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Abstract
Clinical outcomes after intra-synovial flexor tendon repair have been substantially improved over
the past two decades through advances in tendon suture techniques and postoperative rehabilitation
methods. Nevertheless, complications such as repair site elongation (i.e., gap formation) and rupture
continue to occur frequently. Experimental studies have shown that repair site strength fails to
increase in the first three weeks following tendon suture. After three weeks, the strength and rigidity
of the repair site improves significantly, a process that continues for several months. Formation of a
repair site gap during the early rehabilitation period has been shown to considerably delay the accrual
of repair site strength over time. Thus, it is of prime importance that the method of tendon suture
achieves and maintains a stiff and strong repair site during the early healing interval by maintaining
close approximation of the tendon stumps and by stimulating, where possible, the intrinsic repair
response. In this review we describe recent efforts to enhance the integrity of the immature repair
site. We focus on two major areas of advancement: surgical technique modifications and
manipulation of the biologic and biochemical environment.
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SURGICAL TECHNICAL MODIFICATIONS FOR ENHANCED FLEXOR
TENDON REPAIR
Number of core suture strands

Increasing the number of suture strands crossing the repair site increases strength, stiffness,
and resistance to gap formation (1,2). Early methods of repair with two core suture strands
(e.g. Kessler, Bunnell, Tajima methods, etc.) coupled with post-operative immobilization led
to a decrease in ultimate strength during the first three weeks following tendon suture (3). While
subsequent studies showed that the decrease in strength could be partially obviated by early
motion exercise, the strength of the repair did not recover beyond the baseline level until three
weeks after surgery (3,4). When repairs used multi-strand sutures in conjunction with early
motion exercise, not only was there a maintenance of strength values, but under select
conditions, modest increases in strength and stiffness were noted in this earliest interval (5).
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The Winters method (2), which employs a looped suture with two parallel modified-Kessler
sutures in an eight-strand construct (Figure 1) has been shown to lead to significantly higher
strength and stiffness values compared to four-strand methods, which used only one pass of
the modified-Kessler suture (5). The eight-strand suture was also shown to have superior
strength and stiffness compared to the six-strand Savage method and compared to the two-
strand Tajima and Kessler methods (2). Using a looped suture effectively doubles the number
of suture strands crossing the repair site without increasing the number of knots. These findings
indicate that a larger number of suture strands (6 to 8) leads to improved mechanical properties
following tendon suture.

Material and caliber of core suture
Increasing the strength and stiffness of the suture material has been shown to lead to a decrease
in gap formation and to an increase in both ultimate strength and stiffness (6). Increasing the
caliber of the core suture material also significantly increases the strength of the repair. Barrie
et al (7) showed that the use of 3-0 braided dacron (Ethicon Inc., Somerville, NJ) sutures for
tendon repair results in a 2- to 3-fold increase in fatigue strength compared to 4-0 sutures. Taras
et al (8) reported significant increases in repair strength when suture caliber was increased from
5-0 to 2-0. The strength of the modified Kessler repairs improved by 167% and the strength of
the double-grasping repairs improved by 391% when 2-0 compared to 5-0 suture was used.
This finding suggests that high caliber sutures may maximize the strength and stiffness of the
repair.

Purchase of core suture
The core suture purchase (i.e., the longitudinal distance from the cut tendon end to the
transverse component of the core suture) significantly affects the strength of the repair. An in
vitro animal study reported that the resistance to gap formation and the ultimate strength of the
repairs increased significantly as the core suture purchase increased (9). A different in vitro
animal study examined a range of purchase lengths (0.4 – 1.2 cm) and reported that the force
required for gap formation and the ultimate failure load were significantly lower in repairs
where 0.4-cm core suture purchase was used compared to those where 1.0-cm purchase was
used (10). In this study, the repairs with 1.0 cm core suture purchase failed by suture breakage
whereas those with 0.4 cm purchase failed predominantly by suture pullout. The findings in
these studies suggest that the optimal purchase length is in the range of 0.7–1.2 cm.

Grasping and locking loop configurations of core suture
Since Pennington’s report described the locking-loop configuration (11), there have been
numerous studies that have confirmed the superior tendon-holding power of the locking-loop
configuration compared to the grasping- or no-loop configurations (3,7,12). In the locking-
loop configuration, the transverse component is passed in front of the longitudinal component,
and thus, the suture passes around or “locks” a bundle of tendon fibers. In the grasping-loop
configuration, the transverse component passes behind the longitudinal component, and the
suture does not pass around or lock a bundle of tendon fibers. The locking configuration has
greater tensile strength and greater gap resistance than the grasping configuration both at time
zero and during the first three weeks of repair (3). An in vivo animal study reported a decrease
of ultimate strength during the first three weeks of repair with both the locking-loop
configuration and the grasping-loop configuration (3). Nonetheless, absolute strength was
higher in the locking-loop configuration than in the grasping-loop configuration at all time
points. An in vitro study reported that repairs with the locking loops demonstrated higher gap
resistance than those with no locking loops at low cyclic loads (12). These findings suggest
that the locking-loop configuration provides additional gap resistance at the low cyclic loads
anticipated during the early postoperative motion exercise period.
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Location and number of core suture knots
Placing the suture knots outside the repair site was shown to result in higher tensile strength
than placing the knots within the repair site both at time zero and during the first three weeks
of repair (13). Tensile strength gradually increases after the initial period of decline, and by
six weeks after repair the tensile strength becomes comparable between both methods of knot
placement. Despite this, the higher strength of “knots-outside” repairs may result in better
repair stability during the early postoperative motion exercise than “knots-inside” repairs.
Tying knots in any suture strand weakens the suture material, and knots are always the weakest
areas of a suture construct. Therefore, making as few knots as possible and placing them away
from the repair site should improve repair strength. Placing knots outside the repair site,
however, raises the concern of increasing the tendon gliding resistance and stimulating
adhesion formation. It was shown in an in vitro animal study that tendon repairs with knots on
both lateral sides of a tendon had significantly increased gliding resistance compared to those
with one lateral knot or those with one volar knot (14). Therefore, one knot placed outside the
repair site, preferably on the lateral side of the tendon, is considered optimal in terms of both
tensile strength and tendon gliding.

Purchase of peripheral suture
Studies using both analytic models and in vitro experiments have demonstrated that increasing
the purchase of the peripheral suture (i.e., placing the peripheral suture farther from the cut
tendon end and deeper from the tendon surface) significantly increases the tensile strength of
tendon repair (15,16). Core sutures augmented with a peripheral suture that was placed deep
into the tendon were found to have 80% greater strength than those with a peripheral suture
that was placed superficially only through the epitenon and the superficial tendon (15).
Similarly, core sutures augmented with a peripheral suture that was placed 2 mm from the cut
tendon end were found to be stronger by 37% than those augmented with a 1-mm peripheral
suture. Therefore, a peripheral suture should be placed deep from the tendon surface and far
from the cut tendon end to enhance repair site strength.

Combined application of technical modifications
Each of the studies described above investigated individual effects of suture materials or
techniques on tendon repair. Little is known, however, about the effects of combined
application of these modifications. To this end, canine digital flexor tendons were injured and
repaired using five technical modifications (Figure 1, Table 1): 1) Winters’ eight-strand core-
suture technique using a looped 4-0 pseudo-monofilament nylon suture (2) (Supramid extra;
S. Jackson Inc., Alexandria, VA), 2) Pennington’s locking loops (11), 3) core suture purchase
length of 1.2 cm (9), 4) 5-0 Prolene peripheral suture that was placed 2 mm deep and 2 mm
far from the cut tendon end, and 5) placement of one suture knot on the lateral side of the
tendon. Tensile data for this group were compared to historical data of a previous canine study
at time zero and 6 weeks after surgery (5). In that study, the tendon was repaired with the same
technique except for the use of a four-strand core suture, no locking loops, 0.75-cm core-suture
purchase length, and 6-0 Prolene peripheral suture that was passed through only the epitenon
and superficial tendon (Figure 1). At 6 weeks after surgery, none of the 30 tendons repaired
with the modified technique were found to have ruptured whereas 19% of tendons repaired
with the previous technique were found to have been disrupted (Figure 2). The mean gap length
was significantly decreased with the modified technique compared to the previous study (0.61
± 0.80 mm vs. 2.52 ± 2.40 mm). None of the tendons repaired with the modified technique had
a gap larger than three millimeters whereas 38% of the tendons had had a gap larger than three
millimeters in the previous study (Figure 2). Ultimate strength was significantly increased
compared to the previous study both at time zero (74.5 ± 10.7 N vs. 48.7 ± 7.5 N) and at 6
weeks after surgery (98.3 ± 24.3 N vs. 78.4 ± 37.4 N). Stiffness and elongation were also
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significantly improved using the modified eight strand methods (Table 2). There was a
significant negative correlation between ultimate load and gap length (Figure 3) and between
repair stiffness and gap length. These findings demonstrate that combined application of the
technical modifications described above leads to a dramatic improvement of tensile strength
and gap resistance of the repaired tendon compared to historical methods.

BIOLOGIC MODIFICATIONS FOR ENHANCED FLEXOR TENDON REPAIR
Although surgeons have achieved substantial gains in tendon repair outcomes by modifying
surgical technique, a considerable rate of complications still remains (e.g., repair-site gapping,
suture pull-out, tendon rupture, and adhesion formation). Flexor tendon healing relies on
intrinsic tendon fibroblast activity arising from the epitenon and the endotenon and on an
extrinsic inflammatory response originating from the tendon sheath. This intrinsic and extrinsic
cellular response, while assisting in healing, also drives adhesion formation. In order to address
these complications, investigators have sought to manipulate the biologic environment with
targeted efforts to aid the healing response.

Biochemical modifications of the tendon surface
One approach for improving healing has involved biochemical modification of the tendon
surface. Initial reports attempting to use hyaluronic acid to reduce adhesions and improve
tendon gliding were inconclusive. Recent reports, however, show a clear beneficial role for
hyaluronic acid in flexor tendon healing. Canine peroneous longus tendons were soaked in
saline and hyaluronic acid (HA) (17). The HA soaked tendons displayed decreased resistance
to gliding. A third group of tendons were modified with hyaluronic acid through carbodiimide
derivatization (cd-HA). This group displayed the largest decrease in excursion resistance,
suggesting that tendons treated with exogenous cd-HA may display improved HA retention,
and therefore better gliding mechanics following repair. These in vitro studies were validated
in an in vivo canine model in which repaired, cd-HA treated flexor tendons, had gross and
histological evidence of improved healing, both of the tendon and its sheath, with decreased
inflammation (18).

The combination of HA and dipalmitoyl phosphatidylcholine, a phospholipid implicated in
lubrication of synovial joints, was tested by Moro-oka et al (19). These investigators found
that although the HA-phospholipid combination did not decrease the coefficient of friction for
tendon gliding, it did contribute to fewer adhesions in an in vivo rabbit model. It was
hypothesized that the dipalmitoyl phosphatidylcholine adsorbed to tendon surfaces, acting as
a boundary lubricating film.

Lubricin, also known as superficial zone protein, has recently been considered as an alternative
adjunct for tendon gliding modification. This protein, absent in genetic syndromes
characterized by increased intrasynovial tendon adhesions, is thought to be integral to natural
surface boundary lubrication. A study by Taguchi et al tested lubricin’s synergistic effect with
HA when added to cd-gelatin and cd-HA-gelatin treatments in intrasynovial tendons (20).
These lubricin regimens were compared against saline and cd-HA-gelatin without lubricin.
After surgical repair and 1000 simulated flexion/extension cycles, the cd-HA-gelatin treatment,
supplemented with lubricin, displayed a smaller increase in excursion resistance than cd-HA-
gelatin treatments. These studies demonstrate that biochemical modification of the tendon
surface has great potential for improving intrasynovial tendon healing by reducing adhesion
formation and improving tendon gliding properties.
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Exogenous growth factor administration
Modification of the biological environment also holds great promise for improving flexor
tendon healing. Numerous groups have applied growth factors such as bFGF, TGF-β1, and
PDGF-BB, to repaired tendons in an attempt to increase collagen production and hence repair
site strength. In vitro studies have revealed that flexor tendon fibroblasts exposed to both bFGF
and PDGF-BB increased their mitogenic activity and their collagen production by several-fold
(21). When combined, the growth factors displayed synergistic mitogenic effects, with further
increased cell replication. PDGF-BB, when studied in vivo, has also been shown to increase
cell proliferation and collagen production in canine models (22,23). Similarly, in situ injection
of exogenous bFGF resulted in increases in cell proliferation and matrix synthesis in a rat
patellar tendon injury model (24).

It is clear that the potential utility of growth factors to clinically augment tendon repair cannot
be exploited through mere haphazard administration; local concentration, timing, half-life, and
growth factor synergy all play important roles in the natural biology and must be considered
in the development of therapies. Because of early inconsistent results with simple bolus
administration, approaches incorporating controlled release kinetics and sustained delivery
systems have recently been employed. Sakiyama-Elbert et al. developed a fibrin/heparin based
delivery system to control the release of any heparin binding growth factor (e.g., bFGF, PDGF-
BB) (25). By varying the various components of the delivery system, the growth factor release
kinetics could be controlled for tendon repair (22,26).

This fibrin/heparin delivery system was employed in a number of in vivo canine flexor tendon
studies. Delivery of PDGF-BB resulted in increased fibroblast numbers, fibroblast
proliferation, collagen type I deposition, and collagen cross-links at the site of tendon repair
(22). These data suggest that the sustained delivery of PDGF-BB may be superior to bolus
administration, leading to an early acceleration of the cellular processes involved in tendon
healing. Though some studies have shown unwanted effects with due to growth factors, such
as increases in adhesions with TGF-β1 (27), the tendons in this study did not show evidence
of early adhesion formation, nor was there evidence of increased cell replication in the epitenon.
On the contrary, tendon gliding was enhanced by PDGF-BB administration, presumably due
to increased production of molecules important for gliding (e.g., hyaluronic acid, lubricin)
(Figure 4) (23,28). PDGF-BB treated digits displayed significantly improved joint motion,
increased total arc of motion, and greater excursion values than untreated repairs. However,
while range of motion was improved, PDGF-BB did not significantly improve the strength of
the repair at 3 or 6week timepoints. In summary, the use of growth factors such as PDGF-BB
and bFGF holds great promise for improving flexor tendon healing. However, more study is
necessary to test different growth factors, alone and in combination, and to optimize growth
factor dosage and release kinetics in order to achieve improvements in both tendon function
(e.g., gliding) and repair-site mechanical properties (e.g., failure load).

Gene and cell therapy approaches
Controlled growth factor delivery may be limited by the finite amounts of growth factor that
can be loaded, implanted, and delivered at the time of repair. Other investigators have employed
genetic engineering techniques in attempts to more permanently bolster the delivery of growth
factors to the site of interest (29). Tang et al. showed that tendon fibroblasts could be transfected
with a cloned bFGF gene sequence through an adeno-associated virus-2 vector (29). The
successful incorporation of the bFGF gene into the lacerated ends of surgically repaired leghorn
chicken flexor tendons resulted in increased local bFGF expression. The bFGF-transformed
tendons displayed increased tensile strength at 2 weeks and 4 weeks.
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BMP-12, a growth and differentiation factor implicated in tenogenesis, was recently used to
enhance tendon healing (30). Chicken tendon fibroblasts transfected with BMP-12 displayed
increased collagen synthesis compared to controls. These genetically modified tendon
fibroblasts produced 30% more collagen than control fibroblasts. The efficacy of this approach
was examined in a flexor tendon injury model in leghorn chickens. A solution of Adv-BMP-12
vectors was injected into repaired tendons. Adv-beta-galactosidase vector injections were used
as controls. Though both tendons had similar gross appearance at 2 weeks and 4 weeks, and
similar biomechanical profiles at 2 weeks, the BMP-12 transduced tendons displayed a 2-fold
increase in tensile strength at 4 weeks compared to the control tendons. These data suggest that
increasing local BMP-12 levels can enhance flexor tendon healing. More recently, it was shown
that Adv-BMP-12 transduced rat muscle cells implanted into an experimental rat Achilles
tendon injury model can enhance healing (31). Repair site tensile strength was increased and
there was histologic evidence of enhanced remodeling in treated repairs compared to control
repairs.

CONCLUSIONS
The recent findings described in this review demonstrate that surgical technique and biologic
modifications can dramatically improve outcomes after intrasynovial tendon repair compared
to historical methods. Surgical repair technique should include the following: 1) eight core
suture strands with a high caliber suture material, 2) a purchase length of approximately 1.2
cm, 3) a locking-loop configuration with the knot placed outside of the repair site, and 4) a
peripheral suture placed deep into the tendon and far from the cut tendon end. While biologic
and biochemical modifications have shown great promise in animal models, they have not yet
been tested clinically. Nevertheless, future repair site modifications will likely include: 1)
biochemical tendon surface treatments to enhance gliding and suppress adhesion formation,
and 2) local controlled delivery of growth factors to stimulate extracellular matrix formation
and prevent adhesion formation.
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Figure 1.
A) The classical (“historical”) approach used a modified Kessler four-strand repair using a
double-stranded 4-0 Supramid suture was used for the core suture. The length of the core suture
purchase was 0.75 cm. A running unlocked peripheral suture was then placed circumferentially
using a 6-0 Prolene suture. The peripheral suture passed through only the epitenon and
superficial tendon. B) In the modified eight-strand method, the same double-stranded 4-0
Supramid suture was used for the core suture. The eight-strand repair was composed of two
parallel placed modified Kessler four-strand sutures. The length of the core suture purchase
was 1.2 cm. A running unlocked peripheral suture was then placed circumferentially using a
5-0 Prolene. This peripheral suture had a purchase of two-millimeter length from the cut tendon
edge and two-millimeter depth from the tendon surface.
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Figure 2.
The distribution of gap lengths was significantly different when comparing the historical 4-
strand method to the modified 8-strand method (p < 0.0001, Chi-Squared test).
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Figure 3.
Scatter plots and regression lines are shown for ultimate load vs. gap length for the historical
4 strand method (A) and for the modified 8-strand method (B). There was a significant negative
correlation between ultimate load and the gap length regardless of the techniques used.
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Figure 4.
Total range of motion (i.e., rotation of the proximal interphalangeal joint plus rotation of the
distal interphalangeal joint) was significantly higher in the group treated with PDGF-BB group
compared with repair alone (* p < 0.05).
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Table 1

Comparison of suture repair techniques between the previous and current studies

Historical 4-strand Modified 8-strand

Core suture Suture material Double-stranded 4-0 Supramid Double-stranded 4-0 Supramid

Number of suture strands
crossing the repair and
configuration

4-strand modified Kessler configuration 8-strand modified Kessler configuration

Length of suture purchase 0.75 cm 1.2 cm

Peripheral suture Suture material 6-0 Prolene 5-0 Prolene

Depth and Length of suture
purchase

Passed through only the epitenon and
superficial tendon

2 mm long from the cut tendon edge and 2
mm deep from the tendon surface
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Table 2

Tensile properties at time zero and 42 days after repair.

Time zero 4-strand (n=16) Modified 8-strand (n=9)

Repair-site stiffness (N/mm) 15.4 ± 5.7 24.5 ± 6.4 0.005*

Elongation at 20 N (mm) 1.70 ± 0.38 1.53 ± 0.39 0.038†

Elongation at failure (mm) 4.74 ± 1.71 5.22 ± 2.31 0.318*

42 days after repair 4-strand (n=13) Modified 8-strand (n=30) p value

Repair-site stiffness (N/mm) 95.6 ± 70.7 83.5 ± 29.2 0.944*

Elongation at 20 N (mm) 0.69 ± 0.40 0.48 ± 0.25 0.038†

Elongation at failure (mm) 1.48 ± 0.80 1.47 ± 0.83 0.979*

*
p values from Mann-Whitney U tests

†
p values from unpaired t-tests
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