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Background: Despite the existence of many clinical studies on platelet-rich plasma (PRP) interventions for ligamentous pathology,
basic science consensus regarding the indications, mechanisms, and optimal composition of PRP for treating ligament injuries is
lacking.

Purpose: To (1) compare the efficacy of PRP in animal models of ligament injury with placebo and (2) describe the potential
variability in PRP preparation using accepted classification systems.

Study Design: Systematic review.

Methods: The Cochrane Database of Systematic Reviews, Cochrane Central Register of Controlled Trials, PubMed, Embase, and
Ovid MEDLINE were queried in April 2020 for in vivo and in vitro basic science studies regarding PRP use for ligament injury. Study
design, results, PRP composition, and analyzed cellular and molecular markers were extracted, and outcomes relative to control
models were documented. Bias was assessed using the SYRCLE risk-of-bias tool.

Results: Included were 43 articles (31 in vivo and 12 in vitro studies) investigating the anterior cruciate ligament/cranial
cruciate ligament (n ¼ 32), medial collateral ligament (n ¼ 6), suspensory ligament (n ¼ 3), patellar ligament (n ¼ 1), and Hock
ligament (n ¼ 1). Platelet concentration was reported in 34 studies (77.3%); leukocyte composition, in 12 (27.3%); and red
blood cell counts, in 7 (15.9%). With PRP treatment, 5 of 12 in vitro studies demonstrated significant increases in cell viability, 6
of 12 in gene expression, 14 of 32 in vivo studies reported superior ligament repair via histological evaluation, and 13 in vivo
studies reported superior mechanical properties. Variability in PRP preparation methods was observed across all articles, and
only 1 study reported all necessary information to be classified by the 4 schemes we used to evaluate reporting. Among the in
vivo studies, detection and performance bias were consistently high, whereas selection, attrition, reporting, and other biases
were consistently low.

Conclusion: Conflicting data on the cellular and molecular effects of PRP for ligament injuries were observed secondary to the
finding that included studies were heterogeneous, limiting interpretation across studies and the ability to draw meaningful con-
clusions. Clinical trials and any causal relationship between PRP use in ligament injuries and its potential for regeneration and
healing should be pursued with caution if based solely on basic science data.
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Injuries to ligaments, particularly the cruciate and collat-
eral ligaments of the knee, remain a frequent occurrence
and burden to the health care system. In a review of
>25,000 reported injuries in high school athletes, knee
injuries and ligament sprains were most commonly
reported, with knee injuries most often involving the
medial collateral ligament (MCL), followed by patellar

tendon, anterior cruciate ligament (ACL), meniscus, lateral
collateral ligament (LCL), and posterior cruciate ligament
(PCL).12 Both the high incidence of these injuries and
patient expectations for expedited recovery and rehabilita-
tion for such injuries have prompted investigations into
adjunct therapies aimed to enhance ligament healing. As
such, attention has been turned to biologics, as these
adjuncts have demonstrated promising healing benefits for
the treatment of various musculoskeletal injuries.8,9,33

Platelet-rich plasma (PRP) is used as a biologic agent to
enhance tissue and ligament repair.19,38,61 Its potential role
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in ligament healing has made it of great interest to the field
of orthopaedic sports medicine, with early evidence sug-
gesting that the combination of cellular and molecular com-
ponents including platelets, leukocytes, growth
factors, fibrinogen, erythrocytes, hormones, and proteases
may reduce pain,4 accelerate ligament repair, and expedite
return to function.8,9,21,34,53 However, some investiga-
tions have found minimal to no benefit of using PRP, spe-
cifically in applications to ligament healing after ACL
reconstruction.16,37,42,60

One potential yet crucial explanation of the variability
observed in clinical studies may be because of heteroge-
neous PRP compositions and inconsistent preparation
methods, as these may lead to different effects.7,24 Several
recent studies have acknowledged that reporting stan-
dards for PRP are an essential component of investigating
its use, as there is a paucity of evidence concerning the
effects that changes in the composition and preparation
of PRP may confer on its efficacy.15,18,35,43 Because of
this uncertainty, several recent guidelines for reporting
on biologics have been created in order to minimize het-
erogeneity in reporting and biologic preparation. The Min-
imum Information for Studies Evaluating Biologics in
Orthopaedics is one such set of reporting guidelines, con-
sisting of 25 specific checklist items, that was created in
order to guide appropriate use.44 Several research jour-
nals have accordingly mandated that authors abide by
these guidelines when submitting clinical trials investi-
gating PRP use.

To more appropriately treat ligament pathology with
PRP and develop comprehensive indications for its use,
clinicians and researchers need a better understanding
of how PRP influences ligamentous healing at a basic sci-
ence level and how variations in PRP preparation may
influence its efficacy. The purpose of the current study
was to (1) compare the efficacy of PRP versus placebo in
animal models of ligament injury and (2) assess the vari-
ability in PRP preparation using accepted classification
systems. We hypothesized that PRP would confer changes
beneficial to ligament healing at the molecular level and
gross tissue level when compared with controls, including
increased angiogenic markers, growth factor concentra-
tions, and load to failure; furthermore, we proposed that
the quality of the literature available would be low and
that the lack of reporting on specifically the cytological
characteristics of PRP would limit the interpretability of
the literature.

METHODS

Article Search and Selection Process

A systematic review of the Cochrane Database of Systematic
Reviews, Cochrane Central Register of Controlled Trials,
PubMed, Embase, and Ovid MEDLINE was performed in
April 2020 using PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines with a
PRISMA checklist. The search was performed using the fol-
lowing Boolean search terms: (platelet-rich plasma OR PRP
OR autologous conditioned plasma OR ACP) AND (ligament
OR ligaments OR ACL OR MCL OR LCL OR PCL OR
UCL OR anterior cruciate OR ulnar collateral OR medial
collateral OR lateral collateral OR posterior cruciate).

The inclusion criteria for full-text review were in vivo and
invitro studies examining the effects of PRPon ligaments and
fibroblasts derived from ligaments compared with a well-
defined control group (saline solution, no treatment, or
control cell medium) or any comparative group (varied con-
centrations of bone marrow aspirate, PRP, lyophilized plate-
let product, blood, platelet-poor plasma, autologous bone
marrow, collagen-platelet composite, nonsteroidal anti-
inflammatory drugs). Animal studies that observed the
effects of PRP on traumatic and surgically created ligament
injuries were included. Various preparations and formula-
tions of PRP were included, such as single- and twice-
centrifuged PRP, calcium chloride- and thrombin-activated
PRP, PRP injections, PRP gels, and releasates from PRP
clots. Exclusion criteria included non-English-language arti-
cles, clinical studies, randomized controlled trials, review
articles, articles not published in peer-reviewed journals, and
studieswithouta control or comparativegroup.All references
within included studies were cross-referenced for potential
inclusion. Two authors independently performed the search
and identified studies for inclusion (E.M.P., B.T.W.). Articles
were screened by title, then abstract, and finally full-text
review. Discrepancies were resolved by consensus.

Data Extraction

Data were extracted using a predefined data collection
sheet. Data collected included the preparation methods and
cytological characteristics of PRP, growth factor concentra-
tion, adhesive protein concentration, clotting factor concen-
tration, fibrinolytic factors, proteases and antiproteases,
basic proteins, membrane glycoproteins, dense granule bio-
active molecules, proinflammatory cytokine concentration,
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anti-inflammatory cytokine concentration, and other pro-
teins. In addition, study design and methods, study subjects,
outcomes measured, and results were recorded. These vari-
ables included cell viability, cell proliferation, cell migration,
gene expression, mechanical properties, gross appearance,
proteoglycan and collagen content, and mechanical or histo-
logical examinations. If results were significantly different
between the experimental and the comparative cohorts, they
were considered to be positive or negative results based on
the relative change observed. If no difference was observed
between the experimental and comparative cohort groups, it
was recorded as no change observed.

Study Quality

To determine the quality and degree of variability of PRP
preparation methods, each included study was assessed via
4 established PRP classification schemes: Magalon,35

Erhenfest,18 PAW,15 and Sports Medicine.43 Successful
classification via 1 scheme was noted if all pertinent infor-
mation was available for each aspect of the system. After
data analysis was complete, data were analyzed for trends
in outcomes, comparing PRP treatment with controls.

Bias Assessment

The risk of bias of in vivo animal studies was assessed using
the SYRCLE risk-of-bias tool.28 This is a 10-item validated

tool that assesses selection bias, performance bias, detec-
tion bias, attrition bias, reporting bias, and other biases
based on the Cochrane risk-of-bias tool. This tool has been
adjusted for aspects of bias that play a specific role in ani-
mal intervention studies. We were unable to identify a risk-
of-bias assessment tool for in vitro studies, and therefore
the risk of bias in these studies was not assessed. Bias was
assessed by 2 independent authors (J.J.P. and A.S.V.), and
discrepancies were resolved by a third author (K.N.K.).

Statistical Analysis

Extracted data were described as frequencies with percen-
tages when possible. Data not amenable to quantification
were described narratively. Because PRP preparation
methods, animal models, and outcomes were reported vari-
ably and differed among studies, data were inappropriate
to examine via meta-analysis.

RESULTS

A total of 5248 articles were identified via the initial search.
Of these, 43 studies were included in the final analysis
(Figure 1). A total of 31 were classified as in vivo, whereas
12 were classified as in vitro studies. Of these, the following
ligaments were investigated: ACL/cranial cruciate liga-
ment (CCL) (n ¼ 32), MCL (n ¼ 6), suspensory ligament

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram representing the process of
individual study inclusion after application of the study algorithm and each of the exclusion criteria. PPR, platelet-rich plasma.
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(n ¼ 3), patellar ligament (n ¼ 1), and Hock ligament (n ¼
1). The types of biologic markers reported as outcomes var-
ied greatly across studies (Appendix Table A1)

In Vitro Ligament Publications

PRP Composition and Reporting Trends. Of the 12 in
vitro ligament studies, 7 studies examined ACL explant
cells,10,11,17,20,36,64,65 3 studies examined suspensory ligament
cells,41,56,57 1 study examined human anterior cruciate liga-
mentocytes,30 and 1 study examined human periodontal lig-
ament fibroblasts (Appendix Table A2).51 Of the 7 studies
that examined ACL explant cells, 4 studies assessed porcine
ACL-derived fibroblasts,10,11,64,65 whereas the remaining 3
studies evaluated human ACL fibroblasts.17,20,36

In 8 (66.7%) studies,# platelet concentration of the final
PRP preparation was reported to be greater than that of
whole blood, although variability was observed between all
preparation protocols (Table 1). One study compared the
platelet concentration prepared from autologous condi-
tioned plasma (ACP) (Arthrex ACP Double Syringe System;
Arthrex) versus the platelet concentration prepared from
Biomet GPS III (GPS; Biomet) and reported the resultant
platelet concentration from ACP was lower than platelet
concentration made from GPS.51

A total of 4 (33.3%) studies reported leukocyte concentra-
tions, of which 3 (25%) studies did not report whether leuko-
cyte concentrations differed from the control group5,10,47 and
1 study reported a relative decrease in leukocyte count.48

Only 1 study used PRP that was classified as leukocyte-poor6;
the remaining 3 studies did not have enough information
provided to report.8,41,42 One study compared the leukocyte
concentrations of preparations using ACP and GPS, report-
ing that the leukocyte concentration of ACP preparations was
lower than the leukocyte concentration of GPS.51

A total of 4 (33.3%) studies reported red blood cell (RBC)
count in their PRP preparations. Of these, 1 study did not
report whether the RBC count differed from that of the
control,62 whereas 3 (25%) studies noted that the RBC
count decreased relative to the RBC count of the con-
trol.5,30,48 Only 1 (8.3%) study reported a full cytology
count.30

Effects of PRP In Vitro. In total, 5 studies reported that
PRP increased cell viability when compared with a control
group,10,11,17,20,64 and 2 studies reported a significant

increase in cell proliferation with PRP treatment.30,36 Fur-
ther, 3 studies reported a significant increase in collagen
content with PRP treatment,11,20,65 whereas 2 studies
reported no difference between the PRP and control
groups.30,56 One study reported a significant increase in cell
differentiation,11 and 1 study reported a significant increase
in interleukin 6 concentration.65 A total of 7 studies reported
increased collagen gene expression,10,11,20,41,56,57,65 whereas
2 studies reported no difference.30,56 Effects of PRP in vitro
are reported in Table 2.

One study reported that PRP treatment significantly
increased DNA content, metabolic cell activity, and produc-
tion of matrix metalloproteinase (MMP)-3 and -13.30 A sep-
arate study compared how 2 different PRP preparation
systems, the Arthrex ACP Double Syringe System and Bio-
met GPS III, affected production and activity of MMP-2, -3,
and -9. This study reported that GPS had higher total
MMP-2, -3, and -9 concentrations for up to 144 hours
whereas ACP had higher platelet-normalized MMP-2 and
-3 concentrations.51

In Vivo Ligament Publications

PRP Composition And Reporting Trends. The 31 in
vivo ligament studies used various ligament models,
including rat MCL,2 canine ACL,5,13,48,49,54,58,62,63

porcine ACL,3,22,23,27,29,39,45-47 rabbit MCL,14,26,31,40,66 rab-
bit ACL/CCL,1,32,52,59,67 and human ACL (Appendix
Table A3).50,55,60 Among in vivo studies, detection and per-
formance biases were consistently high, whereas selection,
attrition, reporting, and other biases were consistently low
(Table 3).

A total of 23 (74%) studies reported platelet concentra-
tions in their final PRP preparation (Table 1).** All 23
reported platelet concentrations greater than those of
whole blood. One study did not report the final platelet
concentration, but the authors reported that there was a
2- to 3- fold increase from the peripheral blood count.55

One study reported leukocyte count but did not report its
relative change,52 2 studies reported increased leukocyte
counts,31,58 and 2 studies reported decreased leukocyte
counts.1,32 One study reported an increased RBC count in
the preparation,31 whereas 1 study reported a relative
decrease in RBC count.32 No studies reported full cytology
counts in their methods.

Effects of PRP In Vivo. A total of 5 studies examined
cell proliferation and reported an increase in cell
proliferation.27,29,39,55,58 Further, 9 studies examined gene
expression relevant to ligament healing†† and found
increased expression of COL1A1 (Collagen type I alpha 1
chain), COL3A1 (Collagen type III alpha 1 chain), TGF-
b1(Transforming growth factor beta 1), biglycan, MMP-1
(Matrix metalloproteinase-1), MMP-13 (Matrix
metalloproteinase-13), and TIMP-1 (Tissue inhibitor of
metalloproteinases inhibitor 1), CD31 (Cluster of differen-
tiation 31), VEGF (Vascular endothelial growth factor),

TABLE 1
Summary of Cytology Reporting in PRP Ligament Studies

Component
Studies

Reporting, n (%)
Studies Not

Reporting, n (%)

Platelet count 33 (76.4) 10 (23.3)
White blood cell count 12 (27.9) 31 (72.1)
Red blood cell count 7 (16.3) 36 (83.7)

PPR, platelet-rich plasma.

#References 10, 11, 36, 41, 56, 57, 64, 65.

**References 2, 3, 13, 14, 22, 23, 26, 27, 29, 31, 32, 39, 47, 50, 52, 54,
55, 59, 60, 62, 63, 66, 67.

††References 27, 29, 39, 55, 58, 59, 62, 63, 67.
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TSP-1 (Thrombospondin-1), NT-3 (Neurotrophin-3), GAP-
43 (Growth associated protein-43), and NGF (Nerve growth
factor), with the exception of 1 study, which found a
decrease in TGF-b1 expression.67 A total of 19 studies
examined gross appearance of ligament repair, of which 4
studies5,32,40,52 found a significant gross improvement in
wound healing and ligament regeneration compared with
controls and 15 studies found no difference when compared
with controls‡‡ (Table 4).

In total, 24 studies assessed ligament repair histologi-
cally, with 13 studies reporting significant improvements
over control§§ and 9 studies reporting no significant differ-
ence in improvements.kk One study reported a lower vascu-
larity subscore, a lower ligament tissue maturity index
score, and no inflammation with PRP treatment.31 Other
studies reported decreased inflammation in the PRP group
compared with control groups.1,14

A total of 12 studies reported superior mechanical
properties with PRP treatment, including maximum
yield,23,29,45,47,49 load to failure,{{ linear stiffness,3,22,29,45,67

tensile strength,14 displacement at maximum load,29 and
work to maximum load.3 One study was unable to assess
mechanical properties because of inadequate control tissue
properties.40 In total, 3 studies found no difference
in tensile load,23,39,46 4 studies found no difference in
displacement,23,39,46,58 4 studies found no difference in laxity
or flexion,22,39,50,60 and 5 studies found no difference in
stiffness.39,46,49,58,59 One study found no difference in failure
load, linear stiffness, tensile strength, laxity, displacement,
and work to maximum load.39 One study found that PRP
treatment resulted in significantly less ligament strength,
maximum load, displacement at maximum load, and work
to maximum load compared with controls.31 One study found
significantly decreased laxity compared with controls.45 An
additional 3 studies5,13,32 conducted a functional examination
graded on established criteria and found improvements with
PRP (Table 4).

One study analyzed changes in synovial fluid for degra-
dative and inflammatory markers and found no significant
differences.5 As well, 3 studies checked for inflammatory
markers: 2 studies found no significant difference,50,54 and
1 study found a significant decrease.60 One study reported

that PRP increased fibrinogen content but decreased hap-
toglobin concentrations.52

PRP Preparation Classification

Multiple concentrations of PRP were studied in some of the
included investigations. Of the 43 included studies, only 1
study reported all necessary information to be classified by
all schemes.54 Additionally, no scheme was able to completely
classify >30% of the studies included with the exception of
the Ehrenfest system (53.4%). Of the included studies, 3 stud-
ies reported the dose of injected platelets in the PRP and were
categorized as class A according to the Magalon system31,45,54

4 studies were categorized as class B26,39,50,60; 5 studies, as
class C1,5,13,17,52, and 13 studies, as class D.##

Only 1 study investigated the properties of leukocyte-
and platelet-rich fibrin as defined by the Ehrenfest sys-
tem,48 and no study used pure platelet-rich fibrin. Only 2
studies reported an efficiency of production higher than
class C via the Magalon system.1,42 Of the 31 studies report-
ing the platelet count in the PRP, only 26 studiesa reported
the amount used. A summary of the number of studies that
were successfully classified by the Magalon, Ehrenfest,
PAW, and Sports Medicine schemes is provided in Table 5.

DISCUSSION

The main findings of the current study were as follows.
First, there existed considerable variability in cytology
reporting and PRP protocols among all studies. Although
the majority of individual studies reported positive findings
with PRP treatment, the variability in PRP preparation
methods and protocols limited the extent to which the data
could support these findings and precluded the pooling of
data. Second, the use of PRP for ligament injuries in the
majority of in vivo and in vitro animal models conferred
benefits at the cellular and molecular levels including
increased collagen content, improved cell viability, and ear-
lier regeneration times when compared with control
groups. Third, PRP treatment in the majority of in vivo
ligament injury models resulted in comparable gross

TABLE 2
Summary of Variables Reported: In Vitro Studies

Outcome Studies Reporting, n (%) Significant Increase, n No Significant Change, n Significant Decrease, n

Cell viability 7 (58.3) 5 2 0
Cell proliferation 2 (16.7) 2 0 0
Proteoglycan and collagen content 5 (41.7) 3 2 0
Gene expression 9 (75) 7 2 0
Cell migration 1 (8.3) 1 0 0
Cell differentiation 1 (8.3) 1 0 0
Inflammatory mediation 1 (8.3) 1 0 0

‡‡References 2, 13, 23, 26, 27, 29, 45–47, 55, 58, 59, 66, 67.
§§References 23, 27, 29, 39, 40, 47, 49, 52, 55, 58, 59, 66,67.
kkReferences 2, 5, 13, 22, 26, 32, 45, 48, 54.
{{References 3, 23, 27, 45, 47, 49, 59, 67.

## References 2, 14, 27, 29, 32, 36, 47, 51, 59, 62, 63, 66, 67.
aReferences 1, 2, 3, 10, 11, 13, 14, 22, 23, 26, 27, 29, 30, 31, 36, 39, 41,

50, 51, 52, 56, 57, 63, 64, 65, 66.
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appearances but superior biomechanical performance
when compared with controls.

The PRP preparation methods were significantly heteroge-
neous among the identified studies. Although the majority of
basic science evidence that evaluated the use of PRP for the
treatment of ligament pathologies in the current review
reported improvements in various aspects of ligament healing,
it remains a challenge to appropriately compare these changes
across studies. Despite increasing calls for standardization in
methods and reporting, rigorous and reproducible standards
have not been adopted. In the current study, each included

study was classified by 4 established classification schemes
when applicable: Magalon,35 Erhenfest,18 PAW,15 and Sports
Medicine.43 Only 1 study reported all requisite information to
be classified by all schemes.54 Additionally, only the Ehrenfest
system was able to classify >30% of studies. This was largely
because of the fact that most studies did not report information
on leukocyte concentrations, specifically regarding changes in
neutrophil concentrations. Inflammatory neutrophil content
has been cited to directly alter platelet function and play an
important role in stimulating the healing process.6,25 Future
basic science studies may be at risk of contributing little to the

TABLE 3
SYRCLE28 Bias Assessment of Included In Vivo Studies

SYRCLE Score (Low, High, or Unclear)

Lead Author
(Year)

Selection
Bias:

Sequence
Generation

Selection Bias:
Baseline

Characteristics

Selection
Bias:

Allocation
Concealment

Performance
Bias:

Random
Housing

Performance
Bias:

Blinding

Detection
Bias:

Random
Outcome

Assessment

Detection
Bias:

Blinding

Attrition
Bias:

Incomplete
Outcome

Data

Reporting
Bias:

Selective
Outcome
Reporting

Other:
Other

Sources
of Bias

Agir (2017)1 Unclear Unclear High High Low High High Low High Unclear
Amar (2015)2 Unclear Low Unclear High Low High High Low Low Low
Biercevicz

(2013)3
High Low High High Low High High Low Low Low

Bozynski
(2016)5

Unclear Low Unclear Unclear Low High High Low Low Low

Cook (2016)13 Unclear Low Unclear High Low High High Low Low Low
Costa (2017)14 Unclear Low Unclear Low Low High Low Low Low Low
Fleming

(2009)23
High Low High High Low High High Low Low High

Fleming
(2015)22

Unclear Low High Unclear Low High Low Low Low Low

Harris
(2012)26

Unclear Low Low Unclear Low High Low Low Low Low

Haus (2012)27 High Low High High Low High High Low Low Low
Joshi (2009)29 Unclear Low High High Low High Low Low Low Low
LaPrade

(2018)31
Unclear Low Low Unclear Low High Unclear Low Low Low

Lee (2012)32 Unclear Low High High Low High High Low Low Unclear
Mastrangelo

(2011)39
Low Low Low Unclear Low High Low Low Low Low

Matsunaga
(2013)40

High Low High High Low High High Low Low Unclear

Murray
(2006)49

Unclear Low High High Low High High Low Low Low

Murray
(2007)48

High Low High High Low High Low Low Low Low

Murray
(2007)47

Unclear Low High High Low High High Low Low Low

Murray
(2009)46

Low Low High High Low High High Low Low Low

Murray
(2013)45

Low Low Low High Low High Low Low Low Low

Prządka
(2017)52

High Low Low Unclear Low High Low Low Low Low

Sample
(2018)54

High Unclear High High Low High High Unclear Low Unclear

Smith
(2020)58

Unclear Low Low High Low High Low Low Low Low

Teng (2016)59 Unclear Low High High Low High High Low Low Low
Xie (2013)62 Unclear Low Unclear High Low High High Low Low Low
Xie (2013)63 Unclear Low Unclear High Low High High Low Low Low
Yoshioka

(2013)66
High Low Low Unclear Low High Low Low Low Low

Zhang
(2019)67

Unclear Low Unclear High Low High Low Low Low Low
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current level of evidence and understanding of PRP indications
and efficacy unless there is widespread adoption of formal
recommendations and classification systems that include
quantitative characteristics of PRP processing. Adoption of
clear and consistent reporting by authors and journals is
essential to the development of well-defined clinical indications
for PRP therapy and cellular composition targets to guide fur-
ther optimization of patient selection criteria and harvest and
processing strategies.

Several cellular and molecular events thought to lead to
more efficient ligament healing, including cell differentia-
tion, proliferation, and collagen expression, were found to
be more prominent in PRP-treated ligament models com-
pared with controls in select studies. However, meaningful
conclusions could not be drawn because of study heteroge-
neity and the fact that some studies presented conflicting
data. Studies on the effects of PRP on ligament pathology
suggested that PRP treatment is beneficial for overall lig-
ament healing via a variety of cellular and molecular
mechanisms.23,45,48,66 However, it should be noted that this
finding was derived from data from 60% of in vitro and 25%

of in vivo studies. Type I and type III collagen are integral
components of ligaments, providing tensile strength and a
fibrillar component to remodeling, respectively.62 In both in
vitro and in vivo studies, collagen content was observed to
significantly increase with PRP treatment.11,20,65 Matsu-
naga et al40 reported that their compact PRP-rich scaffold

enhanced ACL healing in a rabbit model by generating
denser and more longitudinal collagen bundles that were
better organized than those of controls. Collagen produc-
tion was also measured at the level of gene expression.
Although Fallouh et al20 found significant increases in only
COL3A1 expression, numerous studies reported increases
in both COL1A1 and COL3A1 expression.11,62,64,65 Further
research is necessary to clarify whether the increased col-
lagen synthesis induced by PRP in ligaments is translated
to improved clinical and functional outcomes.

Various cellular changes were also observed in liga-
ment models treated with PRP when compared with
controls. Increases in cell viability,10,11,20,64,65 cellular
differentiation,20 and proinflammatory markers65 were
reported with PRP treatment and may be beneficial to lig-
ament healing. Furthermore, increases in an array of genes
implicated in promoting extracellular matrix synthesis and
the remodeling aspect of healing (TGF-b1, biglycan, MMP-
1, MMP-13, TIMP-1), angiogenesis (CD31, VEGF, TSP-1),
and markers of neurotrophic support and axonal regenera-
tion (NT-3, GAP-43, NGF) were observed in multiple
studies,62,63 supporting a diverse set of mechanisms by
which PRP may promote efficacious ligament healing. At
the histological level, PRP significantly increased cellular-
ity and regeneration,23,40,52,66 increased angiogenesis,23

and promoted earlier and more organized ligament fill-
ing.48,49,52 These changes suggest that PRP treatment
induces a variety of cellular changes that may expedite and
enhance ligament regeneration and healing; however,
results from a few other studies contradicted these find-
ings. Indeed, 2 in vitro ligament studies found no signifi-
cant change in cell viability,11,17 2 studies found no change
in collagen content,30,56 and 2 studies found no change in
gene expression.30,56 One study found a decrease in TGF-b1
expression.67 Therefore, although the majority of studies
reported benefits with PRP, there is also a body of evidence
suggesting that these observations are not consistent.

A minority of studies found qualitative macroscopic
improvements in tissue repair and appearance after treat-
ment with PRP that were significant when compared with
controls,5,32,40,52 although the majority of studies investigat-
ing this gross ligament appearance did not. Interestingly, bio-
mechanical performance including stiffness, yield, and
maximum and failure loads were found to be superior in
PRP-treated groups in comparison to control

TABLE 4
Summary of Variables Reported: In Vivo Studies

Outcome Studies Reporting, n (%) Significant Increase, n No Significant Change, n Significant Decrease, n

Cell viability 0 (0) 0 0 0
Cell proliferation 5 (16.1) 5 0 0
Gene expression 9 (29.0) 8 0 1
Gross appearance of repair 18 (58.1) 3 15 0
Histology of repair 24 (77.4) 13 9 2
Collagen deposition 7 (22.6) 6 0 1
Mechanical properties 23 (74.2) 12 9 2
Inflammatory mediation 6 (19.4) 0 4 2

TABLE 5
Summary of Platelet-Rich Plasma Classifications Systemsa

Classification Yes, n (%) No, n (%)

Magalon (D): dose of injected platelets 25 (58.1) 18 (41.9)
Magalon (E): efficiency of production 17 (39.5) 26 (60.5)
Magalon (P): purity of the PRP 8 (18.6) 35 (81.4)
Magalon (A): activation of the PRP 43 (100.0) 0 (0.0)
Ehrenfest: P-PRP, L-PRP, P-PRF, L-PRF 23 (53.4) 20 (46.6)
PAW (P): platelet count 31 (72.1) 12 (27.9)
PAW (A): activation method 43 (100.0) 0 (0.0)
PAW (W): white blood count 12 (27.9) 31 (72.1)
Sports Medicine (Mishra) classification 9 (20.9) 34 (79.1)

aL-PRF, leukocyte- and platelet-rich fibrin; L-PRP, leukocyte-
and platelet-rich plasma; P-PRF, pure platelet-rich fibrin; P-PRP,
pure platelet-rich plasma; PRP, platelet-rich plasma.
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groups.22,23,40,47,49,66 This suggests that PRP-induced changes
at the cellular level may translate into enhanced biomechan-
ical performance of ligaments although the resultant gross
appearance of ligaments may not reflect these benefits. It
would be speculative to suggest that PRP has the potential
to enhance the ligament healing process based on these data.
Regardless, the current review suggests that the treatment of
ligament injury models with PRP in a laboratory environment
confers many diverse benefits, when compared with control
models, via numerous cellular and molecular mediators.
These changes may have implications for clinical treatment;
however, there remains a need to better understand how the
magnitude and timing of these changes occur with different
PRP protocols, compositions, and formulations.

This systematic review is subject to limitations inherent
in all systematic reviews, namely by the studies identified
for analysis. First, a large number of ligament model stud-
ies did not report final platelet concentrations in their PRP
preparations.b Although this prevented a systematic com-
parison of final PRP preparations across all studies, it did
not limit a comparison of the cellular and molecular mar-
kers that changed with the use of PRP in comparison to
controls, as was our primary endpoint. Second, this system-
atic review analyzed a heterogeneous selection of studies
that included both in vitro and in vivo investigations, and
this heterogeneity precluded quantitative comparisons
among articles with similar study design (ie, among in vitro
studies only). We believe that this heterogeneity also
speaks to the need for standardization among protocols,
as they differed in most studies. We also believe that this
heterogeneity was in fact a benefit to the study in that it
allowed for extraction and documentation of many different
cellular and molecular markers in PRP treatments that
may not have otherwise been noted. Third, in many of the
studies examining ligament injuries, these injuries were
surgically induced. This limitation was apparent in that
PRP use was applied clinically to injuries that were second-
ary to trauma or overuse. We cannot comment on how
results may differ following the use of PRP for surgically
induced injuries versus trauma-related or chronically
induced ligament injuries. Future studies should aim to
investigate these differences, if any, and potentially inves-
tigate the use of PRP in chronic or traumatic injuries to
more intimately mirror natural ligament injuries.

CONCLUSION

Conflicting data on the cellular and molecular effects of
PRP for ligament injuries were observed secondary to the
finding that included studies were heterogeneous, limiting
interpretation across studies and the ability to draw mean-
ingful conclusions. Clinical trials and any causal relation-
ship between PRP use in ligament injuries and its potential
for regeneration and healing should be pursued with cau-
tion if based solely on basic science data. The lack of report-
ing and consistency in PRP preparation methods is
concerning, in agreement with previous literature urging

standardization, and must be addressed prior to invest-
ment of significant resources in human clinical trials.
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APPENDIX

TABLE A1
Reporting Trends for Biologic Changes Induced by PRPa

Studies
Reporting,

Total
(In Vivo/In

Vitro), n

Increased,
Decreased, or

No Change
(In Vivo/In

Vitro)

Growth factor
concentrations
EGF 1 (1/0) Increased, not reported
PDGF A þ B 4 (3/1) Increased, decreased
TGF-b1 5 (4/1) 3 increased, 1 decreased/

1 decreased
IGF-1, IGF-2 1 (1/0) No change, not reported
VEGF, ECGF 6 (6/0) Increased, not reported
bFGF 0 Not reported
FGF-2 1 (1/0) Increased, not reported
FGF-18 0 Not reported
BMP-2 0 Not reported
BMP-7 0 Not reported
HGF 0 Not reported

Adhesive protein
concentration
Fibrinogen 4 (3/1) 2 increased, 1 no

change/increased
Fibronectin 1 (1/0) Increased, not reported
Vitronectin 0 Not reported
Thrombospondin-1 1 (0/1) Not reported, increased

Clotting factor
concentration
Factor V 0 Not reported
Factor XI 0 Not reported
Protein S 0 Not reported
Anti-thrombin 0 Not reported
Fibrinolytic factors
Plasminogen 0 Not reported
Plasminogen activator
inhibitor

0 Not reported

a2 antiplasmin 0 Not reported
Proteases and antiproteases

TIMP-4 0 Not reported
Metalloprotease-4 0 Not reported
a1-antitrypsin 0 Not reported

Basic proteins
Platelet factor 4 0 Not reported

(continued)

Table A1 (continued)

Studies
Reporting,

Total
(In Vivo/In

Vitro), n

Increased,
Decreased, or

No Change
(In Vivo/In

Vitro)

B-thromboglobulin 0 Not reported
Endostatins 0 Not reported

Membrane glycoproteins
CD40 ligand 0 Not reported
P-selectin 0 Not reported

Dense granule bioactive
molecules
Serotonin 0 Not reported
Histamine 0 Not reported
Dopamine 0 Not reported
ADP 0 Not reported
ATP 0 Not reported
Ca2þ 0 Not reported
Catecholamines 0 Not reported

Proinflammatory cytokine
concentration
IL-a 0 Not reported
IL-1b 0 Not reported
IL-2 0 Not reported
IL-6 1 (0/1) Not reported, increased
IL-7 0 Not reported
IL-8 (CXCL8) 1 (1/0) No change
TNF-a 0 Not reported
IFN-a 0 Not reported
IL-12 0 Not reported
IL-15 0 Not reported
IL-17 0 Not reported
IL-18 0 Not reported
NK-B 0 Not reported

Anti-inflammatory cytokine
concentration
IL-1 receptor antagonist 0 Not reported
IL-4 0 Not reported
IL-5 0 Not reported
IL-10 0 Not reported
IL-13 0 Not reported
IFN-g 0 Not reported

Other proteins
Activin A 0 Not reported

(continued)
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TABLE A2
Summary of Included In Vitro Ligament Studiesa

Lead Author (Year) PRP Preparation Cytology Findingsb Study Design Outcomes Measured Results

Cheng (2010)11 20 samples of blood
(10 mL/tube)
centrifuged at 150g
for 6 min.
Supernatant
combined and
transferred to 50-mL
tube as PRP.

Platelet count: 801
� 106/mL

ACL explants cultured
in control media, PRP,
PPP, or platelets
alone.

Viability assessed via
metabolism MTT and
TUNEL assays for
apoptosis. Histology/
TEM for cell
morphology. IMHC for
collagen deposition.
RT-PCR GAPDH,
COL1A1, and
COL3A1.

PRP did not differ from
PPP and platelets in
viability.
Histologically, PRP
had significantly
better results and
expressed higher
collagen levels.

Cheng (2012)10 Porcine blood (300 mL)
collected with 10%

acid-citrate dextrose,
centrifuged at
150g/6 min.
Supernatant
combined to yield
PRP.

Platelet count: 628
� 106/mL

ACL explants removed
from 3 different aged
donor pigs (immature,
adolescent, and adult)
cultured in collagen
hydrogel PRP.

RT-PCR for COL1A1
and COL3A1. TUNEL
assay for apoptosis.
MTT for metabolic
level (viability) and
PicoGreen dsDNA for
DNA content.

PRP increased viability,
decreased apoptosis,
and increased the
expression of collagen.
Results were more
favorable for immature
and adolescent cells vs
adult cells.

(continued)

Table A1 (continued)

Studies
Reporting,

Total
(In Vivo/In

Vitro), n

Increased,
Decreased, or

No Change
(In Vivo/In

Vitro)

AGE 0 Not reported
Agrin 0 Not reported
BDNF 0 Not reported
CCL2 0 Not reported
CCL5 0 Not reported
CCL20 0 Not reported
CXCL1 0 Not reported
CXCL2 0 Not reported
CXCL3 0 Not reported
CXCL5 0 Not reported
CXCL7 0 Not reported
CXCL10 0 Not reported
CNTF 0 Not reported
CD86 0 Not reported
CSF2 0 Not reported
Fas ligand 0 Not reported
Fractalkine 0 Not reported
ICAM1 0 Not reported
IL-1 receptor-like 2 0 Not reported
L-selectin 0 Not reported
Leptin 0 Not reported
MMP-1 2 (2/0) 1 increased, 1 no

change/not reported
MMP-2 2 (1/1) No change/1 increased
MMP-3 5 (1/4) No change/2 increased,

1 decreased, 1 no
change

MMP-8 0 Not reported

(continued)

Table A1 (continued)

Studies
Reporting,

Total
(In Vivo/In

Vitro), n

Increased,
Decreased, or

No Change
(In Vivo/In

Vitro)

MMP-9 1 (0/1) Not reported/1 increased
MMP-13 4 (1/3) Increased/1 increased,

1 decreased, 1 no
change

Prolactin receptor 0 Not reported
TIMP-1 1 (1/0) Increased, not reported
RANTES 0 Not reported
MCP-1 1 (1/0) No change, not reported
MIP-1a 0 Not reported
G-CSF 0 Not reported

aADP, adenosine diphosphate; AGE, advanced glycosylation
end product; ATP, adenosine triphosphate; BDNF, brain-derived
neurotrophic factor; bFGF, basic fibroblast growth factor; BMP,
bone morphogenetic protein; CCL, chemokine (C-C motif) ligand;
CD, cluster of differentiation; CNTF, ciliary neurotrophic factor;
CSF, colony-stimulating factor; CXCL, chemokine (C-X-C motif)
ligand; ECGF, endothelial cell growth factor; EGF, epidermal
growth factor; FGF, fibroblast growth factors; G-CSF, granulocyte
colony stimulating factor; HGF, hepatocyte growth factor; ICAM,
intercellular adhesion molecule; IFN, interferon; IGF, insulin-like
growth factor; IL, interleukin; MCP, monocyte chemoattractant
protein; MIP, macrophage Inflammatory Protein; MMP, matrix
metalloproteinase; NK, natural killer; PDGF, platelet-derived
growth factor; RANTES, regulated on Activation Normal T cell
Expressed and Secreted; TGF, tumor growth factor; TNF, tumor
necrosis factor; TIMP, tissue inhibitor of metalloproteinases;
VEGF, vascular endothelial growth factor.
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Table A2 (continued)

Lead Author (Year) PRP Preparation Cytology Findingsb Study Design Outcomes Measured Results

Dhillon (2015)17 Antecubital vein isolated
and transferred to
tubes. Tubes
centrifuged; PRP
isolated via a pipette in
first tube. Second tube
centrifuged at
3000 rpm; PPP
separated.

Not provided ACL explants recovered
from arthroscopic
reconstruction and
subsequently cultured
in either in 5% or 10%

PRP.

MTT assay, annexin V
assay (apoptosis), and
DNA content/S-phase
fraction.

No significant difference
was noted between
the control media and
that containing PRP.

Fallouh (2010)20 Platelet concentration
system (DePuy
Symphony) used to
isolate PRP and PPP
from blood. Both
isolated plasmas
treated with 10%

thrombin solution
(100 U/mL) and
centrifuged at 1500g
for 5 min. Soluble
releasates frozen at
–80�C.

Not provided ACL explants cultured
in PRP.

Viability (WST-8 assay),
Sircol assay (collagen
content), and RT-PCR
for COL1A1 and
COL3A1.

PRP increased viability,
collagen content, and
the expression of 3
genes. There was no
increase in type 1
gene expression.

Krismer (2017)30 60-mL blood samples
from human male
donors added to citrate
dextrose. Blood
samples centrifuged
and separated by
weight via (1) Platelets
Matter/GPS III
commercial kit (PRP-
LR) and (2) Yoshida
et al65 protocol (PRP-
PP). Activated via 1.5
U/mL thrombin. Cell
composition
determined using
ADIVA 2120i System.c

� PRP-LR platelet
count: 813.8 ±
233.7 � 109/L
� PRP-LR WBC

count: 15.91 ±
8.32 � 109/L

� PRP-PP RBC
count: 1.27 ±
1.31 � 1012/L

� PRP-PP platelet
count: 844.1 ±
126.1 � 109/L
� WBC count: 0.43

± 0.38 � 109/L
� RBC count: 0.08

± 0.03 � 1012/L

3 experimental groups:
2.5% PRP-LR, 2.5%

PRP-PP, 20% PRP-
LR; plus a negative
control and a positive
control.

Cell proliferation, cell
phenotype on mRNA
transcript level, and
extracellular matrix
production (total
collagen and GAG
content).

PRP significantly
increased DNA content
and metabolic cell
activity at day 21 vs
day 7. PRP
significantly increased
cell proliferation but
not extracellular
matrix production.
PRP-LR group
significantly increased
MMP-3 and MMP-13
expression; no
significant increases in
COL1A2, scleraxin A,
aggrecan, or
tenomodulin across all
groups.

Magarian (2011)36 600 mL whole human
blood collected with
acid-citrate dextrose
(10% by volume) and
centrifuged at 150g
for 6 min.
Supernatant called
PRP. PRP
centrifuged, and PPP
removed. Pellet
resuspended and
concentrated with
PPP to approximately
3� whole blood.

� Platelet count:
684 � 109/L
� Whole-blood

platelet count:
202 � 109/L
� PPP platelet

count: 154 � 109/
L

ACL explants harvested
from immature and
adolescent children
were cultured in PRP.
Investigators
evaluated the age
differences in
response in
migration, viability,
and scaffold
contraction.

Proliferation (MTT
assay), migration
(Boyden chamber),
and scaffold
contracture.

Immature ACL explant
cells treated with PRP
had increased
migration at 24 h and
proliferation at 7 and
14 d vs those of
adolescents.

McCarrel (2009)41 Bone marrow biopsy
needle used to obtain
sternal bone marrow,
which was combined
with heparin (33 U/
mL). Venous blood
(60 mL) centrifuged at
400g for 20 min to yield
PRP (10 mL).

� Whole-blood
count: 100 � 103

platelets/mL
� Plasma: 82.6 �

103 platelets/mL
� Platelet count:

513 ± 84.9 �
1000/mL

Suspensory ligament
cultured in BMA,
PRP, or lyophilized
platelet product.

RT-PCR for COL1A1,
COL3A1, COMP,
decorin, MMP-3,
MMP-13.

PRP increased
expression of
COL1A1, COMP, and
decorin. PRP
decreased expression
of COL3A1, MMP-3,
and MMP-13.

(continued)
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Table A2 (continued)

Lead Author (Year) PRP Preparation Cytology Findingsb Study Design Outcomes Measured Results

Pifer (2014)51 � Releasing kinetics of
MMP-2, -3, -9 from
PRP: venous blood
was obtained from 2
healthy donors. PRP
was made using ACP
with 1 donor and GPS
with the other donor.
Each PRP was split
into three 500-mL
parts and exposed to
500-mL of release
medium, 1% FBS, and
1% penicillin/
streptomycin.
Samples were
incubated at 37�C for
30 min and then
withdrawn at 0, 24,
48, 96, 120, and 144 h
after the initial 30-min
period. Samples were
centrifuged at
1500 rpm for 10 min.
Total MMP-2, -3, and -
9 concentrations were

� Releasing
kinetics: whole-
blood platelet
count ¼ 317 and
217 � 103/mL for
donors 1 and 2,
respectively
� ACP platelet

count: 418 � 103/
mL
� GPS platelet

count: 1268 �
103/mL
� Total activity:

whole-blood
platelet count:
219.5 ± 82.5 �
103/mL
� ACP platelet

count: 386.4 ±
163.9 � 103/mL
� GPS platelet

count: 1131.5 ±
497.3 � 103/mL

3 groups of human
periodontal ligament
fibroblasts were
cultured and exposed
to both PRP-ACP and
PRP-GPS from 1
donor each. MMP-2,
-3, and -9
concentrations were
assayed in culture
media at 24 and 48 h
after exposure.

Concentration-
(endogenous and total
active) and time-
dependent release of
MMP-2, -3, and -9
from PRP. MMP-2, -3,
and -9 expression
comparing IL-1b
treatment in
experimental groups.

� PRP-GPS had higher
total MMP-2, -3, and -
9 concentrations for
up to 144 h of release,
while PRP-ACP had
higher platelet-
normalized MMP-2
and -3 concentrations.
PRP-GPS had higher
total and endogenous
MMP-2, -3, and -9
activity vs PRP-ACP.

� ACP and GPS MMP
activity was similar.
Compared with
controls, cells
stimulated with IL-1b
and treated with ACP
showed higher fold
changes of MMP-2 and
-3 concentration at 24
h than did cells
treated with GPS.
Total MMP-9 content
was higher in the
media of GPS-

assayed using
multiplex ELISA.

� Endogenous and total
active MMP-2, -3, and
-9 in PRP: venous
blood was obtained
from 3 healthy donors
from the blood bank.
PRP was processed in
the same manner as
the previous methods,
except samples were
incubated for 24 h at
37�C without being
disturbed. The
samples were then
used to quantify
endogenously active
and total MMP.

treated IL-1b-
stimulated cells vs
ACP-treated cells. At
48 h, GPS-treated IL-
1b-stimulated cells
showed higher fold
changes of MMP-2
concentration vs
controls, but no
difference in MMP-3
concentration was
found. At 48 h, there
was a higher
concentration of
MMP-9 in the cell
culture media of
ACP-treated vs
GPS-treated cells.

� After exposed to
human ligament
fibroblasts, both ACP
and GPS caused the
fibroblasts to release
MMPs, highest at 24 h
after PRP exposure
and dependent on
prior IL-1b
stimulation.

(ACP had lower platelet
concentration, lower
WBC concentration,
and lower hematocrit
concentration vs
GPS.)

Schnabel (2008)56 Blood centrifuged at
400g for 10 min.

Platelet count:
99,999/mL

Suspensory ligament
cultured in plasma,
blood, PRP, PPP, and
ABM were evaluated
for gene expression.
DNA analysis and
total collagen.

RT-PCR for COL1A1,
COL3A1, COMP,
MMP-3, MMP-13, and
decorin. DNA analysis
for viability. Collagen
content assessed via
Sircol assay.

No significant changes
in gene expression,
DNA, or collagen
observed vs the other
conditions tested.

(continued)
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Table A2 (continued)

Lead Author (Year) PRP Preparation Cytology Findingsb Study Design Outcomes Measured Results

Smith (2006)57 Blood centrifuged at
150g for 15 min at
40�C. PRP prepared
by isolating and
transferring
supernatant.

Platelet count:
522,000/mL

Suspensory ligaments
cultured in media
with PRP

ELISA for COMP and H-
leucine.

Acellular bone marrow
treated with PRP had
the highest expression
of COMP and lowest
remaining amount of
H-leucine,
representative of
high protein synthesis.

Yoshida (2013)65 Porcine whole blood
centrifuged at 150g for
6 min. First
supernatant isolated,
centrifuged at 1000g
for 10 min. Second
supernatant isolated
were saved (PPP).
Pellet resuspended and
concentrated with PPP
to yield a PRP solution.

� Baseline platelet
count: 181 �
106/mL

� PRP platelet
count: 911 �
106/mL
� PMBC cell

count: 5 �
106/mL

Porcine ACL fibroblast
cultured in PRP ±
PBMC

MTT assay, RT-PCR for
COL1A1, COL3A1,
Sircol collagen assay
and ELISA for IL-6.

PRP in conjunction with
PBMC led to
increased collagen
expression, total
collagen, IL-6
proinflammatory
cytokines, and
metabolic activity.

Yoshida (2014)64 Same as above. Diluted
differently to yield 3
different solutions.

� Baseline platelet
count: 122 � 106/
mL
� PRP 1� platelet

count: –129 �
106/mL
� PRP 3� platelet

count: –370 �
106/mL
� PRP 5� platelet

count: –615 �
106/mL

Porcine ACL explants
and exposed to 1�,
3�, and 5� PRP

MTT assay, TUNEL,
and RT-PCR for
COL1A1 COL3A1,
and GAPDH.

PRP 1� yielded better
cell viability and
collagen production
when compared with
PRP 3� and PRP 5�.

aSee Appendix Table A1 for further abbreviation expansions. ABM, autologous bone marrow; ACL, anterior cruciate ligament; ACP, autologous
conditioned plasma; BMA, bone marrow aspirate; COL3A1, Collagen Type III Alpha 1 Chain; COMP, cartilage oligomeric matrix proteins; ELISA,
enzyme-linked immunosorbent assay; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GAG, glycosaminoglycan;
GPS, GPS III (Biomet); IMHC, immunohistochemistry; MTT - 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide; PBMC, peripheral
blood mononuclear cells; PRP, platelet-rich plasma; PRP-LR, platelet-rich plasma that is leukocyte-rich; PRP-PP, platelet-rich plasma with pure
platelets; PPP, platelet-poor plasma; RBC, red blood cell; RT-PCR, reverse transcriptase polymerase chain reaction; TEM, transition electron
microscopy; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; WBC, white blood cell; WST, Water Soluble Tetrazolium salts.

bAll cytology values are reported as mean þ SD when available.
cADIVA 2120i System, Siemens Healthineers.

TABLE A3
Summary of Included In Vivo Ligament Studiesa

Lead Author (Year) PRP Preparation Cytology Findingsb Study Design Outcomes Measured Results

Agir (2017)1 8 mL of blood was
collected from the
marginal ear vein
and transferred to
Regen THT tube
with thixotropic gel
to separate RBCs
from whole blood.
The samples were
centrifuged at
3400 rpm for 8 min.
PRP was extracted
using the syringe.

Not provided 10 rabbits were placed
into 2 groups, 5
rabbits in each
group: (1) right
extremities of
rabbits with tendon-
bone integration
strengthened via
PRP or (2) control
group with left
extremities of
rabbits with tendon-
bone integration
without PRP (ACL).

On day 56 postop,
rabbits were
euthanized, and the
portion of the distal
femur containing
the tunnel was
amputated.
Histological stains
were evaluated.

� Histology showed
that with PRP, the
integration of
tendon in the bone
was successful
without any necrosis
formation in most of
the tissues.
� In the control group

without PRP, the
integration was
distorted in many
zones, and some
cystic morphologies
were present.

(continued)
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Table A3 (continued)

Lead Author (Year) PRP Preparation Cytology Findingsb Study Design Outcomes Measured Results

Amar (2015)2 2 mL of blood placed in
tubes with 3.8%

sodium citrate
centrifuged at
1500 rpm for 10 min.
Supernatant
isolated and
centrifuged at
3000 rpm for 10 min.
Supernatant
removed, and pellet
resuspended.

Platelet count:
2,750,000/mL

Rat MCL transection
model with
treatment with
PRP and
contralateral leg
treated as a control.
Gross inspection,
biomechanical
testing, and
histology for
evaluation at 3 wk.

Biomechanical
parameters
included load to
failure, stiffness,
and displacement.
Histology evaluated
on scale for
cellularity, collagen,
and vascular.

No difference was
found between
control and PRP in
biomechanical
testing and
histology.

Biercevicz (2013)3 <18 g of whole blood
placed into tubes
and centrifuged at
150g. Supernatant
collected and then
centrifuged at 500g
to form a platelet
pellet that was
resuspended in PPP
(second
supernatant) to
concentrate PRP.

PRP platelet count:
1141 ± 527 K/mL

2 experiments: (1) pigs
underwent ACL
transection and
received either ACL
reconstruction,
ACL reconstruction
with collagen-
platelet composite,
or no treatment.
(2) Pigs underwent
ACL transection
and received ACL
reconstruction,
ACL reconstruction
with CPC,
bioenhanced ACL
primary repair

Volume of transected
ligaments, max
failure load, yield
load, linear
stiffness, grayscale
value from 3D model
generation via MRI.

Volume significantly
predicted the
structural
properties
(maximum load,
yield load, linear
stiffness) of the
ligaments and
grafts. The median
grayscale values
significantly
predicted the
structural
properties of the
ligaments and
grafts.

with CPC, or no
treatment. The
surgical legs were
harvested after
15 and 52 wk,
respectively.

Bozynski (2016)5 Venous blood obtained
via aseptic jugular
venipuncture to
yield 2 mL of ACP.

Not provided ACL injury model in
dogs (sham,
exposed ACL, and
partial tear) and
treated with
NSAIDs, washout,
or PRP.

Orthopaedic
examination included
ROM, pain effusion,
lameness, and
function.
Radiographs
obtained. Synovial
fluid was analyzed for
MCP-1, IL-8, KC,
MMP-1, MMP-2, and
MMP-3. Gross
assessment and
scoring system for
histology.

On clinical
examination, PRP
group had better
functional
assessment. ACL
treated was superior
in gross appearance.
No significance in
fluid markers and
histology.

Cook (2016)13 19-g butterfly catheter
with an ACP
syringe and without
ACDA was used to
obtain 15 mL of
whole blood from
jugular
venipuncture.
Centrifuged at
1500 rpm for 5 min.

� ACP platelet count
in whole blood:
2.5 billion (range,
1.9-2.8 billion)
� ACP platelet count

in white blood:
296 million (range,
180-400 million)

Canine ACL injury
model in partial
ACL transection
and meniscal
release and treated
with either PRP
injection or saline.

Orthopaedic
examination
included CROM,
pain effusion,
lameness, and
function.
Biomechanical
testing for strength
and stiffness.
Histological
evaluation.

Only on orthopaedic
examination did
PRP yield
significant pain
reduction and
improved ROM. No
other significance.

(continued)
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Lead Author (Year) PRP Preparation Cytology Findingsb Study Design Outcomes Measured Results

Costa (2017)14 4 mL of blood obtained
via central auricular
artery punctures
and added to 0.3 mL
of ACDA-citrate
dextrose. Samples
homogenized and
processed with Cell-
DynRuby device for
automated platelet
quantification.
Samples then spun
at 800 rpm for 8 min,
and supernatant
transferred and
spun at 3200 rpm for
15 min. Upper two-
thirds transferred,
and platelets
resuspended.

Platelet counts:
� Groups 1 and 3: not

reported
� Group 2: 311.88 ±

81.67 mm3

baseline; PRP: 3.32
± 0.89 times
baseline
� Group 4: 323.87 ±

66.83 mm3

baseline; PRP: 3.33
± 0.79 times
baseline

30 New Zealand
White rabbits
subjected to MCL
tears and assigned
to 1 of 4 groups:
(1) saline
treatment at 3 wk,
(2) PRP treatment
at 3 wk, (3) saline
treatment at 6 wk,
(4) PRP treatment
at 6 wk.

Biomechanical testing
of ligament strength
between PRP and
control group.

PRP significantly
increased ligament
tensile strength at 3
and 6 wk vs control.

Fleming (2009)23 Blood centrifuged at
150g. Supernatant
isolated and
centrifuged at 500g.
Second supernatant
isolated as PPP.
Pellet resuspended
PPP to create PRP.

Platelet count: 1141 ±
527 � 1000/mL

Porcine ACL model
treated with
PRP-collagen graft
compared with
untreated graft.
Evaluated at
15 wk.

Orthopaedic
examination
(maximum flexion
and extension) via
gross inspection.
Biomechanical
testing of AP laxity
at 30�, 60�, and 90�;
tensile load
displacement;
tangent modulus;
linear stiffness; and
yield stress.

No significant
difference visually
or via orthopaedic
examination.
Biomechanical
properties were
significant for yield
and max failure
loads. Central
necrosis observed in
the non-PRP group
on histology.

Fleming (2015)22 Blood centrifuged at
150g. Supernatant
isolated and
centrifuged at 500g.
Second supernatant
isolated as PPP.
Pellet resuspended
PPP to create PRP
solution (1�, 3�,
5�).

� PRP 1x platelet
count: 466/mL
(387.3/mL-544.7/
mL)

� PRP 3x platelet
count: 1386/
mL(1153/mL-1618/
mL)

� PRP 5x platelet
count: 2473/mL
(2011/mL-2937/mL)

Porcine ACL
transection in
model and
subsequently
repaired with ECM
scaffold platelet
concentrate at 1�,
3�, and 5� PRP.
Evaluated at
15 wk.

Biomechanical testing;
AP knee laxity
measured at 30�,
60�, and 90� of
flexion and
structural
properties.
Histology assessed.

Linear stiffness was
significant in the 1�
preparation. No
other results
significant.

Harris (2012)26 50 mL of
phlebotomized blood
combined with
citrate dextrose
solution and loaded
into a Platelet
Concentrate
Collection System
tube (Implant
Innovations).
Centrifuged at
3000 rpm for 3 min
45 s. Plasma layer
isolated and
transferred,
centrifuged at
3000 rpm for 3 min
45 s. Plasma layer

Platelet count:
1,348,667 ±
427,278/mL

PRP was injected into
the soft tissues of a
rabbit in the MCL
to assess PRP in
healthy tissue.

Histological
assessment of the
various rabbit
tissues exposed to
PRP.

On histology, the
ligament showed
inflammation that
continued to be
evident at 12 wk.

(continued)
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isolated and
transferred,
centrifuged at
3000 rpm for
13 min. PPP
removed. Pellet
resuspended in PPP
to 2.5 mL and
activated via 0.5-mL
mixture of topical
bovine thrombin
(5000 U) and CaCl2
(30 mL) to yield PRP
gel (3 mL).

Haus (2012)27 60 mL of whole blood
was drawn and
centrifuged at 150g
then centrifuged
again at 500g to
form a platelet
pellet. Pellet was
resuspended with
PPP to make 5�
whole-blood
platelets
concentration.

1st study platelet
counts:

� Immature group:
PRP¼ 1914 ± 140�
103/mL
� Adolescent group:

PRP¼ 1779 ± 140�
103/mL
� Adult group: PRP ¼

1443 ± 177 �
103/mL

2nd study platelet
counts:

� Immature group:
Systemic ¼ 412 ±
127 � 103/mL; PRP
¼ 736 ± 236 �
103/mL
� Adolescent group:

Systemic ¼ 318 ±
132 � 103/mL; PRP
¼ 529 ± 210 �
103/mL
� Adult group:

Systemic ¼ 304 ±
102 � 103/mL; PRP
¼ 615 ± 147 �
103/mL

3 groups for ACL
transection:
skeletally
immature
(juvenile),
adolescent, and
adult. In the 1st
experiment, 4 pigs
from each group
underwent
bilateral
transection. One
knee was treated
with PRP, and 1
was not (control,
knee was simply
opened and then
closed). In 2nd
experiment, both
sides in each group
were treated with
bioenhanced
suture repair.
Insertion sites in
all were assessed.

Histological response
of the insertion site
at 1, 2, 4, and 15 wk;
biomechanical
healing (strength,
max load); collagen
organization;
cellularity;
qualitative
morphology;
fibroblast density;
osteoclast density;
and blood vessel
density.

� In young and
adolescent animals
treated with
bioenhanced suture
repair with CPC,
changes in the
insertion site
included
(1) fibroblastic
proliferation with
loss and return of
collagen alignment
in the fibrous zone,
(2) osteoclastic
resorption within
fibrocartilage zones
at 2-4 wk, and
(3) partial
reappearance of
fibrocartilage zones
at 15 wk.
� In adult animals,

degenerative
changes were noted
by wk 15: (1) loss of
parallel
arrangement of
collagen fibers in the
fibrous zone and
(2) increasing
disorganization and
loss of columniation
of chondrocytes in
the fibrocartilage
zone.

Joshi (2009)29 CPC: blood was drawn
from the pig before
surgery and
centrifuged for PRP.
Neutralized
collagen and PRP
were mixed 1:1 to
form CPC.

PRP platelet
concentration:
1,279,000 ± 775,000
platelets/mm3

27 knees in immature
pigs underwent
ACL transection
and suture repair.
CPC was used to
supplement the
repair in 14 knees.

Biomechanical testing
(yield load, stiffness,
yield displacement,
cellularity, cell
shape, cell
orientation,
vascularity,
collagen density),
gross observations
(shape, scar mass,
noted repair tissue),
scar mass size on

CPC group had more
scar mass at 3 mo.
No difference in
hypertrophic repair
tissue, max cross-
sectional area,
cellularity, or
vascularity. CPC
group had
significant
improvements in
yield load and linear

(continued)
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MRI scan
histomorphometry
(average cellularity,
alignment,
vascularity,
ligament
characteristics, cell
density, shape)

stiffness of the
repair tissue at
3 mo, as well as a
significant increase
in cell density. Both
groups had a
reduction in yield
load and stiffness at
6 wk, noted with
high vascularity.

LaPrade (2018)31 Blood from each
animal spun at 400g
for 5 min, and
plasma transferred.
For PPP and PRP,
sample spun at
1000g for 5 min. For
PRP samples, PPP
supernatant
removed, and 1 mL
of PPP used to
suspend pellet.

PPP platelet count:
� PRP 2�:

0.6 million/mL.
� PRP 4�:

1.2 million/mL.
� Mean WBC count in

PRP samples was
0.3 � 103/mL ± 0.3 �
103/mL

New Zealand White
rabbits with grade
3 MCL tears were
administered PPP,
PRP 2�, and PRP
4� and compared
with control saline
injection and with
sham surgery
groups.

Collagen subscore,
vascularity
subscore, ligament
tissue maturity
index score,
maximum load,
knee stiffness. Gross
and histological
assessments.

PPP and PRP 4�
groups had
significantly lower
collagen subscores
than control had;
PRP 4� treatment
resulted in
significantly less
ligament strength
than did control. All
treatment groups
were significantly
inferior to the sham
surgery group in
maximum load,
displacement at
maximum load, and
work to maximum
load and had less
knee stiffness. All
treatment groups
had lower
vascularity
subscores and
ligament tissue
maturity index score
than did sham
surgery group. No
macroscopic
inflammation in any
knees. MCL width
was not statistically
significant among
groups.

Lee (2012)32 Blood centrifuged at
1210g for 10 min.
Plasma isolated and
centrifuged at 2422g
for 20 min at 4�C.
Supernatant
isolated and
discarded to yield
PRP (1 mL). 60 mL of
2500 IU/mL solution
(1 mL of calcium
gluconate mixed
with 5000 IU/mL of
bovine thrombin)
mixed with
remaining PRP
(540 mL) via dual-
syringe system to
yield 10:1 ratio.

Not provided ACL rabbit model
treated with canine
small intestinal
submucosal grafts
with and without
treatment of PRP.
Evaluated for
gross, histological,
and biomechanical
repair.

ROM, gross, and
histological
analysis.
Biomechanical
testing for maximal
stress, strain, and
ultimate load.

Over 7 days, TGF-b
release decreased as
exogenous source
depleted. PRP group
had superior ROM
at 2, 4, and 6 wk.
The control group
had significantly
improved
biomechanical
results compared
with PRP.

(continued)
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Mastrangelo
(2011)39

PRP made with 5�
and 3�platelet
count; the baseline
of platelets was not
specified.

� Systemic platelet
count:
391 ± 48�109/L
� PRP 5� platelet

count: 1951 ± 304 �
109/L
� PRP 3� platelet

count: 1161 ± 179 �
109/L

2 randomized groups
of 8 animals (for
bilateral ACL
transection and
suture repair) with
1 knee receiving 5�
baseline systemic
platelet count and
1 knee receiving
3�.

Systemic platelet
count, concentrated
platelet counts,
anteroposterior
laxity, tensile
testing, cellular
density within the
ACL, cell
orientation and
shape, collagen
formation, and
maturity index of
wound area.

The decrease in platelet
concentration from
5� to 3� to enhance
suture repair of the
ACL did not
significantly harm
the mechanical
outcomes in this
animal model.
Femoral insertion
site and central
wound site had
significant decreases
in cellular density at
13 wk postop. 3�
group showed more
areas of
disorganization and
defects in terms of
cell shape and
collagen formation.
5� group had
higher cellularity
and vascularity
subscores in
terms of maturity
index of wound
area.

Matsunaga
(2013)40

Blood centrifuged
3000 rpm for 15 min
at 4�C. Supernatant
centrifuged at
3000 rpm for 15 min
at 4�C. Platelet-poor
layer and platelet/
leukocyte layer
frozen at –80�C.
Platelet-poor layer
defrosted and
ultrafiltrated twice
at 4�C (Vivaflow50
MW10000;
Vivascience).
Enriched layer and
defrosted platelet/
leukocyte layer
mixed with
calcium gluconate to
23 milliMolar.
Mixture incubated at
37�C for 3 h to
produce PRP gel.

Not provided Rabbit MCL model
treated with PRP
turned into
compact platelet-
rich fibrin scaffold
and evaluated at 4,
8, and 12 wk for
histology and gross
appearance and
20 wk for
biomechanics.

Assessed gross
appearance,
histology, and
mechanical
properties of
ultimate load and
stiffness.

Macroscopically and
microscopically
treated groups were
superior.
Biomechanical
properties were
unable to be
collected for control
provided the tissue.
PRP-treated yield
results slightly
below those of
healthy control.

Murray (2006)49 Blood centrifuged at
100g for 20 min.
300 mL of isolated
PRP added to acid-
soluble type I
collagen (700 mL).

Not provided Canine ACL model
treated with PRP.
Evaluated via
histology and
biomechanical
properties at 3 and
6 wk.

IMHC for fibrinogen,
fibrin, and
fragments.
Mechanical testing
for ultimate load,
work to failure, and
stiffness.

Significant ACL filling
in PRP group.
Significant increase
in ultimate load and
work to failure at
6 wk vs control. No
difference in
stiffness.

(continued)
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Murray (2007)48 Blood centrifuged at
100g for 20 min.
Supernatant
transferred, leaving
PRP. 300 mL of
isolated PRP added
to acid-soluble type I
collagen (700 mL).

Not provided Canine ACL model
assessing intra-
articular ACL
treated with PRP
vs extra-articular
MCL and patellar
ligament and
evaluated via
histology at
multiple time
points.

IMHC for FGF-2, TGF-
b1, PDGF-A, von
Willebrand factor,
procollagen,
fibrinogen, and
fibronectin.
Histological scoring
for cellularity,
collagen, and
vascularity.

Wound healing differed
between extra-
articular MCL/
patellar ligament
and intra-articular
ACL. When PRP was
applied, ACL
healing statistically
improved but still
differed from MCL/
patellar ligament
healing. PRP
increased levels of
fibrinogen,
fibronectin, PDGF-
A, TGF-b1, FGF-2,
and von Willebrand
factor.

Murray (2007)47 9 mL of blood was
obtained from
phlebotomy and
centrifuged at 100g
for 14 min, and PRP
isolated.

Platelet count range:
780,000-2,300,000/
mm3

Porcine ACL model
treated with PRP
collagen and
compared with
suture alone.
Evaluated at 4 wk
for biomechanical
properties and
histology.

Biomechanical
properties including
load at yield,
maximum load,
displacement at
yield, displacement
at failure, tangent
modulus, and
energy at failure.
MRI and histology
comparison.

PRP led to significant
improvement and
difference in load at
yield, maximum
load, tangent
modulus, and
energy to failure
compared with
suture alone.

Murray (2009)46 60 mL of whole blood
mixed with 6 mL of
acid-citrate dextrose
in tubes. Centrifuged
at 1200g for 4 min. 7
mL of top layer
removed, and 2 mL of
acid-citrate dextrose
added. Centrifuged
at 1000g for 9 min.
Supernatant
removed, and pellet
resuspended in
10 mL of
supernatant.
Mixture centrifuged
at 1200g for 2 min. 7
mL of PRP isolated.

Not provided Porcine ACL tear
model treated with
PRP and suture vs
suture alone.
Evaluated at 14 wk
for biomechanical
properties.

Gross inspection of
ACL. AP laxity at
30� and 60�.
Mechanical testing
of linear stiffness,
maximum tensile
load, displacement
at failure, and
energy at failure.

No significant
difference

Murray (2013)45 Not provided Not provided 64 pigs underwent
ACL transection
and were randomly
placed into 4
experimental
groups: (1) no
treatment,
(2) conventional
ACL reconstruction
with BPTB
allograft,
(3) bioenhanced
ACL reconstruction
with BPTB
allograft and a

Linear stiffness, yield
load, max load,
cross-sectional area,
AP laxity, histology,
total lesion area of
cartilage

Linear stiffness, yield
load, and max load
after bioenhanced
ACL repair were not
significantly
different from those
after bioenhanced or
conventional ACL
reconstruction but
were significantly
greater than those
after untreated ACL
transection after
12 mo of healing.
Only mean AP

(continued)

20 Kunze et al The Orthopaedic Journal of Sports Medicine



Table A3 (continued)

Lead Author (Year) PRP Preparation Cytology Findingsb Study Design Outcomes Measured Results

bioactive scaffold,
and
(4) bioenhanced
ACL repair using a
bioactive scaffold

laxity value for ACL
reconstruction group
was significantly
lower than that for
ACL-transected
group at 6 mo. At 12
mo, all mean AP
laxity values at 30�

of flexion for surgical
treatment were
significantly lower
than those for
nontreated group.
Macroscopic
cartilage damage
after bioenhanced
ACL repair was
significantly less
than that after
untreated ACL
transection and
bioenhanced ACL
reconstruction, with
a strong trend that it
was less than that
after conventional
ACL reconstruction
in the porcine model
at 12 mo.

Nin (2009)50 40 mL of blood drawn
from patient 1 h
preop and
centrifuged for
8 min at 3000 rpm.
The blood cell
component of the
fraction was
separated and
centrifuged for
6 min at 1000 rpm at
room temperature.
Filtrate obtained to
yield PRP. 0.05 mL
of CaCl2 added
intraop to activate
platelets.

Platelet count: 837 �
103/mm3

2 randomized groups
of 50 patients
undergoing ACL
reconstruction:
patellar tendon
allograft
reconstruction with
platelet-enriched
gel and without the
gel.

VAS pain, anterior
laxity, and IKDC
score at 1 d postop. C-
reactive protein at 1
and 10 d postop.
difference in
perimeter in the
middle and 5 cm
above top edge of the
kneecap preop and
1 d postop. Anterior
tibial displacement,
tunnel placement,
and graft position in
the tibia and femur.
Intensity,
uniformity, and
thickness at center of
graft and PCL angle.

No differences in the
number of
associated injuries.
No significant
differences between
the groups for
inflammatory
parameters
(perimeters of the
knee and C-reactive
protein level), MRI
appearance of the
graft, and clinical
evaluation scores
(VAS, IKDC, and
KT-1000
arthrometer).

Prządka (2017)52 Tray Life Set (Croma-
Pharm) for PRP
preparation. 4.5 mL
of venous blood
extracted from
marginal ear vein
rabbits and
transferred to tubes
with sodium citrate.
Centrifuged at 100g
for 10 min. Serum
extracted and
centrifuged at 340g
for 10 min. Top layer
removed to yield
1 mL PRP.

Platelet count: 536-
1909 g/L

Polyester implants
placed in 32 New
Zealand rabbits for
repair of the
cranial cruciate
ligament were
saturated with
PRP, antlerogenic
stem cells MIC-1,
and their
homogenate prior
to surgery.

Morphological and
biochemical blood
tests, total protein
and proteinogram,
concentrations of
acute phase proteins
(fibrinogen and
haptoglobin), gross
assessment of
surgical region, and
histological
assessment of
surgical region.

No statistical
differences in
morphological
parameters. All
groups had lower
mean
concentrations of
protein PRP and
increased fibrinogen
content. PRP group
had lower mean
haptoglobin
concentration than
did antlerogenic
stem cells MIC-1
group (group 2).

(continued)
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Histological
examination showed
no inflammatory
reaction, and PRP
increased connective
tissue that wrapped
around/through
polyester cranial
cruciate ligament
implant.

Sample (2018)54 2 mL of blood drawn
for platelet count,
and 32 mL of blood
drawn for PRP and
centrifuged at 100 g
for 14 min. PRP was
then extracted.

Mean platelet count:
3.6 ± 0.23 mL
(range, 3.1-4.2 mL)

29 dogs with
unilateral complete
CR and
contralateral
partial CR divided
into 2 groups:
(1) Complete CR
dogs were treated
with tibial plateau -
leveling osteotomy.
(2) Contralateral
partial CR dogs
were treated with
PRP-collagen
scaffolds. Dogs
were evaluated at
10 wk and 12 mo
after treatment.

Correlation between
both development of
complete CR and
time to complete CR
with diagnostic tests
including bilateral
stifle radiographs,
MRI, and bilateral
stifle arthroscopy.
Histological
evaluation of
synovial biopsies,
C-reactive protein
concentrations in
serum and synovial
fluid, and synovial
total nucleated cell
count.

Single application of
PRP collagen in
partial CR stifles of
dogs was not an
effective disease-
modifying therapy
for the prevention of
progression to
complete CR.
Radiographic
effusion,
arthroscopic
evaluation of cranial
cruciate ligament
damage, and MRI
assessment of
ligament fiber
tearing in partial CR
stifles correlated
with progression to
complete CR over the
12-mo follow-up
period. Noted that
the best predictive
model for
development of
complete CR in PRP-
collagen-treated
partial CR stifles
included variables
from multiple
diagnostic
modalities.

Sánchez (2010)55 PRGF: 65 mL of
peripheral venous
blood was drawn
into 9-mL tubes.
Tubes were
centrifuged at 580 g
for 8 min at room
temperature.
(Fibrin was
harvested from the
plasma.) 2-mL
plasma fraction was
collected and had
moderate platelets.

Cytology not
provided, but
authors mentioned
that platelet count
was 2- to 3-fold of
peripheral blood.

2 groups for ACL
repair: control
group
(conventional
reconstruction) and
PRGF-assisted
ACL reconstruction
with autogenous
hamstring;
required 2nd-look
arthroscopy to
remove hardware
or loose bodies,
treat meniscal
tears or plica
syndrome, or resect
cyclops lesions at 6
to 24 mo postop.

Arthroscopic score (0-4
points) evaluating
graft thickness/
apparent tension (0-
2 points) plus
synovial coverage
(0-2 points).
Histological
transformation of
the tendon graft to
ACL-like tissue was
evaluated by use of
the Ligament Tissue
Maturity Index, and
a score to assess the
progression of new
connective tissue
enveloping the graft

Arthroscopic
evaluations were not
statistically different
between PRGF and
control groups.
PRGF treatment
influenced the
histological
characteristics of the
tendon graft,
resulting in tissue
that was more
mature than that in
controls.
Histologically
evident, newly
formed connective
tissue enveloping

(continued)
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was created by use of
3 criteria previously
used to characterize
changes during
ligament healing:
cellularity,
vascularity, and
collagen properties.

the graft was
present in 77.3% of
PRGF grafts and
40% of controls. The
appearance of the
connective tissue
envelope changed
with increasing time
from surgery. The
remodeling of PRGF
grafts involved the
formation of
synovial-like tissue
enveloping the
graft, which
integrated in the
remodeled tendon
graft to look similar
to a normal ACL.

Smith (2020)58 Not provided Not provided � 2 groups of dogs
underwent
arthroscopic
complete
transection of the
ACL, which was
repaired via either
arthroscopic-
assisted all-inside
ACL reconstruction
using the QTIB
allograft or a BPTB
autograft.
Contralateral knees
were used as
nonoperated
controls.

� QTIB ACL grafts
were soaked in
autogenous PRP.

� Radiographic
assessments were
performed at 2 mo.

� Arthroscopic
assessments were
performed at 6 mo.

� Anterior drawer,
internal rotation,
lameness, kinetics,
pain, effusion, and
comfortable knee
ROM were
measured at 2, 3,
and 6 mo.

� Biomechanical and
histological
assessments were
performed at 6 mo.

At 6 months, QTIB-
reconstructed knees
had significantly
less lameness, lower
pain, less effusion,
and increased ROM
vs BPTB knees.
BPTB knees had
significantly higher
radiographic OA
scores than did
QTIB knees at 6 mo.
PRP-QTIB showed
overall better
outcomes.

Teng (2016)59 10 mL of whole blood
was drawn from the
marginal auricular
vein. It was
centrifuged at 1200g
for 10 min and
centrifuged again at
2500g for 20 min at
4�C. 1 mL of PRP
was collected. The
precipitated
platelets (1 mL)
were collected.

Not provided 3 groups for ACL
reconstruction
using hamstring
tendon: control
group, PRP group,
and BMSCþPRP
group

Expression of CD44,
CD45, and CD90.
Transcription of
collagen I,
osteocalcin, and
osteopontin
(oncogenes).
Histological
observations and
micro-CT scan
conducted.
Biomechanical
testing (failure load,
stiffness).

Collagen I, osteocalcin,
and osteopontin
expression was
higher in BMSCs
cocultured with PRP
for 14 d. More
mature tendon–bone
interface using light
microscopy, more
newly formed bone at
the bone tunnel walls
detected via micro-
CT, and a
significantly higher
failure load as
assessed via
biomechanical
testing in the
BMSCþPRP group
than in the control
and PRP groups.

(continued)
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Valenti Azcarate
(2014)60

� Method 1: 40-mL
sample of citrated
blood per patient
centrifuged at 3000g
for 8 min. Between
the serum and
blood-cell phases,
pipetted out and
centrifuged at 380g
for 6 min. Filtrate
obtained to yield
PRP. 0.05 mL of
CaCl2 added intraop
to activate
platelets.

� Method 2:
centrifuged at 580g
for 8 min at
1800 rpm. Middle
section collected, and
0.05 mL of 10%

CaCl2 added.

� Baseline platelet
count: 201 �
106/mL
� PRP double-spin:

platelet count¼ 837
� 106/mL
� Mean leukocyte

concentration ¼
8100/mL
� PRGF: platelet

count ¼ 242 �
106/mL
� Plasma without

leukocytes: platelet
count ¼ 504 �
106/mL

3 groups: (1) control
(non-gel), (2) PRP
with leukocytes via
double-spinning
procedure, and (3)
PRP via single
spinning procedure
without leukocytes.

C-reactive protein,
knee perimeters
(difference in
perimeter in the
middle and 5 cm
above top edge of the
kneecap preop and
1 d postop). VAS
score 1 d postop.
IKDC at 3, 6, and
12 mo. Radiology
results included
thickness, intensity,
uniformity, tunnel
direction, tibial
anterior translation,
and position of PCL.

The PRGF group
showed significant
improvement in
swelling and
inflammatory
parameters vs the
other 2 groups at
24 h postop. The
results did not show
any significant
differences between
groups for MRI and
clinical scores.

Xie (2013)62 2 tubes centrifuged at
200g for 10 min
(room temperature).
PPP layer and PRP
layer isolated and
transferred to 2 new
tubes. Tubes
centrifuged at 200g
for 10 min. PPP
supernatant
removed to yield
1 mL of PRP.

Platelet count: 669 ±
51 � 109/L

Canine (beagle) model
of ACL
reconstruction
surgery with
treatment of PRP.
Evaluated gene
expression.

RT-PCR for COL1A1,
COL3A1, TGF-b1,
decorin, biglycan,
MMP-1, MMP-13,
TIMP-1, and
GAPDH assessed at
2, 6, and 12 wk.

For PRP groups
COL1A1 peaked at
6 wk and COL3A1
peaked at 2 and
6 wk. Time-
dependent changes
in expressed genes.

Xie (2013)63 2 tubes centrifuged at
200g for 10 min
(room temperature).
PPP layer and PRP
layer isolated and
transferred to 2 new
tubes. Tubes
centrifuged at
200g for 10 min.
PPP supernatant
removed to
yield 1 mL
of PRP.

Platelet count: 669 ±
51 � 109/L

Canine (beagle) model
of ACL
reconstruction
surgery with
treatment of PRP.
Evaluated gene
expression.

RT-PCR for CD31,
VEGF,
thrombospondin 1,
neutrophil 3,
growth-association
protein 43, and
nerve growth factor
assessed at 2, 6, and
12 wk.

Time-dependent
changes in
expressed genes.

Yoshioka (2013)66 Four 5-mL sterile
tubes with 3%
trisodium citrate
centrifuged at 460g
for 8 min. PPP,
PRP layer, and
last 500 mL
above erythrocyte
layer isolated.
500-mL layer
activated using
10% CaCl2.

Platelet count: 39.5 ±
2.4 � 104/mL

Rabbit MCL tear
model, treated with
PRP-Endoret and
evaluated at 3 and
6 wk via gross
inspection,
histology, and
mechanical
strength.

Gross inspection.
Histological
assessment for
cellularity, blood
vessel density, and
collagen.
Biomechanical
analysis for max
load and stiffness.

Histologically. PRP
resulted in
increased cellularity
at 3 wk, and
alignment of
collagen fibers was
noted. PRP also had
statistically better
performance on load
and stiffness.

(continued)

24 Kunze et al The Orthopaedic Journal of Sports Medicine



Table A3 (continued)

Lead Author (Year) PRP Preparation Cytology Findingsb Study Design Outcomes Measured Results

Zhang (2019)67 PRP: 10 mL of
peripheral blood
collected from the
marginal auricular
vein before the
surgery. Blood
centrifuged at 300g
for 10 min. Plasma
collected into
another tube and
centrifuged at 400g
for 20 min at 4�C. 1
mL of PRP collected.

Platelet count: 151.0 ±
38.3 � 106/mL

3 groups of rabbits
underwent
semitendinosus
autograft ACL
reconstruction:
without PRP, with
PRP, and with
PRP-GS.

Scaffold
characterization
(pore sizes, weight),
rate of TGF-b1
release, optical
density, expression
of tendon-to-bone
healing-related
genes, and MRI
signal.
Biomechanical tests
including failure
load, stiffness.
Amounts of
inflammatory
synovium.
Histologically
relative
observations and
scoring.

Levels of related genes
were upregulated in
PRP-GS group
compared with PRP
group. Lower signal
on MRI scan
indicated
fibrocartilage
formation in the 2
groups with PRP.
Histological
staining showed
that the tendon-
bone connection had
a greater
fibrocartilaginous
transition region in
the PRP-GS group,
and the histological
scores were higher
compared with the
PRP group.
Maximum failure
load and stiffness
were higher in the
PRP-GS group
than in the other
2 groups.

aSee Appendix Table A1 for further abbreviation expansions. 3D, 3-dimensional; AP, anteroposterior; ACDA, anticoagulant citrate-
dextrose solution A; ACL, anterior cruciate ligament; ACP, autologous conditioned plasma; BMSC, bone marrow mesenchymal stem cells;
BPTB, bone–patellar tendon–bone; CPC, collagen-platelet composite; CR, cruciate ligament rupture; CT, computed tomography; ECM,
extracellular matrix; FD, freeze-dried; FGF, fibroblast growth factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GS, gelatin
sponge; ICA, icariin; IKDC, International Knee Documentation Committee score; IMHC, immunohistochemistry; intraop, intraoperatively;
KC, keratinocyte-derived chemoattractant; MCL, medial collateral ligament; MIC, macrophage inhibitory cytokine; MRI, magnetic reso-
nance imaging; NSAID, nonsteroidal anti-inflammatory drug; OA, osteoarthritis; PCL, posterior cruciate ligament; PDGF, platelet derived
growth factor; postop, postoperative; PPP, platelet-poor plasma; preop, preoperative; PRGF, plasma rich in growth factor; PRP, platelet-rich
plasma; QTIB, quadriceps tendon allograft with internal brace; RBC, red blood cell; ROM, range of motion; RT-PCR, reverse transcriptase
polymerase chain reaction; TGF, tumor growth factor; THT, Regen THT system to prepare autologous platelet rich plasma; VAS, visual
analog scale; VEGF, vascular endothelial growth factor; WBC, white blood cell.

bAll cytology values are reported as mean þ SD when available.
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