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Purpose: To investigate whether the application of a particular platelet-rich plasma preparation rich
in growth factors (PRGF) during anterior cruciate ligament (ACL) surgery gives a potential advan-
tage for better tendon graft ligamentization. Methods: This study included 37 volunteers who
underwent either conventional (control group, n = 15) or PRGF-assisted (n = 22) ACL reconstruc-
tion with an autogenous hamstring and required second-look arthroscopy to remove hardware or
loose bodies, treat meniscal tears or plica syndrome, or resect cyclops lesions at 6 to 24 months after
ACL surgery. The gross morphologies of the grafts were evaluated on second-look arthroscopy by
use of the full arthroscopic score (0 to 4 points) to evaluate graft thickness and apparent tension (0
to 2 points) plus synovial coverage (0 to 2 points). At the same time, biopsy specimens were
harvested uniformly from the grafted tendons. In these specimens the histologic 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 was created by use of
3 criteria previously used to characterize changes during ligament healing: cellularity, vascularity,
and collagen properties. Results: The overall arthroscopic evaluation of PRGF-treated grafts showed
an excellent rating in 57.1% of the knees (score of 4) and a fair rating in 42.9% (score of 2 or 3). In
contrast, evaluation of untreated grafts showed an excellent rating in 33.3% of the knees, a fair rating
in 46.7%, and a poor rating in 20% (score of 0 or 1). Overall, arthroscopic evaluations were not
statistically different between PRGF and control groups (P = .051). PRGF treatment influenced the
histologic characteristics of the tendon graft, resulting in tissue that was more mature than in controls
(P = .024). Histologically evident newly formed connective tissue enveloping the graft was present
in 77.3% of PRGF-treated grafts and 40% of controls. The appearance of the connective tissue
envelope changed with increasing time from surgery. On the basis of the histologic findings, we
suggest that the remodeling of PRGF-treated grafts involves the formation of synovial-like tissue
enveloping the graft. This tissue is eventually integrated in the remodeled tendon graft, conferring a
similar appearance to the normal ACL. Conclusions: The use of PRGF influenced the histologic
characteristics of tendon grafts, resulting in more remodeling compared with untreated grafts. We
have shown temporal histologic changes during the 6- to 24-month postoperative period of graft
maturation, with newly formed connective tissue enveloping most grafts treated with PRGF. Level
of Evidence: Level III, case-control study.
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A present, anterior cruciate ligament (ACL) recon-
struction with autogenous grafts is both success-
ful and predictable.! Nevertheless, a number of
procedural factors, including graft options,? tunnel
placement, tensioning, and fixation techniques,? are
repeatedly being revised. Less studied are the biolog-
ical aspects of the reconstruction, that is, intrasynovial
remodeling and tendon-bone integration. Tendon graft
remodeling, also termed ligamentization,* is of para-
mount importance to ACL repair because it improves,
to some extent, the functionality and success of the
ACL reconstruction. However, a major breakthrough
in enhancing this process of ligamentization has not
yet occurred.

Getting to the root of the process of enhancing the
reconstruction requires identifying biological factors
that may be determinants in ligamentization. A num-
ber of studies have focused on examining the effects
of the local administration of single growth factors,
such as platelet-derived growth factor BB,> transform-
ing growth factor 81,57 or vascular endothelial growth
factor (VEGF),? all of which may stimulate ligamen-
tization. The limiting factors in these prior studies are
related to the requirements for multiple signals to
drive the remodeling process to completion and the
complex nature of the interdependent factors at play
during the period of ligamentization and tendon-bone
consolidation. One exciting option for enhancing
ACL reconstruction is to transfer multiple cytokines
and growth factors (including platelet-derived
growth factor, transforming growth factor 81, and
VEGF among others) simultaneously to the graft by
applying an endogenous preparation rich in growth
factors (PRGF).%-11

A few years ago, our group proposed the creation of
“in situ” fully integrated bioactive grafts using the
paradigm of tissue engineering.!'? Preclinical research
and clinical activities show that the pool of growth
factors released from PRGF significantly increases the
proliferation of human tendon cells and stimulates
these cells to produce factors such as VEGF and
hepatocyte growth factor (HGF).'314 VEGF is ex-
pressed in the early phase after ACL reconstruction®
and promotes angiogenesis, which is directly related
to the tendon’s remodeling capability. HGF activates
both endothelial cell proliferation and migration and is
a potent antifibrotic agent that could reduce scar for-
mation around tendon tissues.!> These results suggest
that the increased availability of VEGF and HGF,
which is induced by PRGF transfer to the graft, will
promote the rapid formation of blood supply to the
graft and enhance cell migration, thus contributing to

rapid remodeling. Other authors have also suggested
that locally injected platelet-rich plasma is an activator
of circulation-derived stem cells.!®

Overall, platelet-rich therapies seek to facilitate
ACL replacements by mimicking the native tissue and
improving the adequacy of tissue function by provid-
ing the appropriate cues. To meet this challenge, it is
necessary to clarify the temporal sequence of biolog-
ical mechanisms and identify the molecular enhancers
and inhibitors involved herein. This goal involves
tailoring plasma formulations to meet the needs of the
healing graft, both in the intrasynovial portion and at
the tendon-bone and tendon-tendon interfaces.

The purpose of this study was to determine whether
the application of PRGF during ACL reconstruction
with an autologous hamstring has any impact on the
morphology and histology during remodeling over a
period of 6 to 24 months. We hypothesized that PRGF
may add a potential biological advantage to the au-
togenous graft to allow for better remodeling and
more predictable ligamentization. To test this hypoth-
esis, we compared the gross appearance and micro-
scopic qualities of the PRGF-treated and untreated
grafts during the remodeling period (6 to 24 months).

METHODS
Patients

Between January 2001 and July 2008, we per-
formed 672 primary ACL reconstructions; 428 of
these were performed with PRGF. We proposed
PRGF treatment to all patients, except those aged
under 16 years. Patients decided whether they were to
receive PRGF treatment or not. The reasons for re-
fusal were aversion to the idea of blood manipulation,
economic factors, such as lack of reimbursement by
insurance coverage, and declination of blood utiliza-
tion for religious reasons.

During this period, 63 patient knees were avail-
able for second-look arthroscopy (36 PRGF-treated
knees and 27 untreated knees). From this group of
63 patients, every patient who had an ACL recon-
struction with autogenous hamstring and required
second-look arthroscopy (n = 41) at 6 to 24 months
after ACL reconstruction was asked to participate in
the study. Thirty-seven consenting patients were
included (PRGF group, n = 22; control group, n =
15). All knees were stable on examination and had
no clinical symptoms of instability before biopsy.
The study was approved by the institutional review
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Ficure 1. PRGEF treatment of hamstring before implantation. (A) The tendons were stretched and sized (B) before injection of activated
PRGF within the fascicles; (C) finally, they were soaked in PRGF, which resulted in fibrin covering the entire surface of the tendon.

board at the hospital, and informed consent was
obtained from all patients.

PRGF Technology

The term “PRGF” identifies 100% of autologous
products from the 1-step centrifugation process, in
contrast to double-spin procedures, and sodium citrate
and calcium chloride, but not exogenous thrombin, are
used as an anticoagulant and an activator, respec-
tively. Using a standardized dose of calcium chloride
while avoiding the addition of exogenous thrombin
grants control over the gel-liquid transformation and
confers versatility to administration procedures. For
the preparation of PRGF for ACL surgery, 65 mL of
peripheral venous blood was withdrawn into 9-mL
tubes containing 3.8% (wt/vol) sodium citrate. PRGF
was prepared by centrifugation at 580g for 8 minutes
at room temperature (BTI System II; BTI Biotechnol-
ogy Institute, Vitoria, Spain). The upper volume of
plasma, which contains a platelet count similar to that
of peripheral blood, was drawn off and deposited in a
collection tube. After the addition of calcium chloride
(10% wt/vol), the plasma was incubated at 37°C for
40 to 60 minutes in a glass dish, allowing for the
formation of a biocompatible fibrin with healing and
hemostatic properties. The fibrin was applied at the
musculotendinous junction after harvesting of the
hamstring tendons.

The 2-mL plasma fraction, located just above the
sedimented red blood cells but not including the buffy
coat, was collected in another tube. This plasma con-
tains a moderate enrichment in platelets (2- to 3-fold
the platelet count of peripheral blood) with scarce
leukocytes.!7-18 All of the procedures were performed
in an A-class sterile hood.

To initiate clotting, calcium chloride was added to
the liquid PRGF aliquots just before administration.
Six milliliters was injected within the tendon graft

fascicles as explained later, and the remaining aliquots
were applied at the portals during suturing.

Treatment of Hamstring With PRGF Before
Implantation

Hamstring tendons were harvested with an open-
loop tendon stripper through a skin incision made 4
cm below the joint line. All muscle tissue was re-
moved from the tendons, and the tendons were de-
tached from the site of tibial insertion. The tendons
were stretched and sized over a tube (Fig 1A), and
then 6 mL of activated liquid PRGF was injected
through a 22-gauge needle, with several punctures
performed along the graft length (Fig 1B). In doing so,
fibrin developed within the fascicles and worked as a
safe and reproducible delivery system, which allowed
for minimal dispersion of growth factors.!4 Afterward,
the graft was soaked in PRGF until implantation; this
resulted in PRGF-fibrin covering the entire surface of
the hamstring tendons (Fig 1C).

Surgical Technique

ACL surgery was performed by the standard pro-
cedure. In brief, a drill guide was used for the correct
placement of the femoral and tibial tunnels created by
use of a 9- to 11-mm-wide trephine drill. Commonly,
when we make the tibial tunnel, we perform sequen-
tial trephine drilling with escalating-diameter sections;
at first, we started distally with a trephine drill that
was 11 mm wide and 20 mm long, and then we
changed to a drill 9 to 10 mm wide proximally. The
graft was fitted into the femoral tunnel and held in
place proximally, by transcondylar screw fixation. The
graft was held under tension and inserted in the tibial
tunnel; it was then fixed distally with the PRGF-
treated bone plug and 2 metal staples. After graft
fixation, activated liquid PRGF was applied to both
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the femoral and tibial bone tunnels to enhance healing
between the native bone and tendon.

Second-Look Arthroscopic Examination

A senior experienced surgeon performed all second-
look arthroscopies through standard lateral parapatel-
lar portals. The indications for second-look arthros-
copy were meniscal tears in 5 patients; loose bodies,
plica syndrome, hardware removal, or chondral de-
fects in 12 patients; and symptomatic cyclops lesions
in 20 patients. All arthroscopic procedures were re-
corded. The videos were critically reviewed to assess
the presence or absence of synovial coverage over the
graft, as well as to grade apparent tension and graft
thickness. The details of the arthroscopic evaluation
used in this study have been previously described.!®
The graft thickness and apparent tension of a recon-
structed graft are evaluated as follows: a score of 2
indicates a sufficiently thick graft with no laceration or
elongation, a score of 1 indicates a sufficiently thick
graft with partial laceration or a relatively thin graft
with no laceration or elongation, and a score of 0
indicates a graft with obvious elongation. Synovium
coverage was graded as follows: completely covered
(score 2), partially covered (score 1), or almost not
covered (score 0). Thus a graft having a total score of
4 points was categorized as excellent, a graft having a
total score of 2 or 3 points as fair, and a graft having a
total score of 0 points or 1 point as poor. Two indepen-
dent blinded observers evaluated the arthroscopic images
of the transplanted tendons in consensus.

Histologic Examination

All of the biopsy specimens were harvested through
the anteromedial portal by the senior surgeon using
3-mm basket forceps. The forceps was positioned
directly under the femoral condyle; this positioning
enabled the forceps to reach the same area of the graft
at any time in all patients. The specimens (approxi-
mately 3 mm thick by 5 to 10 mm long) were fixed
in formalin and embedded in paraffin blocks. Five-
micrometer longitudinal sections were obtained with a
microtome and stained with H&E and Alcian blue for
visualization with light microscopy. For histologic
evaluation, images were obtained at low- and high-
power magnification with a Leica DFC 300 FX digital
camera (Leica Microsystems, Wetzlar, Germany) cou-
pled to a Leica DMLB light microscope.

In many specimens we found that the remodeled
graft was enveloped by newly formed connective tis-
sue. Both tissues became the subjects of our work.

Because of their different appearances under light
microscopy, we evaluated the 2 tissues separately by
applying specific scores. The Ligament Tissue Matu-
rity Index of Murray et al.2® was adapted and used to
evaluate the ligamentization of tendon grafts accord-
ing to the following 3 criteria: (1) cellular aspects
including cell density, nuclear shape, and orientation;
(2) extracellular matrix characteristics, such as crimp
and the presence of glycosaminoglycans; and (3) vas-
cular features including blood vessel density and ma-
turity (total score, 28 points). As a reference for these
criteria, we used the hamstring tendons from 2 pa-
tients undergoing ACL surgery but not otherwise in-
cluded in the study. When the Maturity Index was
about 7 points, the specimen was judged to have
substantial similarities to the ACL.

A maturity score to assess the newly formed envel-
oping connective tissue was created by use of the
following 3 criteria, which were previously used by
Murray et al.?% to assess the maturity of a tissue: cell
number and orientation, vessel abundance, and the
looseness or tightness of the collagen of the extracel-
lular matrix (total score, 16 points). By use of these
criteria, in contrast to the Ligament Tissue Maturity
Index,?° higher scores depict immature connective
tissue with a loosely woven matrix and a high degree
of vascularization. Three independent observers un-
aware of the treatment and postsurgical timing exam-
ined all of the samples and scored the specimens on
average.

Statistical Analyses

Data are expressed as mean * SD. Differences in
arthroscopic evaluations were tested by use of the
Mann-Whitney U test. Pearson correlation analyses
were used to examine relations between histologic
scores and time of ligamentization. The Levene test
was used to check the homogeneity of variances, and
analysis of variance was then used to assess the effect
of treatment on the histologic scores over time. Post
hoc analyses were carried out by use of the Bonferroni
test. Statistical differences between groups were con-
sidered significant at P << .05. Statistical analyses
were performed by use of SPSS software, version 15.0
(SPSS, Chicago, IL).

RESULTS

Characteristics of Study Patients

The study was observational and performed in a
private setting; we proposed the use of PRGF to all
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patients, but ultimately, the patients decided whether
PRGF was applied. Of 37 evaluated patients, 22 had
been previously treated with PRGF during the arthro-
scopic ACL grafting. Baseline demographic charac-
teristics were similar between the 2 groups; there were
26 men and 11 women with a mean age of 28 years,
ranging from 18 to 48 years. The presence of a symp-
tomatic cyclops lesion was the main reason for sec-
ond-look arthroscopy; 7 control knees (46%) and 13
PRGF-treated knees (59%) sustained cyclops lesions.
Cyclops lesions were present in 6% of the ACLs, with
no differences between control knees and PRGF-
treated knees. Three control knees (twenty percent)
and two of the PRGF-treated knees (nine percent)
presented because of meniscal tears. Four control pa-
tients and three PRGF-treated patients had loose bod-
ies and/or chondral lesions, and removal of metal
staples was necessary in three PRGF-treated patients.
One patient in each group presented with plica syn-
drome.

Arthroscopic Evaluations

The mean period from ACL surgery to second-look
arthroscopy and histologic analysis was 15 months
(SD, 6), with a range of 6 to 25 months; this interval
was similar in the PRGF group (14 = 6 months) and
control group (17 £ 5 months). Arthroscopic assess-
ments are shown in Table 1. The overall evaluation of
PRGF-treated grafts showed an excellent rating in
57.1% of knees and a fair rating in 42.9%. Untreated

TABLE 1. Arthroscopic Evaluation of PRGF-Treated and
Untreated Tendon Grafts

% of Grafts (n)

Arthroscopic Evaluation Control PRGF

Synovium coverage

Completely covered 33.3(5) 61.9 (13)

Partially covered 46.7 (7) 38.1(8)

Almost not covered 20.0 (3) —
Thickness and apparent tension

No elongation or laceration 40.0 (6) 71.4 (15)

Partial laceration of thick graft or no

laceration of thin graft 53.3 (8) 28.6 (6)

Complete tear or obvious elongation 6.7 (1) —
Overall evaluation

Excellent 33.3(5) 57.1 (12)

Fair 46.7 (7) 429 (9)

Poor 20.0 (3) —

NOTE. We could not ascertain any significant difference be-
tween the 2 groups, Mann-Whitney P = .051.

grafts showed an excellent rating in 33.3% of knees,
fair in 46.7%, and poor in 20%. We could not ascer-
tain a statistically significant difference between the 2
groups using the nonparametric Mann-Whitney P =
.051.

Histology

Ligamentization of Tendon: PRGF treatment sig-
nificantly influenced the histologic characteristics of
the tendon grafts, resulting in more remodeling; the
Maturity Index was 12.0 points (95% confidence in-
terval [CI], 10.9 to 13.1) for PRGF-treated tendons
versus 14 points (95% CI, 12.7 to 15.4) for control
tendons (P = .024). Furthermore, the presence of
symptomatic cyclops lesions was associated with the
biological state of the graft, as evidenced by histology.
Those patients sustaining symptomatic cyclops lesions
had more immature grafts; tendon grafts in the knees
with cyclops lesions scored 14.0 points (95% CI, 12.9
to 15.2), and those without cyclops lesions scored 11.9
points (95% CI, 10.7 to 13.2) (P = .017).

As shown in Fig 2, the morphology and microstruc-
ture of native tendons contrasted with those of tendons
that had undergone ligamentization after 14 to 18
months. Of note, at the time of surgery, the uniform
linear collagen orientation and the spindle-shaped
morphology of the graft (Figs 2A and 2B) differed
from the remodeled collagen and the ovoid cells
present after ligamentization (Figs 2C-2F). More ten-
uous but discernible differences were observed be-
tween untreated tendons (Figs 2C and 2D) and PRGF-
treated tendons (Figs 2E and 2F). Flat synovial cells
were evident in most specimens (34 of 37) in both
control grafts and PRGF-treated grafts.

New Connective Tissue: Interestingly, we ob-
served newly formed connective tissue enveloping
most grafts treated with PRGF (77%, n = 17). In
contrast, this tissue was present in fewer than half of
the untreated grafts (40%, n = 6). The quality of the
connective tissue changed with increasing time from
surgery; it was denser with more well-oriented cells
after longer maturation periods. The temporal out-
come of this tissue was more predictable in PRGF-
treated grafts (n = 17), as suggested by the marked
Pearson degree of correlation with time (r = —0.5838,
P = .0139). No significant correlation was found in
the control group (r = 0.2213,n = 6, P = .6735). The
Pearson degree of correlation persisted but was less
marked for analysis of the whole group (i.e., PRGF
and controls) (r = —0.413, n = 22, P = .050).
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Baseline

Control

PRGF

FiGURE 2.  Gross morphology and histology of hamstring tendon grafts (A, B) at surgery and (C-F) after ligamentization. (B) At the time
of surgery, the microstructure of the tendon graft shows a uniform aspect of strongly oriented collagenous matrix with interspersed spindle
cells (arrowheads). The intrasynovial transformation (C, D) at 18 months (untreated graft) and (E, F) at 16 months (PRGF-treated graft) can
be observed. The microstructure of the untreated graft is not uniform and shows 2 well-differentiated areas: the remodeling graft (asterisk)
and the connective tissue (pound sign). These areas are identified by the cell shapes and the extent of matrix remodeling. The PRGF-treated
graft is more uniformly remodeled and shows cells arranged in columns (arrows) similar to the native ACL. The red square in C and E shows
the position of the sample harvesting. (Scale bars in B, D, and F, 200 um.)
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Proposition for Remodeling of PRGF-Treated
Grafts

Although the process of remodeling is really a con-
tinuum, it can be divided into 3 stages for ease of
description based on the temporal histologic changes
found (Fig 3). During stage I, the period of 6 to 12
months after graft implantation, a new synovial-like en-
veloping tissue was found in the periphery of the graft; it
had metabolically active cells (plump cells) lying over a
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loosely woven and highly vascularized matrix. At the
same time, the tendon grafts seemed to be unchanged,
revealing a tendinous structure with normal collagen
alignment and crimp pattern; a concurrent high cell den-
sity was clearly visible within the original graft, suggest-
ing remodeling activity (Figs 3A-3C). At this stage,
newly formed enveloping tissue was evident in 9 of 11
PRGF-treated grafts (82%); in contrast, 2 of 5 control
grafts (40%) were found to have this enveloping tissue.

FiGure 3. Arthroscopic appearance through anterolateral portal and underlying microstructure of representative hamstring at (A-C)
stage I (7 months), (D-F) stage II (14 months), and (G-I) stage III (24 months) after implantation. During the earlier remodeling stages
(I and II), longitudinal microphotographs showed 2 dissimilar tissues: the remodeling graft (asterisk) with spindle cells (arrowheads
in C and F) and the newly formed covering tissue (pound sign) with active ovoid cells (arrows in C and F) and high vessel density.
At stage II, the enveloping connective tissue had progressed to a denser, highly vascularized tissue with partially orientated cells
(pound sign). In the third stage, the 2 tissues became hardly distinguishable with an appearance similar to the mature ligament, as
shown by less active cells arranged in columns (arrowheads in I) and the presence of arterioles. (Scale bars in B, E, and H, 400 wm;

scale bars in C, F, and I, 100 wm.)
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During stage II, the period of 13 to 18 months after
grafting, the newly formed enveloping tissue pro-
gressed to a denser tissue, displaying a thicker but still
immature collagen matrix with partially orientated
cells. Vascularity remained high within the envelop-
ing tissue, and some vessels were evident within the
original graft (Figs 3D-3F). At this stage, 5 of 6
specimens in the PRGF group and 1 of 4 control
specimens were found to have the new connective
tissue. During stage III, the period of 19 to 24 months
after grafting, the enveloping tissue was present in 3
of 5 PRGF-treated grafts and in 3 of 6 control grafts.
At this time, the connective tissue and the original
graft could hardly be perceived as different; histolog-
ically, most specimens were characterized by well-
oriented cells arranged in columns within the mature
collagen matrix (Figs 3G-3I).

DISCUSSION

We investigated whether treating the graft with
endogenous PRGF during ACL surgery yields a po-
tential advantage for better and more predictable liga-
mentization. The arthroscopic evaluation of the grafts
in parallel with the histologic examination at 6 to 24
months after ACL surgery gave us insight into the
biology and the remodeling of ACL substitutes. The
overall arthroscopic evaluation of the ACLs showed a
higher percentage rated as excellent in the PRGF
group than in the control group (57% v 33%). No
grafts were scored as poor in the PRGF group, but
20% of the control grafts showed poor morphology.
At the same time, PRGF treatment was associated
with the histologic properties of the grafted tendon,
and our results indicated further ligamentization of the
PRGF-treated graft. Other authors have reported on
the enhancing effect of platelet-rich plasma on the
graft maturation process, as evaluated by magnetic
resonance imaging signal intensity.?!

The most common reason for second-look arthros-
copy was the presence of symptomatic cyclops le-
sions; although etiologic factors for this phenomenon
have not been identified thus far,??2 we found that the
presence of cyclops lesions was associated with the
biological state of the ACL substitute, in particular,
more immature grafts. There was no association be-
tween PRGF treatment and the presence of cyclops
lesions. Viability of cells from the native tendon has
been a matter of debate in the literature.?*> The goal of
administering PRGF injections within the fascicles of
the autogenous tendon was to preserve the cell viabil-

ity and encourage tendon cells to maintain the colla-
gen structure, thus possibly helping to prevent the risk
of graft elongation during knee rehabilitation.?* Other
attempts to optimize the structural properties of the
graft and decrease knee laxity have been described by
Fleming et al.,?> who placed a collagen-platelet com-
posite around the graft at the time of ACL reconstruc-
tion in a porcine model.

Previous basic research has indicated that autoge-
nous tendon cells treated with PRGF have the poten-
tial for proliferation, collagen preservation, and re-
modeling.!314.18 Moreover, PRGF injections within
the Achilles fascicles in a sheep model induced an-
giogenesis along with high cell density.!'# Assuming
that these results are valid, PRGF injection within the
tendon scaffold before implantation is appealing from
a biological point of view because it enhances angio-
genesis and the long-term survival of the graft. In
support of these findings, throughout this study, we
observed remodeling activity in well-preserved tissue
without signs of necrosis. This lack of necrosis does
not exclude the possibility that other specimens har-
vested from deeper areas of the grafted tendon might
present with some other features over time.

PRGF also offers the possibility of delivering cues
for cell migration and proliferation to the non-homo-
geneous cell population of the synovial capsule.2%27 In
keeping with this hypothesis, the microstructure of the
tendon grafts changed over the studied time and was
different in PRGF-treated and untreated grafts. In
most PRGF-treated knees, the graft was enveloped by
newly formed tissue that consisted of cells and vessels
and appeared to be actively remodeled over time. The
traditional paradigm for graft colonization assumes
that cells migrate from the synovium and/or the in-
frapatellar pad to graft structures using the synovial
fluid for passage.?®2° Accordingly, recent work has
shown that cells are present in great quantities (100-
fold) in the synovial fluid of subjects with ligament
injuries compared with normal subjects.3° The present
study may show that migratory cells first infiltrate the
periphery and then gradually occupy the graft before
revascularization and collagen reorganization occur.
These observations suggest that the lack of sufficient
covering tissue may be associated with less predict-
able and/or decreased ligamentization. In accordance
with this hypothesis, previous research using intravital
microscopy in animals indicated that only tendons
implanted with preserved connective tissues showed
high viability, whereas those that were completely
stripped appeared to be subvital.3! Classic descrip-
tions of ligamentization in humans have not clearly
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addressed this issue.?3-32 Some authors have referred
to the formation of a synovial membrane during the
ligamentization process,3 but this term identifies the
lining layer of flat synovial cells. In our study every
specimen displayed this synovial rim of lining cells.
However, most PRGF-treated grafts but few control
grafts also showed a thick covering tissue beneath this
cell layer. This connective tissue envelope had a sy-
novial appearance in the early stage of ligamentization
(6 to 12 months) and progressed through remodeling
and maturation to an ACL-like structure. When it
comes to describing the endpoints of the ligamentization,
results from animal models have depicted different times
and stages than human studies.3* The structure of PRGF-
treated grafts may resemble the structure of the normal
ACL after 18 to 24 months (stage III), but whether these
ACL substitutes entirely replicate the full mechanical
properties of the intact ACL merits further investigation.

There is some confusion regarding the composition
and terminology associated with platelet-rich plasmas,
which impedes any distinction between the different
systems and products obtained thereby.3> The system
of producing platelet-rich plasmas determines the
composition and concentration in terms of platelets,
leukocytes, and erythrocytes in a given plasma vol-
ume. Therefore relevant parameters vary between the
various platelet-rich plasmas, which have different
molecular compositions and dissimilar biological ef-
fects.3¢ Double spinning, in contrast to single spin-
ning, yields higher levels of platelets and leukocytes
(5 to 8 times the baseline levels). PRGF is prepared by
a single-spin method, is completely endogenous, and
contains a moderate enrichment in platelets. More-
over, the leukocyte content is eliminated with the aim
of avoiding the proinflammatory effects of the pro-
teases and acid hydroxylases contained in neutro-
phils.37 The release of biologically active agents by
platelet degranulation is induced by the addition of a
standardized dose of calcium chloride, to permit a
more sustained release of growth factors than the
addition of exogenous thrombin and to confer versa-
tility to the administration procedures.

Clinical results are often controversial and may be
attributed both to different products under the same
name and to the procedures of re-administration to
the patient. The demanding rationale for progress in the
field involves describing the main characteristics of the
product and observing the main features of the procedure
of re-administration to the patient in each specific con-
dition. Silva and Sampaio?® have recently explored the
influence of platelet-rich therapies in promoting the
healing of femoral bone-tendon interfaces by mag-

netic resonance signal intensity assessments. In this
case the lack of positive results may be attributed to
several crucial factors concerning the reduced num-
ber of patients per group, the product itself, and/or
the protocol of administration (i.e., platelet-rich
plasma was not activated before application).

Our approach involves a different product and pro-
cedure of application compared with previous studies.
The versatility of the PRGF technology is that it not
only treats the graft before implantation but also oc-
cupies the graft donor site with the healing fibrin
matrix. In addition, biological anchors were created by
mixing PRGF with the autogenous bone plugs ob-
tained during the procedure. Finally, at the end of
surgery, we applied PRGF during suturing to help in
healing the portals. We inserted the bone plugs in the
tibial tunnel, whereas other authors fit compacted
bone plugs in the femoral tunnel.?! This insertion of
bone plugs prevented tunnel widening. Curiously, the
same authors could not find any further improvement
after injecting 1 mL of platelet concentrate into the
femoral tunnels between the strands of the graft.?!

The delivery of endogenous signaling molecules
during ACL surgery may result in significant changes
in biological functions of the local cells. However, the
production of tissue that is biologically, chemically,
and mechanically normal requires a combination of
strategies. Thus combining the use of platelet-rich
products with appropriate mechanical loading regi-
mens might yield both better tissue organization in the
short term and enhanced mechanical properties, which
are of paramount importance in young active pa-
tients.?

There are some limitations to this study. First, all
of the patients required a second-look arthroscopy,
which indicates a less-than-normal postoperative out-
come. Because the reasons for second-look arthros-
copy did not include graft tears or failure of recon-
struction, we assumed that the causes for second-look
arthroscopy did not interfere with ligamentization.
Another limitation of this study is the small number of
patients available over the broad range of time; a
larger number of patients would have allowed for
more reliable comparisons to be performed at each
time point (6, 12, 18, and 24 months). The small
number of patients also limited the statistical power,
and we could not ascertain any statistical difference
between treatment groups concerning morphology.
Another limitation is that we could not randomize the
patients to a particular treatment group, because the
study was performed in a private setting and many
patients specifically asked for PRGF treatment.
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This study also had other weaknesses common to
human studies of this nature. Only the periphery of the
graft could be examined microscopically for ethical
reasons, and thus the study did not shed any light on
the biological differences occurring in the core of the
graft. In addition, the study was limited to autologous
hamstrings, which contain living cells, and the results
cannot be extrapolated to homologous allografts or
xenografts. These limitations should be considered
when interpreting the results of this study.

CONCLUSIONS

The use of PRGF influenced the histologic charac-
teristics of tendon grafts, resulting in more remodeling
compared with untreated grafts. We have shown tem-
poral histologic changes during the 6- to 24-month
postoperative period of graft maturation, with newly
formed connective tissue enveloping most grafts
treated with PRGF.

Acknowledgment: The authors thank Miren Sdnchez for
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statistical advice.

REFERENCES

1. Mascarenhas R, McDonald PB. Anterior cruciate ligament
reconstruction: A look at prosthetics—Past, present and pos-
sible future. Mcgill J Med 2008;11:29-37.

2. Bennett CH, Loper IM. Graft choices and fixation types in
anterior cruciate ligament reconstruction. Curr Orthop Pract
2008;19:288-292.

3. Freeman JW, Kwansa AL. Recent advancements in ligament
tissue engineering: The use of various techniques and materi-
als for ACL repair. Recent Pat Biomed Eng 2008;1:18-23.

4. Amiel D, Kleiner JB, Roux RD, Harwood FL, Akeson WH.
The phenomenon of ligamentization: Anterior cruciate liga-
ment reconstruction with autogenous patellar tendon. J Orthop
Res 1986;4:162-172.

5. Weiler A, Forster C, Hunt P, et al. The influence of locally
applied platelet-derived growth factor-BB on free tendon graft
remodeling after anterior cruciate ligament reconstruction.
Am J Sports Med 2004;32:881-891.

6. Murray MM, Bennett R, Zhang X, Spector M. Cell outgrowth
from the human ACL in vitro: Regional variation and response
to TGF-betal. J Orthop Res 2002;20:875-880.

7. Yamazaki S, Yasuda K, Tomita F, Tohyama H, Minami A.
The effect of transforming growth factor-betal on intraosse-
ous healing of flexor tendon autograft replacement of ante-
rior cruciate ligament in dogs. Arthroscopy 2005;21:1034-
1041.

8. Yoshikawa T, Tohyama H, Enomoto H, Matsumoto H,
Toyama Y, Yasuda K. Expression of vascular endothelial
growth factor and angiogenesis in patellar tendon grafts in
the early phase after anterior cruciate ligament reconstruc-
tion. Knee Surg Sports Traumatol Arthrosc 2006;14:804-
810.

9. Anitua E, Sanchez M, Nurden AT, Nurden P, Andia I. New
insights into and novel applications for platelet-rich fibrin
therapies. Trends Biotechnol 2006;24:227-234.

10. Anitua E, Sanchez M, Orive G, Andia I. The potential impact
of the preparations rich in growth factors (PRGF) in different
medical fields. Biomaterials 2007;28:4551-4560.

11. Anitua E, Sanchez M, Orive G, Andia I. Delivering growth
factors for therapeutics. Trends Pharmacol Sci 2008;29:37-41.

12. Sanchez M, Azofra J, Aizpurda B, Elorriaga R, Anitua E,
Andia 1. Use of autologous plasma rich in growth factors in
arthroscopic surgery. Cuad Artrosc 2003;10:12-19.

13. Anitua E, Andia I, Sanchez M, et al. Autologous preparations
rich in growth factors promote proliferation and induce VEGF
and HGF production by human tendon cells in culture. J Or-
thop Res 2005;23:281-286.

14. Anitua E, Sanchez M, Nurden AT, et al. Autologous fibrin
matrices: A potential source of biological mediators that mod-
ulate tendon cell activities. J Biomed Mat Res A 2006;77:285-
293.

15. Anitua E, Sanchez M, Nurden AT, et al. Reciprocal actions of
platelet-secreted TGF-B1 on the production of VEGF and
HGF by human tendon cells. Plast Reconstr Surg 2007;119:
950-959.

16. Kajikawa Y, Morihara T, Sakamoto H, et al. Platelet-rich
plasma enhances the initial mobilization of circulation-derived
cells for tendon healing. J Cell Physiol 2008;215:837-845.

17. Anitua E, Aguirre JJ, Algorta J, et al. Effectiveness of autol-
ogous preparation rich in growth factors for the treatment of
chronic cutaneous ulcers. J Biomed Mater Res B Appl Bio-
mater 2008;84:415-421.

18. Sanchez M, Anitua E, Azofra J, Andia I, Padilla S, Mujika I.
Comparison of surgically repaired Achilles tendon tears using
PRGF. Am J Sports Med 2007;35:245-251.

19. Kondo E, Yasuda K. Second-look arthroscopic evaluations of
anatomic double-bundle anterior cruciate ligament reconstruc-
tion: Relationship with postoperative knee stability. Arthros-
copy 2007;23:1198-12009.

20. Murray MM, Spindler KP, Ballard P, Welch TP, Zurakowski
D, Nanney LB. Enhanced histologic repair in a central wound
in the anterior cruciate ligament with a collagen-platelet-rich
plasma scaffold. J Orthop Res 2007;25:1007-1017.

21. Orrego M, Larrain C, Rosales J, et al. Effects of platelet
concentrate and a bone plug on the healing of hamstring
tendons in a bone tunnel. Arthroscopy 2008;24:1373-1380.

22. Wang J, Ao Y. Analysis of different kinds of cyclops lesions
with or without extension loss. Arthroscopy 2009;25:626-631.

23. McCarty LP, Bach BR. Anatomy, biology and biomechanics
of patellar tendon autograft anterior cruciate ligament recon-
struction. Tech Orthop 2005;20:342-352.

24. Beynnon BD, Johnson RJ, Abate JA, Fleming BC, Nichols
CE. Treatment of anterior cruciate ligament injuries, part 2.
Am J Sports Med 2005;33:1751-1767.

25. Fleming BC, Spindler KP, Palmer MP, Magarian EM, Murray
MM. Collagen-platelet composites improve the biomechanical
properties of healing anterior cruciate ligament grafts in a
porcine model. Am J Sports Med 2009;37:1554-1563.

26. Anitua E, Andia I, Ardanza B, Nurden P, Nurden AT. Autol-
ogous platelets as a source of proteins for healing and tissue
regeneration. Thromb Haemost 2004;91:4-15.

27. Nurden AT, Nurden P, Sdanchez M, Andia I, Anitua E. Platelets
and wound healing. Front Biosci 2008;13:3532-3548.

28. Zhang S, Muneta T, Morito T, Mochizuki T, Sekiya I. Autol-
ogous synovial fluid enhances migration of mesenchymal stem
cells from synovium of osteoarthritis patients in tissue culture
system. J Orthop Res 2008;26:1413-1418.

29. Min BH, Hans MS, Woo JI, Park HJ, Park SR. The origin of
cells that repopulate patellar tendons used for reconstructing
anterior cruciate ligaments in man. J Bone Joint Surg Br
2003;85:753-757.



30.

31.

32.

33.

34.

LIGAMENTIZATION OF PRGF-TREATED TENDON GRAFTS 11

Morito T, Muneta T, Hara K, et al. Synovial fluid-derived
mesenchymal stem cells increase after intra-articular ligament
injury in humans. Rheumatology 2008;47:1137-1143.

Sckell A, Leunig M, Fraitzl CR, Ganz R, Ballmer FT. The
connective-tissue envelope in revascularisation of patellar ten-
don grafts. J Bone Joint Surg Br 1999;81:915-920.

Shino K, Inoue M, Horibe S, Nagano J, Ono K. Maturation of
allograft tendons transplanted into the knee. An arthroscopic
and histological study. J Bone Joint Surg Br 1988;70:556-560.
Rougraff B, Shelbourne DK, Gerth PK, Warner J. Arthro-
scopic and histologic analysis of human patellar tendon au-
tografts used for anterior cruciate ligament reconstruction.
Am J Sports Med 1993;21:277-284.

Scheffler SU, Unterhauser FN, Weiler A. Graft remodeling
and ligamentization after cruciate ligament reconstruction.
Knee Surg Sports Traumatol Arthrosc 2008;16:834-842.

35.

36.

37.

38.

39.

Anitua E, Sanchez M, Orive G, Andia I. Shedding light in the
controversial terminology for platelet rich products. J Biomed
Mater Res A 2009;90:1262-1263.

Anitua E, Sdnchez M, Zalduendo MM, et al. Fibroblastic
response to treatment with different preparations rich in
growth factors. Cell Prolif 2009;42:162-170.

Scott A, Khan KM, Roberts CR, Cook JL, Duronio V. What do
we mean by the term “inflammation”? A contemporary basic
science update for sports medicine. Br J Sports Med 2004;38:
372-380.

Silva A, Sampaio R. Anatomic ACL reconstruction: Does the
platelet-rich plasma accelerate tendon healing? Knee Surg
Sports Traumatol Arthrosc 2009;17:676-682.

Sanchez M, Anitua E, Orive G, Mujika I, Andia I. Platelet-rich
therapies in the treatment of orthopaedic sports injuries. Sports
Med 2009;39:345-354.



	Ligamentization of Tendon Grafts Treated With an Endogenous Preparation Rich in Growth Factors: Gross Morphology and Histology
	METHODS
	Patients
	PRGF Technology
	Treatment of Hamstring With PRGF Before Implantation
	Surgical Technique
	Second-Look Arthroscopic Examination
	Histologic Examination
	Statistical Analyses

	RESULTS
	Characteristics of Study Patients
	Arthroscopic Evaluations
	Histology
	Ligamentization of Tendon
	New Connective Tissue

	Proposition for Remodeling of PRGF-Treated Grafts

	DISCUSSION
	CONCLUSIONS
	Acknowledgment
	REFERENCES


