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ABSTRACT
The goal of this study was to determine how well a 
medial meniscal allograft restores the normal contact 
mechanics of the medial tibial plateau at the time of 
implantation. We measured maximum pressure, mean 
pressure, and contact area of the intact human cadav-
eric knee, the knee after meniscectomy, the knee with 
the original meniscus removed and reimplanted as an 
autograft, and the knee with an allograft. Measurements 
were made using pressure-sensitive film in 10 speci-
mens loaded in compression to 1000 N at 0° 15° 30°, 
and 45° of flexion. The autograft and the allograft were 
identically implanted by cementing bone plugs attached 
to the meniscal horns in anatomic transtibial tunnels and 
suturing the outer edge of the meniscus to the remnant 
of the original meniscus. A medial meniscal allograft 
did not consistently restore normal contact mechanics 
because the process of implantation and the degree 
of match between the original and allograft meniscus 
affected the immediate load-bearing performance of the 
transplant. However, the allograft did significantly reduce 
the contact pressure compared with the knee after men-

 ‡Address correspondence and reprint requests to Maury L. Hull, PhD, Biomed-
ical Engineering Graduate Group, Department of Mechanical Engineering, Bainer 
Hall, University of California at Davis, Davis, CA 95616.
 The opinions and assertions herein are the private views of the authors and are 
not to be construed as official or as reflecting the views of the Department of the Air 
Force or the Department of Defense.
 No author or related institution has received any financial benefit from research 
in this study.

iscectomy. If the results from this study can be extrapo-
lated to patients, then using an allograft to restore con-
tact mechanics to normal may require improvements in 
surgical technique and graft selection.

To counsel a patient considering meniscal allograft trans-
plantation, it would be helpful to know if the procedure pre-
vents degenerative arthritis. The observations that a menis-
cal allograft heals and that some patients experience short-
term pain relief and an improvement in function have been 
used to measure success and justify the use of the procedure 
in selected patients.4,17, 19 However, studies in animal models 
have shown that degenerative changes still occur even when 
the meniscal transplant has healed.8,10 Because degenerative 
arthritis in a human knee takes years to evolve, long-term 
outcome studies have not been completed.18

A short-term method for evaluating whether degenera-
tive arthritis can be prevented would be to determine if the 
maximum pressure, mean pressure, and contact area (that is, 
the contact mechanics) of the medial tibia1 articular surface 
in an intact knee are restored by a medial meniscal allograft at 
the time of implantation. The method of implantation and the 
allograft selected by the tissue bank may affect the restora-
tion of normal contact mechanics, and each can be evaluated 
using human cadaveric knees.1 Identifying how each factor 
affects the contact mechanics might be useful for developing 
a strategy to improve the initial and long-term mechanical 
performance of meniscal allografts

In this study, we chose to evaluate the effect of implant-
ing a meniscal allograft in the medial hemijoint instead of the 
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lateral hemijoint for two reasons. First, the medial meniscus 
is torn more commonly than the lateral meniscus7 and hence 
it is more likely to be repaired. Second, the effect of a medial 
meniscal allograft on tibia1 contact mechanics has not been 
determined. Although it has been found that a lateral menis-
cal allograft causes a signi.cant decrease in contact area and 
an increase in maximum pressure,13 the effect of a medial 
meniscal allograft may be different because the anatomy of 
the two compartments is different. Therefore, the purpose 
of this study was to determine how well a medial meniscal 
allograft restores the normal contact mechanics of the medial 
tibia1 articular surface at the time of implantation.

MATERIALS AND METHODS

Specimen Selection, Preparation, and Testing

Ten fresh-frozen, human, cadaveric knees were obtained 
from six men and four women with an average age of 70 
years (range, 37 to 89). Anteroposterior and lateral roent-
genograms (with a radiopaque marker to correct for mag-
nification) and MRI scans were obtained of each knee. There 
was no evidence of osteophytes, chondrocalcinosis, articu-
lar wear, or meniscal tears. Copies of the roentgenograms of 
the specimens were sent to the tissue bank (Cryolife, Inc., 
Marietta, Georgia) to be used to select the medial meniscal 
allografts.

Knee specimens were prepared for testing by perform-
ing a medial osteotomy to allow removal and reimplantation 
of the lateral meniscus as an autograft. Before the autograft 
was harvested, the osteotomy was reassembled and speci-
mens with the medial meniscus intact were subjected to 1000 
N of compressive load at flexion angles of 0° 15° 30°, and 
45° Contact pressure on the medial articular surface of the 
tibia was measured with pressure-sensitive film (Super-Low 
Range; C Itoh, New York, New York).14 

After measuring the contact pressure with the intact menis-
cus, the osteotomy was disassembled and a complete men-
iscectomy was performed, in which the meniscus was har-
vested as an autograft with bone plugs attached to the anterior 
and posterior horns. Further details of the specimen prepara-
tion and testing protocol can be found in our previously pub-
lished article.1

The average age of the cryopreserved medial meniscal 
allografts was 29 years (range, 16 to 44). On the day of 
implantation, each allograft was thawed in warm saline after 
storage at -2O°C. The bone blocks were shaped to create 
bone plugs that matched those attached to the anterior and 
posterior horns of the original meniscus. Two millimeters 
of the outer meniscal edge were sharply removed from the 
medial meniscal allograft so that it would match the auto-
graft, from which the outer edge was removed when it was 
harvested.

Using the same protocol that was used for the intact 
knee, the tibia1 articular pressure was remeasured with the 
medial meniscus removed (total meniscectomy), the medial 
meniscus reimplanted (autograft), and with the medial menis-
cal allograft implanted. These three joint conditions were 

tested randomly. We used exactly the same technique for 
inserting and fixing the autograft and the allograft. The oste-
otomy was disassembled, the bone plugs attached to the ante-
rior and posterior horns of the transplant were cemented into 
the original tunnels to ensure anatomic placement, and the 
outer edge of the meniscus was sutured to the remnant of 
the original meniscus using single, vertical loop stitches of 
a 2-0 (metric 3-0) Ethibond polyester, braided suture (Ethi-
con, Somerville, New Jersey) spaced 10 mm apart.15 The 
osteotomy was reassembled, the preconditioning cycle was 
repeated to seat the graft, and the pressure was measured.

Data Analysis

Calibration curves for each knee were generated as de-
scribed in our previous article.1 For each knee, three con-tact 
variables-the maximum pressure, the mean pressure, and the 
contact area-were determined at 0°, 15°, 30°, and 45° of flex-
ion for each of four knee conditions. The four knee condi-
tions were the normal knee, the knee after meniscectomy, the 
knee with the autograft, and the knee with the allograft. The 
12 film packets exposed at a specific flexion angle from all 
four joint conditions were scanned simultaneously for con-
sistency and then calibrated as described in our previous arti-
cle.1 The average value for each contact variable was com-
puted from the three calibrated images at each flexion angle 
for each specimen and joint condition.

The maximum pressure, mean pressure, and contact 
area were normalized (as per our previously cited article) 
because the contact mechanics of the intact knee varied 
between specimens. To determine whether there was any dif-
ference between the normalized maximum pressure, normal-
ized mean pressure, and normalized contact area between the 
intact knee, the knee after meniscectomy, and the knee with 
the autograft and allograft, a repeated measures analysis of 
variance (RANOVA) model was used to reduce experimen-
tal error.12 The independent variables included two within-
specimen factors: the four joint conditions, and the four flex-
ion angles. Where significant differences were indicated (P 
< 0.05) for the RANOVA, paired comparisons were made 
using Tukey’s method.

RESULTS

The normalized maximum pressure was significantly 
affected by the different joint conditions (Table 1). Accord-
ing to Tukey’s test, the average normalized maximum pres-
sures in the knees with the autograft and the knees with the 
allograft were significantly greater than in the intact knee, 
indicating that neither the autograft nor the allograft restored 
maximum pressure to normal (Fig. 1). The average normal-
ized maximum pressures of the autograft and allograft were 
not significantly different from each other, indicating that the 
surgical implantation was the primary source of the signifi-
cant increase in maximum pressure from that in the intact 
knee. Compared with the intact knee, the increase in normal-
ized maximum pressure averaged over the four flexion angles 
was 25% for the autograft and 17% for the allograft. How-
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ever, the confidence intervals (95%) at each flexion angle 
were wider for the allograft than for the autograft, indicat-
ing that the allograft caused greater variability in the normal-
ized maximum pressure. The normalized maximum pressure 
was significantly less for the knees with the autograft and the 
knees with the allograft than for the knees after meniscec-
tomy (100%) (P < 0.05).

As with the normalized maximum pressure, the normal-
ized mean pressure was significantly affected by the joint 
condition (Table 1). In contrast however, Tukey’s test showed 
that the normalized mean pressure in the knee with the auto-
graft and in the knee with the allograft was not significantly 
different from that in the intact knee, indicating that both 
the autograft and allograft restored mean pressure close to 
normal (Fig. 2). Averaged over the four flexion angles, the 
normalized mean pressure increased 11% for the autograft, 
but decreased 5% for the allograft. As with maximum pres-

sure, the confidence intervals (95%) of the normalized mean 
pressure at each flexion angle were wider for the allograft 
than for the autograft, indicating that the allograft caused 
greater variability in mean pressure. The normalized mean 
pressure was significantly less for both the knee with the 
autograft and the knee with the allograft than for the knee 
after meniscectomy (100%).

The normalized contact area in the knee with the auto-
graft and in the knee with the allograft was not signif-icantly 
different from that of the intact knee (Table 1) because of the 
broad 95% confidence intervals for both the autograft and 
allograft joint conditions (Fig. 3). However, the normalized 
contact area in the knee with the allograft was less than that 
for the knee with the autograft, and comparable to the area 
in the knee after meniscectomy, at both 0’ and 15° of flexion. 
As the joint was flexed to 30° and 45°, however, the normal-
ized contact area in the knee with the allograft was similar to 

TABLE I
Summary of Results of the Statistical Test in this Study

    Dependent variable

 Independent variable Normalized
  maximum Normalized mean Normalized
  pressurea pressurea contact areaa

 Effect of joint condition < 0.001 < 0.001 0.256
 Effect of flexion angle 0.220 0.854 0.375
 Effect of joint 0.282 0.176 0.070
  condition-flexion
  interaction

a Values are the P values obtained using repeated measures of analysis of variance (RANOVA).
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Figure 1. The normalized maximum pressure averaged over all of the specimens for the intact knee (I), the knee after meniscectomy (M), the knee with 
autograft (Auto), and the knee with allograft (Ailo) at four flexion angles. Shorter columns indicate a pressure closer to that of the normal knee. Error bars 
indicate 95% confidence limits. The normalized maximum pressure of the intact knee (C) was significantly less than that of the knee with the autograft (6) 
and allograft (6). The normalized maximum pressure in the knee after meniscectomy (A) was significantly greater than that in the intact knee (C) and the 
knee with the autograft (B) and allograft (B).



that in the knee with the autograft but was still less than that in the normal knee.

Figure 2. The normalized mean pressure averaged over all of the specimens for the four knee conditions (see abbreviations at the legend to Fig. 1) at four 
flexion angles. The normalized mean pressure of the intact knee (B) was not significantly different from that of the knee with the autograft (B) and allograft (B). 
The normalized mean pressure in the knee after meniscectomy (A)  was significantly greater than in the other knee conditions. The confidence intervals of the 
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normalized mean pressure of the knee with the allograft were wider than those for the autograft, indicating greater variability.

Figure 3. The normalized contact area averaged over all of the specimens for the four knee conditions (see abbreviations at the legend to Fig. 1 ) at four flexion 
angles. The normalized contact area of the intact knee (A) was not significantly different from that of the knee after meniscectomy (A) and the knee with the 
autograft (A) and allograft (A).
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The primary difference in the three variables describing 
the contact mechanics between the autograft and allograft 
was the increase in variability associated with the use of the 
allograft. The impact of this variability can be illustrated by 
comparing the normalized mean pressure for three different 
specimens. In one specimen, the normalized mean pressure 
for the allograft was actually below that for the intact knee 
near full extension (Fig. 4A), in another specimen, the mean 
pressure was similar to that in the intact knee (Fig. 4B), and 
in another specimen the mean pressure was much greater 
than that in the intact knee (Fig. 4C). In all three examples 
the normalized maximum pressure with the autograft was 
consistently closer to normal compared with the allograft.

DISCUSSION

The three most important observations from this study 
were that 1) a medial meniscal allograft in a cadaveric knee 
did not restore normal contact mechanics of the medial tibia1 
articular surface at the time of implantation, although 2) 
a knee with an allograft did reduce normalized maximum 
and mean contact pressures by 75% compared with a knee 
after meniscectomy, and 3) the contact mechanics in a knee 
with an allograft were more variable than in a knee with 
an autograft. Before discussing the clinical implications of 
these observations, several methodologic issues should be 
reviewed.

Methodologic Issues

A discussion of the limitations associated with using 
pressure- sensitive film, the method of inserting, exposing, 
and removing the film from the knee, use of elderly knee 
specimens, and the load-application system for measuring 
tibia1 plateau contact mechanics has been detailed previ-
ously. 1,9 The consensus reached in these reports, and which 
also applies to this study, was that any limitations imposed by 
these sources did not affect the conclusions from the study.

It is unlikely that the structural properties of the osteo-
porotic bone of the elderly knee specimens changed during 
the study. The repetitive loading, which was limited to 1000 
N, was only half of the compressive load in the knee during 
walking (1800 to 2000 N).11 Because the loads applied in 
our study were less than those in the act of walking, the 
application of these loads would not have been expected to 
change the structural properties of the knee. Furthermore, the 
order in which the knee conditions (after meniscectomy, with 
an autograft, and with an allograft) were tested was random-
ized. If any changes in structural properties did occur during 
testing, then the error would have been random. Although 
an increase in the random error would have inflated the vari-
ability in results, making it more difficult to detect statisti-
cally significant differences, the fact that many such differ-
ences were detected indicates that any increase in variability 
did not limit the usefulness of the study in drawing conclu-

sions.
Figure 4. Normalized mean pressure for three different specimens. In speci-
men 3 (A), the normalized mean pressure for the allograft was actually below 
that of the intact knee near full extension. In specimen 5 (B), the mean pres-
sure was similar to that of the intact knee. In specimen 9 (C), the mean pres-
sure was much greater than that of the intact knee.

We used the best method for fixing a meniscal transplant 
so that we could determine whether either the autograft or 
allograft restored contact mechanics to normal at the time 
of implantation. Multiple studies have confirmed that tibia1 
contact mechanics are closest to normal when bone attached 
to the anterior and posterior horns of the meniscus is fixed 
within transtibial bone tunnels or troughs.1,2,13 It has also 
been shown that the strongest peripheral suture repair relies 
on multiple, closely spaced (10-mm) vertical suture loops.15 
Accordingly, both of these fixation methods were used to fix 
the autograft and the allograft. Bone cement was also used to 
reinforce and hold the osteoporotic bone plugs of the auto-
graft. For experimental consistency, the stronger allograft 
bone plugs which were from younger donors) were cemented 



as well. 
The technique of cementing bone plugs was different 

from the technique used in clinical practice, in which sutures 
are passed through the bone plugs and tunnels and tied 
over a bone bridge.16,20 The benefit from cementing the bone 
plugs was that the contact mechanics could be evaluated 
without the bone plug failing at physiologic loads.1 The con-
tact mechanics with cementing the bone plugs provided a 
best-case analysis, and would have been either the same or 
better than the contact mechanics using suture fixation of 
bone plugs.

A femoral osteotomy was required to provide a com-
plete exposure of the medial tibia1 plateau so that the auto-
graft and allograft could be inserted anatomically. The con-
tact mechanics of the medial tibia plateau as measured with 
pressure-sensitive film are the same before and after the fem-
oral osteotomy.9 The excellent exposure allowed the drilling 
of two anatomically positioned transtibial bone tunnels by 
harvesting bone plugs attached to the anterior and posterior 
horns of the autograft using a core reamer.1 These two tunnels 
were then reused during the implantation of the autograft and 
allograft to ensure that both transplants were implanted ana-
tomically. The use of the original bone tunnels eliminated the 
confounding variable (placement on the tibia1 plateau) that 
would have occurred if either the autografts or the allografts 
were inconsistently placed. 

Although statistically significant increases were appar-
ent in both the normalized maximum and mean pressures 
in the knee after meniscectomy, suggesting that the nor-mal-
ized contact area decreased, a suggestion that was confirmed 
from the contact-area measurements (Fig. 3), the statistical 
analyses failed to detect any significant differences in the 
contact area. Statistically significant differences in the nor-
malized contact area were not detected because the contact 
area exhibited the largest variability,or widest confidence 
interval, of any of the three normalized dependent variables. 
The cause for this increased variability in the area measure-
ment was small changes in the environmental conditions 
(temperature and humidity) that affect the sensitivity of the 
pressure-sensitive film. A previous study found that a change 
in temperature of 10°F and a change in relative humidity 
of 7% during the course of an experiment altered the con-
tact area by 30%, while only minimally affecting the mea-
surement of maximum pressure (7%) and mean pressure 
(12%).9

Interpretation and Significance of Results

Removing and reimplanting a medial meniscus as an au-
tograft did not restore normal contact mechanics at the time 
of implantation. Compared with the intact knee, the normal-
ized maximum pressure of the knee with an autograft was 
significantly greater (18%) and the normalized mean pres-
sure was more variable. This deviation from normal contact 
mechanics was caused by the implantation procedure and 
was unavoidable even when the most secure currently avail-
able fixation method (cemented bone plugs and peripheral 
sutures) was used to reimplant the original meniscus.1

The keyhole technique, in which the bridge of bone left 
attached to both the anterior and posterior horns of the menis-
cal transplant is shaped like a keyhole in cross-section (tech-
nique developed by Arthrex, Inc., Naples, Florida) was not 
evaluated in this study for two reasons. At the time of the 
study, the keyhole technique was not used clinically for a 
medial meniscal transplant. Furthermore, using the keyhole 
technique to harvest and reinsert the medial meniscus as an 
autograft would have damaged the tibia1 plateau and affected 
the subsequent pressure measurements. Additional studies 
are required to determine whether the keyhole technique can 
improve the contact mechanics.

The contact mechanics with the allograft varied more 
from normal than did the contact mechanics with an au-
tograft, indicating that the load-bearing capability of the 
allograft was different from that of the original meniscus, 
even though both grafts were implanted using the same fixa-
tion technique and transtibial tunnels. The larger variance 
from normal with the allograft compared with the autograft 
can be explained in part by the inability of the tissue bank 
to accurately match the three-dimensional geometry of the 
donor meniscus to the recipient knee.

The tissue bank’s selection of an allograft meniscus is 
based on a set of proprietary algebraic equations (Cryolife, 
Inc.) that relate transverse dimensions of the tibia1 plateau 
to the size of the medial meniscus. To provide input data 
to these equations, the tissue bank measured the maximum 
medial-lateral width and the maximum anterior- posterior 
depth of the medial compartment from AP and lateral roent-
genograms of each cadaveric knee specimen and corrected 
these measurements for magnification. The tissue bank then 
selected the allograft on the basis of these two measurements 
made from the recipient’s knee. This method relies on the 
assumption that an allograft need match only the geometry in 
the transverse plane of the original meniscus to restore con-
tact mechanics to the best degree possible within the limita-
tions of fixation methods.

Mounting evidence suggests that this assumption for 
selecting an allograft is flawed because transverse geometry is 
not the only important determinant of tibia1 contact mechan-
ics. This study and other clinical13 and experimental5 studies 
indicate that the cross-sectional geometry of the meniscus 
cannot be predicted by two roentgenographic measurements 
made in the transverse plane. Paletta et al.13 visually compared 
the peripheral height and radial depth of the original menis-
cus and a size-matched lateral meniscal allograft obtained 
from the same tissue bank that was used in our study. They 
noted gross differences in at least half the specimens and 
hypothesized that more careful matching of the cross-sec-
tional shape might have improved the load-bearing perfor-
mance of the lateral meniscal allograft. Haut et al.5,6 used a 
laser-based, digitized, three-dimensional coordinate system 
and observed that the cross-sectional shape of the medial and 
lateral menisci are only weakly predicted by measurements 
in the transverse plane.5 Therefore, compared with the au-
tograft, the inferior load-bearing performance (greater vari-
ability) of the medial meniscal allograft in our study and of 
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the lateral meniscal allograft in the study by Paletta et al. 
may have been caused by poor geometric match between the 
allograft and the original meniscus.

Differences in the material properties between the menis-
cal allograft and autograft could also explain why the con-
tact mechanics in the knee with the allograft had greater 
variability from normal. At present, the selection procedure 
used by tissue banks involves no attempt to match material 
properties. This is understandable because the technology for 
making these measurements does not currently exist. How-
ever, inconsistent matching of material properties would be 
expected to introduce variability in the contact mechanics 
given the large variability between specimens in the key 
material properties such as the circumferential tensile modu-
lus.3

Since neither geometry nor material properties of the 
allograft were matched to the original meniscus by the tissue 
bank, it is difficult to conclusively attribute the variability 
in the contact mechanics to either one factor or the other. 
Additional studies that quantify the variability introduced by 
each factor would be useful. Tissue banks could then use 
these findings to refine the selection procedure with the goal 
of providing a more closely matched meniscal allograft for 
the recipient’s knee. Considering the importance of matching 
allograft material properties and geometry in tibia1 contact 
mechanics, it is remarkable that the allografts used in this 
study restored contact mechanics compared with the intact 
knee as well as they did (Figs. 1 through 3).

Although neither the autograft nor the allograft menis-
cus restored normalized maximum pressure to normal, they 
both provided better load-bearing function than the knee after 
meniscectomy. The question that still needs to be answered 
is whether the significant decrease in normalized maximum 
pressure in the knee with the allograft compared with the 
knee after meniscectomy will either slow the rate or prevent 
the progression of osteoarthritis. This is difficult to answer, 
since to our knowledge no previous research has determined 
what relative increase in maximum pressure accelerates the 
rate of cartilage wear. Nevertheless, some perspective can be 
gained through two observations. One observation is that the 
increase in maximum pressure associated with the allograft 
still represents a significant reduction of more than 75% of 
the maximum pressure developed in the knee after menis-
cectomy. It is reasonable to assume that a reduction of this 
magnitude would reduce the rate of cartilage wear relative 
to the rate of cartilage wear in the knee after meniscectomy. 
Second, the finding that the mean pressure in both the knee 
after autograft and the knee after allograft was not signifi-
cantly different from the mean pressure in the intact knee 
suggests that the maximum pressure was restricted to a rela-
tively small region of the contact area. One can presume that 
high contact stresses developed over a large area would be 
more detrimental to the cartilage than locally high stresses, 
thus diminishing further the practical importance of the sta-
tistically significant increase in the normalized maximum 
pressure.

CONCLUSIONS

1. Because the process of implantation did not restore 
the original structural attachments of the meniscus to the 
surrounding tissues and because the allograft did not con-
sistently match the original meniscus, a medial meniscal 
allograft in a cadaveric knee did not consistently restore 
normal contact mechanics at the time of implantation.

2. If the results from this cadaver study can be extrap-
olated to patients, then restoring contact mechanics to normal 
with an allograft may require improvements in surgical tech-
nique and graft selection (that is, matching size, shape, and 
material properties).

3. Even though the allograft did not match and was not 
secured as well as the intact meniscus, it still reduced the 
maximum and mean contact pressure by more than 75% com-
pared with the knee after removal of the medial meniscus.
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