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Background: Tendon grafts play an important role in flexor tendon reconstruction. This study was an investigation of the
effects of surface modification of allograft intrasynovial tendons with carbodiimide-derivatized hyaluronic acid and gelatin
in an in vivo canine model. To mimic the actual clinical situation, a novel and clinically relevant model of a failed primary
flexor tendon repair was used to evaluate the flexor tendon grafts.

Methods: Twenty-eight flexor digitorum profundus tendons from the second and fifth digits of fourteen dogs were
lacerated and repaired in zone II in a first-surgery phase. The dogs were allowed free active motion postoperatively. In a
second phase, six weeks later, the tendons were reconstructed with use of a flexor digitorum profundus allograft. In each
dog, one graft was treated with carbodiimide-derivatized hyaluronic acid and gelatin (the CHG group) and the other was
treated with saline solution, as a control. The dogs were restricted from free active motion, but daily therapy was performed
beginning on postoperative day 5 and continued until six weeks after the operation, when the animals were killed. The
outcomes were evaluated on the basis of digit work of flexion, gliding resistance, healing at the distal attachment, graft cell
viability, histological findings, and findings on scanning electron microscopy.

Results: In the first phase, all twenty-eight repaired tendons ruptured, with scar and adhesion formation in the repair site.
Six weeks after allograft reconstruction, the mean work of flexion was 0.37 and 0.94 N-mm/degree in the CHG group and
the saline-solution control group, respectively; these values were significantly different (p < 0.05). The gliding resistance
in the CHG group was also significantly less than that in the saline-solution control group (0.18 versus 0.28 N) (p < 0.05),
but no difference between groups was observed with regard to the distal tendon-bone pullout strength. Histological analysis
showed that tenocytes in the host tendon proliferated and migrated toward the acellular allograft.

Conclusions: This primary repair failure model was reproducible and reliable, with a uniform failure pattern, and provides
an appropriate and clinically relevant animal model with which to study flexor tendon reconstruction. The surface modification
of allografts with carbodiimide-derivatized hyaluronic acid and gelatin improved digital function and tendon gliding ability.

H
and injuries are common, affecting approximately seven
in 1000 individuals per year. In a Swedish population-
based study, patients with hand injuries represented

about 12% of the patients seen in the emergency department1.
Tendon injuries are among the most severe hand injuries, and
they occur almost exclusively in a young, working-age popula-
tion, with resultant disability 2-4. Restoration of function of a digit
with severe damage to the flexor tendon—particularly in zone II,

where two flexor tendons pass through a narrowing fibro-
osseous sheath—is difficult, with high rates of complications,
such as adhesion formation and primary tenorrhaphy rupture5-7.

Tendon grafts still play an important role in recon-
struction to restore finger function8-11. Although flexor tendons
in zone II include a synovially lined sheath12,13, most tendon
autografts are derived from sources without synovium. Clinical
and animal models have shown that extrasynovial tendon au-
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tografts are associated with more adhesions to the surrounding
tissue than are intrasynovial tendon autografts14-16.

Potential sources of intrasynovial tendons for use as
tendon autografts are limited. Chemical modification of
hyaluronic acid with use of the carbodiimide (EDC, or 1-ethyl-
3-[(3-dimethylaminopropyl) carbodiimide hydrochloride])
reaction to create new biopolymers, crosslinking with other bi-
ological molecules such as collagen, has been widely investigated
for use in applications such as anti-adhesion membranes17,18,
biodegradable scaffolds19,20 for tissue regeneration, or timed-
release drug-delivery vehicles21,22. Recent studies have demon-
strated that extrasynovial autografts whose surface was modified
with carbodiimide-derivatized hyaluronic acid and gelatin im-
proved tendon gliding ability and decreased postoperative adhe-
sions23,24; however, the digital function following reconstruction
with such treated extrasynovial autografts still is not normal25.

Although donor sites for intrasynovial tendon autografts
are scarce, sources of intrasynovial tendon allografts are readily
available and are frequently used for anterior cruciate ligament
(ACL) reconstruction26-28. The advantages of allografts include a
decrease in surgical morbidity, time, and cost by eliminating the
graft harvesting procedure29 and the ability to match the graft
tissue to the size of the injured tendon30. A decellularized allo-
graft is less immunogenic31,32. Preserved allografts also maintain
their mechanical properties and offer the convenience of being
available at a desired time33-35.

Like ACL allografts, flexor tendon allografts require, in
addition to mechanical strength and appropriate tendon-to-
bone healing, a smooth gliding surface with low frictional prop-
erties. Although surface modification of an extrasynovial autograft
improved the outcomes following flexor tendon reconstruction in
an in vivo animal model25, it is not known if surface modification
would have the same beneficial effects, or even better effects, when
used for intrasynovial allografts.

The purpose of the current study was to investigate the
effects of modification of allograft intrasynovial tendons with
carbodiimide-derivatized hyaluronic acid and gelatin for flexor
tendon reconstruction in an in vivo animal model. We hypoth-

esized that this modification would improve outcomes compared
with those following use of intrasynovial allografts without such
treatment. To mimic the actual clinical situation, a novel, clinically
relevant canine in vivo model of a failed primary flexor tendon
repair was used.

Materials and Methods
Study Design

Fourteen mongrel dogs weighing 20 to 25 kg were used. The
study was approved by our Institutional Animal Care and

Use Committee. The flexor digitorum profundus tendons from
the second and fifth digits of right and left forepaws (with the
sides randomly allocated) were lacerated and repaired. Free
cage activity was allowed after five days of immobilization. This
protocol has been found to produce a 100% rate of breakage
of the flexor tendon repair in this canine model, with dense
scarring at the site of the disrupted repair. Six weeks after the
primary tendon repair, an intrasynovial allograft reconstruction
was performed. One of the surgically treated digits was randomly
selected for treatment with a graft coated with carbodiimide-
derivatized hyaluronic acid and gelatin (the CHG group) and the
other digit was treated with a graft soaked in saline solution (the
control group). Six weeks after reconstruction, the dogs were
killed, and the surgically treated paws were harvested for evalu-
ation of digital function, tendon gliding ability, healing strength,
and histological characteristics (Fig. 1).

Preparation of Intrasynovial Allograft Tendons
Twenty-eight flexor digitorum profundus tendons were ob-
tained from dogs that had been killed for other Institutional
Animal Care and Use Committee-approved protocols. The ten-
dons were immediately immersed in liquid nitrogen for one
minute and then thawed for five minutes in warmed saline so-
lution at 37�C. This procedure was repeated five times to induce
tenocyte necrosis. This protocol has been previously shown to
produce necrosis of 97% to 100% of all viable tenocytes36. The
tendons were then lyophilized with a custom-made lyophilizer.
Each graft tendon was put in a separate sealed plastic bag and

Fig. 1

Study design flow chart. FDP = flexor digitorum profundus, and SEM = scanning electron microscopy.
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stored at room temperature until use. The graft was moved to a
special plastic bag for gas sterilization one week before the graft
was used. After sterilization, the graft was rehydrated in a 0.9%
NaCl bath in a closed, sterilized container for twenty-four hours
in an incubator at 37�C prior to graft surgery.

Creation of Flexor Tendon Primary Repair Failure Model
The dogs were prepared for flexor tendon laceration and repair
surgery as previously described33-35. Briefly, the flexor digitorum
profundus tendon was lacerated at the level of the proximal
phalanx and repaired with use of a two-strand modified Kessler
technique with 3/0 Ethibond suture (Ethicon, Somerville, New
Jersey) and a simple running suture with 6/0 nylon. Following
tendon repair, two small metal markers (2/0 surgical steel
suture; Ethicon) were embedded into the repaired tendon with
the repair site in the middle. The distance between the two metal
markers was measured with use of a fluoroscope (Mini 6600
Digital Mobile C-Arm; OEC Medical Systems, Salt Lake City,
Utah). The incisions were closed in layers. Intramuscular anti-
biotics were administered perioperatively. The operatively treated
paw was immobilized with a custom-made canine jacket to
maintain it underneath the chest without weight-bearing for five
days. Then, the jacket was removed and the animals were allowed
cage activity without any protection. One week after the surgery,
the dogs were restrained with a custom-made sling, and the metal
markers were evaluated fluoroscopically. This procedure was
repeated every week until the distance between the two markers
had increased by 10 mm as compared with the distance imme-
diately after the repair; this increase indicated tendon rupture.

Flexor Tendon Reconstruction with Intrasynovial Allograft
Six weeks after the primary repair, flexor tendon reconstruc-
tion was performed in the forelimb that had been previously
operated on. The distal portion of the flexor digitorum pro-
fundus tendon was approached through the previous incision.
The normal tendon-bone attachment was exposed, and the ten-
don was cut 5 mm from its insertion site. The distal 5-mm tendon
stump with its insertion was preserved. A bone tunnel beneath
the flexor digitorum profundus tendon attachment was created
for the distal attachment of the tendon graft with a 3-mm-
diameter drill bit. Then, dissection along the distal portion of
the flexor digitorum profundus tendon toward the proximal re-
pair site was carefully performed, and the repair status and ad-
hesions were observed, noted, and photographed. The proximal
portion of the repaired tendon was exposed through a separate
incision made longitudinally at the mid-metacarpal level.
A tunnel was created by removing the previously repaired
flexor digitorum profundus tendon along with scar and ad-
hesion tissues and preserving the proximal pulley in zone II.
Following the preparation of the recipient digit, the prepared
allograft was pulled through the proximal tunnel. The distal
tendon-bone junction and proximal tendon-tendon junction
were repaired with previously described techniques33-35.

One of the two allograft flexor digitorum profundus ten-
dons was randomly selected for treatment with carbodiimide-
derivatized hyaluronic acid and gelatin. It was immersed in 1%

sodium hyaluronate (95%; Acros, Geel, Belgium), 10% gelatin
(from porcine skin; Sigma Chemical, St. Louis, Missouri), 1%
1-ethyl-3-([3-dimethylaminopropyl] carbodiimide hydrochlo-
ride) (EDC) (Sigma), and 1% N-hydroxysuccinimide (NHS)
(Sigma) in 0.1 M NaCl (pH 6.0) and 0.9% phosphate-buffered
saline solution (PBS) for five minutes37. The treated tendon was
loosely wrapped with a section of the elastic bandage used to
exsanguinate the limb, in order to prevent the carbodiimide-
derivatized hyaluronic acid and gelatin from being removed
from the tendon surface by the moistened gauze surrounding
the rubber sheet. The control tendon was immersed in 0.9%
NaCl solution and similarly wrapped.

Following the tendon grafting, a proximal radial neurec-
tomy was performed through a lateral humeral incision in the
selected recipient forelimb, in order to denervate the triceps muscle
and prevent elbow extension and thus weight-bearing38,39. The
operatively treated paw was immobilized with a custom-made
canine jacket to maintain it underneath the chest. As a result of
the radial neurectomy and sling fixation, the dogs were unable to
bear weight on the operatively treated limb. On postoperative day
5, rehabilitation was started, with a synergistic wrist-digit-motion
protocol performed once daily until the animal was killed39,40.

Evaluation of Digital Function According to Work of Flexion
Digital function and adhesion formation after tendon grafting
were evaluated with use of a previously developed and established
method25. The second and fifth digits from the contralateral, un-
treated paw were also tested, as a normal control. Briefly, the
proximal end of the tendon graft was dissected free, divided, and
sutured to a cable that was connected to a load transducer. The
entire digit was mounted on a custom-made testing device by a
Kirschner wire that was inserted longitudinally through the met-
acarpal bone to fix the metacarpophalangeal joint in extension.

A motion analysis system with two CCD cameras (Motion
Analysis Corporation, Santa Rosa, California) was used for the
proximal interphalangeal and distal interphalangeal joint-motion
measurements. A 0.5-N weight was attached to the extensor ten-
don to ensure full extension of the digit as a starting position and to
apply an initial tension to the graft. A 0.1-N preload was applied to
the proximal part of the graft before testing. The actuator pulled
the tendon proximally at a rate of 2 mm/sec, causing digit flexion.
Data from the linear potentiometer and the proximal load trans-
ducer were recorded at 20 Hz along with the joint motion data
captured by the motion analysis cameras. The work of flexion was
measured until the distal interphalangeal joint angle reached 40� of
flexion, as was done in a previously published study25. Work-of-
flexion data were calculated from the tendon displacement versus
tendon loading curve during digital flexion and then were nor-
malized by the total proximal interphalangeal and distal inter-
phalangeal joint angles; this was called normalized work of flexion.

Evaluation of Graft Gliding Ability According to
Gliding Resistance
Following the work-of-flexion measurement, the tendon graft
was further dissected, with the proximal pulley kept intact. The
gliding resistance between the tendon graft and the proximal
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Fig. 2

Upper panel: Fluoroscopic view demonstrating the distance between the two metal markers (thick black

arrows) immediately after tendon repair (Post. OP.). Lower panel: Fluoroscopic image showing the same

markers (black arrows) one week after tendon repair (Post 1W.). The distance was >10 mm greater than

the distance seen initially after the repair, indicating that the repaired tendon had ruptured.

Fig. 3

Typical observations during surgical exploration and histological analysis six weeks after flexor digitorum profundus tendon repair, indicating failure of the

repair with a scarred digit. A: The distal ruptured-tendon stump (2) and scar and adhesion formation at the repaired tendon end (1). A1: Histological

specimen of the distal tendon stump with scar tissue (H & E, ·20). B: The proximal end of the ruptured repaired tendon was free from adhesions and was

folded and enlarged. B1: Histological specimen of the proximal tendon stump (H & E, ·20).
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pulley was then measured with use of a custom tendon-pulley
friction-testing device, as previously described25,41. The flexor
digitorum profundus tendon, proximal pulley, and proximal
phalanx were preserved. A custom-made ring load transducer
was connected to the distal portion of the flexor digitorum pro-
fundus tendon, and a load of 4.9 N was applied. The other
transducer was connected to the proximal portion of the flexor
digitorum profundus tendon. The flexor digitorum profundus
tendon was driven by a motor with a potentiometer that was con-
nected to the proximal transducer to simulate flexion and ex-
tension. The difference in force recorded by the two transducers
was used to calculate the gliding resistance25,41. The flexor dig-
itorum profundus tendons from the second and fifth digits in the
contralateral, untreated paw were also tested, as a normal control.

Evaluation of Graft Healing According to Mechanical
Strength of Distal Graft Attachment
The testing of the mechanical strength of the distal graft attach-
ment was conducted according to previously published
protocols42. Briefly, the distal 10 mm of the graft tendon with
its attachment to the distal phalanx was isolated from the digit.
The distal portion of the tendon graft was gripped, and the
distal phalanx was then secured in the materials testing ma-
chine (MTS, Minneapolis, Minnesota). The tendon was pulled
at a rate of 20 mm/min until failure, and the ultimate force and
stiffness (the slope of force versus displacement) at the inser-
tion were measured to assess the mechanical quality of healing
of the distal graft juncture.

Cell Viability, Histological Analysis, and Scanning
Electron Microscopy
Two tendon grafts from each group were harvested with the
animal under general anesthesia, before it was killed, in order

to examine the cell viability. The graft tendons were immedi-
ately divided into three sections. The proximal section was
assessed for cell viability by measuring levels of calcein AM and
ethidium homodimer43, to evaluate intracellular esterase ac-
tivity and plasma membrane activity, respectively. The graft
sections were immersed in minimal essential medium (MEM)
with Earle’s salts (GIBCO, Grand Island, New York) containing
5 mM calcein AM and 5 mM ethidium homodimer-1 (LIVE/
DEAD Viability/Cytotoxicity Kit; Molecular Probes, Eugene,
Oregon) for thirty minutes. Then, the grafts were longitudinally
observed with a confocal microscope (LSM310; Carl Zeiss, Gu-
tenberg, Germany). The middle section of the graft was submitted
for scanning electron microscopy in our institution’s Scanning
Electron Microscopy Core Facility44. The distal section was sent to

Fig. 4

A: In some dogs, rupture of the flexor digitorum profundus tendon occurred at the distal tendon-bone junction with graft pullout from the bone tunnel six

weeks after use of an allograft treated with carbodiimide-derivatized hyaluronic acid and gelatin. The graft tendons were retracted proximally without

adhesions. 1 = tendon allograft six weeks after surgery, 2 = distal portion of the graft, 3 = proximal graft-host tendon junction, and 4 = normal neighboring

flexor digitorum profundus tendon (in zone III). B: Histological specimen of the ruptured graft tendon (H & E, ·40).

Fig. 5

Normalized work of flexion (and standard deviation) of the normal digits,

the digits with an allograft treated with carbodiimide-derivatized hyalur-

onic acid and gelatin (CHG), and the digits with an allograft treated with

saline solution. An asterisk indicates that the difference was significant.
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our institution’s Histology Core Facility for paraffin embed-
ding and subsequent sectioning for hematoxylin and eosin
(H & E) and Masson trichrome staining.

Statistical Methods
All quantitative measurements, including work of flexion, glid-
ing resistance, and mechanical strength of the distal attachment,
were presented as a mean and standard deviation. The data were
analyzed with use of one-way analysis of variance, followed by
the Tukey studentized range (honestly significant difference
[HSD]) post hoc test to detect the effect of surface modification
on each dependent variable (work of flexion, gliding resistance,
and maximal failure strength and stiffness). In all cases, a level
of p < 0.05 was considered to be significant.

Source of Funding
This study was funded by the Musculoskeletal Transplant Foun-
dation (MTF).

Results
Creation of Primary Flexor Repair Failure Model

The wounds all healed primarily, without infection. After the
tendon laceration and repair, all fourteen dogs were able to

bear weight on the operatively treated limb after the jacket was
removed at day 5 postoperatively. The distance between the two
metal markers in all repaired tendons was increased by >10 mm
within two weeks, indicating that the repaired tendon had
ruptured (Fig. 2). At six weeks following the primary repair, the
joints in the operatively treated digits, including the metacar-
pophalangeal, proximal interphalangeal, and distal interpha-
langeal joints, all had maintained a normal passive range of
motion compared with the contralateral, untreated digits.

Six weeks after the initial tendon repair, surgical explora-
tion showed that all of the flexor digitorum profundus repairs
had ruptured by suture pullout from the proximal tendon stump.
At the distal ruptured-tendon stump, scar formation and adhe-
sions were observed between the tendon and the tendon bed, the
tendon and the pulley, and the tendon and the surrounding soft
tissues (Fig. 3, A). The proximal tendon stump had retracted into
the paw.

Because of the retraction of the proximal portion of the
ruptured tendons, a separate incision was made longitudinally at
the mid-metacarpal level to expose the proximal flexor digitorum
profundus tendon stump. The proximal end of the ruptured
repaired flexor digitorum profundus was easily pulled out. No
adhesion was observed at the proximal tendon end. The proximal
tendon stump was folded and enlarged in diameter (Fig. 3, B).

Outcomes of Allograft Reconstruction
After the tendon reconstruction, the wounds all healed without
infection. Four grafts in the CHG (carbodiimide-derivatized hy-
aluronic acid and gelatin) group and two grafts in the saline-
solution control group were ruptured at the distal tendon-bone
junction. The distal graft stump in all ruptured cases was retracted
proximally without adhesions (Fig. 4). There were no ruptures
at the proximal tendon repair site in either group. These digits

with a distal rupture were considered to be an experimental
failure and were excluded from the biomechanical and bio-
logical evaluations. Therefore, eight samples in the CHG group
and ten samples in the saline-solution group were assessed for
work of flexion, gliding resistance, and distal attachment strength,
and two samples in each group were assessed for cell viability,
histologically, and with scanning electron microscopy.

The normalized work of flexion was 0.14 ± 0.07, 0.37 ±
0.16, and 0.94 ± 0.51 N-mm/degree in the normal digits, CHG
group, and saline-solution group, respectively (Table I). The
normalized work of flexion in both the CHG and the saline-
solution group was significantly higher than that in the normal
digits (p < 0.05). The normalized work of flexion in the CHG
group was significantly lower than that in the saline-solution
group (p < 0.05) (Fig. 5).

The gliding resistance was 0.07 ± 0.03, 0.18 ± 0.08, and
0.28 ± 0.13 N in the normal flexor digitorum profundus ten-
dons, CHG group, and saline-solution group, respectively (Table I).

Fig. 6

Gliding resistance (and standard deviation) of normal flexor digitorum

profundus tendons, the allografts treated with carbodiimide-derivatized

hyaluronic acid and gelatin (CHG), and the allografts treated with saline

solution. An asterisk indicates that the difference was significant.

Fig. 7

Maximal failure strength (and standard deviation) at the distal tendon-bone

junction of the allografts treated with carbodiimide-derivatized hyaluronic

acid and gelatin (CHG) and the allografts treated with saline solution.
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Fig. 8

Staining with calcein AM and ethidium homodimer displays living cells in green and dead cells in red. Normal flexor digitorum profundus tendon (A)

showed mostly living cells with only a few dead cells. Lyophilized flexor digitorum profundus tendon at time 0 (B) showed no living cells. The graft tendon

treated with carbodiimide-derivatized hyaluronic acid and gelatin (C) and that treated with saline solution (D) showed both living and dead cells after six

weeks in vivo (·200).

Fig. 9

The graft tendon surface within the flexor sheath was smooth and shiny in the CHG (carbodiimide-derivatized hyaluronic acid and gelatin) group but not in the

saline-solution group.
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The gliding resistance of the allograft tendons in both the CGH
and saline-solution groups was significantly higher than that of
the normal flexor digitorum profundus tendons from the un-
treated, contralateral digits (p < 0.05). The gliding resistance in
the CHG group was significantly lower than that in the saline-
solution group (p < 0.05) (Fig. 6). The failure strength at the
distal tendon-bone junction was 22.2 ± 12.8 N and 27.4 ± 16.4 N

in the CHG and saline-solution groups, respectively (Table I);
there was no significant difference between these values (p >
0.05) (Fig. 7).

Non-quantitative evaluation of cell viability in two ten-
dons from each group revealed a mixture of viable and dead
cells in both the CHG and the saline-solution group. However,
the penetration of the dyes and laser beam of the confocal

TABLE I Study Results*

Measurement Normal CHG† Saline Solution

Normalized work of flexion (N-mm/degree) 0.14 ± 0.07‡ 0.37 ± 0.16‡ 0.94 ± 0.51‡

Gliding resistance (N) 0.07 ± 0.03‡ 0.18 ± 0.08‡ 0.28 ± 0.13‡

Maximal strength (N) 22.2 ± 12.8 27.4 ± 16.4

*The values are given as the mean and standard deviation. †CHG = carbodiimide-derivatized hyaluronic acid and gelatin. ‡The value in the saline
solution group was significantly higher than that in the CHG group, which was significantly higher than that in the normal group (p < 0.05).

Fig. 10

Histological specimens of normal flexor digitorum profundus tendon (A) and of allografts in the CHG (carbodiimide-derivatized hyaluronic acid and

gelatin) group (B) and the saline-solution group (C) after six weeks (H & E, ·100).
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microscope was limited to 50 mm, so cell viability could be
assessed only to this depth (Fig. 8). With H & E staining, the
grafts all showed collagen structure similar to that of the normal
flexor digitorum profundus tendon, with no obvious difference
between the CHG and saline-solution groups. Lymphocytes or
other inflammatory cells were not observed in either the CHG or
the saline-solution group. On the basis of observations during
dissection, the CHG group seemed to have fewer adhesions
along the graft itself than did the saline-solution group. The graft
tendon surface within the flexor sheath was smooth and shiny in
the CHG group but not in the saline-solution group (Fig. 9). The
allografts all appeared to be structurally intact (Fig. 10). His-
tological analysis at the proximal tendon-tendon junction
showed that tenocytes in the host tendon had proliferated and
migrated toward the acellular allograft (Fig. 11). Qualitatively,
there were no marked histological differences in this region
between the two allograft groups. Under the scanning electron
microscope, the surfaces of the allografts in the CHG and
saline-solution groups displayed a similar morphology, while
the saline-solution-treated grafts appeared to have a structure
with fibrils or tendrils on the surface (see Appendix).

Discussion

Flexor tendon reconstruction is indicated when the injured
tendon cannot be repaired directly, the interval following the

injury exceeds the time when delayed primary repair is possible,
or severe soft-tissue injury has caused a scarred digit45-48. Flexor

tendon grafts are also often used when a primary repair has failed
and extensive scarring is present15,49,50.

Although the canine model has been widely used for
flexor tendon graft research because of its similarity in anat-
omy, structure, and function to human flexor tendons25,51-53, an
appropriate preconditioning of the digit that mimics the clin-
ical indications for flexor tendon grafting—i.e., a previously
injured or operated-on bed—has been lacking. Previous inves-
tigators have used a normal digit as the recipient site25,53. Un-
fortunately, such idealized models, without the problems of
wound-healing and scar formation that occur following injury
to the tendon and flexor sheath, do not truly represent the
pathological and biomechanical conditions that confront the
hand surgeon clinically. In the current study, we performed flexor
tendon grafting in an animal model incorporating a failed primary
repair with a scarred digit, which is both clinically important
and relevant. Although quantitative assessment of the scarred
digit was not feasible, surgical exploration of the failed repairs
revealed a consistent pattern of repair rupture with scar and ad-
hesion around the distal tendon stump and with the proximal
tendon stump retracted and free of adhesion. We believe that this
failed primary repair model is novel, reproducible, uniform, re-
liable, and clinically relevant to the study of flexor tendon grafts.

Lyophilization is commonly used for long-term storage
of allograft tissue at room temperature54,55. Potenza and Melone
used freeze-dried allograft tendons that had been stored for
more than ten years and found no degeneration of the graft

Fig. 11

The junction of the host flexor digitorum profundus tendon and the carbodiimide-derivatized hya-

luronic acid and gelatin-treated allograft at the proximal repair site. The top of the dashed line is the

host tendon. The bottom of the dashed line is the allograft. Tenocytes were observed in the allografts

(H & E, ·200).
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histologically51. Freeze-drying techniques also did not alter
the mechanical properties of allograft tendons compared with
those of autografts52. Because the freeze-thaw technique has
been shown to produce necrosis of >97% of all viable teno-
cytes56, there would have been no, or very few, viable cells located
within the allograft tendon at the time of implantation, so the
cells noted in the retrieved grafts were the result of migration of
host cells. Recently, several studies have demonstrated that sur-
face modification with carbodiimide-derivatized hyaluronic acid
and gelatin improves the gliding ability of tendons in vitro24,57

and in vivo25 without altering tendon mechanical properties. The
current study, however, is the first to address the use of such
modification of intrasynovial allografts.

The outcomes regarding postoperative adhesions and
functional recovery in the current study were parallel to our
previous findings in an autograft model25. In that study, modifi-
cation with carbodiimide-derivatized hyaluronic acid and gelatin
decreased adhesions, improved digital function, and decreased
the gliding resistance of the grafts. In contrast, flexor tendon
reconstruction with intrasynovial allograft tendon has been in-
frequently reported in either the clinical literature34 or animal
studies52. A recent study demonstrated that the biomechanical
advantages of tendon reconstruction with autografts instead of
devitalized allografts were minimal58, although the clinical va-
lidity of a small-animal model with small tendon lesions out-
side of zone II can be debated. A comparison of the data from
the current study of allograft intrasynovial tendons with those
in our previous report on autograft extrasynovial tendons25

suggests that digital function after use of an intrasynovial al-
lograft modified with carbodiimide-derivatized hyaluronic
acid and gelatin is superior to that after use of an extrasynovial
autograft modified in the same way. Clinical comparisons be-
tween autograft and allograft tendons have also been well
documented in ACL reconstructions, albeit with contradictory
outcomes26-28,59. Because of differing clinical circumstances re-
lated to the lack of graft motion in ligament reconstruction,
though, it is not clear that studies of tendon and ligament graft
adhesions are comparable.

Pring et al. tested the normal flexor digitorum profundus
tendon insertion in human cadavers60. The breaking strength
at the tendon insertion was 558 N, which was less than half
of the flexor digitorum profundus tendon breaking strength
(reported as 1175 N). Although canine flexor digitorum pro-
fundus tendons are smaller than human flexor digitorum pro-
fundus tendons, the failure strength at the canine flexor digitorum
profundus insertion is similar, 564 N61. In contrast to the normal
values, the initial failure strength after use of the most common
technique for tendon-bone repair—i.e., use of a pullout suture and
a bone tunnel—is 70 N in both the canine model62,63 and the human
cadaveric model64. This insertion repair strength decreases at three
weeks after the repair to <50% of the initial repair strength62,63. Even
at six weeks after repair, the strength is no greater than the initial
strength65. The strength of the tendon-bone attachment may be
even lower for a tendon graft than for a direct repair.

In the current study, six of twenty-eight allografts rup-
tured at the distal tendon-bone junction. The rupture rate was

higher than that reported for autografts25,66. Although no dif-
ference in failure strength at the tendon-bone insertion site was
found between the CHG and saline-solution groups, there were
more ruptures in the CHG group than in the saline-solution
group (four versus two). This might be related to the effect of
the surface modification of the distal part of the tendon within
the osseous tunnel, which may have affected tendon-bone in-
tegration. In future studies, we will shield the distal part of the
tendon from the surface treatment, in the hope of improving
tendon-bone healing. Fewer adhesions in the CHG group may
also have played a role, since dense adhesions would have added
to the effective strength of the tendon-bone junction and also
reduced the amount of tensile force transmitted to the distal
juncture in vivo. Finally, the acellular nature of the allograft
may have played a role, since cellular ingrowth was required for
healing to occur51. Delayed healing is a common feature of
allografts clinically26,27.

This study had several limitations. First, the data were
obtained only at six weeks postoperatively. Mechanical and bi-
ological behaviors of the allograft were not assessed at time points
earlier or later than six weeks. Second, we did not analyze residual
hyaluronic acid on the tendon surfaces. However, a previous
report demonstrated no difference in surface hyaluronic acid
concentration after six weeks in an in vivo autograft model25.
Third, cell viability was observed in only two samples in each
group and only with non-quantitative methods. Fourth, we did
not specifically label host and graft cells and therefore cannot
definitively identify the source of the cells in the grafts noted after
the animals were killed. However, since the freeze-thaw tech-
nique has been shown to produce necrosis of >97% of all viable
tenocytes56, there would have been no, or very few, viable cells
located within the allograft tendon at the time of implantation,
so the cells noted in the retrieved grafts are the result of migration
of host cells. Finally, some biological analyses were not per-
formed such as analysis of collagen and cytokine synthesis. Thus,
we are unable to comment on cellular function in our model.

In summary, we have successfully developed a canine
model of flexor tendon reconstruction following failed primary
repair. This model is reproducible, uniform, reliable, and
highly clinically relevant for the study of flexor tendon grafts.
We also demonstrated that the surface modification of allo-
grafts with carbodiimide-derivatized hyaluronic acid and gelatin
improved digital function, reduced adhesions, and decreased
gliding resistance compared with those characteristics follow-
ing use of allografts without such modification. These results
are similar to the outcomes when carbodiimide-derivatized
hyaluronic acid and gelatin was used in autografts in a previous
report25. Compared with the autografts in that previous pub-
lished report, the allografts had fewer adhesions and pro-
vided better digital function. However, tendon-bone healing
of the allograft repairs was delayed, leading to more ruptures
and weaker distal attachments. If this adverse effect could be
overcome, intrasynovial allografts treated with carbodiimide-
derivatized hyaluronic acid and gelatin could become a clinically
useful alternative to the current benchmark of extrasynovial au-
tografts for reconstruction of failed tendon repairs in the hand.
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Appendix
A figure showing SEM images of CHG-treated, saline-
solution-treated, and normal flexor tendons is available

with the electronic version of this article on our web site at
jbjs.org (go to the article citation and click on ‘‘Supporting
Data’’). n
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