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. . Background: The aim of the study was to compare matrix-associated stem cell trans-
Matrix-associated

plantation (MAST) with autologous matrix induced chondrogenesis plus peripheral

stem cell blood concentrate (AMIC+PBC) in chondral defects at the first metatarsophalangeal
transplantation joint (MTP1).

(MAST); . Material and methods: Patients with chondral defect at MTP1 that were treated
Autologous matrix with MAST from October 1, 2011 to July 15, 2016 (n=623) or with AMIC+PBC from
induced : July 17, 2016 to March 19, 2018 (n=230) were included. 480(89%)/176(89%) patients
fm’l‘g;ogenes‘s (MAST/AMIC+PBC) completed follow-up. Size and location of the chondral defects

and the Visual-Analogue-Scale Foot and Ankle (VAS FA) and European Foot and Ankle
Society Score (EFAS Score) before treatment and at follow-up were compared.
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Introduction

Results: In 20%/21% (MAST/AMIC+PBC) of patients no deformities in the
forefoot were registered. The average were degree of osteoarthritis was
2.1/2.2 (MAST/AMIC+PBC). The chondral defect size was 0.9/1.0cm? on average
(MAST/AMIC+PBC). The most common location was metatarsal dorsal (31/33%), and
in most patients one defect was registered (74/74%)(MAST/AMIC+PBC). Corrective
osteotomy of the first metatarsal was performed in 80%/79% (MAST/AMIC+PBC).
VAS FA/EFAS Score were preoperatively 53.6/52.6//48.4/46.8 and improved to
72.4/74.1//16.8/17.1 at follow-up (MAST//AMIC+PBC) on average. No parameter
significantly differed between MAST and AMIC+PBC cohorts.

Conclusions: MAST and AMIC+PBC as treatment for chondral defects at MTP1 as part
of a (complex) joint preserving surgery led to improved and high validated outcome
scores in 2-year-follow-up. MAST and AMIC+PBC showed similar results.

Zusammenfassung

Hintergrund: Das Ziel der Studie der Vergleich der Matrix-Assoziierten Stam-
mzelltransplantation (MAST) mit Autologer Matrixinduzierter Chondrogenese mit
Peripherem Blutkonzentrat (AMIC+PBC) bei chondralen Defekten am GroBzehen-
grundgelenk (MTP1).

Material und Methoden: Eingeschlossen und verglichen wurden Patienten mit chon-
dralen Defekten an MTP1, die 01.10.2011-15.07.2016 mit MAST (n=623) oder
17.07.2016-19.03.2018 mit AMIC+PBC (n=230) behandelt wurden. 480(89%)/176(89%)
Patienten (MAST/AMIC+PBC) wurden nachuntersucht. GroBe und Lokalisation der
chondralen Lasion und Visual Analog-Skala FuB und Sprunggelenk (VAS FA) European
Foot and Ankle Society Score (EFAS Score) wurden praoperativ und zum Nachunter-
suchungszeitpunkt verglichen.

Ergebnisse: Bei 20%/21% (MAST/AMIC+PBC) der Patienten wurden keine Defor-
mitaten im VorfuB registriert. Das ArthroseausmaB war 2.1/2.2 (MAST/AMIC+PBC)
im Durchschnitt. Die DefektgroBe war 0,9/1,0cm? (MAST/AMIC+PBC) im Durch-
schnitt. Die haufigste Defektlokalisation war Metatarsale dorsal (31/33%), und in den
meisten Fallen wurde ein Defekt registriert (74/74%)(MAST/AMIC+PBC). Korrektur-
osteotomien des Metatarsale 1 wurden in 80%/79% (MAST/AMIC+PBC) durchgefihrt.
VAS FA/EFAS Score waren praoperativ 53.6/52.6//48.4/46.8 und verbesserten sich
zum Zeitpunkt der Nachuntersuchung auf 72.4/74.1//16.8/17.1 (MAST//AMIC+PBC)
im Durchschnitt. Parameterunterscheide zwischen den MAST/AMIC+PBC Kohorten
bestanden nicht.

Schlussfolgerungen: MAST und AMIC+PBC als Behandlung von Knorpeldefekten an
MTP1 als Teil eines (komplexen) gelenkerhaltenden Eingriff fihrten zu verbesserten
und hohen validierten Nachuntersuchungsscores nach 2 Jahren. MAST und AMIC+PBC
zeigten gleiche Ergebnisse.

in the ankle [1,3,4,6—8,11,15,16,24,25]. MAST
was described as a modification of AMIC with

The optimal treatment for chondral defects at foot
and ankle including the first metatarsophalangeal
joint (MTP1) is debatable [18]. Principle possi-
ble options are distraction, debridement, abrasion,
microfracture, antegrade or retrograde drilling,
mosaicplasty or osteochondral autograft transfer
system (OATS), autologous chondrocyte implanta-
tion (ACIl), matrix-induced autologous chondrocyte
implantation (MACI), autologous matrix-induced
chondrogenesis (AMIC), allologous stem cell trans-
plantation, allograft bone/cartilage transplanta-
tion, or matrix-associated stem cell transplantation
(MAST) [1,3,4,6—8,11,15,16,24,25]. Most of those
options have been used first or even exclusively

a potentially higher concentration of stem cells
in the implanted matrix, and also as a com-
pletely new method [5,16]. MAST was also used
at MTP1 with encouraging 2-year-results and later
4—7-year results [12,18]. However, in 2016, the
local government authorities re-categorized MAST,
i.e. the included BMAC for impregnation of the
matrix, as stem call manufacturing and heterolo-
gous transplantation [16,21]. Consequently, MAST
and all other procedures including BMAC were not
“subject to disclosure” as before but “subject to
authorization” [21]. Therefore, the authors’ insti-
tution was not authorized to perform MAST after
July 16, 2016, and applied for authorization shortly
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after [21]. The authorization process is still pend-
ing (status March 2020), and no approval for MAST,
or any other procedure involving BMAC has been
approved in the entire country [21]. Meanwhile,
the authors’ institution changed the treatment of
chondral defects by replacing BMAC as part of
MAST to Peripheral Blood Concentrate (PBC) resul-
ting in AMIC+PBC [21]. The effect of replacing
MAST (including BMAC) by AMIC+PBC is unclear [21].
Therefore, we conducted a study to compare MAST
with AMIC+PBC [21]. As we used MAST before July
16, 2016, and AMIC+PBC after, we could not con-
duct a prospective controlled study. Consequently,
a cohort comparison analysis was performed.

Material and methods

Techniques

The indication for surgery as such with potential
inclusion of MAST/AMIC+PBC was based on clin-
ical symptoms and radiographic findings [12,18].
The definite indication for MAST/AMIC+PBC proce-
dures during the surgery was subjectively made
by the surgeon for instable, fragmented or miss-
ing cartilage [12,18]. MAST was performed as
previously described [12,18]. AMIC+PBC was per-
formed in similar fashion except using PBC instead
of BMAC for the impregnation of the matrix
(detailed description below). The other proce-
dures included joint preserving measures such
as corrective osteotomies, cheilectomy, tendon
debridement/tenolysis, and others [12,18]. The
MAST/AMIC+PBC procedure was performed through
amedial approach (Figs. 1—4) [12,18]. The chondral
defect was debrided until stable surrounding carti-
lage was present. Subchondral cysts were cleared
out (Fig. 4b) [12,18]. Microfracturing witha 1.6 mm
Kirschner wire was performed at intact subchon-
dral bone, and at the ground of subchondral bone
defects [17]. Bone defects of more than 3 mm depth
(cysts and others) were filled with autologous can-
cellous bone harvested locally from the resected
bone (Fig. 4c).

BMAC versus PBC

For MAST including BMAC, 15 cc stem cell-rich blood
was harvested during the procedure from the ipsi-
lateral pelvic bone marrow with a Jamshidi needle
(10 x 3mm, Cardinal, Dublin, OH, USA) and a spe-
cial syringe (Arthrex-ACP, Arthrex, Naples, FL, USA)
through a stab incision [17,21]. For AMIC+PBC,
15cc peripheral venous blood was harvested with
the same special syringe (Arthrex-ACP, Arthrex,
Naples, FL, USA). For both, MAST including BMAC

and AMIC+PBC, the syringe was centrifuged (10 min,
1500 rotations per minute) [17,21]. After centrifu-
gation, the supernatant was aspirated including the
entire fluid layer directly above the erythrocyte
layer. Thus, PBC is a modification of Platelet Rich
Plasma (PRP) and Autologous Conditioned Plasma
(ACP) [2,9,21,23]. The difference of PBC to PRP is
that for PBC no addition of an anticoagulant, such
as citrate dextrose A to prevent platelet activation
prior to its use as for PRP [2,21]. The difference of
PBC to ACP is that for PBC the aspirated supernatant
(after centrifugation) included the entire fluid layer
directly above the erythrocyte layer, whereas ACP
includes the only the clear fluid above [21,23].

Preparation of the matrix

The supernatant was used to impregnate a collagen
[/l matrix (Chondro-Gide, Geistlich, Wollhusen,
Switzerland) by submerging the matrix completely
into the supernatant for 3min (impregnation)
[12,18]. The matrix was cut to the size of the
cartilage defect roughly before and more exact
after the impregnation [12,18]. When the chon-
dral defect reached the limit of the chondral
region, the matrix was placed 3 mm over this limit
(Fig. 1b, plantar; Fig. 4d, dorsal) [12,18]. In chon-
dral defects comprising the entire chondral surface
at the sesamoid, the matrix covered the entire
previous chondral surface (Fig. 2d). Closure was
performed following the local standard with layer
wise closure (joint capsule, subcutaneous, skin).
The postoperative treatment included full weight
bearing without orthosis or splint in cases without
corrective osteotomy and with orthosis (Forefoot
Relief Shoe, Bort, Weinstadt-Benzach, Germany)
and splint (Hallufix Hallux Valgus Schiene, Hallufix
AG, Grinwald, Germany) in cases with corrective
osteotomies. Motion of the joint with dorsiflexion
was started at the day of surgery. Postoperative
consultations were performed at 6 weeks, 3, 12 and
24 months.

Study design

Inclusion criteria

Patients treated with MAST from October 1, 2011 to
July 15, 2016 were included (MAST cohort, n=623)
[21]. Patients with chondral defect at the ankle
that were treated with AMIC+PBC from July 17,
2016 to March 19, 2018 were considered for inclu-
sion prospectively and consecutively (n=230). This
data was gathered prospectively and continuously
[12,16—19,21].
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Figure 1. (a, b) Case from MAST cohort. Chondral defect at the first metatarsal head (a). The defect (black arrow)
was specified as plantarly located, and the size 0.8cm x 2.7cm (2.2cm?) (a). (b) Shows the matrix (black arrow) in

place.

Figure 2. (a, d) Case from MAST cohort. Chondral defect at the first metatarsal head (a) and the medial sesamoid (b).
The defect at the metatarsal (black arrow) was specified as plantarly located, and the size 0.8 cm x 0.5¢cm (0.4cm?)
(a). The defect at the medial sesamoid (black arrow) was specified as size 1.2cm x 1cm (1.2cm?) (b). (c and d) Show

the matrix (black arrow) in place.

Exclusion criteria

Patients with bilateral treatment (n=84 (13%)/32
(14%) (MAST/AMIC+PBC)) were excluded from
the study and 539/198 patients remained
(MAST/AMIC+PBC). Patients that did not com-
plete two-year-follow-up (defined as follow-up
between 22 and 26 months postoperatively)
(n=59(11%)/22 (11%) (MAST/AMIC+PBC)) were

excluded from the further analysis. Among those
excluded patients, 15(3%)/6(3%) were revised
including fusion of MTP1 and 5(1%)/2(1%) were
revised including total joint replacement of MTP1.
These patients were considered as unsuccessful
joint preserving surgery and were excluded from
the follow-up study. Patients with revisions includ-
ing joint preserving procedures were not excluded
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Figure 3. (a, b) Case from AMIC/PBC cohort. Three chondral defects at the first metatarsal head (a). One defect was
specified as dorsally located, size 1.0cm x 0.7 cm (1.7 cm?); one as plantarly located, size 0.7 cm x 0.7 cm (0.5 cm?);
one as dorsally and plantarly located, size 0.9cm x 0.6 cm (0.5cm?); (a). (b) Shows the three matrices in place.

Figure 4. (a, d) Case from AMIC/PBC cohort. Chondral defect at the first metatarsal head (a). The defect was specified
as dorsally and plantarly located, size 3.2cm x 1.1cm (3.5cm?) (a). A subchondral cyst was detected (black arrow) (a).
(b) Shows the status after resection of the medial pseudo-exostosis, limited cheilectomy, debridement of the chondral
defect and the subchondral cyst. (c) Shows the status after filling of the subchondral cyst with autologous cancellous
bone, microfracturing and distal metatarsal corrective osteotomy. (d) Shows the matrix in place.
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and further followed. No other exclusion criteria
were defined. 480/176 patients (MAST/AMIC+PBC)
completed follow-up and were eligible for the
further comparison. The follow-up rate was 89%
for both cohorts.

Parameter

Before surgery and at follow-up, radiographs
(bilateral views (dorsoplantar and lateral) with
full weight bearing) or Weightbearing Computed
Tomography (WBCT) scan based on the availabil-
ity of WBCT after July 2012 were obtained [14,21].
Visual Analogue Scale Foot and Ankle (VAS FA) was
registered for all patients and the EFAS Score since
July 29, 2017 [13,20]. The defect size and location
were assessed intraoperatively. The defects were
classified as dorsal when located above a virtual
horizontal line at 50% of the metatarsal head height
or diameter; plantar when located below that line,
or both when crossing the line [12]. The degree of
osteoarthritis was classified in four degrees [22].
Complications and treatment failure, as for exam-
ple conversion to joint replacement or arthrodesis
were registered.

Statistical analysis

The data was analysed with SPSS software (IBM
SPSS Statistics 25, IBM, Armonk, NY, USA). An
unpaired t-test was used for statistical compari-
son of VAS FA preoperatively and at follow-up and
between cohorts. Before using the paired t-test,
the data were investigated regarding the distri-
bution and the data were proven to be normally
distributed. ANOVA (potential Scheffe Post Hoc
test) was used to analyse differences of the follow-
up scores for different defect location and size and
between cohorts. The significance level was defined
as p<0.05). A power analysis that was carried out
before each specific statistical justified sufficient
power (>0.8).

Results

Table 1 shows the demographic parameter, pre-
operative VAS FA and EFAS Score. In 20%/21%
(MAST/AMIC+PBC) deformities were registered
(considered to be corrected)(Table 1). The aver-
age were degree of osteoarthritis was 2.1/2.2
(MAST/AMIC+PBC). Table 2 shows size, location
and number (per case) of the chondral defects.
The chondral defect size was 0.9/1.0cm? on aver-
age (MAST/AMIC+PBC). The most common location
was metatarsal dorsal (31/33%), and in 74% one
defect was registered (74/74%)(MAST/AMIC+PBC).

Table 3 shows the additional surgical proce-
dures. Corrective osteotomy of the first metatarsal
was performed in 80%/79% (MAST/AMIC+PBC). 58
(12%)/23 (13%) patients (MAST/AMIC+PBC) were
revised with joint-preserving surgery including joint
debridement and implant removal, and 23 (5%)/5
(3%) including another MAST/AMIC+PBC (Table 3).

Follow-up

Table 4 shows the follow-up parameter of the
entire cohorts and subgroups without correction
and with correction of the 1st ray or the 1st and
other rays. The highest scores and lowest degree of
osteoarthritis occurred in the groups without cor-
rection.

Comparison MAST/AMIC+PBC

The cohorts did not differ in all above listed param-
eters (each p>0.05).

Discussion

This is the first study comparing MAST with
AMIC+PBC at MTP1. The transition from MAST
to AMIC+PBC was enforced by local regulations
as described above. The enforced transition was
seen very critical at the authors’ institution and
enormous efforts were undertaken to achieve
authorization for performing MAST after July 2016
— without success [21]. However, the transition
gave the opportunity to compare MAST with another
method (AMIC+PBC) which was not planned before
[21]. Based on the good previous results of MAST,
we did not expect that AMIC+PBC with poten-
tially less “powerful” cells for matrix impregnation
would achieve similar results [17,19,21]. We chose
a clinical cohort analysis to compare AMIC+PBC
with MAST. An ongoing prospective data acqui-
sition of all surgically treated patients including
planned yearly follow-ups at the authors’ institu-
tion is the basis for this cohort comparison process
[21]. The patient cohorts including demographic
data, preoperative scores, and all characteristics
of the chondral defects were similar in both cohorts
(Tables 1 and 2). Except the MAST/AMIC+PBC proce-
dures itself, the additional surgical procedures did
not significantly differ between cohorts (Table 3).
The follow-up parameters did also not significantly
differ between cohorts (Table 4). he highest scores
and lowest degree of osteoarthritis occurred in the
groups without correction (Table 4). We observed
chondral defects in different locations (Table 2).
In comparison with the main defect location at the



Matrix-associated stem cell transplantation (MAST) vs. autologous matrix induced chondrogenesis 223

dorsal part of the metatarsal in cases without defor-
mity (comparable to Hallux rigidus), we found a
lot of defects at the plantar part of the metatarsal
and the sesamoids in cases with deformity (Hallux
valgus) [12,18]. Furthermore, we found chondral
defects at the sesamoids without chondral defect
at the opposite surface of the metatarsal and vice
versa and defects at both corresponding surfaces
(so called “kissing-lesions”). The principal result
of our study is that MAST and AMIC+PBC did not
differ. Consequently, the main difference of both
procedures, i.e. using BMAC or PBC had no influence
on the results of this study. What does this mean?
The use of BMAC and PBC as adjunct might not
have an effect on the tissue development and/or
the clinical outcome [21]. If so, AMIC alone (with-
out BMAC or PBC) would allow for the same results
[21]. As we did not perform AMIC, we tried to find
comparable results from the literature. We did not
find any. Also no significant difference between
PBC and BMAC as adjunct might exist [21]. We
used BMAC before to allow for a high concentra-
tion of mesenchymal stem cells [10,17,19,21]. The
concentration of mesenchymal stem cells in PBC

in comparison with BMAC is questionable [21]. We
did not investigate the content of BMAC or PBC
cytologically and cannot answer this question [21].
Another potential effect could be chemo-tactical
“attraction” of mesenchymal stem cell from PBC
as described for PRP [2]. This is all unclear and
debatable. We earlier reported about anecdotal
histological investigations after MAST at the ankle
showing chondrocytes, and we suspect that the
same would be observed after AMIC+PBC which is
also debatable [19]. Our 2-year-follow-up results
after MAST and AMIC+PBC MTP1 as part of a complex
surgical approach are favourable and no adverse
effects have been registered. We are aware that
especially the high percentage and extent of addi-
tional procedures had influence on the study results
and this issue will be discussed extensively below
(see below, limitations).

Limitations

Limitations of the study are: subjective indication
for treatment, unclear influence of associated pro-
cedures, missing control group, missing outcome



parameter for the created tissue, and comparison
of cohorts instead of a “real” control group.

The indication for MAST/AMIC+PBC was sub-
jectively made by the surgeon [12,18]. This
is the typical decision-making process also in
other studies but does still not follow objective

M. Richter et al.

parameters [12,18]. We believe that “surgical”
decision-making is still better than indication based
on any kind of imaging-based staging with the
described limitations [17,19]. The indication for
MAST/AMIC+PBC was not similar to the indication
for surgery as such which was based on clinical
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symptoms as usual [12,18]. The simultaneous addi-
tional procedures (Table 3) confound the results. As
stated above, we consider this as a main limitation
of this study. These procedures were considered to
be necessary to restore joint function (for exam-
ple corrective osteotomies of the first metatarsal
in 80%/79% (MAST/AMIC+PBC)). Other procedures
were performed on a regular basis (for exam-
ple synovectomy in 100%). Performing MAST or
AMIC+PBC as single procedure would allow for a
much more specific study results and would allow
for much stronger conclusions [21]. However, we
did not notice a single patient with just a chondral
defect and no other pathologies [12,18]. Based on
our experience and considering the literature, we
doubt that isolated chondral defects are common
[17]. In our cohorts, the main cause for the chondral
defect might have been Hallux valgus deformity.
Following this principle, treatment of the chon-
dral defect alone without treating the cause as for
example the deformity would be inadequate [17].
In contrast, our treatment concept was and is still
to address all pathologies in addition to the chon-
dral defect [17]. If we would exclude all patients
with deformities from the study, we would exclude
80% of all patients. This would result in study cohort
that does not reflect the real situation at least in
our institution. In addition, we have analysed cases
without deformity before [12,18]. A cohort com-
parison study design is not as good as a prospective
study with control group and at best randomized.
However, we are not aware of any other prospec-
tive controlled (randomized) study. The presented
cohort comparison study design is adequate. Based
our results, we do proceed with AMIC+PBC instead
of MAST. We are not sure if we would return to MAST
even if we would achieve approval again. Another
task is fixation of the matrix in the chondral defect
without fibrin-glue to reduce cost, complexity and
risk of infection since fibrin-glue is an allologous
blood product [17]. We are working on different
fixation possibilities beyond suture and glue.

In conclusion, MAST and AMIC+PBC as treatment
for chondral defects at MTP1 as part of a (com-
plex) joint preserving surgery led to improved and
high validated outcome scores in 2-year-follow-
up. MAST and AMIC+PBC showed similar results. No
method related complications were registered.
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