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Abstract
Purpose—To investigate the effects of motion following repair with a modified Kessler core
suture and 5 different epitendinous suture designs on the gliding resistance, breaking strength, 2-
mm gap force, and stiffness of flexor digitorum profundus tendons in a human in vitro model.

Methods—The flexor digitorum profundus tendons of the index, middle, ring, and little fingers
of 50 human cadavers were transected and repaired with a 2-strand modified Kessler suture and
assigned to 5 groups based on type of epitendinous suture design. The 5 epitendinous designs
tested were a simple, running epitendinous suture whose knot was outside the repair (simple
running KO); a simple, running epitendinous suture whose knot was inside the repair (simple
running KI); a cross-stitch epitendinous suture; an interlocking, horizontal mattress (IHM)
epitendinous suture; and a running–locking epitendinous suture. The tendon repair strength and 2-
mm gap force were measured after 1,000 cycles of tendon motion. The resistance to gap
formation, a measure of repair stiffness, was obtained from the force versus gap data.

Results—None of the repairs showed any gap formation after 1,000 cycles of tendon motion.
The cross-stitch epitendinous suture, IHM epitendinous suture, and running–locking epitendinous
suture all had significantly lower gliding resistance than the simple running KO epitendinous
suture after 1 cycle. The simple running KI epitendinous suture had significantly lower gliding
resistance than the simple running KO epitendinous suture after 100 cycles and 1,000 cycles. The
differences for gap force at 2 mm and stiffness of the repaired tendon evaluation were not
statistically significant. The cross-stitch epitendinous suture, IHM epitendinous suture, and
running–locking epitendinous suture all had significantly higher maximal failure strength after
1,000 cycles than the simple running KI epitendinous suture.

Conclusions—The cross-stitch, IHM, and running–locking epitendinous sutures had the best
combination of higher strength and lower gliding resistance in this study. Although these findings
suggest a potential for these suture types to be preferred as epitendinous sutures, these repairs
should first be investigated in vivo to address their effect on tendon healing and adhesion
formation.
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The effect of suture materials and suture design on the strength and gliding resistance of
tendon core sutures has been well described.1–5 There is also information regarding the
strength of peripheral sutures used to tidy the tendon repair. In the simple running
epitendinous stitch, first described by Kleinert et al. in 1973, the sutures are added
circumferentially in a simple over-and-over pattern around the repair site.6 The running–
locking peripheral suture technique as introduced by Lin et al.7 in 1988 places the knot
inside the repair. Lin et al. reported that this suture technique was 377% as strong as the
traditional simple running suture, when both running stitches were used without a core
stitch.7 In the cross-stitch suture technique, introduced by Silfverskiold and Andersson in
1993, a continuous strand encircles the repaired tendon in a crisscrossing pattern, with the
knot outside the repair. They reported that the cross-stitch suture was 117% as strong as a
conventional epitendinous suture when used in association with a modified Kessler repair.8

In the interlocking horizontal mattress (IHM) suture technique, introduced by Dona et al.9 in
2003, the suture strands are locked and run more longitudinally than in the cross-stitch, with
the knot outside the repair. They reported that the IHM was 171% as strong as the
conventional epitendinous repair and 126% as strong as the cross-stitch when not reinforced
by a core stitch.9

In contrast, less is known about the effect of the running peripheral stitch on tendon gliding
resistance, even though such stitches often provide the bulk of suture material on the tendon
surface. This has potential clinical importance, because high-friction repairs are associated
with greater adhesion formation.10 A high-friction repair can more than offset the advantage
gained in strength, by increasing gliding resistance and causing abrasion of the tendon
sheath.10 For example, the knots of commonly used epitendinous sutures are commonly
placed outside the repair site, on the surface of the flexor tendon. If the knot is located inside
the repair side, its friction would be lower.2,11,12 In addition, little is known about the effect
of motion cycles on either gliding resistance or the strength of epitendinous sutures.
Previous studies have measured the strength and stiffness of epitendinous suture
immediately after repair, not after 1,000 cycles.7–9

The purpose of this study was therefore to investigate the effects of 5 different epitendinous
suture designs on tendon gliding resistance and strength, using a human cadaver model of
zone 2 repair, a standard modified Kessler core repair, and 1,000 cycles of tendon motion.

MATERIALS AND METHODS
Specimen preparation

After institutional review board approval, 4 right hands and 9 left hands of 13 human
cadavers were obtained, including 6 men and 7 women, with an average age of 66.1 years
(range, 45–96). One hand of each of 13 unique cadavers was used. Altogether, 50 flexor
digitorum profundus (FDP) tendons from 12 index, 12 middle, 13 ring, and 13 little fingers
were used for this study. Each finger was disarticulated at the metacarpophalangeal joint
level, preserving the flexor tendons at the level of the wrist. The FDP tendons were accessed
through a transverse incision in the flexor sheath, just distal to the A2 pulley, and marked at
that level, both at full passive extension and at full flexion, with a 4.9-N load attached to the
proximal FDP tendon to maintain tendon tension. The distance between these 2 marks
represented the FDP tendon excursion during full finger motion.

After measurement of gliding resistance in the intact tendons (see method later), a transverse
tendon laceration was made 12 mm distal to the proximal FDP tendon mark. This level of
transection was chosen in order to ensure movement of the repair site through the pulley
system during testing. The laceration level was proximal to the A2 pulley, and thus it was
possible to perform the repair without incision of the pulley.
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All core tendon repairs were made with a coated, braided polyester (Ethibond; Ethicon,
Somerville, NJ) 3-0 suture, using a grasping, modified Kessler suture technique.13 All core
suture knots were made inside the repair site, to minimize the frictional force.

The repaired tendons were then randomly allocated into 5 groups of 10 tendons each. The
first group was repaired using a simple, running epitendinous suture whose knot was outside
the repair (simple running KO) with the knot on the anterolateral surface of the tendon (Fig.
1A); the second group was repaired using a simple, running epitendinous suture whose knot
was inside the repair (simple running KI) (Fig. 1B); the third group was repaired using a
cross-stitch suture (cross-stitch) (Fig. 1C);8 the fourth group was repaired using a
interlocking horizontal mattress suture (IHM) (Fig. 1D);9 and the fifth group was repaired
using a running–locking suture (Fig. 1E).7 All epitendinous tendon repairs were made using
a monofilament polypropylene (Prolene; Ethicon, Somerville, NJ) 6-0 suture with a cutting
needle. The simple, running epitendinous throws were approximately 2 mm from the
lacerated tendon ends, with 1 mm between each pair of stitches. The number of epitendinous
throws ranged from 12 to 16, depending on the tendon size.14 The cross-stitch throws were
approximately 4 mm from the lacerated tendon ends, with 2mm between each pair of
stitches. The number of epitendinous throws ranged from 6 to 8, depending on the tendon
size.8 The IHM throws were approximately 4 mm from the lacerated tendon ends, with 2
mm between each pair of stitches. The number of epitendinous throws ranged from 6 to 8,
depending on the tendon size.9 The running–locking throws were approximately 3 mm from
the lacerated tendon ends, with 2 mm between each pair of stitches. The number of
epitendinous throws ranged from 6 to 8, depending on the tendon size.7

All core and epitendinous suture knots were tied with 4 square knots, and the tension of all
core and epitendinous sutures was set to coapt without causing bunching of the repair site.
All repairs were performed by the same investigator (T.M.) to ensure consistency of
technique. The A2 pulleys and flexor digitorum superficialis tendons were kept intact during
the experiment.

Measurement of friction force
The friction between tendon and pulley was measured using the method of Uchiyama et
al.15,16 Briefly, the proximal and middle phalanges, A2 pulley, flexor digitorum
superficialis, parietal membrane of A2 pulley, and visceral membrane of FDP were
preserved, and the remaining tendon sheath, pulleys, and the distal phalanx were removed. A
K-wire was used to fix the proximal interphalangeal joint in the extended position. Each
specimen was mounted on the custom testing device with the palmar side upward. To
maintain tension in the flexor digitorum superficialis tendon, a 2-N weight was attached to
its proximal end. The magnitude of this weight was determined based on previous in vivo
tendon research on the magnitude of load experienced by normal tendons in situ.17,18 The
measurement system consisted of 1 mechanical actuator with a linear potentiometer, 2
tensile load transducers, and a mechanical pulley. The load transducers were attached to the
proximal and distal ends of the FDP tendon. The distal transducer was connected to a 4.9-N
weight to simulate passive mobilization of the finger, again based on previous tendon
research.17,18 The proximal load transducer was connected to the mechanical actuator.

Based on the experience of previous studies, a set arc of contact, 30° and 20° between the
horizontal plane of the phalanx and the proximal and distal transducer cables, respectively,
is sufficient to provide adequate measurement of the gliding resistance.11,19 For each cycle
of testing, the tendon was pulled proximally by the actuator against the 4.9-N weight at a
rate of 2 mm/s. Excursion was limited to the distance between the 2 FDP tendon markers,
thus reproducing the tendon excursion from full digit flexion to full digit extension. The
forces at the proximal and distal tendon ends and the tendon excursion were recorded. The
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specimens were kept moist throughout testing by immersion in a saline bath. The force
differential between the proximal and distal tendon ends represents the gliding resistance.
The mean gliding resistance over the excursion range was calculated for both flexion and
extension motion. The flexion and extension means were then averaged and reported as the
mean gliding resistance.

The gliding resistance for the intact FDP tendon was initially recorded for 1 cycle. The
tendon was then transected and repaired. After repair of the tendon, the gliding resistance
was recorded after 1 cycle, and then after every 50 cycles up to 500 cycles, and then after
every 100 cycles up to 1,000 cycles.

Tendon repair strength
After gliding resistance testing, the repaired tendon strength was measured using a
servohydraulic testing machine (MTS, Minneapolis, MN). The repaired tendon was secured
in the testing machine and distracted to failure at a rate of 20 mm/min. A differential,
variable reluctance transducer (DVRT; Microstrain, Williston, VT) was attached to the
tendon, spanning the repair site, to measure gap formation during testing. Tensile force,
grip-to-grip displacement, and gap displacement measured by the DVRT were collected at a
rate of 20 Hz. Throughout testing, the tendons were kept moist by spraying with physiologic
saline. Maximum breaking force and the force to produce a 2-mm gap were recorded. In
addition, a regression line was fit to the linear region of the force versus gap formation (as
measured by the DVRT) to measure the resistance to gap formation. The resistance to gap
formation, a measure of repair stiffness, in units of N/mm, was obtained from the force
versus gap relationship.

Gap measurement
During the 1,000 cycles of tendon motion, we observed for any gap formation. As the repair
appeared proximal to the A2 pulley at the beginning of each cycle, gaps could be readily
noted. If a visible gap formed, the gap was measured by a caliper, and the related motion
cycle number was recorded.

Statistical analysis
A previous study showed that the average gliding resistance of a human FDP tendon before
and after repair using 3-0 Ethibond was 0.29 N and 1.12 N, respectively, with a standard
deviation of 0.13 N and 0.46 N.6 Using this as a guide, with a sample size of 10 we have
80% power at a significance level of p<.05 to detect a difference in gliding resistance of
0.22 N (20% decrease).

Results of the gliding resistance were presented as mean ± standard deviation (SD). Analysis
of variance was used to evaluate the effect of suture technique and testing cycle on gliding
resistance; both 1-factor and 2-factor analysis of variance models were used. Because up to
4 digits from 1 hand of each of 13 unique cadavers was used, it was necessary to account for
the within-cadaver correlation among the digits in the analysis. This was accomplished by
using generalized estimating equations in a generalized, linear models framework. Because
of the complexity of the 2-factor model (suture type and cycle number), separate analyses
were conducted to evaluate suture technique within each level of testing cycle. For each
model, contrast statements were generated to perform pairwise testing of each level of the
independent variable (suture technique or testing cycle). The threshold of statistical
significance was set at α = 0.05.
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RESULTS
Measurement of friction force

There was no significant difference in the gliding resistance of the intact FDP tendon among
the 5 groups (Fig. 2). The gliding resistances during 1,000 cycles of tendon motion are
shown in Figure 3. The cross-stitch suture (p=.038), IHM suture (p=.036), and running–
locking suture (p= 0.023) had significantly lower gliding resistance than the simple running
KO suture at 1 cycle. The simple running KI suture had significantly lower gliding
resistance than the simple running KO suture at 100 cycles (p=.039) and 1,000 cycles (p=.
021). The simple running KI suture had significantly lower gliding resistance than the IHM
suture (p=.039) and running–locking suture (p=.034) at 1,000 cycles (Fig. 2).

Tendon repair strength
The differences in gap force at 2 mm and stiffness were not statistically significant among 5
groups (Figs. 4, 5). The simple running KI suture had significantly lower maximal failure
strength after 1,000 cycles than the cross-stitch suture (p<.0001), IHM suture (p<.0001), and
running–locking suture (p=.0012) (Fig. 4). Four repaired tendons in the simple running KO
and simple running KI groups failed due to the epitendinous suture pulling out from the
tendon stump. Six tendons in the simple running KO and simple running KI repairs and 10
tendons in the cross-stitch, IHM, and running–locking repairs failed by epitendinous suture
breakage.

Gap formation
No gap formation was noted in any tendon.

DISCUSSION
Our results show that the simple running KO suture has significantly higher gliding
resistance than the simple running KI suture at 100 cycles and 1,000 cycles. This means that
even a knot of 6-0 Prolene on the volar surface of the tendon affects the gliding resistance.
Momose et al also found that 1 volar knot had a higher gliding resistance than 1 lateral
knot.20 We therefore agree with Momose et al. that if knots are placed outside the tendon,
they should be placed laterally, not anteriorly. Our result regarding the effect of knot
location might also explain why the friction of the running–locking suture is not higher than
the otherwise similar cross-stitch and IHM designs; its knot was inside the repair, whereas
the knots of the cross-stitch and IHM were on the surface of the tendon. It is possible that
the cross-stitch suture and the IHM suture would have lower friction if the knots were inside
the repair.

In contrast to the location of the knot, the number of throws did not seem to have an
important effect. The repair with the most throws had either the highest or lowest gliding
resistance, depending on whether the knot was inside or outside the repair site. The purchase
of the throws might have a separate effect, but we could not analyze this separately from the
complexity of the surface geometry of the suture, because the simple running repair had a 2-
mm purchase and the more complex repairs all had 3- or 4-mm purchases.

The simple running KO also had significantly higher gliding resistance than the cross-stitch,
IHM, and running–locking repairs at 1 cycle. We expected the opposite result: that the
cross-stitch, IHM, and running–locking repairs would have higher gliding resistance than
simple running repairs because their sutures cross complicatedly on the surface of tendon. It
is possible that simple running KO does not sufficiently tidy and compress the repair site
and that these more complex running sutures act as something of a girdle at the repair site.
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We did not measure the cross-sectional volume of the repair region, however, and so we
cannot document this impression.

In our study, the maximum strength of the cross-stitch suture was 115% as strong as the
simple running KO suture. Kim et al.21 reported that ultimate tensile strength of cross-stitch
was 245% as strong as simple running KO when both were used to reinforce a modified
Kessler repair in a canine model. They fixed 10 strands of epitendinous suture material
across the gap for both epitendinous repairs, but we chose 12 to 16 strands of epitendinous
suture material across the gap, depending on the tendon size, for both epitendinous repairs.
Also, they tested immediately after repair, whereas we tested after 1,000 cycles, so the test
conditions were different.21 The maximum strength of IHM and running–locking sutures
were 121% and 128% as strong as the simple running KO suture. Again, whereas previous
studies reported 171%9 and 377% of the simple running suture strength,7 respectively, they
tested immediately after repair, whereas we tested after 1,000 cycles and did not use a core
suture, so the test conditions were different.

This study has several limitations. First and most obviously, it was done in vitro, and results
may be different in vivo. The DVRT device that we used to measure gap formation might
also have affected breaking strength. However, the device was inserted into an intact part of
the tendon above and below the suture site and beyond the bite of the sutures themselves.
Thus, although the device might damage some tendon fascicles, it does not weaken the
repair construct in any way. The DVRT also might have displaced during testing, affecting
the gap recordings. However, we directly observed each tendon during testing and found no
such displacement. Our testing method was not anatomic, in that the tendon glided against a
segment of an annular pulley and not against the intact digital sheath. Thus, the resistance
recorded here was merely frictional force, and angles of loading on the tendon were not
changed, as they would have been in an intact digit. Second, these peripheral sutures had
different throws and different distances between each pair of stitches. These were based on
published descriptions, but they could certainly have affected the results, as noted earlier.
Third, although every attempt was made to repair the tendons with similar tension,
ultimately these are hand made and could vary from tendon to tendon. However, we believe
that these effects should be random and should not affect 1 repair type more than another.
Fourth, the linear breaking strength, the resistance to gapping, and the stiffness
measurements reflected a combination of the peripheral suture strength plus the modified
Kessler core suture strength. Because the core suture was the stronger of the 2 elements, its
strength might mask differences in strength between the epitendinous suture designs.
Finally, we kept all A2 pulleys intact during the experiment. Partial release, “venting” the
sheath laterally, and using a pulley plasty are known to improve tendon gliding.22–25 If we
had adopted these techniques, the gliding resistance might have been lower with all
methods.

In this in vitro test model, the cross-stitch, IHM, and running–locking epitendinous sutures
had the best combination of higher strength and lower gliding resistance. Although these
findings suggest a potential for these suture types to be preferred as epitendinous sutures,
these repairs should first be investigated in vivo to address their effect on tendon healing and
adhesion formation.
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FIGURE 1.
Schematic drawings of the 5 epitendinous suture methods. A The simple running KO suture.
B The simple running KI suture. C The cross-stitch suture. D The IHM suture. E The
running–locking suture.
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FIGURE 2.
Mean gliding resistance of the FDP tendons in the 5 groups for intact tendons and repaired
tendons at 1 cycle, 100 cycles, and 1,000 cycles. The error bars represent standard
deviations. There was no difference among the intact tendon groups.
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FIGURE 3.
Mean gliding resistance of the FDP tendons in the 5 groups at different cycles of tendon
motion.
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FIGURE 4.
Mean force for 2-mm gap and maximum strength in the 5 groups. The error bars represent
standard deviations. There was no difference in force for 2-mm gap among the groups.
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FIGURE 5.
Mean stiffness in the 5 groups. The error bars represent standard deviations. There was no
difference in stiffness among the groups.

Moriya et al. Page 13

J Hand Surg Am. Author manuscript; available in PMC 2013 March 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


