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Abstract
Although we sometimes use the intrasynovial tendon allograft as a donor, the gliding ability of
allograft prepared by lyophilization is significantly decreased. The gliding ability of the grafted
tendon after tendon reconstruction is very important because the high gliding resistance causes
more adhesion and leads to poor clinical results. We recently revealed that tendon surface
treatment with a carbodiimide derivatized HA (cd-HA)-gelatin mixture for intrasynovial tendon
allograft significantly improved its gliding ability. The purpose of this study was to investigate
whether this cd-HA-gelatin treatment affects the tendon mechanical property or not. A total of 40
flexor digitorum profundus (FDP) tendons from canines were evaluated for compressive property
by using indentation test. Indentation stiffness was measured for normal tendon, rehydrated tendon
after lyophilization, rehydrated tendon after lyophilization that was implanted 6 weeks in vivo, and
cd-HA treated rehydrated tendon after lyophilization that was implanted 6 weeks in vivo. The
results for all groups showed no significant difference in the tendon compressive properties. The
findings of these results demonstrate that cd-HA treatment for intrasynovial tendon allograft is an
excellent method to improve the tendon gliding ability after lyophilization without changing the
compressive property of donor tendon.
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1. Introduction
Although immediate primary repair after flexor tendon injury has been generally accepted
and outcome has improved (Kleinert et al., 1973; Strickland, 1989), poor functional outcome
continues to be a difficult problem in 5–10% of cases (Amadio, 2005; Jansen and Watson,
1993). In such cases, tendon grafts play an important role to restore hand function. However,
clinical outcomes after tendon graft are also often poor, due to complications such as
adhesion formation.

We have shown that tendon gliding resistance is an important factor influencing the outcome
of tendon repair (Zhao et al., 2001a, 2001b). We have also demonstrated that extrasynovial
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tendon has a higher gliding resistance than the native intrasynovial tendon (Uchiyama et al.,
1997). However, extrasynovial tendons are usually used as a donor because they are easily
harvested (Wehbe, 1992) without any risk of important functional loss and the potential
availability of intrasynovial autologous tendons are limited. Because of the limited
availability of autologous intrasynovial tendon graft donor sites, a lyophilized intrasynovial
tendon allograft is another option for flexor tendon reconstruction. However, the gliding
ability of intrasynovial tendons prepared by lyophilization, a common method of
preservation, is significantly decreased (Ikeda et al., 2010). To increase the tendon gliding
ability, surface modification with carbodiimide derivatized hyaluronic acid (cd-HA) has
been well studied (Ikeda et al., 2010; Momose et al., 2002; Sun et al., 2004; Taguchi et al.,
2008; Tanaka et al., 2006; Yang et al., 2004). This surface modification indeed has been
recently reported to mitigate this adverse effect, leading to decreased postoperative
adhesions (Zhao et al., 2010).

The mechanism of this chemical modification involves cross-linking HA onto the tendon
surface. If this chemical reaction occurs within the tendon tissue, it carries the risk of cross-
linking within the tendon, which could alter tendon stiffness. The purpose of this study was
therefore to measure the stiffness of intrasynovial tendon allografts that were treated with
this novel method, using indentation testing as a measure of stiffness.

2. Materials and methods
2.1. Intrasynovial tendon preparation for allograft

A total of 40 flexor digitorum profundus (FDP) tendons from the second and fifth digits
were harvested from adult mongrel dog hind paws that were approved for use by our
Institutional Animal Care and Use Committee (IACUC). Immediately after sacrifice, the
hind paws were frozen in a −80 °C freezer. Following thawing at room temperature, 10 FDP
tendons were immediately tested for indentation stiffness and served as a normal tendon
control group. The other 30 tendons were immediately submerged into liquid nitrogen for 1
min and then thawed in warmed saline solution (0.9%) at 37 °C for 5 min to create necrosis
of the intrinsic fibroblasts in FDP tendons to reduce immunogenicity. This procedure was
repeated five times and the tendons were then immediately lyophilized. Before the
experiment, each tendon was sterilized with ethylene oxide gas and thawed in saline bath at
4 °C over night for rehydration. Ten randomly selected tendons were immediately assessed
for mechanical evaluation, as the lyophilized tendon control group. The other twenty
allografts were randomly divided into two groups, one group treated with cd-HA-gelatin
(Sun et al., 2004; Tanaka et al., 2007; Zhao et al., 2006) and the other would serve as the
allograft in vivo control group.

2.2. Allograft implantation and postoperative rehabilitations
After the dogs were anesthetized with intravenous ketamine and diazepam, both forelimbs
were shaved, scrubbed with povidone–iodine and sterilely draped. An elastic bandage was
used to exsanguinate the forelimb and to act as a tourniquet for the procedure. The second
and fifth digits were used as the flexor tendon allograft recipient sites. Both tendons were
excised between a level 5 mm proximal to its attachment to the distal phalanx and the level
of the middle of the metacarpal bone. One digit was assigned as the cd-HA-gelatin treated
allograft and the other the untreated graft recipient site. In each grafted digit, the proximal
ends of the grafts were sutured to the proximal FDP tendons using a Pulvertaft weave
technique, secured with two sutures of 4/0 braided Dacron (Ethicon, Somerville, NJ, USA).
The distal tendon graft was secured by a pull-out suture of 3/0 nylon (Ethicon, Somerville,
NJ, USA), passed through drill holes in the distal phalanx and fixed to a tie-over button
dorsally (Fig. 1). The distal end was fixed first, so that the tension of the tendon graft could

Ikeda et al. Page 2

J Biomech. Author manuscript; available in PMC 2013 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



be adjusted at the time of the proximal repair. Following the tendon graft, the incisions were
closed in layers. A high radial neurectomy was performed to prevent the canine from
bearing weight on the operated forelimb. A sterile dressing was applied and a sling was used
to maintain the operated paw underneath the chest without weight bearing. The dogs were
allowed immediate cage activity. On postoperative day 3, rehabilitation was started with a
synergistic wrist digit motion protocol (Zhao et al., 2002a, 2002b), performed daily until
sacrifice. The dogs were sacrificed with an intravenous overdose of pentobarbital 6 weeks
after implantation. The surgical digits were excised after sacrifice for the mechanical
evaluations. The second FDP from the contralateral side was also harvested to serve as a
control.

2.3. Indentation testing
The longitudinal tendinous segments, approximately 10 mm long, were cut from each group.
The samples were harvested from Okuda's zone D of the canine FDP (Okuda et al., 1987).
The sample pieces were fixed to small tissue culture dishes (Falcon, 35 mm × 10 mm
polystyrene Becton-Dickinson Ltd., Franklin Lakes, NJ) using sand paper to avoid tendon
slipping. Tissue culture dishes were then filled with normal saline solution (0.9%) so that
specimens were fully immersed (Fig. 2). Indentation testing was performed using a BOSE
ElectroForce® 3200 test instruments (Bose Corporation, Eden Prairie, MN, USA). The
indentation force was monitored with a load transducer (Transducer Techniques, MDB-10,
Temecula, CA, USA). An indenter with a flat and non-porous 3 mm diameter was used.
Indentation testing was performed at a loading rate of 10N/min to a maximum force of 5 N.

The indentation data was plotted on a stress–strain curve. The stress was calculated by
dividing the force by the area of the indenter and the strain was calculated based on the
indentation depth relative to the initial specimen height. The slope of the linear region that
followed the initial toe region of the stress–strain curve was considered as the indentation
stiffness.

2.4. Data analysis
A sample size of 10 was chosen based on a previous publication (Shin et al., 2008), in which
the compressive moduli of the intrasynovial and extrasynovial tendons were 4.08 (SD±1.02)
and 2.79 (SD±0.53), respectively. With a power of 80%, the sample size of 9 would be
sufficient to detect a difference of this magnitude with a p value of less than 0.05.

A single factor analysis of variance (ANOVA) test was used to determine statistically
significant differences in indentation stiffness among these groups. A Holm t-test was used
to detect significant difference in the stiffness between the different tendons. A statistical
significance level of p<0.05 was used in all cases.

3. Results
The data from the indentation test showed a non-linear relationship between stress and strain
(Fig. 3). The mean stiffness was: of the control group 3.99±0.83 MPa, lyophilized
intrasynovial tendon group 3.62±0.33 MPa, without cd-HA treated (saline) group
3.8070.633 MPa, and cd-HA treated group 3.51±0.27 MPa. None of the differences in
indentation stiffness among the experimental groups were statistically significant (Fig. 4).

4. Discussion
The best donor for a tendon graft in the finger is probably an intrasynovial tendon autograft,
because it has the greatest potential to improve finger function (Duffy et al., 1992;
Gelberman et al., 1992; Noguchi et al., 1997). However, due to the limitations in the
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availability of suitable intrasynovial autografts, an extrasynovial allograft is often used for
hand reconstruction. Lyophilized flexor tendons have been reported as a satisfactory
substitute for injured tendon (Cameron et al., 1971; Peacock and Madden, 1967). Potenza
(1964) and Potenza and Melone (1978) showed that lyophilized implanted flexor tendons in
canine model can function very well and are histologically well tolerated. However, to
eliminate allograft immunogenicity, the donor graft cells must be removed in some way. The
multiple deep freeze-thaw technique is a common procedure to eliminate the cells during
tendon allograft preparation. For the purpose of long term preservation, lyophilization is
combined as well. However, lyophilization changes tendon surface morphology and results
in higher gliding resistance (Ikeda et al., 2010), which may hinder tendon gliding when such
tendons are subsequently rehydrated and used in vivo. Because high gliding resistance
causes more adhesions (Zhao et al., 2001a, 2001b) we tried to decrease the gliding resistance
for extrasynovial tendon autografts. We found that tendon surface modification with
chemically modified hyaluronic acid could improve grafted extrasynovial tendon gliding
ability in vitro and in vivo (Momose et al., 2002; Sun et al., 2004; Taguchi et al., 2008;
Tanaka et al., 2006, 2007; Yang et al., 2004; Zhao et al., 2006). In addition, we recently
reported that this tendon surface treatment, combined with gelatin, significantly improved
gliding ability of lyophilized tendon as well (Ikeda et al., 2010). It is possible, though, that
this surface modification may also affect tendon stiffness.

While there have been some studies describing the mechanical properties of tendons
(Gibbons et al., 1991; Lee et al., 2000; Mae et al., 2003; Salehpour et al., 1995; Zobitz et al.,
2001), especially in regards to anterior cruciate ligament reconstruction (Bechtold et al.,
1994; Kaminski et al., 2009; Park et al., 2009; Smith et al., 1996), very little is known about
the mechanical properties of intrasynovial flexor tendons that are prepared for use as
allografts. Webster and Werner (1983) reported on the mechanical properties of grafted
intrasynovial flexor tendon allograft and he concluded that lyophilized flexor tendon
allograft was a satisfactory alternative to free tendon autografting. Shin et al. (2008) also
described the mechanical properties of intrasynovial and extrasynovial tendons.

In the current study, we evaluated the indentation stiffness of the surface modified
intrasynovial tendon allograft with and without cd-HA-gelatin in an in vivo canine model.
We were unable to find any significant difference in the indentation stiffness of treated
tendons, compared to normal ones. The advantages of the indentation test we used versus
compression testing include (1) the contact area (indenter area) is more accurately known,
which allows us to accurately calculate the tissue stiffness (or hardness), (2) the indenter
diameter is small relative to the tendon thickness, and thus is less susceptible to non-uniform
stress distribution, which is often an issue for compression testing of thin specimens, and (3)
complications such as buckling, bulging, and material densification are not an issue with
indentation testing. Additionally, tendon is a homogeneous tissue, therefore sampling is not
a factor.

This study has several limitations. First, while tensile properties are important, we only
evaluated tendon indentation stiffness. Second, we only evaluated 6 weeks as an in vivo
time period. Indentation stiffness may differ with shorter or longer time points.

In conclusion, tendon surface modification with cd-HA-gelatin may improve the tendon
gliding ability without compromising the normal indentation stiffness. This tendon
modification has shown some promise in a canine model in vivo and may have clinical
application.
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Fig. 1.
Schema of allograft implantation.
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Fig. 2.
Overview of indentation testing. Transducer was placed under the experimental dish.
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Fig. 3.
A typical sample of stress–strain curve for four different groups of tendon.
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Fig. 4.
The indentation stiffness of each experimental group (mean, SD). There are no significant
differences to compare with each group.
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