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Abstract
Finger flexor tendon rehabilitation has come a long way, but further advances are possible. Ideally,
a healing tendon should move, but under the minimum load necessary to achieve motion. It is possible
to design suture repairs that minimize the friction between tendon and sheath while simultaneously
maintaining adequate strength to provide a wide margin of safety during therapy. A looped, four-
strand modified Kessler repair is a good example of this type of high-strength, low-friction repair.
At the same time, rehabilitation methods can also be optimized. A new modified synergistic motion
protocol is described in which wrist flexion and finger extension is alternated with wrist and
metacarpophalangeal joint extension and finger interphalangeal joint flexion. Based on evidence
from basic science studies, the authors hypothesize that this new protocol will deliver more effective
proximal tension on the tendon repair than either passive flexion/active extension or synergistic
protocols, and may be useful in patients who are not ready for, or are not reliable with, active motion
or place and hold protocols. The scientific basis for these new methods is reviewed, and the concept
of the “safe zone” for tendon loading, in which tendon motion occurs without gapping of the repair
site, is developed.

It has become quite clear that tendon rehabilitation is a critical factor determining the quality
of the result after finger flexor tendon repair. Repair technique is important, but it is the way
in which the tendon is managed afterwards that determines the outcome. In animal models as
well as in humans, it is clear that immobilization results in a soundly healed tendon with
unacceptable motion, due to restrictive adhesions, while unrestrained normal motion nearly
always results in tendon rupture1-3 In between is an interesting realm of protected motion, in
which sound healing can occur in an environment that permits better final motion. The strength
of such tendons is even better that that seen in immobilized tendons,3-5 leading some to
speculate that tendon loading is beneficial, at some range below that experienced in full activity.
However, recent studies suggest strongly that it is motion, rather than loading, that is the key.
6,7 Tendons that move as they heal have better final motion and strength than those that don't
move, and the difference is not improved by adding loading over and above the amount needed
to initiate tendon gliding.

Based on the above understanding, recent research at Mayo Clinic has focused on methods to
improve tendon gliding while minimizing the forces involved. These have been of two types:
methods that create tendon repairs that are both strong and easy to mobilize, and methods to
improve the precise application of minimal forces that assure tendon motion. Both methods
are based in turn upon a clear understanding of tendon gliding, and the friction between tendon
and tendon sheath. These topics will be explored in turn in the sections that follow.
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TENDON FRICTION: WHAT IT IS, WHAT DETERMINES IT, AND HOW IT IS
MEASURED

There are no frictionless interfaces. Whenever two objects move past each other while
remaining in contact, energy is expended along the interface. In biologic tissues in which such
movement occurs, a specialized gliding surface develops and synovial fluid is present. It is
becoming clear that, whether the gliding is cartilage on cartilage or tendon on tendon sheath,
the basic biologic strategies are very similar. Specifically, the gliding surface in both cases
contains a fixed lubricating glycoprotein, called lubricin,8,9 in addition to the high-molecular-
weight glycoprotein, aggrecan, which tends to disperse the collagen fibrils and makes the
surface structure more resistant to compression10,11 This type of lubrication, called boundary
lubrication, is fundamentally different from the lubrication provided by an intervening fluid
film, which is called hydrodynamic lubrication9,12-14 Indeed, it may be that the synovial fluid,
comprised chiefly of hyaluronan, is more of a high viscosity nutrient delivery vehicle than a
lubricant.

Measuring tendon friction is relatively straightforward. If a tendon is sliding under a pulley
against a fixed load, then the force on the distal end of the tendon between the load and the
pulley is equal to the load, while on the other ( proximal) side of the pulley, the force on the
tendon (if it is moving) is equal to the load plus the friction, so is therefore a somewhat higher
value. By simply attaching load transducers to a tendon proximal and distal to a pulley or to
the entire pulley system, applying a fixed load, and moving the tendon, it is possible to measure
the frictional force (Figure 1).15,16

Normally, the friction between a human finger flexor tendon and its tendon sheath in the fingers
is very low—about 0.1 N, or 10 g force.16 This is the amount of tension that needs to be applied
to get the tendon to move, over and above the tension needed to counter the weight of the
moving part (a phalanx, finger, or hand, as the case may be). This frictional force would be
somewhat less at lower angles of tendon–pulley contact, and higher at greater angles, because
the frictional force is proportional to the load applied to the pulley, which increases as the arc
of contact increases. Thus, while the frictional coefficient (a property of the interacting
materials–in this case, the tendon and pulley) does not change, the total frictional force is greater
in a digit flexed, say 90 degrees at the proximal interphalangeal joint than it is in one flexed
30 degrees. To use scientific terms that can be compared to everyday use, the tendon gliding
surface in zone 2 has a coefficient of friction of about 0.03, not very different than metal on
ice (0.02), or cartilage on cartilage (roughly 0.01).16 After tendon repair, the force necessary
to overcome friction and move the tendon increases, to as much as 6 N, or about 600 g per
tendon, depending on the location of the laceration and the type of repair.17-23 Adhesions will
increase the resistance to tendon gliding even more.24-26 Gaps in the tendon also increase
friction. Small gaps of 1 mm or less have little effect, but gaps of 3 mm or more can completely
block tendon motion, beyond the limits of any repair strength.27-29

TENDON REPAIRS: OPTIMIZING STRENGTH AND MOTION
A typical two-strand tendon repair with a 4-0 core suture has a breaking strength of 20 to 30
N, which is to say a load of about 2 or 3 kg, or 5 to 7 pounds.17,21,30 Larger core sutures (3-0
instead of 4-0), locking loops at the suture corners, and multiple strands ( four, six, or eight)
can proportionately increase the initial strength of the repair, to as much as 70 N.21,31-33 This
still pales in comparison to the breaking strength of an intact tendon, which can exceed 1,000
N (at this point, the tendon usually breaks at the grips of whatever device is holding and
stretching it, so we don't know for sure—we have to extrapolate from the strength of partial
lacerations).34,35 But breaking strength is not the real measure of the quality of a tendon repair.
Before it breaks, the repair will gap. And a gapped repair will trigger and block motion.36,
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37 Moreover, as noted above, gapped tendons are more likely to have increased friction and
thus poor clinical results, especially if the gap exceeds a threshold of 2 mm or so (Figure 2).

For most repairs, gaps begin to form at roughly two thirds the ultimate failure strength.17,21,
38,39 The gap resistance can be increased by a running peripheral “finishing” stitch, especially
if it is locked.40,41 Regardless, the point remains the same: the therapist should be aware not
only of the ultimate breaking strength of a repair, but also of the strength at which it gaps. One
final point about repair strength: the initial strength is as good as it gets for at least a month.
In vivo, repair strength at first drops a bit, probably related to ischemia and edema in the
repaired tendon. So when rehabilitating a tendon repair, it is important to remember that the
“textbook” failure strength needs to be cut by a third to account for gapping, and then dropped
maybe 10% or 20% more to account for tendon softening. Suddenly even a repair with a 70 N
(15 lb) breaking strength doesn't seem so strong!

What does friction have to do with all of this? For a tendon to move, the force on the tendon
must be greater than the sum of the forces opposing tendon motion. For normal active motion,
those opposing forces include, more or less in descending order: the weight of the part to be
moved (including any load, such as a tool or other object held by or attached to the part), the
stiffness of the joints within the moving part, and the friction of the tendon against the
surrounding tissues.37 Actually, for a normal finger flexor, only the first force is important;
normally, the friction of cartilage on cartilage or tendon on sheath is very low, so that the tendon
load is determined by the weight of the finger and anything it might be holding.

In an injured finger, everything changes, except perhaps the weight of the finger, which might
increase a little because of edema. However, joint stiffness, whether intrinsic or due to diffuse
swelling, becomes a major factor, and significant tendon forces become necessary to overcome
it. In addition, there are new sources of resistance to motion within the sheath: damage to the
gliding surfaces of tendon and sheath; disruption of the pulley system; the roughness of any
tendon repair, including irregularities at the repair site which might lead to triggering; and,
later, the effect of any adhesions. Suddenly the equation is much different, and the normal load
necessary to actively move a finger in vivo,42-45 usually on the order of 5 N for passive motion
and 15 to 30 N for unresisted active motion, suddenly is multiplied several fold. Is it any wonder
that even very strong tendon repairs may fail with early active motion?

An understanding of the concepts of gliding resistance, gapping and tendon repair mechanics
leads to an appreciation of the “safe zone”—the range of applied tendon loads large enough to
induce tendon motion, yet small enough to avoid creation of a repair site gap or tendon rupture
(Figure 3). For weak repairs with high friction, there may be no safe zone—the load needed to
induce motion exceeds the gap resistance of the repair. For others, the zone may be quite
narrow- a small range of acceptable loads within which the tendon moves, but beyond which
gapping or failure of the repair occurs.

What can be done to improve the situation? Surgeons have several factors under their control.
Careful tissue handling and accurate repair of joint and soft-tissue injury can minimize edema
and the limitations due to joint irregularity. These will reduce the load needed to get the tendon
moving. More importantly, a tendon repair can be chosen not only for its strength, but also for
its gliding ability (Figure 4).17,19,21 This, too, can have a large effect on the load needed to
initiate tendon motion.

It is now clear that tendon repairs can be strong or weak, rough or smooth, and those aspects
can be separately controlled. Not only that; they can be taught, by providing feedback on
friction and breaking strength in cadaver repairs, so that even a new trainee's clinical repairs
can be as technically perfect as a senior consultant's (we are currently using this teaching
method at the Mayo Clinic). Factors that affect a tendon repair's strength relate to the suture
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caliber (3-0 is better than 4-0, for example), the number of suture strands crossing the repair
site ( four is better than two), and the type of suture loops used to hold the tendon on either
side (locking is best).17,46 Factors that affect a tendon repair's smoothness relate to the
roughness of the suture material (monofilament [Nylon, Prolene] and coated [Ethibond, Ticron]
sutures are better than braided [Mersilene, Vicryl] ones) and the roughness of repair
( proportional to the number and size of knots and suture loops on the tendon surface).23 By
designing a repair with larger, smoother suture, and buried locking loops and knots, a strong
repair can be created with friction minimized. We have found in our laboratory that a doubled
modified Kessler repair with locking loops fits this bill nicely.17 Other repairs, such as the
Savage, Lee, double Tsuge, and MGH, are similarly strong, but extract a higher price in terms
of friction. And this is not just a theoretical advantage: in vivo animal studies have shown that
higher-friction repairs result in more adhesions, and are more likely to abrade the undersurface
of the pulley than lower-friction repairs.25

One final issue regarding repair deserves some comment. A repair should be strong and smooth;
it should also, at a minimum, not interfere with the healing process (repairs that might actually
augment healing will be discussed later). Repairs made of resorbable suture or allogeneic or
xenogeneic substances can induce an inflammatory foreign body reaction that adversely affects
the tendon healing process. Repairs comprised of or augmented by rigid implants also have
the potential to interfere with tendon healing or tendon gliding, if they are large enough to
occlude the contact surface between the cut tendon ends, or physically block tendon motion.

TENDON REHABILITATION: CAN WE FINE TUNE OUR PROTOCOLS ANY
BETTER?

The goal of tendon repair and rehabilitation is to achieve a normally gliding and functioning
tendon. This in turn has two interrelated requirements: a repair strong enough not to break
during rehabilitation, and a rehabilitation method that achieves tendon motion while respecting
the mechanical limits of the chosen repair technique. As noted above, the in vitro breaking
strength of a repair is not the key strength measure; instead, the most important parameter is
the load at which gaps appear in vivo, usually about two thirds of the in vitro breaking strength,
or even less in some repair configurations. Rehabilitation methods must respect this upper limit
of load, and yet devise a way of achieving tendon motion. All this must be considered in the
context of a damaged tendon sheath and the fact that a postinjury, postoperative digit is likely
to be stiffer than a normal one, especially in the critical first few days after surgery; therefore,
the tension requirements to induce tendon motion are likely to be much higher than normal. In
essence, in the early postoperative period, the safe zone narrows dramatically, with both a rising
of the lower threshold, gliding resistance, and a lowering of the upper threshold, effective repair
strength.

Groth47 has outlined a very useful hierarchy of tendon rehabilitation that takes into
consideration the progressive strengthening of a tendon repair over time (i.e., a raising of the
upper limit of the safe zone), and strives to match the rehabilitation method to the specific
phase of tendon healing. The result is a graded program of passive to active therapy that is both
logical and effective. Shortly after tendon repair, there is no tendon healing, so the surgical
repair must stand on its own in keeping the tendons ends approximated. At the same time, the
digit is likely to be stiff and swollen. Active motion would require strong loading, to overcome
the digit stiffness at a time when the repair is at its weakest. Therefore, the principle here is to
use passive motion to overcome the stiffness in the first few days after tendon repair, with place
and hold tendon loading being added once full passive motion is achieved, to achieve tendon
gliding. Active exercise is deferred until some tendon healing has occurred. Factors affecting
the success of such a program include the initial strength of the repair (even light active motion
involves significant loading) and the ability of the patient to understand and cooperate with the
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program (the amount of muscle contraction applied to the holding phase). This latter factor has
another interesting dimension: De Jong et al.48 have shown that a change in the central
neuromotor control of finger motion occurs very early in the tendon healing process, a change
that may make active exercise less predictable in the postoperative setting than it would be in
the absence of tendon injury.

Passive motion is useful not only because it mobilizes joints, but also because it has the potential
to mobilize the tendon. It is quite clear that passive extension of the finger and wrist can pull
a flexor tendon to its most distal position, and that this effect can be graded by the amount of
extension provided. This phenomenon is incorporated into every tendon rehabilitation
program, whether of the fully passive Duran type, of the active extension/passive flexion
Kleinert type, or of fully active protocols. What is less clear is to what extent passive flexion
can achieve that the tendon is moved to its most proximal position by such measures. Recent
work suggests that the proximally directed tendon force applied with simple passive finger
flexion with the wrist flexed is minimal,49 and that it is not increased by adding synergistic
wrist extension.50 In normal tendons, with a normally lubricated sheath, this minimal load can
overcome their very low gliding resistance, so that tendon motion occurs. In essence, a low
load strategy is likely to fit nicely in the safe zone, above the minimum threshold of gliding
resistance, so motion occurs, and well below any load that would risk tendon injury. In the
scenario of an injured tendon and sheath, with the added friction of the laceration and tendon
repair, and in the face of an injured sheath, the safe zone is altered, and it is unlikely that the
new, higher threshold of friction can be overcome by simple passive finger flexion. There is,
however, a middle ground between passive exercise, which is likely to fail to cross the threshold
for tendon gliding, and active exercise, which may exceed the threshold of repair gap strength.
If passive metacarpophalangeal joint extension is combined with passive wrist extension and
passive interphalangeal joint flexion, roughly 100 to 150 g proximally directed force can be
generated. This should be enough to overcome the higher gliding resistance of most tendon
repairs, while remaining well below the gap threshold. We are currently incorporating this
modified synergistic protocol in our tendon rehabilitation programs at Mayo Clinic, as a bridge
between passive flexion and place and hold exercise (Figure 5).

When should tendon rehabilitation begin? While there has been a trend for an earlier and earlier
start to passive mobilization after tendon repair, the question arises as to whether early motion
can ever be too early. Several studies have shown that this is indeed the case, at least in animal
models.18,51 Starting passive motion therapy the day after surgery certainly does not help,
and may in fact hurt the final result. In the first few days after surgery, the gliding resistance
is high. Very early motion, starting the day after surgery, can be associated with an increased
risk of adhesion formation. This is probably because such therapy can provoke fresh bleeding
within the already traumatized digit. In contrast, if the digit is immobilized for a few days after
surgery, the digit stiffness and the friction between tendon and sheath fall in the first five days
after surgery. In essence, by waiting, the safe zone widens as the upper limit of repair breaking
strength remains unchanged, while the lower threshold of gliding resistance drops. If
immobilization continues, the gliding resistance rises again and the safe zone once again
narrows, suggesting that waiting beyond this period may also promote the development of
adhesions. It seems better, therefore, to wait several days (three to five), but not as long as a
week, for the postoperative thrombus to mature and for the gliding environment to improve
before starting rehabilitation.

WHAT THE FUTURE HOLDS: ENHANCED HEALING, ENGINEERED REPAIRS
AND GLIDING SURFACES

It is clear that we have come a long way in tendon surgery and rehabilitation in the last 50
years. When Sterling Bunnel wrote the first edition of his landmark text, Surgery of the
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Hand, in 1943, the outlook for a patient with a lacerated flexor tendon in zone 2, then commonly
called “no man's land,” was not good. At best, about half of normal motion might be restored
by a delayed primary graft, which might oblige the patient to spend six months or more in
rehabilitation. At worst, the resulting stiff finger might be amputated to improve function of
the remaining uninjured digit. Today, we can predictably restore 80% or more of normal motion
with a primary repair, with rehabilitation usually completed in two or three months. But we
did not quite move from no man's land to the promised land. The final result is still rarely a
restoration of normal motion of the finger and function of the hand, and failures still occur,
more likely due to ruptures rather than to adhesions. We are probably close to the end of the
road when it comes to further improvements in repair techniques and rehabilitation methods.
What might the next breakthrough be?

Stimulation of tendon repair has been a topic of research already for many years. The possibility
of using growth factors to speed healing is a common theme applied to all types of wound
healing. Some preliminary research looked at the possibility of using gene therapy to administer
growth factors to the healing tendon.52-57 Such methods may someday shorten the time from
injury to the recovery of full tensile strength of the tendon, and permit an earlier return to work
for patients after surgical repairs of tendon injuries.

Growth factors are not likely to work fast enough, though, to allow more vigorous rehabilitation
in the critical fist days after tendon repair. It may be possible, however, to use tissue-
engineering techniques to reinforce the strength of repairs in the critical early days. For
example, the grasp of a suture in a tendon can be augmented by engineering the stiffness of
the suture–tendon interface, with agents that increase the crosslinking of collagen specifically
for those fibers in contact with the suture. Of course, the reaction must be carefully controlled
(otherwise, there is the risk of turning a rope into a pencil!), but theoretically at least it seems
possible to strengthen the suture–tendon interface. Perhaps more interesting is the possibility
of engineering the tendon gliding surface to minimize the force requirements for tendon gliding
and optimize the interface surface by minimizing the development of adhesions. If a repaired
tendon could have a gliding resistance similar to that of a normal tendon, then even simple
passive therapy would reliably induce good tendon gliding. A fully functional gliding surface
would also be likely to be resistant to the development of adhesions, which typically form in
areas where the gliding surface has been damaged. Preliminary studies have shown that it is
possible to transfect tendon cells with the gene hyaluronan synthase, and that such cells do
synthesize hyaluronic acid. In addition, it is possible to use tissue engineering techniques to
affix hyaluronic acid, and, potentially, lubricants such as lubricin to the tendon surface.58 In
the past, clinicians and researchers have tried simply bathing repaired tendons in lubricating
solutions,59-62 but the results have not been consistent. It is likely that free lubricant is rapidly
catabolized. Fixing lubricant to the tendon surface not only replicates the normal condition of
boundary lubrication, but is also more likely to inhibit enzymatic breakdown or mechanical
dispersion of the lubricant during the important early days of tendon rehabilitation.
Experiments to study the effect of tissue engineering the surface of experimental tendon grafts
are already underway, and show that gliding can be improved and adhesions reduced during
the healing period by this approach. Studies of a tissue-engineered experimental tendon repair
will begin shortly.

CONCLUSION
The friction between tendon and sheath is an important factor affecting the risk of tendon
rupture and the development of tendon adhesions after tendon injury and repair. An increase
in surface friction will increase the load placed on the repair site of the tendon during motion,
and may also increase the formation of adhesions. Currently, it is possible to devise methods
of tendon suture and rehabilitation that minimize friction and maximize gliding within a “safe
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load zone” allowing tendon motion while avoiding gapping or outright failure of the repair.
This concept of a safe zone is useful to consider when approaching the injured tendon, as the
surgeon and therapist each can use methods to lower the lower limit of the safe zone by
minimizing gliding resistance, which raises the upper limit, ensuring a strong repair. The safe
zone is a dynamic range; it will narrow and widen as tendon healing proceeds. In the future,
biologic solutions, including gene therapy, may speed tendon healing, thus further raising the
upper threshold of the safe zone, while tissue-engineering strategies may offer new possibilities
to improve the gliding surface and thereby further lower the lower threshold (Figure 6).
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FIGURE 1.
Tendon friction testing device. In this example, the proximal phalanx and its attached A2 pulley
are mounted in the center, and the FDP tendon is passing through the pulley at a proximal angle
of 30 degrees and a distal angle of 20 degrees. Force transducers are attached to the proximal
and distal ends of the tendon. Proximal transducer F2 is attached to a mechanical actuator,
which can pull the tendon proximally or release it to move distally, under the influence of a
distal load. Distal transducer F1 is attached between the tendon and the load. When the tendon
is moved toward the actuator, the force recorded at F1 is equal to the load, and the force at F2
is equal to the load plus the friction force.
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FIGURE 2.
Gapped tendon caught on the pulley edge.
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FIGURE 3.
The safe zone for a typical four-strand repair with a 40-N (9-lb) breaking strength is actually
within a much smaller range, perhaps between 5 and 10 N (1-2 lb).
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FIGURE 4.
Examples of repairs resulting high and low friction between adjacent surfaces.
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FIGURE 5.
Modified synergistic early motion protocol. A: extension phase; B: flexion phase.
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FIGURE 6.
An expanded safe zone.
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