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The role of primary stability in mosaicplasty: a review of the literature

Mozaikplastide primer stabilitenin rolu: Literatur degerlendirmesi

Géza Kordas, M.D.

Department of Orthopaedics and Trauma, Great Western Hospital

Mosaicplasty was introduced into clinical practice 15
years ago and since then it has gained increasing popular-
ity in the treatment of small- and medium-sized cartilage
defects. Survival of the transplanted cartilage and integra-
tion of the grafts have been shown both in animal studies
and humans. Short- and mid-term results are now avail-
able and seem promising. Along with the widespread use
of the technique, biomechanical investigations have been
launched aiming at improvement of the operative technique
and achieving better results. These studies are concerned
with donor site morbidity, congruency, the effect of har-
vesting and implantation techniques, and primary stabil-
ity. The latter is of paramount importance, since press-fit
primary stability ensures that grafts remain flush with the
surrounding cartilage surface, in which position integra-
tion occurs. A better understanding of the biomechanics of
the mosaicplasty technique should improve the outcomes
of the procedure. This paper summarizes the results of the
biomechanical studies on primary stability in mosaicplasty
and puts their conclusions into perspective.
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Over the past decade autologous osteochondral graft-
ing has gained increasing popularity in the treat-
ment of focal chondral and osteochondral defects of
weight-bearing joints. The survival of the chondro-
cytes, maintenance of hyalin matrix properties, and
integration of bone of the recipient area and the grafts
have already been shown in animal models and in
humans."? Short- and medium-term results achieved
by several authors are promising.>* In the last seven
years, a number of biomechanical investigations have
been published, the common aim of which is to give

Mozaikplasti klinik uygulamaya 15 yil dnce girmistir ve
o zamandan bu yana kiuiguik ve orta buyuklukte kikirdak
defektlerinin tedavisinde giderek artan bir yayginliga ulag-
mugtir. Nakledilen kikirdagin canli kaldig1 ve greftlerin
ortamla butunlestigi hem havyan ¢alismalarinda hem de
insanda gosterilmistir. Bu ¢alismalarin alinmaya baslanan
kisa ve orta donem sonuglar: imit vericidir. Teknigin yay-
ginlik kazanmasiyla birlikte, ameliyat teknigini iyilestir-
meyi ve daha iyi sonuclar almay1 hedefleyen biyomekanik
calismalar da baglatilmis bulunmaktadir. Bu caligsmalarin
baglica konular1 verici alan morbiditesi, yuizey uyumlu-
lugu, greft elde etme ve uygulama tekniklerinin etkileri
ve primer stabilitedir. Bunlar arasinda primer stabilite-
nin 6nemi ¢ok buyuktur, cunki, pres-fit primer stabilite
greftlerin cevre kikirdak yuzeyiyle ayn1 hizada olmasini,
dolayisiyla butiinlesmeyi saglar. Mozaikplasti tekniginin
biyomekaniginin daha iyi anlasilmast iglemin bagarilarini
da artiracaktir. Bu derlemede, mozaikplastide primer sta-
bilite Uizerine yapilan biyomekanik ¢aligmalar 6zetlendi ve
bunlarin sonuglar1 degerlendirildi.

Anahtar sozciikler: Biyomekanik; kikirdak, eklem/yaralanma/
transplantasyon; kondrosit/transplantasyon; diz yaralanmasi/
cerrahi; stres, mekanik; transplantasyon, otolog.

a better understanding of what happens to the grafts
during and after the procedure and its possible bear-
ing on outcome. Various studies cover several issues
from donor site morbidity, congruency, and contact
pressure to harvesting and implantation techniques.
Primary stability is of major concern since the recon-
struction and maintenance of a congruent gliding
surface is of paramount importance for good out-
comes. On the other hand, excessive insertion forces
may damage the transplanted cartilage. The studies
on primary stability reviewed in this paper may
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help improve our operative technique as well as the
instrumentation, both of which should contribute to
better outcomes.

Congruency

Achieving a congruent surface after mosaicplasty
is paramount to the clinical outcome. If the grafts
are inserted in an oblique fashion or sink below
the surrounding articular surface, the gaps will be
filled with fibrocartilage. It has been shown that
fibrocartilage is biomechanically inferior to normal
hyalin cartilage”® and, therefore, the articular sur-
face area covered by it should be minimized.

In a finite element study Wu et al.”! showed that
inadequate placement of the osteochondral plugs
produced abnormal stress and strain distribution
within the cartilage. This may lead to degeneration
of the transplanted grafts.

Koh et al. studied the effect of height mis-
match™ and angled grafting™ in a porcine model
and demonstrated that normal contact pressure
could be restored by osteochondral grafts inserted
flush, but plugs inserted higher or higher and
angled resulted in significantly higher contact
pressures.

Huang et al.'” investigated the effect of small
incongruities in a sheep model after osteochondral
grafting. Their results showed that, in grafts sunk
less than 1 mm, the cartilage thickened through
chondrocyte hyperplasia and tidemark advance-
ment, whereas cartilage necrosis and fibrous over-
growth were observed in grafts countersunk 2 mm.

There is certainly limited experience in humans
due to the ethical issues regarding control arthrosco-
pies. In a small series of five patients with protrud-
ing and sunk grafts, Nakagawa et al.'¥! saw no short-
term problems with depressed grafts, but patients
experienced catching with protruding grafts.

Primary stability

Having achieved a congruent repair surface, main-
tenance of this congruency is vital. This relies on
the primary stability of the grafts until bony union
occurs with the recipient area providing secure
anchorage for the grafts. To prevent graft subsid-
ence, patients are instructed to remain non-weight
bearing for many weeks after surgery, making
rehabilitation rather long. However, young and
active mosaicplasty patients — not infrequently

athletes — want to return to normal activities and
training without delay. It would be therefore of sig-
nificant clinical importance to improve the opera-
tive technique and produce primarily stable grafts
that would withstand physiologic loads reliably.

Furthermore, Makino et al.' found that pri-
mary stability contributed to the maintenance of
histologic properties of the transplanted cartilage.
In a rabbit model, loose grafts showed signs of
degeneration, while stable ones maintained their
normal hyalin appearance.

Instrumentations developed for osteochondral
grafting provide a degree of press-fit primary
stability for the grafts. Usually a graft of larger
diameter is inserted into a recipient hole of smaller
diameter with or without dilating the latter. The
strength of this primary stability depends on mul-
tiple factors, some of which have been studied in
animal models and on human bone.

Duchow et al.® were the first to investigate the
effect of graft diameter and length, repeated inser-
tions and harvesting technique on the primary sta-
bility of osteochondral grafts. They used the osteo-
chondral allograft transfer system (OATS) on fresh
frozen porcine femurs. A 2-mm screw was inserted
in the middle of the grafts before harvest and pull-
out strength was measured on a mechanical testing
machine. They found that failure loads of the 10-mm
long grafts were significantly lower than those of the
15-mm or 20-mm long ones. Reinsertion of a 15-mm
long graft reduced the mean failure loads by more
than 50% after the first reinsertion and by about 65%
after the second one. Failure loads of 8-mm diameter
grafts were significantly lower than those of 11-mm
grafts. Levering the tubular chisel resulted in about
40% reduction in failure loads compared with just
turning the chisel during graft harvest.

On the basis of their results, they suggested
using longer or larger diameter grafts if primary
stability was to be improved and avoiding both
repeated insertion and levering the tubular chisel
during graft harvest.

Later studies has also confirmed that longer
grafts and grafts of larger diameter resist more
push-in force than shorter or smaller grafts and it
is now generally accepted that this is the result of
a larger surface area and higher frictional forces.
Repeated insertion seems to decrease primary
stability, but no explanation of the mechanism was
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offered in their paper. It is speculative, but probably
realistic to say that moving the graft in the recipient
hole results in a more even surface on both sides,
decreasing frictional forces. Levering the chisel
during harvest was also found to decrease primary
stability and the authors suggested that this might
be caused by the grafts breaking off in an oblique
fashion, thus reducing the surface area. No data
was included regarding the difference between the
length of the levered and not levered grafts or an
estimate about the difference in the total surface
area. The mechanism leading to decreased stability
after levering is therefore not yet clear.

The authors used pull-out testing, because it is a
commonly used technique to test fixation strength
of orthopedic implants like interference screws in
anterior cruciate ligament reconstruction. The main
difference is that interference screws should resist
pull-out in vivo as well; however, osteochondral
grafts are subject to mainly compressive forces.

There was also a tenfold variation in the pull-
out forces within groups, which was not seen in
later experiments measuring push-in forces. This
may reflect an internal error of the testing method,
probably related to the placement of the screw in
the graft. In a later study, Whiteside et al."® found
that pull-out strength was consistently lower than
push-in strength after osteochondral grafting.

Whiteside et al." studied the push-in and pull-
out strengths of osteochondral grafts immediately
after and one week following transplantation. The
authors used the Soft Delivery System to transplant
6.3-mm grafts to fresh porcine femurs. Push-in and
pull-out forces were found to be 44% less on aver-
age after one week incubation in culture medium.
Indentation testing was performed to ensure that
mechanical properties did not change during a
week period and eventually no significant differ-
ence was found in the elastic modulus of the donor
or the recipient bone. Cell necrosis due to surgical
trauma and press-fit pressure are the suspected
causes of decreasing stability. Limitations of this
study include the lack of circulation and presence
of cellular, humoral, and mechanical factors which
are known to have role in fracture healing.

It has been shown in dogs that bone resorption
at the graftrecipient interface does occur after
mosaicplasty; thus, a decrease in primary stability
is very likely."
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In our first experiment, we studied the effect of
drill-hole length on primary stability after mosaic-
plasty.'”! We used the Acufex MosaicPlasty system
and fresh porcine femurs. A single 15-mm long
graft was harvested from the trochlea and inserted
into 20-, 15-, and 12-mm long drill-holes in the
lateral femoral condyle. Specimens were mounted
on a universal testing machine and push-in forces
were recorded from 7 mm proud to flush and
then 3 mm further (Fig. 1). Level push-in forces
were not significantly different in the unbottomed
and bottomed groups and similarly we found
no difference at I-mm level. However, at 2-mm
level bottomed-out grafts needed about 30% more
force than unbottomed ones and this difference
increased to 50% at 3-mm level. In the third group
where 15-mm grafts were inserted into 12-mm long
holes, push-in forces were significantly higher at
all levels than those in the first two groups.

These results suggest that, with similar push-
in forces at flush level, bottomed grafts are more
stable than unbottomed ones. However, even flush
push-in forces increase significantly when grafts
are 3 mm longer than recipient holes.

In our second series of experiments, we investi-
gated the effect of graft diameter, dilation length,
and multiple grafting on primary stability.'s! We
again used the Acufex MosaicPlasty instruments.
In the first series, single osteochondral grafts, 4.5
and 6.5 mm in diameter were transplanted from
the trochlea of porcine femurs to the weight-bear-
ing area of the lateral femoral condyle. In the sec-
ond series, 4.5-mm grafts were transplanted into
drill holes dilated to 15 mm and 20 mm in length.

Fig. 1. Specimen in the testing machine. Porcine femurs
were mounted on the testing machine with the grafts 7 mm
proud. The medial condyle was removed.
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In the multiple grafting series, three grafts 4.5 mm
in diameter were transplanted either in a row or
in a circular fashion. All grafts were unbottomed.
Similar to the previous experiment, the grafts were
left proud and first pushed in level with the sur-
rounding cartilage surface, then they were pushed
further 3 mm below the cartilage level. The push-in
forces were measured.

We found that 6.5-mm grafts resisted signifi-
cantly greater push-in forces at all levels compared
to 4.5-mm grafts. Push-in forces that 4.5-mm grafts
resisted decreased by 43%, 42%, 33%, and 24% at
flush level, and at 1-mm, 2-mm, and 3-mm levels,
respectively. Comparisons between 15-mm and 20-
mm dilation lengths showed no significant differ-
ences at flush, 1-mm and 2-mm levels, but push-in
forces increased by 25% in the 15-mm dilation
series at 3-mm level. Multiple grafting of three 4.5-
mm grafts either in a row or in a circular fashion
resulted in similar primary stability. Level push-in
forces were similar to the single control series, but
stability decreased by 43% at 1-mm, and 39% at
2- and 3-mm levels. These data suggest that grafts
of greater diameter resist greater push-in forces, a
result consistent with that reported by Duchow et
al®Stability may be increased by a shorter dilation
length, while level push-in forces do not increase
significantly, but this was evident only at 3-mm level
in our setting. There is no difference in primary
stability between grafts implanted in a row or in a
circular fashion and multiple grafts are not as stable
as single ones using unbottomed grafts.

Kock et al.'! investigated the effect of plug and
drill-hole length on the primary stability of osteo-
chondral grafts. They used the OATS instruments
for transplantation of grafts, 6 mm in diameter,
from the trochlea to the medial and lateral femoral
condyles of fresh-frozen human femurs. Level push-
in forces for 12-mm and 16-mm plugs were similar
and consistently higher than for 8-mm plugs. For
pushing further, 2-mm “bottomed-out” grafts need-
ed significantly higher forces than “unbottomed”
grafts of any length. On the other hand, 8-mm
bottomed grafts needed significantly higher forces
than 12-mm or 16-mm grafts and similar trend was
observed between 12-mm and 16-mm grafts.

This study again confirms what has already
been shown in porcine models that longer grafts
result in better primary stability if unbottoming
and bottoming out increase push-in resistance.

A new finding of this study was, however, that
8-mm grafts proved to be more stable than longer
grafts if bottomed-out. This can be explained by
the more compact subchondral bone on both the
donor and recipient sides of shorter grafts. After
bottoming-out, the bottom of the graft or the
recipient hole, or both need to be compressed for
further displacement and this is easier in the case
of longer grafts with less compact bone on both
sides.

Without ignoring the fact that the statistical
power of their findings might have been affected
by the use of only three pairs of femurs, it is note-
worthy that they found no differences in push-
in forces between medial or lateral condyles or
condyle locations. Bearing in mind that contact
pressures are significantly higher in the medial
compartment of the intact knee * this finding may
have clinical implications.

One limitation of animal model studies is that,
although porcine bone is very similar to human in
biomechanical properties, absolute values of stabil-
ity cannot be used directly in human practice.

Furthermore, primary stability may well
decrease with time as Whiteside et al.’® suggest,
but the extent and time course in vivo are still
unknown. Finally, the grafts will be subjected to
cyclic loads rather than a single impact as in all the
experiments mentioned above, and stability under
these circumstances may be very different from
that measured here.

It is, however, clear that maximizing primary
stability by increasing the press-fit effect will cer-
tainly result in higher push-in forces during graft
insertion. There is no consistency in the literature
on a threshold above which irreparable cartilage
damage occurs. Repo and Finlay®! reported this
threshold to be around 25 MPa detected by autora-
diography, light and electron microscopy in fresh
human tibias. Torzilli et al.?? found 15-20 MPa to
cause chondrocyte death and collagen fibre dam-
age in porcine cartilage. Borelli et al.”® found no
cartilage damage in rabbits after 2, 6, and 12 weeks
following a single impact of 55.5 MPa.

Borazjani at al.* found that the use of the OATS
instruments to insert 15-mm grafts, 10 mm in
length, resulted in an average of 13.3 MPa of stress
in fresh human distal femoral cartilage. This was
enough to cause 21% chondrocyte cell death at the
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superficial 0.5-mm level at 1 hour after transplanta-
tion, and 47% death after 48 hours.

Whiteside et al.*! suggested that there was a
logarithmic relationship between the single impact
energy and depth of cell death in bovine and
porcine cartilage. Furthermore, they found that
the mean force of impact predicted the depth of
chondrocyte death more strongly than the number
of impacts.

In conclusion, based on the above studies push-
in forces should be reduced during graft insertion
and ideally kept in the physiologic range. A sound
means of improving primary stability is inserting
grafts into recipient holes of the same length and
adding the “bottoming-out” effect to press-fit.
This, although looks simple, is not easy to perform.
The bottom of the graft is rarely regular flat and
also the bottom of the hole may well be irregular
if not drilled, but prepared using a tubular chisel.
Our study showed that flush and 1-mm below level
push-in forces in the unbottomed and bottomed
groups did not differ significantly, but further
push-in forces were higher in the bottomed group.
Harvesting grafts a few millimeters longer than the
recipient hole and cutting its bottom flat leaving it
1 mm longer than the recipient hole could ensure
exact graft length and geometry. The recipient hole
should not be drilled or chiselled to the definitive
length, but 1 mm shorter. A tamp can then be used
to reach the desired length and produce a flat and
somewhat compressed surface on the bottom of the
recipient hole. Further studies should confirm the
usefulness of this technique.

Repeated insertion should also be avoided. It
may be reasonable to reinsert the graft into a new
drill hole using the “bottom-out” technique.

The relationship between graft size and in vivo
primary stability is not obvious. Although the
above studies show that grafts of larger diameter
resist greater push-in or pull-out forces, in vivo
larger grafts will be exposed to larger compres-
sive forces than smaller ones owing to their larger
surface area. In our study, a 6.5-mm graft resisted
1.3 times greater push-in force than a 4.5-mm graft
did. However, the surface area of a 6.5-mm graft
is more than twice, making the force per unit area
more than double at any contact pressure level.

Further studies should elucidate the time course
of changes in primary stability and the effect of
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cyclic load. Once we agree on the strength of pri-
mary stability to be achieved, instruments capable
of intraoperative pressure measurements can be
developed to help fine-tune our operative tech-
nique, which may possibly allow early full weight-
bearing after mosaicplasty.
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