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ABSTRACT: Symptomatic full-thickness defects of
articular cartilage are increasingly treated with osteo-
chondral allografts. The present study focused on the
viability of cells in cartilage that had been impact load-
ed by the instruments used in preparation of the car-
tilage for transplantation. Osteochondral plugs were
removed and reimplanted using a plastic tamp device
fitted with a load cell. Plugs were examined at time ()
or after 48 hours or 7 days of tissue culture. During in-
sertion, the force was 25*6 N and increased with time
to a peak of 30784 N. On average, 18 taps were nec-
essary for the insertion of each plug, and the applied
total impulse ranged from 5.7 to 17.8 N. Peak force
and total impulse were highly correlated (R*=0.76,
P<.001). Typically, a loading cycle lasted <10 milli-
seconds with peak loading rates up to 13325 kN/s for

INTRODUCTION

Experience with fresh osteochondral allografting ex-
tends over two decades with Gross et al® and Finkelstein
et al® reporting their use of fresh allografts in the treat-
ment of large, traumatic defects of the femoral condyle
and tibial plateau. Despite the high interest in the behavior
of cartilage preserved for cartilage transplantation, little
has been done to examine the effects of the surgical pro-
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each individual plug. The loading rate was dependent
on the peak force, ie, the higher the applied load, the
higher the rate. Cell death was 60% in the upper zone
for all groups at all time points and lower (20%) for
the middle and deep zones. Cell death appeared to be
higher in all zones of the impacted group. Investigating
the whole plug at time 0, cell viability was significant-
ly lower for the impacted plugs compared to control
(dead: P<<.02, living: P=.05). After 48 hours, as well
as after 7 days, mean cell viability remained affected.
These data suggest that the range of loading used in
the manipulation of cartilage tissue in transplantation
must be carefully considered if cell preservation is to
be maintained.

|/ Knee Surg. 2007;20:105-110.]

cedure itself on the transplanted tissue. Repair of an os-
teochondral defect with an osteochondral plug involves
significant physical manipulation of the tissues where the
cartilage 1s impact loaded by the devices during retrieval,
manipulation, and placement of the plug. Numerous stud-
ies have addressed the effects on cell viability of articu-
lar cartilage harvested for osteochondral plugs; however,
less 1s known about the effects of implantation of these
grafts.!47:17.20

During implantation the donated osteochondral al-
lograft material potentially undergoes acute trauma as the
surgeon taps on the articular surface with a surgical mal-
let delivering an impact force to the articular surface. The
force that each surgeon uses during this process varies
and has yet to be studied or quantified. More specifically,
how this impact affects the cell viability of the implanted
donor articular cartilage has not been investigated. It has
been demonstrated that cartilage homeostasis is disrupted

105



THE JOURNAL OF KNEE SURGERY

Figure 1. Osteochondral plug 8-mm in diameter. The plug
was frimmed to 10 mm in length.

Figure 3. The plugs were inserted into previously prepared
recipient holes using the modified tamp device.

with mechanical trauma,”'™'® which can lead eventually
to degeneration. The present study describes the mechani-
cal conditions of osteochondral plugs that undergo load-
ing by the instruments used in preparation of the cartilage
for transplantation and focuses on cell viability in carti-
lage after impaction.

MATERIALS AND METHODS

Articular Cartilage Sampling and Culture

Articular cartilage samples were taken from adult bo-
vine tibial plateaus obtained immediately after sacrifice
(within 3 hours of death) to preserve cell viability. Samples
were removed using sterile technique. minimizing contam-
ination for future culture steps. Each sample consisted of an
8-mm diameter osteochondral plug obtained by using the
Arthrex OATS system (Naples, Fla) (Figure 1). Eighteen
samples were harvested from the bovine tibial plateaus.
Once these plugs were obtained, the bone was cut so
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Figure 2. Modified tamp device holding a light weight 1 kN
load cell (Entran).

that the entire depth of the plug was 10 mm. The recipi-
ent holes were made using the recipient harvester, with
a total depth of =10 mm. The plugs from making these
recipient holes were saved and used as controls (*‘removal
only”™ control plugs). Tissue culture involved placing the
samples in 3 mL of minimal essential media with 10%
fetal bovine serum, glutamate, nonessential amino acids,
anti-fungal agents, and antimicrobial agents at 37°C for
48 hours or 7 days. Media was changed every 3 days.

Implantation and Measurement of Impact Force

Using a plastic tamp device, modified to include a 1 kN
load cell (Entran, Measurement Specialists Inc, Hampton,
Va: error <<0.41%). the donor plugs were placed into the
recipient holes (Figures 2 and 3). The plugs were then
tapped into the holes using this tamp and a surgical ham-
mer, with the load cell measuring the force during im-
plantation at a sampling frequency of 1.5 kHz. Once these
plugs were inserted, they were carefully retrieved imme-
diately without interference with the cartilage layer and
placed in tissue culture as described above for 48 hours or
7 days. Those I8 plugs became the experimental group,
which was compared to the 18 plugs from the previously
described control group. In both groups, 6 plugs each
were randomly assigned to be investigated at 3 different
time points (0 hours, 48 hours, and 7 days).

Cell Viability Measurement

Cell viability was measured using confocal micros-
copy'? at three time points: 0 hours, 48 hours, and 7 days.
At the end of each time point, the respective osteochon-
dral plugs were removed, the subchondral bone was cut
away, and a 2>X2-mm portion in the center of the plug
was stained to assess cell viability. The 2X2-mm slices
were placed in 4 uM calcein-AM and 8 uM ethidium ho-
modimer (Molecular Probes Inc, Portland, Ore) at room
temperature for 30-60 minutes. Samples were then ex-
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Figure 4. Example of a force-time plot showing the load profile during insertion consisting of 13 taps (A). Typically, the oper-
ating surgeon started carefully with the first hit (21 N). Then the applied load at each individual hit increased to @ maximum
(268 N) before it decreased again towards the end. Blow-up of the peak load (P) in a millisecond time scale (B). Note the

steep increase of the loading rate and its short duration.

amined on a confocal laser-scanning microscope (MRC-
1000; BioRad, Hemel Hempstead/Cambridge, England)
equipped with an argon laser and necessary filters (fluo-
roscein and rhodamine). Digital images were captured and
stored on a PC. This technique is used to identity hving
cells labeled with calcein-AM (green fluorescence) and
dead cells labeled with ethidium homodimer (red fluores-
cence). Estimates of living and dead cells were obtained
for the upper one-third, middle one-third, and deep one-
third of the uncalcified layer of cartilage and related to the
total cell count of the specimen. All cells, living and dead,
from all layers added up to 100%.

Statistical analysis was performed using SPSS for
Windows (version 10.0; SPSS Inc, Chicago, Ill). Linear re-
gression analyses were performed to identify relationships
between loading parameters. Non-parametric tests were
conducted to determine whether differences occurred be-
tween testing groups with respect to cell viability. The level
of statistical significance was set to a type 1 error of 5%.

RESULTS

Each plug was reimplanted with 18 taps on average in
5.8%0.8 seconds. During insertion, the force was low at the
beginning (25*6 N) and increased with time to a peak of
307+84 N (range: 256-495 N) before it decreased again
towards the end of the surface matching process with the
host tissue (Figure 4). The applied impulse (ie, the integral
of force over time during insertion) ranged from 5.7-17.8 N
between individual plugs. Peak force and applied impulse
were highly correlated (R°=0.76, P<.001). Typically, a
loading cycle during tapping lasted <10 milliseconds with
peak loading rates up to 133+25 kN/s for each individual
plug. The loading rate was dependent on the peak force,
ie, the higher the applied load, the higher the rate.

www.ORTHOSuperSite.com

Thirty plugs were available for detailed microscopic
analysis. There were at least five samples per investi-
gated group per given time point except for the experi-
mental group at day 7. In this subgroup, only three plugs
were available for analysis. With >60%. cell death was
highest in the upper zone for all groups at all time points
(Figure 5). Cell death was considerably lower for the mid-
dle and deep zone where it approximated 20%. In general,
cell death slightly increased with culturing time. In par-
ticular, the upper and deep zone appeared to be affected.
The above observations were true for the experimental
and control groups (Figure 6).

Although cell death appeared to be higher in all zones
of the experimental group, this effect vanished with time
and could not be manifested by statistical means (Figure 6).
Investigating the whole plug—neglecting zonal divi-
sions—at time ( hours, cell viability was significantly
lower for the impacted plugs compared to control plugs
(dead: P<<.02, living: P=.05). After 48 hours, as well as
after 7 days, mean cell viability remained better for the
nonimpacted grafts; however, this difference was no lon-
ger significant.

DISCUSSION

The data in the present study indicated a significantly
higher death of chondrocytes at time 0 hours in osteo-
chondral plugs manipulated with the retrieval and place-
ment instruments. Although the trends continued with 438
hours and 7 days in culture, these differences were no
longer statistically significant (which might be related
to a decreased sample size at day 7). These results are
similar to those obtained by Nabavi-Tabrizi et al'* who
demonstrated significant death levels of chondrocytes 24
hours after impaction. Impact loading can be deleterious
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Figure 5. Overlays of images from the confocal microscope taken with fluorescein and rhodamine filters. Living cells appear
green and dead cells red. Specimen of the time point zero experimental group (A). Specimen of the time point zero control
group (B). Note the presence of cell death in the upper layer of cartilage in A compared to B.

to articular cartilage cells, resulting ultimately in cartilage
degeneration. Nabavi-Tabrizi et al'* studied metal versus
plastic surfaces in the impaction devices and found no
differences but did not monitor the applied load on the
cartilage. The present study measured the applied load.
Further testing of the load ranges and variations is being
performed to determine the parameters of loading during
manipulation of the osteochondral plug. Such data would
be useful in the refinement of instruments used in the ma-
nipulation of cartilage tissue for implantation.

The results of the present study add to the large body
of literature indicating that there is a limit to which articu-
lar cartilage can be mechanically loaded beyond which
results in cell death and failure of the cartilage. Matrix
changes and death have been examined in a similar fash-
ion to the present study.'®" Within 24 hours following
impaction of the cartilage, 18% of the chondrocytes had
died. Quinn et al" applied strain rates from 3x 107 to
(0.5s"". They found that at the slowest rates there was ex-
cessive cell death throughout the whole tissue without vis-
ible matrix damage, whereas at faster rates cell death was
confined to the superficial layer and occurred adjacent to
fissures.

Few studies investigated loading rates (rather than
strain rates). Those investigations allow a better compari-
son with the data of this study as only forces were mea-
sured during tapping. Lewis et al'' generated blunt trauma
with a single impact of 53 MPa at 212 MPa/s. They found
that cell death correlated with the degree of mechanical
disruption of the matrix. Ewers et al® loaded cartilage ex-
plants in unconfined compression with 40 MPa using two
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different loading rates (40 and 900 MPa/s). Greater matrix
damage was found with the high loading rate but less cell
death was generated when compared to the low loading
rate. In a study by Milentijevic and Torzilli,"? the effect
of contact stress was systematically investigated using
bovine cartilage in confined compression. Applying peak
stresses from 10-60 MPa at a loading rate of 350 MPa/s,
they observed that cell death increased in depth with in-
creasing peak stress.

In this study, the (nominal) peak stresses (ie, mea-
sured peak forces per cross-sectional plug area) scattered
between 5 and 10 MPa and thus are considerably lower
than what has been studied previously. Yet, the loading
rates, which ranged from 2000-3600 MPa/s, are drasti-
cally larger. Although cell death due to impact occurred
in all tissue layers, it was highest in the superficial zone.
These results can be compared to the most recent study of
Milentijevic and Torzilli'* who investigated the mechano-
biological response of articular cartilage to varying load-
ing rates (25-1000 MPa/s) and load magnitudes (10-40
MPa). In their study, both variables atfected the results
in that the depth of cell death from the articular surface
increased with peak stress and decreased with increasing
stress rate.

A growing body of literature is now developing, which
has indicated that the range of loading used in the manipu-
lation of cartilage tissue in transplantation must be care-
fully considered if cell preservation is to be maintained.
Because osteochondral grafts are anchored using press-fit
conditions, the optimal insertion parameters (ie, maxi-
mum load, loading rate, and overall impulse) are yet to be
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Figure 6. Cell viability of experimental group (hatched bars) versus control group (full bars). Living cells are held in green,
dead cells appear in red. Cell counts have been normalized to the total cell number of each plug and are presented as per-
centages of the fotal number. The bar length reflects the average value of the investigated group; the error bars represent the
standard deviation. Each row of data stands for a certain time point (O hours, 48 hours, and 7 days) of the investigation. Data
are broken down into cell viability measurements of the upper, middle, and deep layer of the tissue in each row. A total cell

count, without subdivision into layers, is presented at the end of each row.
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determined. Future studies should focus on the interplay
of these parameters so that the fixation of osteochondral
plugs 1s without trauma.
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