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A B S T R A C T

Introduction: The direct reimplantation of autologous primary articular chondrocytes in a single- 
stage procedure for knee cartilage lesions is a novel approach, yet to be extensively reported. This 
study aimed to evaluate the clinical outcomes and reinterventions over a 5-year period post- 
surgery.
Methods: A prospective case series involving 16 patients (4 female, 12 male) with single or 
multiple focal knee cartilage lesions was conducted. The mean age at baseline was 36.8 ( ± 11.5) 
years. The mean total lesion size was 4.5 ( ± 2.3) cm2 Patients underwent surgery where articular 
chondrocytes and mononuclear bone marrow cells were isolated, mixed, and seeded onto a 
hyaluronan-based scaffold within the lesion. A structured physical therapy regimen was fol
lowed, and patients were assessed using Knee injury and Osteoarthritis Outcome Score (KOOS) 
and International Knee Documentation Committee (IKDC) Subjective questionnaires at various 
intervals. Overall, patient-reported outcomes improved over the first 3 years post-surgery, with 
slight declines thereafter.
Results: Significant improvements over baseline were noted for various KOOS parameters and 
IKDC Subjective scores at different follow-up points. Reinterventions were required for two pa
tients, one receiving intra-articular injections with mesenchymal stromal cells and another un
dergoing knee washout for septic arthritis while a meniscus implant was removed. Patient 
satisfaction at final follow-up was generally favorable. Despite a significant intraoperative cell 
isolation time of approximately 1.5 hours, the procedure demonstrated safety and efficacy, with 
an average of ± 0.9 million articular chondrocytes obtained per case.
Conclusions: This study underscores the potential of coimplantation of intraoperatively isolated 
articular chondrocytes and bone marrow cells on a hyaluronan scaffold as a promising strategy 
for treating symptomatic knee cartilage lesions.
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Introduction

Focal lesions of the articular cartilage of the knee can provoke and propagate joint degeneration and, ultimately, osteoarthritis. 
Therefore, when focal cartilage lesions become symptomatic, surgical intervention may be elected to deploy cells, such as chon
drocytes, in the lesion to grow back a functional repair tissue. One such intervention is autologous chondrocyte implantation (ACI), 
which is indicated for “larger” chondral lesions in the tibiofemoral and patellofemoral joint, referring to lesion sizes exceeding 4 cm21

or, alternatively, exceeding 2 cm2.2 At the center of ACI are the articular chondrocytes—a collective term for the cells found in 
articular cartilage—which have a specific origin within the development of the synovial joint3 and appear to be the sole contributors 
to the mostly postnatally synthesized articular cartilage.4 Despite being articular-chondrocyte-based, ACI has its drawbacks: it re
quires 2 surgeries and 2 postoperative recoveries, the in-between laboratory expansion of the chondrocytes is costly and shifts the 
cells’ phenotype, and, incidentally, a chondrocyte culture may fail.

In the last decade and a half, advances have been made in the rapid isolation of chondrocytes from articular cartilage,5 which 
allowed for single-surgery treatments using primary, that is, nonculture-expanded, autologous articular chondrocytes.6,7 Although 
chondrocytes, with or without their pericellular matrix, can be harvested from a cartilage biopsy in the operating room (OR) for 
direct reuse, the yield may be considered too low for a satisfactory cell density in the lesion. To address this, the primary chon
drocytes can be supplemented with a second cell type, such as mononuclear bone marrow cells, which are relatively easy to obtain. 
The addition of a stromal cell type can function as a partial chondrocyte supplantation, as stromal cells can stimulate the chon
drocytes to increase their synthesis of hyaline matrix components.8–10

To keep the cells in the lesion in an evenly distributed manner, a 3-dimensional biodegradable cell carrier is necessary, similar to 
second-generation and third-generation ACI.11 The carrier provides a temporary scaffold against which a new extracellular matrix can 
be deposited. Good long-term (∼9 years) clinical results have been obtained with a hyaluronan-based scaffold precultured in vitro with 
autologous chondrocytes.12 In patients older than 40 years and in male high-level soccer players, this approach provided promising 
clinical results as well.13,14 Two advantages of the hyaluronan-based scaffold used in these studies are: (1) cell seeding can be done after 
positioning of the scaffold into the lesion, so that cell death resulting from preseeded scaffold manipulation is avoided,15 and (2) the 
hyaluronan-derived components of the scaffold may be internalized and used by chondrocytes to synthesize new hyaluronan.16,17

Two single-surgery autologous chondrocyte coimplantation treatments have been reported in the literature.6,7 Each has an im
portant limitation: INSTRUCT7 requires the placement of an osteochondral scaffold, thereby damaging the subchondral bone, and 
IMPACT6 (Instant MSC Product Accompanying Autologous Chondron Transplantation) requires the coimplantation of allogeneic 
mesenchymal stem cells instead of cells of an autologous source. These limitations can be avoided by coimplanting the in
traoperatively obtained chondrocytes with autologous mononuclear cells from the patient’s own bone marrow and using a chondral 
scaffold to seed the cell combination in the lesion. We hypothesized that such a strategy is safe and feasible and provides im
provement in patient-reported outcomes. To test this hypothesis, 16 patients who presented with symptomatic focal knee cartilage 
lesions were treated with autologous, intraoperatively isolated articular chondrocytes and mononuclear bone marrow cells. The cell 
mixture was deployed in the cartilage lesion on a chondral hyaluronan-based scaffold. The patients were followed up for 5 years, and 
we here report the outcomes.

Materials and methods

Patient cohort

A prospective case series was initiated at the Thessaloniki Minimally Invasive Surgery Orthopaedic Center of the St. Luke’s 
Hospital in Thessaloniki, Greece. The case series included 16 patients, 4 females and 12 males, who underwent surgery between 
September 2014 and May 2018. The hospital’s Ethics Committee approved the study. Inclusion criteria were: single or multiple 
symptomatic, focal, partial-thickness or full-thickness chondral lesions (grades 2 or 3 of the International Cartilage Regeneration and 
Joint Preservation Society classification)18 of the articulating surfaces on the femur or patella, with a size more than 2 cm2, in patients 
14 to 56 years old. Concomitant pathologies that could be addressed simultaneously (stability, malalignment, meniscal repair, or 
substitution) were not reasons for exclusion. Cases with osteoarthritis (diffuse cartilage pathology, degenerative or rheumatoid), 
nonfunctional meniscal tissue (more than 50% meniscectomy and/or absence of continuity of hoop fibers), and active inflammatory 
diseases were excluded. The lesion grade was assessed with magnetic resonance imaging and later confirmed intraoperatively. One 
patient was treated for focal cartilage lesions in both knees. The mean age at baseline was 36.8 ( ± 11.5) years. One patient was 14 
years old at the time of surgery but had closed epiphyseal growth plates. The mean total lesion area per patient was 4.5 ( ± 2.3) cm2 

and ranged from 1.8 to 8.8 cm2. Lesion etiology was trauma in 8 cases and overuse in the other 8 cases. Various concurrent inter
ventions were performed, amongst others partial meniscectomy and reconstruction of the anterior cruciate ligament (Table 1).

Surgical procedure

Surgery was performed with the patient in a supine position under general anesthesia. A thigh-high tourniquet was placed to 
avoid excessive bleeding. The precise nature, location, and shape of the lesion or lesions were investigated arthroscopically to confirm 
the suitability of the treatment. Lesions were then carefully debrided, so that their circumference was sturdy, with the lesion wall 
apparently perpendicular to the subchondral bone and composed of healthy cartilage only. The lesion area was determined with a 
ruler. The debrided cartilage was collected and supplemented with approximately 0.1 g of healthy-appearing less-load-bearing 
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cartilage. Bone marrow was aspirated from the ipsilateral or contralateral iliac crest. The volume of aspirate depended on the 
cartilage lesion area, with more aspirate drawn for larger lesions. Qualified cell technicians processed the collected cartilage pieces 
and bone marrow aspirate in the OR under sterile laminar airflow to retrieve primary chondrocytes (PCs) from the cartilage and 
mononuclear bone marrow cells (MNCs) from the aspirate (CartiONE, Cartilage Repair Systems, LLC). The isolated cells were washed, 
counted, mixed, and resuspended in a small seeding volume in the OR.19 The amount of MNCs added to the PCs was controlled, so 
that the final cell mixture suspension provided the surgeon with a total of approximately 9 million cells/cm2 of lesion. In all 16 cases, 
the scaffold was a nonwoven single-layer biodegradable hyaluronic acid-based scaffold (HyaloFast, Anika Therapeutics). The surgeon 
cut the scaffold to shape on the sterile back table and positioned it into the lesion, arthroscopically, if possible, under dry conditions 
or with CO2 arthroscopy. In 6 patients (7 knees, all patella cases) the procedure was done through medial parapatellar arthrotomy. 
Using a low dead-volume syringe, the PC + MNC cell suspension was seeded dropwise into the scaffold to aim for a homogeneous 
distribution of the cells. The scaffold was then covered with fibrin glue, which was allowed to set before the knee was flexed a few 
times to confirm that the scaffold remained in place. Care was taken to manipulate the scaffold as little as possible after cell seeding.

Postoperative rehabilitation

Patients followed a structured rehabilitation protocol based on the principles outlined by Mithoefer et al.20 All patients were given 
written rehabilitation instructions (home-based or in a physical therapy center of their own choice) from our standard cartilage 
rehabilitation program (Table 2), and were followed by our rehabilitation team on the regular orthopedic clinical follow-up visits 
(weeks 2, 4, 6, 8, and months 3, 6, 9, and 12) and advised on the rehabilitation progression in accordance with the protocol and the 
clinical improvement. If a follow-up appointment was missed, the lead physiotherapist (K.E.) contacted the patient and his/her 
physio to ensure protocol adherence. The protocol phases were adjusted to the generally accepted healing phases of the healing graft 
(Table 2). In the initial phase, the primary aims were to protect the graft from excessive loads and shear forces, while allowing for 
some movement to prevent the detrimental effects of immobilization. In this phase, range of motion and weight-bearing restrictions 
could apply, and neuromuscular activation exercises were a key component. Restoration of normal gait was a key criterion to proceed 
to the second phase of rehabilitation. In the second phase, strength training was the main element to restore force production and 
muscle hypertrophy in a controlled manner. In the third phase, the rate of force development and the restoration of power and 
explosive strength were the main domains of the protocol for athletic patients, while the nonathletic population focused on functional 
training that simulated activities of daily living.

Patient-reported outcome measures

Patients completed the Knee injury and Osteoarthritis Outcome Score (KOOS)21 and the International Knee Documentation 
Committee (IKDC) Subjective Knee Form22 questionnaires before surgery and at 3, 6, 12, 24, 36, 48, and 60 months after surgery. At 
the last follow-up, the patient indicated his/her level of satisfaction with the treatment on a 4-level ordinal scale: dissatisfied, mildly 
satisfied, much satisfied, very much satisfied.

Statistics

Throughout the Results section, sample means are given with the standard deviation between parentheses. One patient received 
the treatment under study in both knees (subject 2 in Table 1). This patient reported different scores for the 2 knees. It was therefore 
decided to define the sample size as the number of knees instead of the number of patients.

To test whether the KOOS and IKDC scores changed over time, classical (not Bayesian) repeated measures analyses of variance 
(RMANOVA) were done. Mauchly’s test was used to test the assumption of sphericity. If the assumption of sphericity was violated, the 
Greenhouse-Geisser correction of the F-statistic was used. When the KOOS or IKDC score samples were significantly different between 
follow-up times, between-sample post hoc comparisons were made with Bonferroni adjustment. Error terms for the repeated mea
sures factors were pooled. The RMANOVA was done with JASP software (version 0.18.1, JASP Team, 2023).

Results

Intraoperative cell isolations

The amount of articular cartilage biopsy material collected per patient (debridement plus less-load-bearing cartilage) was 0.72 
( ± 0.29) g, yielding 1.26 ( ± 0.70) million primary chondrocytes (PCs) per gram. The amount of primary articular chondrocytes 
obtained per patient was 0.924 ( ± 0.658) million. The volume of bone marrow aspirate collected was 20.1 ( ± 3.4) mL, yielding 5.5 
( ± 2.6) million mononuclear bone marrow cells (MNCs) per milliliter. The number of PCs deployed per square centimeter of the 
lesion was 0.22 ( ± 0.16) million/cm2 and the percentage of PCs in the cell mixture was 2.5 ( ± 1.6)%. The total areal cell supply 
(PCs + MNCs) was 9.0 ( ± 2.1) million/cm2. Variation in the total areal cell supply was introduced because of a more precise 
estimation of the lesion size only after the PC + MNC cell suspension had been prepared.
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ORtimes

The intraoperative time from the end of cartilage collection to the cell mixture being ready for seeding was 96 ( ± 16) minutes. 
The surgery time, from first incision to wound closure, was 165 ( ± 29) minutes. (Both time samples: n = 14, no records were 
available for 2 cases). The tourniquet was deflated during the cell isolation procedure and reinflated in preparation for scaffold and 
cell mixture placement so that the total use of the tourniquet per case was always less than 120 minutes.

Adverse events including reinterventions

A reintervention of the index knee following the treatment under study was performed in 2 subjects. One patient (subject 8) who 
had a concomitant placement of a partial meniscus implant during the surgery presented with septic arthritis at 3 weeks post
operatively. The partial meniscus implant was removed, and the knee was washed out once (at 3 weeks post surgery) with proper 
antibiotic therapy for 12 weeks. One other patient (subject 5) was treated with intra-articular injections of mesenchymal stromal cells 
(MSCs), because of residual pain and disability. The treatment was performed in another center with fat-derived MSCs after cell 
expansion in 2 stages. The patient informed the lead author verbally about this MSC treatment. The treatment was performed 8 
months after the surgical intervention. Apart from mild swelling during the immediate postoperative period, no other adverse events 
were reported during the follow-up period by any patient.

Patient-reported outcome measures

In general, the KOOS and IKDC Subjective values decreased a bit from baseline to 3 months post surgery, then increased to
ward the 3-year time point, after which they very slightly declined toward the 5-year time point (Fig. and Tables 3 and 4). For both 
the 5 KOOS subdomains and the IKDC Subjective, the RMANOVA indicated significant differences between the score samples at the 
different follow-up times. All patient-reported outcome measures (PROMs) had improved over baseline with statistical significance at 
1 year and onward or 3 years and onward. At 5 years the KOOS Pain improvement was no longer significant from the baseline sample.

The mean improvements over the baseline of the PROMs at 2 years, 3 years, and 5 years after surgery are given in Table 5.
There were no clear correlations between patient-reported outcomes and any of the demographic parameters, such as lesion 

etiology, lesion count, or lesion size. Three patients reported KOOS values of 95 or higher for all 5 subdomains from 3 years to 5 years 
post surgery. All 3 were male subjects, aged 45, 20, and 14 years at the time of surgery, and each had 1 lesion with a traumatic 
etiology (subjects 1, 9, and 11 in Table 1). Subjects 9 and 11 also reported an IKDC score of 100 from 3 years to 5 years post surgery. 
Of 3 other patients, the total lesion area exceeded 8 cm2 (subjects 4, 8, and 10 in Table 1). One of them (subject 10) reported a net 
deterioration of KOOS Pain, Sport & Recreation, and Quality of Life over the 5-year period. This patient was male, 30 years old at the 
time of surgery, and had 2 lesions treated (trochlea and lateral femoral condyle). The other 2 patients (subjects 4 and 8, both male, 43 
and 31 years old at the time of surgery, respectively) reported net improvements of all KOOS subdomains up to 5 years post surgery. 
One was treated for lesions on both the medial and the lateral femoral condyle, the other was treated for a single large lesion on the 
lateral femoral condyle. The patient who received the treatment bilaterally (subject 2) started reporting different KOOS and IKDC 
scores for the left and right knee from 3 years and onward. Her scores for the left knee were lower, with a net deterioration of the 
KOOS Pain and KOOS Quality of Life at 5 years post surgery.

Time of return to sports/work

All patients managed to progress to full weight-bearing within 8 weeks (2-8 weeks, according to lesion anatomic location). In 
general, all patients were allowed to return to office work after week 8. The time of return to work was 2 months in 9 cases and 3 
months in 7 cases. All patients resumed their desired daily activities after the third month as per PROMs described in Tables 3 to 5. 
Sports activities were not allowed without fulfillment of the criteria described in Table 2, and not before 10 months post surgery. The 
time of return to sports was 10 months in 7 cases, 12 months in 3 cases, and > 12 months in 4 cases (no record for 2 cases).

Patient satisfaction

Patient satisfaction (n = 16 knees in 15 patients; no satisfaction record for 1 patient) at the last follow-up was: dissatisfied, 1 knee; 
mildly satisfied, 4 knees; much satisfied, 4 knees; very much satisfied, 7 knees. In the bilateral case, the treatment was rated dis
satisfactory for the left knee and very much satisfactory for the right knee.

Discussion

Clinical performance of the treatment

In this 16-patient case series, predominantly good clinical results were obtained up to mid-term with the single-surgery treatment 
of symptomatic chondral lesions of the knee using intraoperatively isolated articular chondrocytes and mononuclear bone marrow 
cells coimplanted on a hyaluronan-based scaffold. The mean improvements of the KOOS subdomains and of the IKDC Subjective score 
at 5 years after surgery were all well above the minimum clinically important difference level, as determined for patients receiving 
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Fig. Box-and-whisker plots of the 5 subdomains of the Knee injury and Osteoarthritis Outcome Scores (KOOS) and of the International Knee 
Documentation Committee (IKDC) scores (third row, right side) over the 60 mo follow-up time. Diamonds represent means. The sample sizes at the 
different follow-up times can be found in Tables 3 and 4. ADL, Activities of Daily Living; b, baseline.

Table 3 
Means  ±  standard deviations of the Knee injury and Osteoarthritis Outcome Scores (KOOS). 

n Knees  
(n Patients)

Pain Other Symptoms Activities of Daily Living Sport & Recreation Quality of Life

Baseline 17 (16) 60.6  ±  15.4 57.7  ±  17.5 61.6  ±  18.4 26.5  ±  23.4 31.8  ±  19.1
3 months 15 (14) 59.1  ±  18.4 49.1  ±  20.1 58.2  ±  23.8 18.7  ±  13.6 31.7  ±  18.6
6 months 17 (16) 65.4  ±  16.6 61.9  ±  14.1 67.9  ±  19.4 26.5  ±  16.7 39.4  ±  19.3
12 months 17 (16) 82.6  ±  12.2 82.1  ±  12.6* 86.3  ±  11.3† 51.8  ±  23.2 57.4  ±  26.6
24 months 17 (16) 82.8  ±  16.2 81.5  ±  14.5* 83.8  ±  18.9† 52.6  ±  26.9 57.9  ±  26.2
36 months 13 (12) 89.8  ±  14.0‡ 88.9  ±  13.7* 92.9  ±  9.4* 74.2  ±  27.6* 80.7  ±  20.9*
48 months 13 (12) 87.5  ±  15.5† 84.7  ±  16.1* 90.3  ±  11.0‡ 71.5  ±  29.0* 76.2  ±  23.0*
60 months 11 (10) 83.8  ±  18.6 81.9  ±  18.7* 87.4  ±  12.9‡ 66.4  ±  30.7* 71.3  ±  28.7‡

Probability values for post hoc comparisons with baseline: *P  <  .001; †P  <  .05; ‡P  <  .01.
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ACI.23 In addition, the KOOS Sport & Recreation and KOOS Quality of Life improvements at 5 years were above the substantial 
clinical benefit (SCB) level. The IKDC Subjective improvement at 5 years (32.8) was just below the SCB level of 34.4.23 For the KOOS 
subdomain Other Symptoms we could not find a minimum clinically important difference or SCB.

Two trials have explored single-stage treatments of focal knee cartilage lesions using freshly isolated autologous articular 
chondrocytes or chondrons: the INSTRUCT trial (NCT01041885)7 and the IMPACT trial (NCT02037204).6,24 The PROMs of these 
case series improved significantly up to 24 months, and in both series the repair tissue contained hyaline-like cartilage. The PROMs of 
the present case series, the IKDC, and KOOS, improved over the first 3 years after surgery and statistically remained at that improved 
level (except for KOOS Pain) for up to 5 years. The improvements over the baseline of the KOOS subdomains at the 2-year time point 
of the present study resemble those of the de Windt et al study at the 18-month time point.6 Although in their study, the KOOS 
subdomains Sport & Recreation and Quality of Life featured greater improvements at 18 months, the mean lesion size in our study 
was greater: 4.5 ( ± 2.3) cm2 versus 3.2 ( ± 0.7) cm2. The improvements of the KOOS in both the present study and that of de Windt 
et al were greater than the 2-year improvements reported by Słynarski et al, who combined the primary chondrocyte approach with 
an osteochondral disc-shaped load-bearing scaffold that covered a mean lesion size of 2.1 cm2.7 Our mean improvement of the IKDC 
Subjective at 2 years is similar to the improvement reported by Słynarski et al: 22.4 points and 23.4, respectively.7 At 3 years (12 
patients) and 5 years (10 patients) post surgery, the improvements over baseline for all KOOS subdomains in the current study were 
larger than those reported for the IMPACT trial.24

Compared with traditional 2-stage matrix-assisted ACI (MACI), the treatment under study appears to perform mostly on par. Ebert 
et al treated 87 patients who suffered from isolated grade-III or grade-IV articular cartilage lesions of varying size with the MACI 
procedure and reported sustained improvements of, a.o., the KOOS.25 The KOOS subdomain improvements we found resemble those 
reported by Ebert et al for the 2-year follow-up time point and are slightly greater at 5 years. The improvements of the KOOS 
subdomains of the MACI arm of the SUMMIT (Superiority of MACI Implant versus Microfractures Treatment) trial26 were all greater 
than the KOOS improvements we found at 2 years. The improvements of the subdomains KOOS Other Symptoms, Quality of Life, 
and—to a somewhat lesser extent—Sport & Recreation we found at 5 years are on par with the MACI arm of the SUMMIT trial. KOOS 
Pain and Activities of Daily Life improvements at 5 years were substantially greater in the SUMMIT MACI arm.

The IKDC improvement we reported at 3 years, 37.4 points is on par with the 32.6-point improvement at 38 months reported for a 
2-stage treatment in which a hyaluronan-based scaffold was cultured with autologous chondrocytes before implantation.27 At 5 years, 
however, the improvement in the IKDC Subjective we found was less than the improvement achieved with the 2-surgery hyaluronan 
scaffold-assisted ACI: 32.8 points versus 41.1 points.28 Although the current case series is small (16 patients, 17 knees), the above 
comparisons provide some indication that a single-stage autologous chondrocyte coimplantation using a hyaluronan-based scaffold 
may clinically perform equally to traditional 2-stage MACI in terms of patient-reported outcomes.

Table 4 
Means  ±  standard deviations of the International Knee Documentation Committee (IKDC) 
Subjective score. 

Timeline n Knees (n patients)

Baseline 17 Knees (16 patients) 42.7  ±  16.3
3 months 15 Knees (14 patients) 39.4  ±  12.3
6 months 17 Knees (16 patients) 48.1  ±  13.4
12 months 17 Knees (16 patients) 68.9  ±  15.4*
24 months 17 Knees (16 patients) 65.1  ±  21.5
36 months 13 Knees (12 patients) 77.5  ±  18.8*
48 months 13 Knees (12 patients) 75.2  ±  18.5*
60 months 11 Knees (10 patients) 72.6  ±  21.4*

Probability value for post hoc comparisons with baseline: *P  <  .001.

Table 5 
Means  ±  standard deviations of the improvements over baseline of the KOOS and IKDC Subjective score at 2, 3, and 5 years after surgery. 

2 Years 3 Years 5 Years

17 Knees (16 patients) 13 Knees (12 patients) 11 Knees (10 patients)

KOOS Pain 22.1  ±  22.0 28.8  ±  19.0 21.5  ±  22.9
Other Symptoms 23.8  ±  15.2 34.2  ±  14.6 31.5  ±  19.7
Activities of Daily Living 22.2  ±  25.0 32.5  ±  18.2 26.8  ±  22.2
Sport & Recreation 26.2  ±  30.9 49.6  ±  33.1 43.2  ±  42.1
Quality of Life 26.1  ±  34.2 48.7  ±  28.2 40.4  ±  38.4

IKDC 22.4  ±  26.1 37.4  ±  22.9 32.8  ±  29.3

Abbreviations: IKDC, International Knee Documentation Committee; KOOS, Knee injury and Osteoarthritis Outcome Score.
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Single-stage chondrocyte coimplantation

ACI and MACI are 2-stage procedures that require Good Manufacturing Practices—Good Laboratory Practices cell culture facilities 
for the chondrocyte expansion. The field of knee cartilage repair, however, is moving toward single-stage regenerative techniques, to 
spare the patient a second surgery as well as its concomitant rehabilitation and to avoid the costs associated with laboratory cell 
culture. To adapt (M)ACI into a single-stage procedure, rapid high-yield isolation of articular chondrocytes is necessary. The clinical 
feasibility of a single-stage variant ACI was introduced by Hendriks et al in 2007.5 The treatment explored in the current case series 
evolved from their rapid-chondrocyte-isolation strategy. The rapid isolation yields about 1.2 million primary articular chondrocytes 
and chondrons per gram of cartilage biopsy material within the hour.19 Taking into account varying lesion sizes and an average 
cartilage biopsy amount of 0.7 g, this yield allows for an average chondrocyte supply of 0.3 million/cm2 of lesion.19 The chondrocyte 
supply of 2-stage ACI, however, is roughly 3 times greater and averages around 1 million culture-expanded daughter chondrocytes 
per square centimeter of lesion.29 Rapidly isolated chondrocytes, however, are primary and have not been exposed to phenotype- 
shifting in vitro culture conditions.30–32 Furthermore, combining primary chondrocytes with mononuclear bone marrow cells may 
augment the chondrogenicity of the chondrocytes.

In our study and in those of de Windt et al6 and Słynarski et al,7 primary articular chondrocytes and/or chondrons were coim
planted with a second cell type, sourced from bone marrow. Both Słynarski et al and we used freshly isolated autologous mononuclear 
bone marrow cells (MNCs, a heterogeneous cell population, which includes stromal and progenitor cells), whereas de Windt et al used 
allogeneic cryopreserved MSCs from a stem-cell bank. Through in vitro coculture research, it has been found that MSCs have a 
stimulatory effect on the proliferation of chondrocytes33 and on the glycosaminoglycan production per chondrocyte,9,34–36 while the 
stromal cells’ own numbers decrease over time. The coculture effects involve direct cell-cell contact,37 transfer of mitochondria,38,39

and soluble factors such as fibroblast growth factor 1 secreted by the stromal cells.40 Although stromal cells may exert their trophic 
effects on coimplanted primary chondrocytes (PCs) in vivo and in situ, no experiments have yet been reported wherein the chon
drogenicity of PC coimplantation is compared with the chondrogenicity of PCs alone when seeded at the density they have in the 
coimplantation group. (eg, 800,000 MNCs + 200,000 PCs vs 200,000 PCs alone, within an orthotopic cartilage lesion model.) It is 
therefore not clear whether the PC coimplantation strategy could be equaled or outperformed by the application of PCs alone. 
Moreover, the minimum within-lesion density of human primary chondrocytes that would still support the formation of a new 
articular cartilage layer is unknown. In our study, the areal seeding density of primary articular chondrocytes (0.22 million/cm2) was 
determined by the yield of the rapid isolation and the surface area of the lesion. Fundamental experiments using a well-defined model 
of a chondral lesion will be necessary to answer questions regarding the minimum volumetric or areal chondrocyte supply, the added 
benefit of bone marrow cells, the optimal total cell seeding density when adding bone marrow cells, and the optimal chondrocyte 
percentage in such coimplantation setups. Notwithstanding, individual variation between patients and between lesions, must also be 
assumed to have an effect on the chondrogenicity of the implanted cells.

Differences with particulated cartilage

An alternative single-stage use of autologous cartilage is the reimplantation of particulated (“minced”) cartilage. The particulate is 
seen as a vehicle to implant chondrocytes without the need for enzymatic digestion.41 As such, it is sometimes categorized as a fourth 
generation ACI variant,42 despite important differences from ACI. One of those differences is scale. A single cartilage particle 
measures roughly 0.5 to 1.0 mm (there is significant variation as no standardized mincing method exists), whereas an individual 
chondrocyte has a mean diameter of 13 µm.43 The dimensions of a chondron depend on the number of cells it contains, which in 
general is 1 to 8 chondrocytes.43 Hence, the chondron size range is roughly 15 to 100 µm. Another important difference with ACI is 
that the number of viable cells contained within the particulate is unknown. In the current study and in the INSTRUCT and IMPACT 
trials,6,7 the number of viable chondrocytes was counted, which allowed the cell-based intervention to be described more precisely in 
the patient dossier for later reference. Yet another difference with ACI is that the reimplantation of cartilage fragments introduces two 
sources of biological variation instead of one: that of the chondrocytes and that of the extracellular matrix.

The rationale behind implanting cartilage particulate is that chondrocytes migrate out of the particulate in situ. However, it is not 
known if all the chondrocytes will migrate out or a subpopulation. Neither is the long-term fate of the (partially) abandoned par
ticulate known. Despite these unresolved questions, particulated cartilage is frequently applied, and in terms of PROM improvement, 
it is efficacious up to 2 years post surgery.44–46

Limitations

The case series included only 16 patients and a control group was absent. Although the collection of prospective magnetic 
resonance images is being planned, image scores are currently absent. Substantial variation existed in the size, number, and location 
of the cartilage lesions, as well as in the age and daily sports activities of the patients. Histological data was not collected. Also, body 
mass index was not monitored. We find, however, that the current results are an important addition to the still small body of 
knowledge on single-surgery autologous chondrocyte-based knee cartilage repair treatments.

The treatment under study has 2 main drawbacks. The first is the requirement for external cell technicians. An automated 
approach for cell isolations instead of a technician-based service would avoid scheduling difficulties due to technician availability. On 
the other hand, technicians allow for a bespoke cell isolation service (eg, the production of separate cell mixture portions propor
tioned to the individual lesion sizes) and continuous feedback on the process. The second drawback is the substantial tissue 
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processing and cell isolation time in the OR. In a number of cases it was necessary to deflate the tourniquet during the cell isolation 
process and later reinflate it before placement of the scaffold and cell mixture. The OR time drawback is less detrimental when the 
cell isolations occur in parallel with a concurrent intervention, such as an osteotomy or a ligament reconstruction (see Table 1). The 
drawback of an extended OR time should be weighed against the treatment being a single-stage coimplantation variant of ACI using a 
quantified number of nonculture-expanded autologous articular chondrocytes.

Conclusion

Coimplantation of intraoperatively isolated articular chondrocytes and mononuclear bone marrow cells on a hyaluronan scaffold 
is a safe and efficacious strategy in the treatment of focal symptomatic knee cartilage lesions.
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