Pediatric Dimensions

Research Article

ISSN: 2397-950X

A study of MACI in patients aged 10 to 17 years with
symptomatic chondral or osteochondral defects of the
knee: Design and rationale
James L Carey1, Ann E Remmers2* and Theodore J Ganley3

Penn Sports Medicine Center, Perelman School of Medicine at the University of Pennsylvania, Philadelphia, Pennsylvania, USA
Vericel Corporation, Cambridge, Massachusetts, USA
3
Sports Medicine and Performance Center, Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania, USA
1
2

Abstract
MACI® (autologous cultured chondrocytes on porcine collagen membrane), an autologous cellularized scaffold product, obtained United States Food and Drug
Administration (FDA) approval in 2016 for the repair of symptomatic, single or multiple full-thickness cartilage defects of the knee with or without bone involvement
in adults. The approval was supported by the pivotal 2‑year SUMMIT (Superiority of MACI Implant Versus Microfracture Treatment) study, which was a prospective
Phase 3 multicenter, randomized, open‑label, parallel group clinical study conducted in 144 adult patients (72 MACI and 72 microfracture). The study demonstrated
superior efficacy of MACI compared with arthroscopic microfracture in the treatment of patients, ages 18 to 54 years old, with at least 1 symptomatic Outerbridge
Grade III or IV focal cartilage defect of the knee.
In accordance with the Pediatric Research Equity Act, Vericel and FDA agreed upon an initial pediatric study plan to conduct a study in patients aged 10 to 17
years; the plan was submitted with the MACI Biologics License Application. The ongoing post-marketing study, which was required as a condition of FDA approval,
“PEdiatric Autologous cultured chondrocytes treatment of cartilage defects in the Knee” (PEAK) is a 2‑year prospective, multicenter, randomized, open-label, parallel
group clinical trial being conducted at 10 sites in the US (ClinicalTrials.gov identifier NCT03588975). A total of 45 patients, ages 10 to 17 years, will be randomized
to receive a one‑time treatment with MACI or microfracture (2:1, 30 MACI:15 microfracture). The primary efficacy endpoint is the percentage of patients who
respond to study treatment after 2 years, defined as patients who have ≥10‑point improvement on both the pain and function (sports and recreational activities)
subscales of the Knee Injury and Osteoarthritis Outcome Score (KOOS)-Child from baseline to Year 2. The PEAK study is the only ongoing randomized controlled
trial studying chondral and osteochondral defect treatment options in children and adolescents to date which incorporates the FDA’s feedback on post-marketing
study requirements for the treatment of cartilage defects in pediatric patients.

Introduction
Chondral and osteochondral defects of the knee in children are
commonly due to acute trauma and unsalvageable osteochondritis
dissecans (OCD) lesions. Either etiology leads to the issue of a focal
articular cartilage defect in the knee, similar to a “pothole on a good
road,” in the setting of an active child with a long life ahead. In
children, articular cartilage injuries that do not heal properly can
result in long-term morbidity [1] and can consume considerable
healthcare resources [2].
The natural history of focal articular cartilage defects left empty is
known to be suboptimal. Anderson et al first reported on 19 young
patients (mean age 21 years) with 20 OCD lesions that were evaluated
a mean of 9 years after fragment excision alone [3]. When considered
on the International Knee Documentation Committee (IKDC) scale, 2
knees were rated normal, 6 nearly normal, 4 abnormal, and 8 severely
abnormal. The authors concluded that the “long-term results are
extremely poor” [3]. Similarly, Wright et al studied 17 patients that
were evaluated a mean of 9 years after fragment excision alone and
found that 11 of 17 patients (65%) had a fair or poor result [4]. Sanders
et al., reported on 134 OCD patients that were evaluated a mean of 17
years after fragment excision and found that twenty patients (~15%)
underwent knee arthroplasty [5].
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Several approaches exist to fill and repair the focal articular
cartilage defects. These include marrow stimulation techniques
including microfracture, autologous chondrocyte implantation (ACI),
osteochondral autograft transfer (OAT), and fresh osteochondral
allograft (OCA) transplantation [6]. Few studies have focused on
observing outcomes for these treatments in the pediatric population.
In fact, we are aware of only one publication of a prospective
randomized clinical trial for treating focal articular cartilage injury
in children [7]. This study evaluated OAT versus microfracture and
showed comparable clinical benefit of both treatments, although the
microfracture group showed diminished benefit over the 4.2‑year
follow-up [7]. There have been no randomized controlled trials in
children comparing ACI to OAT, OCA, or microfracture.
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Rationale for a pediatric study
Four large case series evaluating ACI in pediatrics have been reported
to date with ACI Carticel [8-10] and ACI/MACI [2]. In addition, an
industry-sponsored prospective Registry-based study included a total
of 37 pediatric patients treated with Carticel [11], and an industrysponsored retrospective cohort study included 29 adolescents treated
with third generation ACI using spheroids [12]. Carticel treatment was
associated with improved functional outcomes in the Mithöfer (2005)
case series of 20 patients ≤18 years of age (mean age 15.9 years) with
a mean follow-up of 47 months [8], and in the Rush University case
series of 37 patients <18 years of age (mean age 16.7 years) with a mean
follow-up of 55 months [9]. Results from the Mithöfer case series were
similar to those seen in adults, where greater functional improvement
post-Carticel treatment correlated with shorter duration of symptoms
before implantation and a lower number of prior operations. Patients
with a shorter duration of preoperative symptoms also saw greater
clinical improvement in a systematic review of clinical outcomes
following ACI in adolescent knees [13]. Long-term outcomes were also
reported in a case series of 27 pediatric patients (13 – 17 years of age,
mean age 15.9 years) treated with ACI [10]. Approximately 90% rated
knee-specific outcomes as good or excellent and were satisfied with the
procedure over a mean 9.6-year follow-up period [10]. In the Macmull
(2011) case series evaluating 35 patients 14 to 18 years of age (mean 16.3
years), ACI and MACI treatment resulted in significant improvements
in function and subjective pain scores over a mean 66-month follow-up
period [2]. Higher success rates were attained among pediatric patients
in this study than in studies of adult patients.
The Micheli study of 37 adolescents was part of a voluntary
Registry-based study designed in collaboration with FDA to follow
patients who received a Carticel implant [11]. Patients 11 to 17 years
of age (mean age 16 years) reported significant improvements in
their overall condition and marked reduction in pain and swelling.
These results are similar to those observed in adults. The retrospective
cohort study of chondrospheres in 28 adolescents 15 – 17 years of age
compared patient reported outcomes to outcomes from 42 young adults
18 – 34 years of age and found that both groups had improved pain
and functional scores but that there were not statistically significant
differences between the two age groups [12]. A systematic review of
the literature for articular cartilage repair in pediatric and adolescent
patients showed that ACI, as well as other available cartilage repair
procedures, provides postoperative improvement above published
minimal clinically important difference [13]. No randomized
controlled trials have been conducted to date evaluating the safety or
efficacy of ACI or MACI in pediatric patients.
In accordance with the Pediatric Research Equity Act, which gives
FDA the authority to require the conduct of pediatric studies for certain
products when these drugs are not adequately labeled for children [14],
MACI manufacturer Vericel and FDA agreed upon an initial pediatric
study plan as part of the MACI Biologics License Application (BLA).
As MACI is unlikely to be used in children under the age of 10 years,
Vericel submitted a request for a partial pediatric waiver for children
less than 10 years of age. Vericel also submitted a request for a deferral
to conduct a postmarketing study to evaluate the safety and efficacy
of MACI in patients aged 10 to 17 years. The FDA Pediatric Review
Committee (PeRC) recommended a partial waiver in patients ages
birth through 9 years because knee cartilage defects are rare or do
not exist in children in this age group. The PeRC also recommended
a deferral of a postmarketing study in patients ages 10 to 17 years. The
agreement included a commitment to complete the study by June 2025.

Pediatr Dimensions, 2021

doi: 10.15761/PD.1000212

Upon MACI BLA approval, completion of the study in children and
adolescents became a postmarketing requirement. The agreed-upon
objective of the study is to compare the efficacy and safety of MACI
vs arthroscopic microfracture in the treatment of patients aged 10 to
17 years with symptomatic articular chondral or osteochondral defects
of the knee.

Treatments to be studied
Microfracture is considered by some to be the standard of care for
the treatment of chondral defects and many cartilage repair studies in
adults include microfracture treatment arm as an active control [15];
it is considered the first-line therapy for smaller defects [16]. The few
small studies (10 to 26 patients) of microfracture in adolescent patients
(growth plate status not reported) generally demonstrated improved
function and activity [7,17,18].
ACI is a 2‑step procedure process that involves first arthroscopically
harvesting a biopsy of hyaline cartilage from non-weight-bearing areas
of the knee, culturing chondrocytes from the biopsied tissue ex vivo,
and then implanting the cultured chondrocytes into the cartilage
defect in a second surgical procedure. Carticel was the only ACI
product available in the United States (US) until 2016 and had been
used in the US for the treatment of chondral defects in patients aged
10 to 18 years since 1995. In 2016, FDA approved MACI® (autologous
cultured chondrocytes on porcine collagen membrane), an autologous
cellularized scaffold product, for the repair of symptomatic, single or
multiple full-thickness cartilage defects of the knee with or without
bone involvement in adults. FDA approval was based on the pivotal
2‑year SUMMIT study which was a prospective Phase 3 multicenter,
randomized, open‑label, parallel group clinical study conducted
in 144 adult patients (72 MACI and 72 microfracture). The study
demonstrated superior efficacy of MACI compared with arthroscopic
microfracture in the treatment of patients, ages 18 to 54 years old,
with at least 1 symptomatic Outerbridge Grade III or IV focal cartilage
defect of the knee [19,20].

Study design
The
Vericel-sponsored
Autologous
PEdiatric
cultured
chondrocytes treatment of cartilage defects in the Knee (PEAK) Study,
which began enrollment in October 2018, is an ongoing prospective,
multicenter, randomized, open-label, parallel group clinical trial
being conducted at 10 sites in the US (ClinicalTrials.gov identifier
NCT03588975). A total of 45 patients, ages 10 to 17 years, will be
randomized to receive a 1‑time treatment with MACI or microfracture
(2:1, 30 MACI:15 microfracture, Figure 1).
The primary efficacy analysis will be performed 2 years following
administration of study treatment. The choice of microfracture as a
comparator is consistent with FDA guidance for the design of studies
in cartilage repair of the knee [21]. Due to differences in surgical
techniques between MACI and microfracture, the study design is, by
necessity, open label.
The study is being conducted in accordance with the International
Conference on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use Good Clinical Practice
guidelines and with the approval of an institutional review board at
each site. All legal guardians of the study participants are required to
sign an informed consent prior to study enrollment. Site locations in
the US can be found on ClinicalTrials.gov identifier NCT03588975.
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Table 1. Eligibility criteria
Inclusion criteria

• Symptomatic cartilage or osteochondral defects as a result of acute trauma or
osteochondritis dissecans (OCD)

• One or more International Cartilage Repair Society (ICRS) Grade III or IV chondral or

unsalvageable osteochondral defects located on the femoral condyles and/or trochlea
amenable to treatment with the surgical procedure determined at randomization (MACI or
microfracture)

• At least 1 defect size ≥2.0 cm2 on the femoral condyles and/or the trochlea; defects

include OCD lesions with a bone lesion depth of ≤6 mm and does not require a bone graft

• Stable target knee (i.e., anterior and posterior cruciate ligaments should be free of laxity
as well as stable and intact). Ligament repair or reconstruction procedures are allowed a
minimum of 6 months prior to screening arthroscopy.

Exclusion criteria

• Any surgery on the target knee joint within 6 months prior to screening (not including
diagnostic arthroscopy)

• ICRS Grade III or IV chondral or unsalvageable osteochondral defects located on the
patella or tibia or any lesion that is bipolar to the index lesion.

• Concomitant inflammatory disease or other conditions that affects the joints.
• Known history of septic arthritis in the index knee joint.

• Intact meniscus or partial meniscus (at least 50% of functional meniscus remaining) in the • Known history of hypersensitivity to gentamicin, other aminoglycosides, or products of
target knee.

porcine or bovine origin

• Females who are pregnant or lactating
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Primary Chondrocyte
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Enroll /
Cartilage
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MACI
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MACI Implant
Surgery

Year 2: KOOS-Child, pedi-IKDC, HSS Pedi-FABS,
patient and physician global assessment of change

Figure 1. Study design
HSS Pedi-FABS = Hospital for Special Surgery Pediatric Functional Activity Brief
Scale; IKDC, International Knee Documentation Committee; KOOS, Knee Injury and
Osteoarthritis Outcome Score.

Study population and methods
An overview of participant eligibility criteria is provided in Table
1 and complies with the current clinical algorithm for the treatment of
OCD in the pediatric patient [22]. Although there is no upper limit of
defect size specified in the protocol, surgeons will likely limit the upper
defect size treated given the randomization to microfracture or MACI. In
addition, bone autografting for osteochondral defects with less than 6 mm
of bone loss is not considered necessary for successful treatment [23].
After meeting screening criteria at the initial visit, all patients will
have a screening arthroscopy to further assess study eligibility. During
the screening arthroscopy, patients will be further evaluated against
entry criteria. Cartilage lesion size will be measured prior to any
cartilage repair procedure and randomization. All patients who meet
the eligibility criteria and are considered suitable for treatment in the
study will have a cartilage biopsy taken prior to randomization to study
treatment. Eligible patients will be randomized during the screening
arthroscopy procedure to receive either MACI or microfracture
treatment. Randomization will be conducted via a centralized
web-based interactive response technology. Patients randomized
to microfracture will undergo the procedure during the screening
arthroscopy.
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All biopsied tissue will be sent to the Vericel manufacturing facility
in Cambridge, Massachusetts, where the sample will be accessioned,
chondrocytes cultured, and cryopreserved. Cells from patients
randomized to the MACI group will be used in the preparation of the
MACI implant; cells from patients randomized to the microfracture
group will be stored in case of future use. Cryopreserved cells maintain
viability for a minimum of 5 years. Upon MACI order receipt, cells
are thawed and undergo secondary cell culture expansion to produce
an adequate number of cells for MACI assembly. MACI is tested and
released prior to shipment for surgery. MACI implant is available as
a cellular sheet, 3 x 5 cm, with a 0.5-cm2 section removed from the
lower left-hand corner. It consists of autologous cultured chondrocytes
on a resorbable Type I/III collagen membrane at a density of at least
500,000 cells per cm2. Rigorous assay testing (cell viability, minimum
cell number, chondrocyte identity, potency, sterility, endotoxin and
mycoplasma) is performed on each MACI lot prior to product release.
Patients randomized to treatment with MACI will return within 12
weeks of the screening arthroscopy to undergo the MACI implantation
procedure via arthrotomy. Patients are to follow a physician-prescribed
postoperative rehabilitation program. The rehabilitation program will
be the based on the treatment received (MACI or microfracture).
Guidance for rehabilitation following MACI is based on Ebert 2017
publication [24] and that for microfracture is based on Steadman
2001 [25]. Both programs are staged to promote a progressive return
to full joint range of motion and weight bearing as well as muscle
strengthening and conditioning. Compliance with the rehabilitation
schedule will be monitored. Patients will be assessed post-study
treatment at Weeks 6 and 12 for safety and at Weeks 12, 24, 52, and 104
for safety and efficacy.
The primary efficacy endpoint is the percentage of patients who
respond to study treatment after 2 years (“responders”), ie, patients
who have ≥10‑point improvement on both the pain and function
(sports and recreational activities [SRA]) subscales of the Knee Injury
and Osteoarthritis Outcome Score (KOOS)-Child [26,27] from
baseline to Week 104. Secondary efficacy variables include the change
from baseline in KOOS-Child pain and function (SRA) subscales,
other KOOS subscales, the pedi- IKDC subjective knee evaluation
form, Hospital for Special Surgery Pediatric Functional Activity Brief
Scale (HSS Pedi-FABS), and physician and patient global assessment
of change.

Statistical considerations
Sample size is selected to provide a reasonably precise estimate of
the difference in responder rates between MACI and microfracture
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as measured by the width of a two-sided 90% confidence interval. No
hypothesis testing is planned. Assuming underlying responder rates
of 88% and 68% for MACI and microfracture, respectively, a total
of 45 patients at a 2:1 allocation (MACI: microfracture) will permit
estimation of the difference in responder rates with 90% confidence
interval limits ±22% of the point estimate.

Simulations of study results
Because the study sample size is limited, simulations were
performed to assess the probability that the responder rate in the 30
MACI patients exceeds that of 15 microfracture patients based on the
assumption of an 88% responder rate in MACI and a 68% responder rate
for microfracture as observed in the adult study [19]. The underlying
statistical concept for the analysis of responder rates is the inference
of proportions and binomial distribution. It concerns n independent
“experiments” with a probability of p for success and 1-p for failure.
Thus, n is the number of patients randomized to the clinical trial, p is
the probability of response and 1-p is the probability of non-response.
The simulation used a binomial random number generator performed
in SAS 9.4 RAND function for the number of successes for each group
based on these two rates. One million sets of simulated response rates
(1 million simulated studies of 45 patients) were generated for assumed
response rates for the two arms based on the adult data. In addition, the
responder rate for microfracture was increased to assess the probability
of MACI responder rate being greater than that of microfracture. The
responder rate for MACI patients exceeded that of microfracture in
91.7% of the simulations using the same responder analysis observed
for adults. Additional simulations varying the responder rate in
the microfracture group showed that there was a >80% probability
that MACI responder rate exceeds that of microfracture as long as
microfracture responder rate is 75% or less.

Data extrapolation
Because MACI will be used in the pediatric population for the
same indication as approved in adults, the disease process is similar in
adults and pediatric patients, and the clinical outcomes of therapy is
likely to be similar, extrapolation from adult efficacy data is planned.
Change from baseline in KOOS pain and function subscores for adults
will be compared to results obtained in the pediatric study, limiting
the patients to those with closed growth plates. Although no patients
<18 years old were included in the SUMMIT study (6 patients were
18 to <22 years old), the change from baseline in KOOS pain and
function scores by patient age was evaluated by linear regression.
Among the 72 patients (age range 18 to 54) treated with MACI in
SUMMIT, no statistically significant association was observed between
patient age and improvement in KOOS pain or function scores 2 years
following MACI treatment (Figure 2).
Regression analyses were performed on the change from baseline in
KOOS Pain (A) and KOOS Function Sports and Recreational activities
(B). The mean change in KOOS pain at 2 years was 45 points and
linear regression was not statistically significantly different from zero
(p = 0.145; r2 = 0.03). The mean change in KOOS function at 2 years
was 46 points and linear regression was not statistically significantly
different from zero (p = 0.126; r2 = 0.03).
These results, along with the literature data, suggest that the
response of younger patients to MACI implantation is no worse or may
be better than that of older patients.
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Figure 2. Change from baseline in KOOS Pain and function in SUMMIT study patients
treated with MACI

Study status
As of December 12, 2020, a total of 18/45 (40%) patients have been
randomized and treated since October 2018 in the PEAK study. A
majority of the enrolled patients are male (73%) and 80% are 13-16
years age. All patients randomized to date have a single defect; of the
patients treated as of 12 December 2020 (n=18), the average defect size
was 3.75 cm2 and 75% of the treated patients had unsalvageable OCD
lesions.

Oversight
The MACI PEAK Steering Committee, comprised of the Vericel
Chief Medical Officer and manuscript authors, was established to
provide medical and scientific expertise. The Committee contributed
to the development of the clinical trial protocol and amendments,
provided guidance on the selection of clinical trial sites, and is providing
ongoing oversight of the trial implementation to ensure study quality
and integrity. A Safety Monitoring Plan is in place to ensure periodic
review of any potential adverse events as well as evaluate study conduct.
Periodic study status reports are also provided to FDA.

Discussion
The PEAK study is the only ongoing randomized controlled trial
studying chondral and osteochondral defect treatment options in
children and adolescents to date and reflects the current thinking of
the FDA on post marketing study requirements for the treatment of
cartilage defects in pediatric patients. Strengths of the study design
include randomization, multicenter nature of the study, as well as the
use of age-validated disease appropriate patient reported outcomes
measures for primary and secondary efficacy measures.
Although randomized controlled trials provide the highestlevel evaluation of clinical effectiveness, challenges exist regarding
the design and conduct of randomized controlled trials in pediatric
patients in general and for an orthopedic indication specifically
where underpowered studies are not uncommon [28,29]. The ethical
feasibility of conducting studies in pediatric patients <18 years has
been called into question by the ICRS due to the legal and practical
implications related to the consent process and the ethical treatment
of minors [15].
Because the incidence of symptomatic cartilage lesions in the 10 to
17 years pediatric age group requiring surgical restoration is quite
rare [6,11], significant challenges are anticipated to enroll an adequate
number of pediatric patients. Thus, the clinical study is limited in scope
(45 patients planned to be treated and no hypothesis testing) with a
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4.5 year enrollment period. Limitations of the PEAK study include
the relatively small sample size which limits the power to perform
statistical testing between treatment groups. The validity of the results
of this study is not negated by the small sample size given the rigorous
study design and conduct, multiple secondary endpoint assessments to
support the primary efficacy analysis, and the availability of adult data
for extrapolation.
Additional limitations of the study design include lack of
stratification for OCD vs chondral defects because of the limited
sample size. However, in an attempt to minimize confounders, the
study limits defect location to the femur and excludes subjects requiring
concomitant ligament repair. The sponsor and FDA aimed to design
a study that could be completed in the proposed timeframe, thereby
limiting the sample size.
Slow completion rates for pediatric postmarketing studies have
been reported [30], although these slow rates do not necessarily reflect
noncompliance with FDA mandated postmarketing requirements.
A majority (82%) of open BLA postmarketing requirements are
considered on-schedule by FDA and only 7% of open PREA BLA
postmarketing requirements are delayed [31]. In certain situations,
the original postmarketing requirement schedules were adjusted for
unanticipated delays in the progress of the clinical trial. These data
suggest FDA’s acceptance of sponsor’s slow but potentially more
realistic timelines for study completion.
Continued research is needed for the optimal management of
OCD lesions in pediatric patients [32]. The American Academy of
Orthopaedic Surgeons (AAOS) Clinical Practice Guideline on OCD of
the Knee [33] acknowledged that the field lacked high quality research.
Results from randomized controlled studies such as this designed after
the pivotal study in adults [19], will contribute to our understanding
of optimal treatments and result in better outcomes for this patient
population.
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