 
synovium, fat, muscle, connective tissue, and skin.

Our center has used bone marrow stimulation 
to augment primary repair for certain injury pat-
terns of the ACL and PCL for over a decade [54–
56] and has demonstrated in clinical series that 
partial tears of the ACL can successfully be 
treated by primary repair with biologic augmen-
tation, in lesions that are indicated appropriately 
[48, 57]. The most recent clinical outcomes after 
long-term follow-up of up to a 14-year duration 
in a series of patients who underwent treatment 
of symptomatic partial ACL injury with primary 
ligament repair with biologic augmentation dem-

onstrated good to excellent outcomes and restored 
knee stability, and these benefits were maintained 
at a high rate over the course of follow-up.

18.6.2	 �Preferred Technique 
of Primary ACL or PCL Repair 
with Biologic Augmentation

Patient positioning and perioperative setup are 
performed according to surgeon preference for 
ligament reconstruction. In cases where bone 
marrow aspirate concentrate (BMAC) will be 
isolated to provide biologic augmentation, the 
ipsilateral iliac crest is included in the prepared 
surgical field. Examination under anesthesia of 
the operative knee and diagnostic arthroscopy are 
performed to determine the degree of ligamen-
tous instability and to identify associated lesions 
that are treated concurrently. Partial ligament 
tears are visualized and probed while varying the 
degree of knee flexion and with the knee aligned 
in a figure-of-4 position. Jerk and Lachman tests 
are also performed during diagnostic arthroscopy 
to supplement the examination of ligament suffi-
ciency. To repair the torn ligament fibers, PDS 
no. 1 suture is passed through fibers of the distal 
stump followed by fibers of the proximal stump 
using a standard clever hook or other suture pass-
ing devices. Two or three sutures are typically 
passed, and a Duncan loop is tied to reapproxi-
mate the injured ligament tissue, thereby restor-
ing continuity and eliminating gapping between 
injured fibers (Fig. 18.2a).

a b c

Fig. 18.2  Partial anterior cruciate ligament (ACL) 
arthroscopic suture repair of torn anteromedial bundle (a). 
Microfracture of intercondylar notch to release marrow 

elements about the repair site (b). Biologic augmentation 
of primary ACL repair with clot-activated bone marrow 
aspirate concentrate (c)
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Bone marrow elements are then released by 
performing microfracture perforations within the 
intercondylar notch about the anatomic origin of 
the injured ligament (Fig. 18.2b). Careful exami-
nation of remaining tissue about the footprint 
ensures that residual ligament fibers are protected 
while performing marrow stimulation. The avail-
able reparative biologic factors are then supple-
mented with PRP or BMAC. The chosen biologic 
is isolated using a commercial system and is then 
activated with batroxobin enzyme or autologous 
thrombin to create an adhesive biologic gel. 
Intra-articular fluid is removed to provide a work-
ing space for dry arthroscopy. The biologic gel is 
then applied over and about the ligament, further 
enhancing the regenerative microenvironment 
and minimizing the effects of plasmin at the 
repair site (Fig. 18.2c). Second-look arthroscopic 
examination of primary ACL repair with biologic 
augmentation is depicted in Fig. 18.3.

18.6.3	 �Postoperative Rehabilitation

Mechanical stimulation is an important consid-
eration during rehabilitation and physical ther-
apy. Mechanotransduction provides stimuli to 
the cellular elements that act synergistically 
with this surgical repair technique. Bracing is 
used initially postoperatively, with continuous 
passive motion and weight bearing recom-
mended early in the rehabilitation. Running 

activities are usually allowed 3 months postop-
eratively, with more intense activities and con-
tact sports avoided until at least 4 to 5 months, 
depending on the extent of ligament repair and 
the rehabilitation progression.

18.7	 �Conclusion

The understanding of tissue healing processes is 
progressing at a rapid pace, and there has been 
increasing interest in treatments that are capable 
of retaining functional ligament tissue and opti-
mizing the regenerative environment, particu-
larly in cases of partial ligament injury. There 
are several important advantages of therapies 
that restore native ligament anatomy, with resto-
ration of anatomic joint kinematics being of cru-
cial importance. A number of biologic isolates 
have been developed for clinical application that 
have the potential to enhance ligament repair by 
providing growth factors and cellular elements, 
and there is also continued development of bio-
logic scaffolding that can be used in conjunction 
with biologics to sequester a regenerative micro-
environment. There has been an acceleration in 
the publication of literature that examines the 
clinical outcomes of ligament repair procedures 
over recent time. In the case of ACL insuffi-
ciency, initial findings have been most support-
ive of primary repair and biologic augmentation 
in the setting of acute, partial, and proximal 

a b

Fig. 18.3  Second-look arthroscopic examinations of healed anterior cruciate ligaments after treatment by primary 
repair and biologic augmentation depicted 4 months postoperatively (a) and 6 months postoperatively (b)
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ligament injury. This ongoing work will have 
great clinical importance in the identification 
and characterization of specific injury patterns 
that would benefit most from these regenerative 
treatments.

References

	 1.	Sanders TL, Pareek A, Barrett IJ, Kremers HM, 
Bryan AJ, Stuart MJ, Levy BA, Krych AJ. Incidence 
and long-term follow-up of isolated posterior cruciate 
ligament tears. Knee Surg, Sport Traumatol Arthrosc. 
2017;25:3017–23.

	 2.	Yawn BP, Amadio P, Harmsen WS, Hill J, Ilstrup D, 
Gabriel S. Isolated acute knee injuries in the general 
population. J Trauma. 2000;48:716–23.

	 3.	Gobbi A, Francisco R.  Factors affecting return to 
sports after anterior cruciate ligament reconstruc-
tion with patellar tendon and hamstring graft: a 
prospective clinical investigation. Knee Surg Sports 
Traumatol Arthrosc. 2006;14:1021–8.

	 4.	Gobbi A, Mahajan V, Karnatzikos G, Nakamura 
N.  Single- versus double-bundle ACL reconstruc-
tion: is there any difference in stability and func-
tion at 3-year followup? Clin Orthop Relat Res. 
2012;470:824–34.

	 5.	Cohen M, Amaro JT, Ejnisman B, Carvalho RT, 
Nakano KK, Peccin MS, Teixeira R, Laurino CFS, 
Abdalla RJ.  Anterior cruciate ligament recon-
struction after 10 to 15 years: association between 
meniscectomy and osteoarthrosis. Arthroscopy. 
2007;23:629–34.

	 6.	Gobbi A, Domzalski M, Pascual J, Zanazzo 
M.  Hamstring anterior cruciate ligament recon-
struction: is it necessary to sacrifice the gracilis? 
Arthroscopy. 2005;21:275–80.

	 7.	Kartus J, Movin T, Karlsson J. Donor-site morbidity 
and anterior knee problems after anterior cruciate lig-
ament reconstruction using autografts. Arthroscopy. 
2001;17:971–80.

	 8.	Lohmander LS, Englund PM, Dahl LL, Roos 
EM. The long-term consequence of anterior cruciate 
ligament and meniscus injuries: osteoarthritis. Am J 
Sports Med. 2007;35:1756–69.

	 9.	Vladimirov B. Arterial sources of blood supply of the 
knee-joint in man. Nauchni Tr Vissh Med Inst Sofiia. 
1968;47:1–10.

	10.	Bray RC, Leonard CA, Salo PT.  Vascular physiol-
ogy and long-term healing of partial ligament tears. J 
Orthop Res. 2002;20:984–9.

	11.	Bray RC, Fisher AW, Frank CB.  Fine vascular 
anatomy of adult rabbit knee ligaments. J Anat. 
1990;172:69–79.

	12.	Wallace CD, Amiel D.  Vascular assessment of the 
periarticular ligaments of the rabbit knee. J Orthop 
Res. 1991;9:787–91.

	13.	Arnoczky SP.  Blood supply to the anterior cruci-
ate ligament and supporting structures. Orthop Clin 
North Am. 1985;16:15–28.

	14.	Andrish J, Holmes R.  Effects of synovial fluid on 
fibroblasts in tissue culture. Clin Orthop Relat Res. 
1979:279–83.

	15.	Rość D, Powierza W, Zastawna E, Drewniak W, 
Michalski A, Kotschy M.  Post-traumatic plasmino-
genesis in intraarticular exudate in the knee joint. Med 
Sci Monit. 2002;8:CR371–8.

	16.	Andia I, Sanchez M, Maffulli N. Tendon healing and 
platelet-rich plasma therapies. Expert Opin Biol Ther. 
2010;10:1415–26.

	17.	Chen CH, Cao Y, Wu YF, Bais AJ, Gao JS, 
Tang JB.  Tendon healing in  vivo: gene expres-
sion and production of multiple growth factors 
in early tendon healing period. J Hand Surg Am. 
2008;33:1834–42.

	18.	Kobayashi M, Itoi E, Minagawa H, Miyakoshi 
N, Takahashi S, Tuoheti Y, Okada K, Shimada 
Y. Expression of growth factors in the early phase of 
supraspinatus tendon healing in rabbits. J Shoulder 
Elb Surg. 2006;15:371–7.

	19.	Molloy T, Wang Y, Murrell G.  The roles of growth 
factors in tendon and ligament healing. Sports Med. 
2003;33:381–94.

	20.	Würgler-Hauri CC, Dourte LM, Baradet TC, 
Williams GR, Soslowsky LJ.  Temporal expres-
sion of 8 growth factors in tendon-to-bone healing 
in a rat supraspinatus model. J Shoulder Elb Surg. 
2007;16:S198–203.

	21.	Batten ML, Hansen JC, Dahners LE.  Influence of 
dosage and timing of application of platelet-derived 
growth factor on early healing of the rat medial col-
lateral ligament. J Orthop Res. 1996;14:736–41.

	22.	Lee J, Harwood FL, Akeson WH, Amiel D. Growth 
factor expression in healing rabbit medial collat-
eral and anterior cruciate ligaments. Iowa Orthop J. 
1998;18:19–25.

	23.	Dohan Ehrenfest DM, Rasmusson L, Albrektsson 
T.  Classification of platelet concentrates: from pure 
platelet-rich plasma (P-PRP) to leucocyte- and 
platelet-rich fibrin (L-PRF). Trends Biotechnol. 
2009;27:158–67.

	24.	Gobbi A, Whyte GP.  Emerging orthobiologic 
approaches to ligament injury. In:  Bio-orthopaedics. 
Berlin, Heidelberg: Springer; 2017. p. 313–24.

	25.	Whyte GP, Gobbi A, Lane JG (2018) The role of 
orthobiologics in return to play. Return to play in foot-
ball Springer, Berlin, Heidelberg, pp 273–282.

	26.	Aspenberg P, Forslund C.  Enhanced tendon healing 
with GDF 5 and 6. Acta Orthop Scand. 1999;70:51–4.

	27.	Marui T, Niyibizi C, Georgescu HI, Cao M, 
Kavalkovich KW, Levine RE, Woo SL.  Effect of 
growth factors on matrix synthesis by ligament fibro-
blasts. J Orthop Res. 1997;15:18–23.

	28.	Kobayashi D, Kurosaka M, Yoshiya S, Mizuno 
K.  Effect of basic fibroblast growth factor on the 
healing of defects in the canine anterior cruciate 

18  Future Trends in Ligament Surgery: The Role of Biology



208

ligament. Knee Surg Sports Traumatol Arthrosc. 
1997;5:189–94.

	29.	LaPrade RF, Goodrich LR, Phillips J, Dornan GJ, 
Turnbull TL, Hawes ML, Dahl KD, Coggins AN, 
Kisiday J, Frisbie D, Chahla J.  Use of platelet-rich 
plasma immediately after an injury did not improve 
ligament healing, and increasing platelet concentra-
tions was detrimental in an in vivo animal model. Am 
J Sport Med. 2018;46:702–12.

	30.	Gobbi A, de Girolamo L, Whyte GP, Sciarretta 
FV.  Clinical applications of adipose tissue-derived 
stem cells. In:  Bio-orthopaedics. Berlin, Heidelberg: 
Springer; 2017. p. 553–9.

	31.	Gobbi A, Karnatzikos G, Scotti C, Mahajan V, 
Mazzucco L, Grigolo B.  One-step cartilage repair 
with bone marrow aspirate concentrated cells and col-
lagen matrix in full-thickness knee cartilage lesions: 
results at 2-year follow-up. Cartilage. 2011;2:286–99.

	32.	Gobbi A, Scotti C, Karnatzikos G, Mudhigere A, 
Castro M, Peretti GM. One-step surgery with multi-
potent stem cells and Hyaluronan-based scaffold for 
the treatment of full-thickness chondral defects of the 
knee in patients older than 45 years. Knee Surg Sports 
Traumatol Arthrosc. 2017;25:2494–501.

	33.	Gobbi A, Espregueira-Mendes J, Karahan M, Cohen 
M, Whyte GP. Osteochondritis dissecans of the knee 
in football players. In:  Injuries and health prob-
lems in football. Berlin, Heidelberg: Springer; 2017. 
p. 189–200.

	34.	Gobbi A, Whyte GP. Osteochondritis dissecans: path-
oanatomy, classification, and advances in biologic 
surgical treatment. In:  Bio-orthopaedics. Berlin, 
Heidelberg: Springer; 2017. p. 489–501.

	35.	Whyte GP, Gobbi A. Biologic knee Arthroplasty for 
cartilage injury and early osteoarthritis. In:  Bio-
orthopaedics. Berlin, Heidelberg: Springer; 2017. 
p. 517–25.

	36.	Steinert AF, Kunz M, Prager P, Barthel T, Jakob 
F, Nöth U, Murray MM, Evans CH, Porter 
RM. Mesenchymal stem cell characteristics of human 
anterior cruciate ligament outgrowth cells. Tissue Eng 
Part A. 2011;17:1375–88.

	37.	Centeno CJ, Pitts J, Al-Sayegh H, Freeman 
MD. Anterior cruciate ligament tears treated with per-
cutaneous injection of autologous bone marrow nucle-
ated cells: a case series. J Pain Res. 2015;8:437–47.

	38.	Liu Y, Ramanath HS, Wang D-A. Tendon tissue engi-
neering using scaffold enhancing strategies. Trends 
Biotechnol. 2008;26:201–9.

	39.	Gobbi A, Whyte GP. One-stage cartilage repair using 
a hyaluronic acid-based scaffold with activated bone 
marrow-derived mesenchymal stem cells compared 
with microfracture: five-year follow-up. Am J Sports 
Med. 2016;44:2846–54.

	40.	Sadlik B, Gobbi A, Puszkarz M, Klon W, Whyte 
GP.  Biologic inlay osteochondral reconstruction: 
arthroscopic one-step osteochondral lesion repair 
in the knee using morselized bone grafting and 

hyaluronic acid-based scaffold embedded with 
bone marrow aspirate concentrate. Arthrosc Tech. 
2017;6:e383–9.

	41.	Sadlik B, Kolodziej L, Puszkarz M, Laprus H, Mojzesz 
M, Whyte GP. Surgical repair of osteochondral lesions 
of the talus using biologic inlay osteochondral recon-
struction: clinical outcomes after treatment using a 
medial malleolar osteotomy approach compared to an 
arthroscopically-assisted approach. Foot Ankle Surg. 
2018;

	42.	Whyte GP, Gobbi A, Sadlik B.  Dry arthroscopic 
single-stage cartilage repair of the knee using a 
hyaluronic acid-based scaffold with activated bone 
marrow-derived mesenchymal stem cells. Arthrosc 
Tech. 2016;5:e913–8.

	43.	Noyes FR, Mooar LA, Moorman CT, McGinniss 
GH.  Partial tears of the anterior cruciate ligament. 
Progression to complete ligament deficiency. J Bone 
Joint Surg Br. 1989;71:825–33.

	44.	Strand T, Mølster A, Hordvik M, Krukhaug Y. Long-
term follow-up after primary repair of the anterior 
cruciate ligament: clinical and radiological evaluation 
15–23 years postoperatively. Arch Orthop Trauma 
Surg. 2005;125:217–21.

	45.	Taylor DC, Posner M, Curl WW, Feagin JA. Isolated 
tears of the anterior cruciate ligament: over 30-year 
follow-up of patients treated with arthrotomy and pri-
mary repair. Am J Sports Med. 2009;37:65–71.

	46.	Feagin JA, Curl WW. Isolated tear of the anterior cru-
ciate ligament: five-year follow-up study. J Orthop 
Sport Phys Ther. 1990;12:232–6.

	47.	Liu C-F, Aschbacher-Smith L, Barthelery NJ, Dyment 
N, Butler D, Wylie C. What we should know before 
using tissue engineering techniques to repair injured 
tendons: a developmental biology perspective. Tissue 
Eng Part B Rev. 2011;17:165–76.

	48.	Gobbi A, Bathan L, Boldrini L. Primary repair com-
bined with bone marrow stimulation in acute anterior 
cruciate ligament lesions: results in a group of ath-
letes. Am J Sports Med. 2009;37:571–8.

	49.	Kaplan N, Wickiewicz TL, Warren RF. Primary surgi-
cal treatment of anterior cruciate ligament ruptures. 
A long-term follow-up study. Am J Sports Med. 
1990;18:354–8.

	50.	Sherman MF, Lieber L, Bonamo JR, Podesta L, Reiter 
I. The long-term followup of primary anterior cruci-
ate ligament repair. Defining a rationale for augmen-
tation. Am J Sports Med. 1991;19:243–55.

	51.	Steadman JR, Cameron-Donaldson ML, Briggs 
KK, Rodkey WG.  A minimally invasive technique 
(“healing response”) to treat proximal ACL inju-
ries in skeletally immature athletes. J Knee Surg. 
2006;19:8–13.

	52.	Steadman JR, Rodkey WG. Role of primary anterior 
cruciate ligament repair with or without augmenta-
tion. Clin Sports Med. 1993;12:685–95.

	53.	Steadman JR, Matheny LM, Briggs KK, Rodkey 
WG, Carreira DS.  Outcomes following healing 

G. P. Whyte et al.



209

response in older, active patients: a primary ante-
rior cruciate ligament repair technique. J Knee Surg. 
2012;25:255–60.

	54.	Gobbi A, Whyte GP. Biological augmentation in acute 
ACL repair. In:  Bio-orthopaedics. Berlin, Heidelberg: 
Springer; 2017. p. 325–35.

	55.	Gobbi A, Whyte GP, Karnatzikos G.  Acute ACL 
rupture: a biological approach through primary ACL 
repair and augmentation with bone marrow stimula-
tion and growth factor injection. In:  Controversies in 

the technical aspects of ACL reconstruction. Berlin, 
Heidelberg: Springer; 2017. p. 135–44.

	56.	Whyte GP, Gobbi A, Szwedowski D.  Partial ante-
rior cruciate ligament lesions: a biological approach 
to repair. In:  Bio-orthopaedics. Berlin, Heidelberg: 
Springer; 2017. p. 665–70.

	57.	Gobbi A, Karnatzikos G, Sankineani SR, Petrera 
M. Biological augmentation of ACL refixation in par-
tial lesions in a group of athletes: results at the 5-year 
follow-up. Tech Orthop. 2013;28:180–4.

18  Future Trends in Ligament Surgery: The Role of Biology


	18: Future Trends in Ligament Surgery: The Role of Biology
	18.1	 Introduction
	18.2	 Basic Science and Anatomic Considerations of Ligament Healing and Repair
	18.3	 Growth Factors and Platelet-Rich Plasma (PRP) in Ligament Repair
	18.4	 Cellular Therapy in Ligament Repair
	18.5	 Scaffolds and Cell-Scaffold Composites in Ligament Repair
	18.6	 Surgical Techniques of Ligament Repair
	18.6.1	 Biologic Augmentation of Surgical Ligament Repair
	18.6.2	 Preferred Technique of Primary ACL or PCL Repair with Biologic Augmentation
	18.6.3	 Postoperative Rehabilitation

	18.7	 Conclusion
	References




