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ABSTRACT

We assessed the histologic, mechanical, and structural
properties of the reharvested central-third patellar ten-
don in greyhounds. Twelve dogs had the central third
of the patellar tendon (5 mm) removed with corre-

sponding bone blocks from the patella and tibia; the
remaining tendon defect was loosely closed. Six dogs
were sacrificed at 6 months and six at 12 months, and
the central third of the patellar tendon was harvested
from both the operative and the contralateral control
knees. Analysis of the structural changes in the ten-
dons revealed a significant increase in thickness for
reharvested tendons at both 6 and 12 months when
compared with controls. The entire residual tendons
were narrower at 6 months and were shorter at 12
months compared with controls. Mechanical testing
showed that the average failure load, ultimate tensile
strength, strain at failure, and average modulus for the
reharvested central third of the patellar tendon were
significantly less than that of controls at both 6 and 12
months. Analysis of collagen fiber size by electron
microscopy revealed a significant increase in collagen
fiber diameter at 6 months (135 &plusmn; 41 nm versus 49 &plusmn;

4 nm) but no difference between the operative limbs
and controls at 12 months. The reharvested bone-
patellar tendon-bone complex does not have the same
properties as the primary patellar tendon graft up to 1
year after harvest in a canine model, and its use for

revision cruciate ligament reconstruction must be care-
fully reexamined.

Reconstruction of the ACL for knee instability is one of the
most common adult reconstructive procedures performed,
with a current estimate of 50,000 cases per year in the
United States.12 Reconstructions are frequently per-
formed on adolescents and young adults who place high
functional demands on the reconstructed knee. As the
number of ACL reconstructions has risen, so has the num-
ber of postreconstruction failures. Current estimates of
the number of ACL reconstruction failures range from
0.7% to 8% of all primary ACL reconstructions.’, 11,17,11
Because of the increasing number of failures, as well as
patients’ high functional expectations, the number of pa-
tients undergoing revision ACL reconstruction has
increased.
When a decision is made to perform an ACL reconstruc-

tion, much consideration must be given to the type of graft
selected to replace the ACL. Graft harvesting techniques,
tunnel fixation, graft incorporation, the potential for dis-
ease transmission, the structural and biomechanical prop-
erties of the graft, and the results of clinical studies using
various graft sources must all be assessed in the decision-
making process for graft selection.7,9-11, 13, 21, 22, 24, 25, 27, 28
In light of these myriad graft selection problems in a
revision ACL reconstruction, it has been proposed that a
reharvest of the ipsilateral central third of the patellar
tendon be used as a graft source, 12,14 and one clinical case
has been reported. 14
To our knowledge, no studies have been performed to

assess the histologic and biomechanical properties of this
tissue to help determine its adequacy as a graft source. We
undertook this study to determine whether the rehar-
vested central third of the patellar tendon is a viable graft
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source for revision cruciate ligament reconstruction. We
used a canine model to assess the histologic, mechanical,
and structural properties of the reharvested central third
of the patellar tendon.

MATERIALS AND METHODS

Twelve adult greyhounds, aged 2 to 4 years, were used for
this study because greyhounds are noted for their size
uniformity. The dogs had normal physical examinations
and normal orthopaedic examinations of the stifle joint
(knee), normal radiographs (AP and lateral views), and no
abnormalities on histologic screens, serum chemistry
analysis, urinalysis, or serum titers for Ehrlichia canis
and Ehrlichia platys. The dogs were acclimated to the
kennel for a minimum of 2 weeks, vaccinated with DA 2
PLP-CPV, and given anthelmintics as indicated by fecal
flotation.
The dogs underwent general anesthesia with thiopental

sodium and anesthesia was maintained with halothane

gas via an endotracheal tube. Prophylactic antibiotics (500
mg cefazolin) were given to all animals. The limb to be
operated on was randomly selected, and the contralateral
limb served as a control in all animals. The operative limb
was aseptically prepared for knee surgery. No tourniquet
was used.
An approximately 8-cm incision was made just lateral to

the joint midline. Using sharp dissection, the surgeon split
the paratenon layer longitudinally over the patellar ten-
don and carefully elevated the layer medially and laterally
(Fig. 1A). Measurements of the length and width of the
patellar tendon were taken in situ with a caliper. The
central third of the patellar tendon (5 mm width) was then
harvested sharply. Care was taken not to lacerate the
retropatellar fat pad, and minimal manipulation of the fat
pad and tendon was performed. An oscillating saw was
used to obtain 5-mm wide by 1-cm long bone blocks from

the patella and tibial tubercle (Fig. 1B). Electrocautery
was used for hemostasis to control the bleeding routinely
encountered when the superior aspect of the tendon graft
is sharply dissected from the fat pad.
Measurements of the length (measured from the infe-

rior pole of the patella to the proximal aspect of the ante-
rior tibial tubercle) and width (medial to lateral distance)
of the tendon graft were repeated, and the thickness (meas-
ured in the anterior to posterior plane) of the patellar
tendon was recorded. Width and thickness measurements
were obtained at three consistent sites along the length of
the specimen and averaged. The patellar tendon defect
was then loosely closed with three interrupted 3-0 non-
absorbable monofilament sutures (Fig. 1C). The

paratenon layer was also closed with four interrupted 3-0
nonabsorbable sutures. The skin was approximated with a
2-0 nonabsorbable monofilament running suture.

After surgery, the dogs were monitored daily for pain,
infection, anorexia, or other signs of disease or distress.
The sutures were removed 10 days after surgery. Begin-
ning 1 month after surgery, the dogs were exercised for 2.5
km on a motorized carousel 3 days a week until the end of
the study. They were also allowed unrestricted activity in
their pens.

Six dogs were sacrificed 6 months after surgery and the
remaining six dogs were sacrificed 12 months after sur-
gery with an overdose of euthanasia solution (Beuthana-
sia, Schering-Plough, Kenilworth, New Jersey). Antero-
posterior and lateral radiographs of the knees were
obtained at the time of death. Both the control and oper-
ative central-third patellar tendons were harvested by
carefully removing the remaining medial and lateral
thirds of the patellar tendon from the patella and tibial
tuberosity. The only fibers on both the patellar and tibial
tubercle attachment sites that were left intact were those
in line with the fibers of the central third of the patella
tendon. The cross-sectional area, width, and length of the

Figure 1. Technique for harvesting the central third patellar tendon. A, careful dissection of the paratenon layer to reveal
margins of tendon. B, the central third of the patellar tendon was harvested with a knife and bone blocks were obtained from the
patella and tibial tubercle with an oscillating saw. C, loose approximation of the remaining tendon with three 3-0 nylon sutures
was performed.
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patellar tendon graft were measured and recorded at the
time of operation and at the time of death. The collected
samples were kept moist in phosphate-buffered saline so-
lution and stored at -40°C until biomechanical testing.
Tendon biopsies were also obtained for both hematoxylin
and eosin staining and electron microscopic evaluation.
Biomechanical testing was performed on an MTS servo-

hydraulic test system (MTS Systems Corp., Eden Prairie,
Minnesota). The specimens were potted in methyl methac-
rylate and loaded on the MTS system. Care was taken to
ensure that the methyl methacrylate did not contact the
tendon. Calipers and an area digital micrometer were
then used to determine the dimensions of the tendon

(length, width, thickness). A 10-minute preload was ap-
plied with a 44-N longitudinal force to remove any colla-
gen crimping. The patellar tendon was oriented vertically
and stretched to failure in pure tension at a strain rate of
100 percent per second. The mode of failure was recorded
for each specimen tested.
A statistical analysis was performed using the Student’s

t-test for paired observations for comparisons between the
reharvested central third of the patellar tendon and the
tendons from the control joints. One-way analysis of vari-
ance (ANOVA) was used to measure statistical differences
between the reharvested tendon and the controls for each
structural and material property.

RESULTS

On gross examination, minimal scarring of the anterior
paratenon layer was noted. Careful sharp dissection of the
paratenon layer anteriorly allowed for identification of the
tendon margins. The retropatellar fat pad appeared to be
normal in all knees, and only minimal scarring of the fat
pad was noted. In all operative knees, there was an obvi-
ous increase in thickness of the patellar tendon that in-
volved the entire width of the tendon (Fig. 2).

Figure 2. Gross appearance of the control (foreground) and
operative (background) patellar tendons at 6 months. An
obvious difference in thickness was observed.

Dimensions of the Entire Patellar Tendon

When 6-month specimens were compared with controls,
there was no difference in length of the tendon, but the
operated tendons were significantly narrower and thicker
than the control tendons. Patellar tendon length for the
6-month control group averaged 42.8 ± 2.7 mm, and the
length of the operative side averaged 42.5 ± 2.1 mm (no
significant difference). The average width of the patellar
tendons for controls in this group was 15.2 ± 0.9 mm, and
the average width for the operative tendons was signifi-
cantly less at 12.7 ± 0.6 mm (P < 0.01). Patellar tendon
thickness for the 6-month control group was 2.3 ± 0.2 mm,
and the average thickness for the operative tendons was
significantly greater at 5.8 ± 1.4 mm (P < 0.001).
When 12-month specimens were compared with con-

trols, the reharvested tendons were significantly thicker
and shorter than the control tendons, but there were no
significant differences in width. Control patellar tendons
for the 12-month group averaged 43.3 ± 2.8 mm in length
and the operative tendons averaged 39.2 ± 2.6 mm (P =
0.05). Patellar tendon width for the 12-month group aver-
aged 14.6 ± 1.4 mm for controls and 14.4 ± 1.4 mm for the
tendons of operative animals. The reharvested tendons
were significantly thicker than control tendons in this
group (4.7 ± 0.7 mm versus 2.2 ± 0.1 mm) (P < 0.001).

Histologic Evaluation

Histologic evaluation (hematoxylin and eosin staining)
revealed that the reharvested tendons were more cellular
than their contralateral controls at both 6 and 12 months.
The hypercellularity was found to be greater at 12 months
than at 6 months (Fig. 3). Evaluation with polarizing
filters revealed that collagen fibers from both the rehar-
vested and control tendons were aligned with the long axis
of the tendon at both 6 and 12 months. No disorganization
of the collagen background was noted at either time
period.
Electron microscopic evaluation revealed a striking vi-

sual difference between reharvested and control samples
at 6 months. Analysis of collagen fibril size at 6 months
revealed a significant increase in average fibril size for the
reharvested tendons compared with controls (135 ± 41 nm
versus 49 ± 4 nm) (P < 0.001) (Fig. 4). There was no
difference in collagen fibril size at 12 months for the

operative limb compared with the controls. Collagen fibril
packing was also analyzed on electron microscopy images.
At 6 months, there was a significant decrease in collagen
fibril packing for operative (763 fibrils/mm) compared
with control tendons (1488 fibrils/mm) (P < 0.01). There
was no significant difference in collagen fibril packing
between operative (1259 fibrils/mm) and control tendons
(1218 fibrils/nm) at 12 months.

Tensile Failure Mechanism

All specimens were elongated to complete failure of the
patella-patellar tendon-tibial tubercle complex at a strain
rate of 100 percent per second (Table 1). For control spec-
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Figure 3. Histologic appearance of the patellar tendon. A,
control tendon; B, 6-month operative tendon. C, 12-month
operative tendon. An increase in cellularity is seen in the
12-month reharvested tendon compared with control and
6-month reharvested tendons. (Hematoxylin and eosin, orig-
inal magnification, x 16)

imens (6 and 12 months), the mechanism of failure was
avulsion of bone from the distal pole of the patella in four
specimens, midsubstance patellar tendon failures in six,
and tibial bony avulsions in two, with no difference in
failure mechanisms between the 6- and 12-month groups.

Figure 4. Electron microscopic appearance of the patellar
tendons (original magnification, x 16,000). A, control ten-

dons ; B, 6-month operative patellar tendon. A significant
increase in collagen fibril size is seen in the 6-month rehar-
vested tendon.

The modes of failure for the 6-month reharvested patellar
tendons were avulsion from the patella in two knees and
midsubstance tendon failures in four. In the 12-month
reharvested tendons, there were five midsubstance fail-
ures and one avulsion from the patella.

Failure Properties of the Patellar Tendon Complex

The load and energy to failure for the reharvested patellar
tendons at both 6 and 12 months were significantly less
than that of controls (Table 1). The average load required
to cause failure in the control groups was 1430 ± 290 N at
6 months and 1640 ± 470 N at 12 months. There was no

significant difference between the two groups of controls.
At 6 months after surgery, the reharvested patellar ten-
dons’ average load to failure was 53.1% of controls (P <

0.02), and at 12 months after surgery the reharvested
tendons’ average load to failure was 54.3% of controls (P <

0.01). The energy to failure for the control preparations
was 10.1 ± 4.1 J at 6 months and 12.2 ± 4.1 J at 12
months. The energy required to cause failure for the re-

 at NORTHWESTERN UNIV LIBRARY on March 4, 2010ajs.sagepub.comDownloaded from 

http://ajs.sagepub.com/


783

TABLE 1
Load-Deformation Properties of the Operated Specimens and Contralateral Controls

harvested patellar tendons was significantly decreased to
27.0% (P < 0.03) and 32.8% (P <.0002) compared with
that of the respective control patellar tendons at 6 and 12
months postoperatively. There was no statistical differ-
ence in the average load to failure or the total energy
required to cause failure between the 6- and 12-month
reharvested tendons.

Stress-Strain Behavior of the Patellar Tendon Complex

The average strain to failure for contralateral control ten-
dons at 6 months was 32.0% ± 4.0%, and the average
strain to failure at 6 months for the reharvested patellar
tendons was 17.9% ± 5.8% (P = 0.04). At 12 months, the
average percentage strain to failure for contralateral con-
trols was 35.7% ± 7.6%, and there was a significantly less
average strain to failure for the reharvested tendons
(22.2% ± 7.2%) (P < 0.01). The averaged stress-strain
relationship for controls and the 6- and 12-month rehar-
vested patellar tendons exhibited a nonlinear response,
with an initial nonlinear region, a linear region with a
constant modulus, and a short range of nonlinearly just
before failure (Fig. 5). The stress-strain response for the
control tendons revealed an average modulus of 173 ± 25
MPa at 6 months and 179 ± 61 MPa at 12 months. The

average modulus for the reharvested patellar tendons was
significantly less at both 6 months (83 ± 24 MPa) (P
<.0001) and at 12 months (72 ± 31 MPa) (P <.007) com-

pared with controls.

DISCUSSION

In this study, we sought to evaluate the suitability of the
reharvested central third of the patellar tendon complex
as a graft source for cruciate ligament reconstruction.

Figure 5. Stress-strain curve for the control and reharvested
central-third patellar tendons at 6 and 12 months.

Although there are clinical reports of the use of this graft
in patients, scant information is available to help the
clinician make a rational decision regarding the ability of
the reharvested central third of the patellar tendon to act
as a cruciate substitute.s° 8° 1’ Karns et al. 14 presented a
case report of a professional football player who under-
went a repeat harvest of the central-third patellar tendon
for a revision ACL reconstruction. No outcome informa-
tion on the patient was presented as he was noted to be
undergoing rehabilitation at the time of the case report.
To our knowledge, there has been no previous study ana-
lyzing the biomechanical properties of the reharvested
central-third bone-tendon-bone complex.
We found that the mechanical testing of 6- and 12-

month specimens revealed a striking increase in the stiff-
ness and decrease in the strain and load to failure of the
regenerated central third of the patellar tendon. The prop-
erties of this regenerate are clearly different from those of
the native central third of the patellar tendon, even up to
12 months after harvest in a canine model. This raises
serious questions about the suitability of the regenerated
central third of the patellar tendon as a cruciate graft
source. In our study at 12 months the average failure load
was 54% of controls for a tendon that had been minimally
devascularized. It is not possible to compare the biome-
chanical results of our study with those of studies that
have looked at the central third of the patellar tendon as
a cruciate graft source because these studies have com-
pletely devascularized the tendon and transferred it

intraarticularly.
In our study, we found the residual central third of the

patellar tendon to be thickened for at least 12 months
after harvest in a canine model. On gross observation it

appeared that the entire residual patellar tendon was
hypertrophied and involved in a scar-like process, but we
found that, at least for the central third of the tendon, the
thickening was initially (6 months) due, in part, to a
significant increase of collagen fibril size in the patellar
tendon. We theorize that the larger collagen fibrils form in
response to the increased stress placed on the residual
tendon or represent immature connective tissue. How-
ever, by 1 year after surgery, the collagen fibril size and
packing of the reharvested patellar tendons resembled
that of the contralateral controls.
When comparing the histologic findings with the biome-

chanical properties of the reharvested central-third bone-
patellar tendon-bone complex at 6 and 12 months, we
found that, despite an increase in the mass-average diam-
eter of the collagen fibrils (as represented by the increased
thickness [mass] and fibril diameter), the average failure
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load, failure load per unit area, strain to failure, and
modulus were decreased compared with those of controls.
This finding is contrary to the reports of Parry et al., 23
who postulated that the ultimate tensile strength (aver-
age failure load) of a tissue is proportional to the mass-
average diameter of the collagen fibrils. This may be true
for a mature connective tissue, but a reparative tissue
likely has more heterogeneity, which may account for
variations in mechanical properties. It is presumed that
the collagen fibrils of the reharvested central third of the
patellar tendon had a decreased average failure load be-
cause of a lack of maturation of the covalent crosslinks
between fibrils,5 microscopic soft tissue &dquo;flaws,&dquo; 29 and
other factors (unknown at this time) related to the matu-
ration process.
Two previous studies that examined the strength of the

residual patella-patellar tendon-tibial tubercle complex
after harvesting of its central or medial third have dem-
onstrated the weakest location in canines occurs at the

patellar tendon-patella insertion.3,18 In both of these
studies almost all patellar tendon complexes failed by
bony avulsion. Animals in both studies were allowed cage
activities only. Laros et al.16 reported that restricting the
activity of dogs can have deleterious effects on the inser-
tion sites of ligaments, raising a questiun about the valid-
ity of using a canine model that allows activity only in
cages. Our study subjects were therefore exercised 2.5 km
three times per week on a motorized carousel in addition
to being allowed unrestricted cage activity. A review of our
sites of failure revealed that 50% of the controls, 67% of
the 6-month reharvested complexes, and 83% of the 12-
month reharvested central-third patellar tendon com-
plexes had midsubstance failures. It is unclear whether
the increase in midsubstance patellar tendon failures seen
in our study was due to the exercise regimen or the sig-
nificant change in strength properties. It is possible that
the bone-tendon interface regains strength more rapidly
than the tendon itself. Further study is necessary to as-
sess these factors on tendon failure mechanisms in study
animals.
We elected to close the patellar tendon defect after har-

vest because it is our preferred method and the method
used by most of our colleagues. There is support in the
literature for this method for the purposes of this study.
Coupens et al.4 found no statistical difference in the width
of the donor patellar tendon at any time up to 18 months
postoperatively compared with the ipsilateral patellar
tendon when the defect was closed. Also, Meisterling et
al. 20 found no difference in width measured on magnetic
resonance imaging scans between the operative and non-
operative patellar tendons at an average of 2.5 years post-
operatively for a group of 15 patients who had their pa-
tellar tendon defects repaired at the time of ACL
reconstruction.

Shaffer and Tibone26 used radiographs to compare the
patellar tendon length after closure with that in the non-
operative limb and noted no difference in the two situa-
tions. Burks et a1.3 found no differences in mechanical
properties when comparing patellar tendon defects closed
or left open in a canine model at 3 and 6 months after

surgery. There are advocates for leaving the patellar ten-
don defect open; some authors have reported that an ap-
parently normal tendon regenerates in this region.’ Al-
though we did note a significant decrease in width at 6
months in the residual patellar tendon, by 12 months the
residual patellar tendon widths were not statistically dif-
ferent from those of controls.
The 12-month results that were obtained in our study

also bring into question the effects of a repeat harvest of
the central third of the patellar tendon on the residual
patellar tendon. The current technique of the initial har-
vest of the central third of the patellar tendon as a cruciate
ligament graft has resulted in minimal apparent morbid-
ity with few reports of rupture of the residual tendon.2, 15
Matava and Hutton 19 reported that the central third of
the human patellar tendon is the thickest portion of the
patellar tendon, and that it is biomechanically as strong
as the residual two-thirds. Our study and those of oth-
ers3, 4,18,20 have shown that the residual patellar tendon
hypertrophies to compensate for the loss of its central
third. We have shown that at 1 year the structural and
mechanical properties of the central third have not re-
turned to normal. Repeat harvest of the central third of
the patellar tendon has unknown effects on the residual
tendon.

CONCLUSIONS

1. Biomechanical testing of structural and mechanical
properties of the reharvested central third of the patellar
tendon complex revealed significant alterations in these
properties at both 6 and 12 months when compared with
controls; the reharvested tendon is incapable of absorbing
the same loads as the initial graft as late as 1 year
postoperatively.

2. Histologic analysis of the reharvested central third of
the patellar tendon revealed that collagen fibrils were
hypercellular and oriented with the long axis of the tendon
at both 6 and 12 months. Electron microscopy revealed a
significant increase in the size of the collagen fibrils and a
decrease in collagen fibril packing in reharvested tendons
at 6 months compared with controls and no difference in
the experimental tendons compared with controls at 12
months. Histologic maturation appears to be an ongoing
process at 1 year postoperatively.

3. Significant thickening of the reharvested patellar
tendon was seen at both 6 and 12 months when compared
with controls.

4. Further long-term studies are necessary to assess
the feasibility of reharvesting the central third of the
patellar tendon for use as a cruciate ligament graft. We
found evidence of an ongoing maturation process of the
residual central third of the patellar tendon complex. Al-
though there was evidence of the tendon having no signif-
icant ultrastructural changes at 1 year, it is apparent that
any possible further improvements in biomechanical prop-
erties must take place over a longer time period. Until
further studies with longer followup are performed, we
recommend that alternative cruciate ligament graft
sources be considered.
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