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Abstract

Objective. Meniscal tears treated with a partial meniscectomy could induce knee osteoarthritis, thereby altering or damaging
knee kinetics and biomechanics. We have developed a meniscal scaffold made of polyglycolic acid (PGA) coated with
polylactic acid/caprolactone (PGA scaffold), which could induce new tissue growth of meniscus-like tissue. This study
aimed to evaluate the safety and efficacy of a novel meniscal scaffold for the treatment of irreparable meniscal injuries.
Design. This study describes the findings of a cyclic torque test and first clinical trial of a PGA scaffold for inducing meniscus-
like tissue in humans. As the first step, biomechanical testing of the PGA scaffold was performed using a cyclic torque test.
Six patients underwent arthroscopic implantation of the PGA scaffold. Furthermore, the patients underwent preoperative
clinical, serological, radiographic, and magnetic resonance imaging examinations at 3, 6, and 12 months postoperatively.
The patients also underwent a second-look arthroscopy |2 months after implantation. Results. Torque increased with
increasing cyclic loading. However, no structural damage to the sample was noted after 70,000 loading cycles. All patients
showed improvement in pain, Lysholm scores, Tegner activity scores, International Knee Documentation Committee, and
knee injury and osteoarthritis outcome. The second-look arthroscopy revealed that meniscal tissue had regenerated in
5 patients (83%). Radiography and magnetic resonance imaging confirmed no progression of degenerative joint disease.
Conclusions. The PGA scaffold could tolerate shear forces, did not produce safety concerns, and may have therapeutic
potentials for irreparable meniscal tears in humans.
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In recent years, meniscal scaffolds have been studied for
meniscal regeneration using tissue engineering tech-
niques.'>"!7 A meniscal scaffold could be used for replacing
degenerated menisci and preserve the biomechanical prop-
erties of the meniscus. Although Zaffagnini et al.” reported
that treatment with a scaffold had been superior to partial

Introduction

The meniscus plays an essential role in knee function by
facilitating force transmission, shock absorption, joint sta-
bility, lubrication, and proprioception.> However, loss of
meniscal function could occur due to traumatic or degener-
ative reasons. Several surgical treatments of injured menisci
have been reported, including suturing, partial or total men-
iscectomy, implantation of artificial and allogenic menisci,>*
and meniscal scaffolds.>”” Most treatments for meniscal
tears involve suturing or excision of the degenerative
meniscus. In cases wherein the meniscus could be sutured,
the re-rupture rate has been reported to be 15% to 30%.%°
Notwithstanding, partial meniscectomy could accelerate
osteoarthritis (OA)'® due to the decreased contact area and
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Figure |. PGA scaffold and torque test. PGA = polyglycolic acid.

meniscectomy, these scaffolds did not yield long-term
regeneration.!® Several materials have been evaluated as
scaffolds for meniscal implants.'®!7-!° Bioabsorbable mate-
rials are attractive options, particularly in younger patients
undergoing meniscectomy. Murakami et al.?° previously
demonstrated that polyglycolic acid (PGA) was a useful
material for tissue regeneration of the meniscus and reported
the effect of a novel meniscal scaffold made of PGA lami-
nate coated with an L-lactide-e-caprolactone copolymer
P(LA/CL) sponge in a mini pig model.?! Recently, a clinical
trial has been started and introduced this surgical proce-
dure.? This study describes the findings of a cyclic torque
test and first clinical trial of a PGA scaffold for inducing
meniscus-like tissue in humans.

Methods
Study Design

Six consecutive patients who underwent partial meniscec-
tomy followed by meniscal scaffold implantation between
May 2021 and January 2022 were included in this case
series. The meniscal scaffold was created as previously
described.?®?! This study was conducted according to the
guidelines of the Declaration of Helsinki and was approved
by the Institutional Review Board of Osaka Medical and
Pharmaceutical University (no. 21-3-08-474; date of
approval: April 21, 2021). Informed consent was obtained

from the patients. The inclusion criteria for the clinical trial
were: patients aged between 18 and 60 years with degenera-
tive and irreparable meniscal tears; after partial meniscec-
tomy of degenerated irreparable lesions, the peripheral rim
must have been preserved; and the defect size should have
been less than one-third of the circumference length because
a large defect area might induce instability of the implanted
scaffold. Furthermore, the hip-knee-ankle angle should
have been within *3° from the neutral angle since the coro-
nal knee alignment should be normal. The preoperative
exclusion criteria were as follows: allergic symptoms such
as bronchial asthma and urticaria, obesity, body mass index
(BMI) = 30 kg/m?, knee instability with dysfunctional cru-
ciate ligaments, and underwent ipsilateral knee surgery
such as ligament repair or osteotomy within 6 months. The
intraoperative exclusion criteria were as follows: cartilage
damage > 1 cm? with International Cartilage Research
Society (ICRS) classification grade III or higher.

Fabrication of PGA Scaffold

The PGA scaffold was set using the PGA laminate coated
with a P (LA/CL) sponge (Fig. 1A and B). The PGA lami-
nate was fabricated by stacking PGA non-woven fabrics
(NEOVEIL®; Gunze Medical Ltd., Osaka, Japan) and
securing them with 4-0 PGA sutures (Gunze Medical Ltd.).
The PGA laminate was then immersed in a solution of the
copolymer (polyester with a 50:50 molar composition of
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lactate and e-caprolactone) in 1,4-dioxane and freeze-dried
to develop a sponge texture. The scaffold was trimmed to
form a final C-shaped scaffold, with the average size of the
medial meniscus as that of the human specimen: diameter,
45 mm; central body width, 14 mm; and maximum thick-
ness, 7 mm.>>?** Electron microscopy was used for showing
the details of the PGA scaffold (Fig. 1C-E).

Shear Properties of the PGA Scaffold

To detect shear stress, we performed a cyclic torque test
using a modified torque machine (NITTOSEIKO Co., Ltd.,
Kyoto, Japan). The test pieces were prepared by punching
the PGA scaffold using a $6 mm biopsy punch (Kai
Industries Co., Ltd., Gifu, Japan). The sample was set in a
$6 mm cylindrical jig. Under a load of 100 N, it was pre-
rotated 15° counterclockwise. Thereafter, 30° clockwise
and 30° counterclockwise movements were repeated
70,000 times. The torque value was defined as the differ-
ence between the maximum and minimum values in 1
cycle (Fig. 1F).

Surgical Technique

The surgical technique for scaffold implantation has been
previously described.?? Briefly, an arthroscopic view from
the anterolateral portal was obtained for diagnostic evalua-
tion to ensure an irreparable degenerative meniscus. The
degenerated meniscus was subjected to partial meniscec-
tomy and the defect area was measured. The meniscal scaf-
fold was trimmed by 1 to 2 mm larger than the defect area
to ensure sufficient contact with the native meniscus and
brought through the anteromedial portal of the arthroscopy.
The scaffold was fixed next to the native meniscus using the
inside-out technique with a double-armed meniscus needle®
(CONMED, NY). The cartilage, synovium, and meniscus
were evaluated using ICRS score, Klint classification,? and
International Society of Arthroscopy, Knee Surgery and
Orthopedic Sports Medicine (ISAKOS) classification,?
respectively. A second-look arthroscopy was performed 12
months after the initial surgery to evaluate synovitis, carti-
lage, and meniscus-like tissue.?’ Furthermore, quantitative
analysis was performed as described by Sekiya et al.?®

Postoperative Rehabilitation

The patients underwent postoperative rehabilitation referred
to as the rehabilitation program of the previously described
scaffold.*'®? The range of motion (ROM) was then
increased to 60° during the second week. At week 5, an
ROM of 0° to 90° was permitted, and passive motion was
allowed starting at week 6. The patients were instructed to
avoid weightbearing for 3 weeks. After this period, progres-
sive weightbearing was encouraged. At week 8, full and

unrestricted weightbearing was permitted. Quadriceps iso-
metric exercises were performed starting on the second
postoperative day. Walking was allowed after 8 weeks
within 2,500 steps/day. Return to sports and cutting activity
were permitted 6 months after surgery.

Safety and Outcome Measurements

To evaluate the safety of the meniscal scaffold, C-reactive
protein (CRP) and white blood cell (WBC) count analysis
were performed to evaluate the safety and inflammation
based on preoperative blood examination to postoperative
blood examination at 12 months. Clinical outcomes, includ-
ing the International Knee Documentation Committee
(IKDC), knee injury and osteoarthritis outcome (KOOS),
Lysholm, visual analog scale (VAS), and knee ROM were
identified preoperatively and postoperatively at weeks 1
and 2 and at 1, 2, 3, 6 and 12 months. In addition, the Tegner
activity level was evaluated preoperatively and after the
implantation surgery until 12 months.

Radiographic Analysis

Knee x-ray in the standing position was performed for
assessing OA progression after implantation. Meniscus-like
tissue and accumulation of joint fluid after scaffold implan-
tation were evaluated with magnetic resonance imaging
(MRI) using a high-field MRI machine with a knee coil (3
Tesla, Philips) from the preoperative to the postoperative
period of 12 months. T1- and T2-weighted images and pro-
ton density-weighted images optimized for human knee
imaging in the sagittal, axial, and coronary-angled direc-
tions were obtained. The slice thickness was 0.72 mm with-
out any gaps. The MRI images of the knee joints were
evaluated by 2 orthopedic surgeons and a radiologist based
on the description by Efe et al.3 With respect to the preop-
erative tear pattern, meniscal evaluation was performed
based on the methods of the ISAKOS classification.?® The
researchers assessed the images together when their indi-
vidual evaluations were not in agreement. The volume of
joint fluid was evaluated as the sum of 3 consecutive slices,
which were selected based on the highest intensity on sagit-
tal short T inversion recovery.

Statistical Analysis

Data were expressed as mean = standard deviation. The sta-
tistical significance of the results was determined using a
2-tailed Student’s ¢ test between the preoperative and postop-
erative groups or the Mann-Whitney test and repeated-mea-
sures tests with Bonferroni correction. All the data analyses
were performed using JMP Pro version 15.1.0 (SAS 196
Institute Japan, Tokyo, Japan). The differences between
means were considered statistically significant at P < 0.05.
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Figure 2. Inflammatory changes. WBC count and CRP levels are evaluated from preoperative to |2 months postoperatively: in
this area. Three cases show increased CRP level 2 months after implantation; however, all cases demonstrate CRP levels within the
normal range until 12 months. WBC = white blood cell; CRP = C-reactive protein.

Results

Regarding the biomechanical analysis of the scaffold, a
cyclic torque test was performed. The torque value grad-
ually increased with cyclic loading. However, there was
no structural damage to the sample after 70,000 cycles
(Fig. 1G).

In the current clinical trial, 4 male and 2 female partici-
pants with a mean age of 41.0 = 10.2 years (range: 30-59
years) were included. The median BMI was 23.0 = 3.3 kg/
m? (range: 19.4-27.5 kg/m?). Examinations of WBC count
and CRP level were performed to evaluate inflammation
after implantation (Fig. 2). WBC was within the normal
range, and CRP had increased in 50% of the patients at 2
months postoperatively; after that, it was within the normal
range (Fig. 2).

All patients showed improved clinical outcomes with
Lysholm score, IKDC, KOOS, and VAS (Fig. 3). Notably,
VAS was significantly decreased at 12 months after
implantation.

Except KOOS and VAS, the clinical outcome measures
improved within 6 months, and all outcomes improved at
12 months postimplantation (P < 0.05, Table 1).

ROM recovered to the preoperative level at 12 months
after implantation. In addition, the Tegner activity score
improved in 3 cases and remained unchanged in the other 3
cases (Fig. 4).

No OA progression was found during the follow-up
period based on x-ray examination. The implant interface,
morphology, and bone bruise did not alter in the postopera-
tive MRI findings (Table 2). However, the scaffold signal
changed from iso- to low-intensity.

The second-look arthroscopy revealed that meniscal tis-
sue had regenerated in 5 patients (83%). A representative
image is shown in Figure 5. This is case 1 and degenerated
meniscus was detected on preoperative arthroscopy (Fig.
5A), partial meniscectomy was performed, and implants
were placed (Fig. 5B and C). The meniscus-like tissue
regenerated on second-look arthroscopy (Fig. 5D).

Another example of cartilage-like tissue is shown in
Figure 6 (case 6). Partial meniscectomy at the lateral
meniscus was performed 14 years prior, in which an MRI of
the preoperative knee is shown in Figure 6A and B. The
defect area occupied the high-intensity soft tissue 12 months
after implantation (Fig. 6C and D). Preoperative arthros-
copy revealed a loss of the meniscus at the posterolateral
corner with cartilage degeneration (Fig. 6 and F). Second-
look arthroscopy revealed new soft meniscus- and cartilage-
like tissues (Fig. 6G and H).

Initial arthroscopy and second-look arthroscopy of the
other 4 cases are shown in Figure 7A-H. The results of the
quantitative analysis are presented in Table 3. Second-look
arthroscopy showed better scores relative to those of initial
arthroscopy (Table 3, P < 0.01). The scores for synovitis,
cartilage degeneration, and meniscal repair are shown.
Five participants demonstrated good or excellent meniscal
repair. However, 1 patient was reduced in size, and another
demonstrated cheese wiring at suture fixation (Supplemental
Table S1).

Discussion

The main finding of this study was that the PGA meniscal
scaffold, which tolerated over 70,000 times of share force
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Figure 3. Changes in clinical outcomes. Lysholm score and patient-reported outcome measures (IKDC, KOOS, and VAS) are

evaluated and improvement is observed. IKDC = International Knee Documentation Committee; KOOS = Knee Osteoarthritis and
Outcome Score; VAS = visual analogue scale.

Table I. Changes in Clinical Outcome After Scaffold Implantation.

Postoperative P Value Postoperative P Value
Preoperative 6 Months (Preope vs. 6 Months) 12 Months (Preope vs. 12 Months)
Lysholm 678 = 8.7 84.0 = 6.6 0.007 88.8 = 4.0 0.003
IKDC 48.7 = 15.0 65.7 = 1.1 0.039 749 = 13.7 0.017
KOOS 704 = 15.0 79.0 = 10.2 0.304 90.7 = 8.0 0.021
VAS 41.3 £26.0 157 £82 0.089 6.7 = 8.1 0.022

IKDC = International Knee Documentation Committee; KOOS = Knee Osteoarthritis and Outcome Score; VAS = visual analogue scale.

testing, successfully achieved the primary endpoint of
safety, based on blood examination and MRI findings in the
clinical trial. Furthermore, the ROM was preserved or
improved in all patients whose clinical outcomes were gen-
erally favorable. Second-look arthroscopy was performed
in all patients at 12 months after the initial implantation; it
was observed that the scaffold had facilitated the growth of
autologous meniscus-like tissue in 5 of the 6 cases.

The current PGA scaffold tolerated over 70,000 torques
and might allow at least 8 weeks of 2,500 steps/day based
on the in vivo analysis results. This might be useful infor-
mation for considering the level of walking during rehabili-
tation program after allowing full weightbearing permission
However, in only 1 case, the tissue was lost at implanted
area, which might be an indication for paying more careful

attention before allowing increases in activity level in the
future trial.

The main functions of the meniscus are shock absorption
and stability, and the purpose of meniscal repair was to
restore hoop strength to its native size.!! Meniscal allograft
transplantation is a reasonable treatment option for symp-
tomatic meniscal deficiency. Fresh-frozen or deep-frozen
grafts, despite their low cell viability, have commonly been
used with good success in both total’' and segmental®
meniscus allografts. However, the use of allografts for
meniscus repair is not recommended due to insufficient
recellularization and stiffness of the graft.>* Meniscal scaf-
folds are an attractive treatment option due to low immuno-
genicity, low infection rates, and the ability to reconstruct
the size of the native meniscus. Developing a reliable
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Figure 4. ROM and Tegner activity score after implantation. ROM = range of motion.

Table 2. MRI Analysis at 3, 6, and 12 Months After Implantation.

Implant Interface Implant Morphology Bone Bruise Scaffold Signal Intensity
C S C S MF MT C S
3 months
Case | 0 0 | | 0 0 3 2
Case 2 0 0 3 | | 0 X |
Case 3 0 0 2a | 0 0 | |
Case 4 0 0 2a | 0 0 | |
Case 5 0 0 2a | 0 0 | |
Case 6 0 0 | | 0 0 2 2
6 months
Case | 0 0 | | 0 0 3 2
Case 2 0 0 3 | | 0 X |
Case 3 0 0 2a | 0 0 | 2
Case 4 0 0 2a 2a 0 0 | 2
Case 5 0 0 2a | 0 0 | |
Case 6 0 0 | | 0 0 2 2
12 months
Case | 0 0 | | 0 0 2 2
Case 2 0 0 3 | | 0 X |
Case 3 0 0 2a | 0 0 | 2
Case 4 0 0 2a 2a 0 0 2 2
Case 5 0 0 2a | 0 0 | 0
Case 6 0 0 | | 0 0 | |

C = coronal; S = sagittal; MF = medial femoral condyle; MT = medial tibial plateau.

meniscal scaffold for treating irreparable and degenerative
meniscal injuries has been a major challenge for the medical
community. However, considerable progress has been made
over the last 20 years in establishing novel therapeutic

approaches.!>** Considering clinical use, meniscal scaffolds
come in 2 varieties: collagen-based, such as collagen menis-
cal implants (CMI; Ivy Sports Medicine, Grafelfing,
Germany),>”!81%2 and polyurethane-based (Actifit; Orteq
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Figure 5. Arthroscopic findings of medial meniscus degeneration
in a 44-year-old patient (case ). Initial arthroscopy (A-C) and
second-look arthroscopy (D) are shown. The irreparable meniscal
tear is detected, and a partial meniscectomy (A) and rasping are
performed (B). A polyglycolic acid scaffold is implanted (C). The
implanted meniscal scaffold is replaced with meniscus tissue at 12
months postoperatively (D).

Ltd., London, UK).%3%3 Although both have demonstrated
good clinical outcomes>® and mean 10 years clinical follow-
up®’, they showed variable failure rates ranging between 0
and 38% at 4 years.® No data are available on the shear
force of the 2 available scaffolds. In addition, the current
study indicated that the PGA coated with P(LA/CL) scaffold
could bear shear force over 70,000 torques. The current scaf-
fold had shown proved biomechanical strength regarding its
compressive forces.'>? Furthermore, this current scaffold
had also been shown to be completely bioabsorbable based
on proof-of-concept studies in rabbit and porcine mod-
els.?02! Recently, the surgical technique for implantation by
arthroscopy and the appropriate implant size have been
established to achieve better clinical outcomes.'*?? This
study was human clinical trial of meniscal scaffolds and
demonstrated the safety of the implant. Furthermore, it may
provide another option for the surgical treatment of irrepa-
rable meniscal injury.

However, 1 participant had a reduced meniscal size after
implantation, and another experienced suture rupture. These
cases might have been affected by the rehabilitation proto-
col and size of the implanted scaffold. One patient started
some exercises 2 months after implantation, and the other
might have had increased suture tightness. Sezaki et al.'
reported better outcomes of a novel meniscal scaffold

Preoperative

Preoperative

Figure 6. Scaffold implantation after lateral meniscectomy (case 6). A 30-year-old male patient undergoes partial meniscectomy at
the lateral posterior horn at the age of 17 years. The meniscus at the lateral posterior corner, which is lost, is seen on the MRI

(A, B), and cartilage degeneration was detected during the initial arthroscopy (E, F). After scaffold implantation, the lateral meniscus
is covered with new meniscus-like tissue, as seen on the MRI (C, D). Growth of new soft tissue at the lateral posterior corner and

improvement in cartilage fibrillation is confirmed during the second-look arthroscopy (G, H). MRl = magnetic resonance imaging.
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Initial

Second-look

Case 2 Case 3 Case 4 Case 5

Figure 7. Initial arthroscopy and second-look arthroscopy of the other 4 cases are shown. Case 2 shows degenerative medial
meniscus in panel A and implanted scaffold is absorbed on the second-look arthroscopy, indicating poor meniscal repair (E). Case 3
shows degenerative medial meniscus in panel B and panel F shows new soft tissue at the implanted area. However, cheese-cut wiring
is found. In case 4, the degenerative medial meniscus is shown in panel C and preserved meniscus-like tissue in panel G. Case 5 shows
a degenerative flap tear in panel D; new meniscus-like tissue is observed in panel H.

Table 3. Evaluation of Initial Arthroscopy and Second-Look Arthroscopy.

Initial Second-Look

Presence Stability Smoothness Total Presence Stability Smoothness Total
Case | | 0 0 | 2 2 2 6
Case 2 | 0 0 | 0 0 0 0
Case 3 0 0 | | | | 2 4
Case 4 | 0 0 | 2 2 | 5
Case 5 0 0 0 0 | 2 2 5
Case 6 0 0 0 0 2 2 | 5
Mean *+ SD 0.67 = 0.52 42 + 2.1
P value 0.0030

Scoring was referred by Sekiya et al. Paired t test was used for statistical analysis.

regarding compression force distribution compared with fragmentation, shrinkage, and extrusion, which result in a
partial meniscectomy. ROM exercises may induce suture failure in increasing the articular cartilage coverage,
rupture in cases of same-size implantation as well as the  reducing the peak pressure, and achieving a balanced load
defect size. Strict rehabilitation program and appropriate distribution.*> Preservation of the peripheral meniscus is
size of scaffold implantation might be needed to prevent  an essential indication for this surgery as the hoop tension

failure after implantation. Despite this, this novel PGA scaf-  does not reach sufficient strength for scaffold implanta-
fold may provide a new therapeutic option for irreparable  tion. Additional treatment may be required in cases of
meniscal tears and degeneration. meniscal extrusion with peripheral reconstruction.’

This study has several limitations. This case series Although more issues may appear in meniscal scaffold
included a small sample size with short follow-up. The implantation, appropriate surgical techniques with strict
long-term results were less predictable. Meniscal scaf-  indications may induce better long-term outcomes after
folds have been reported to be non-functional, owing to scaffold implantation.
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To conclude, a novel meniscal scaffold, made of PGA
coated with polylactate and caprolactone, achieved safe
postoperative ROM and clinical outcomes at 12-months
follow-up. Furthermore, the scaffold was replaced with
autologous tissue based on the second-look arthroscopy.
Although additional studies are required, this novel scaffold
may provide an additional surgical option for irreparable
meniscal injuries.
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