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T he wound healing process of tendon has been 
the focus of intense basic science research for 

several decades. I-IS Predictably, our knowledge of 
this process will expand in the next decade as we 
study the role of growth factors, interleukin I, and 
other biochemical signals responsible for the intrinsic 
mechanism of tendon repair. 16- 20 The experimental 
research that compares the cellular and molecular 
activity of the repaired and immobilized tendon with 
that of the mobilized tendon has defined clinical 
application for hand surgeons and hand thera
pistS.2I- 28 

Many elegant studies have demonstrated the 
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ABSTRACT: This study defines precise parameters for tendon 
excursion, force application, and exercise pOSition for an early 
active short arc motion protocol for the repaired central slip. 
Recommended active excursion for the extensor digitorum com
munis (ED) in zone III is 3.75 mm during the early healing phase. 
Based on the radian concept, the proximal interphalangeal joint 
(PIP) is actively flexed and extended 28.65° (approximately 30°) or 
one-half radian to effect this tendon excursion. Resistance applied 
to the central slip with active extension from 30° to 0° is calculated 
mathematically at approximately 290 g of force. Tensile strengths 
for various repairs are reviewed to establish the safety margin 
between tensile strength of the repair site and force application . 
Force application for the active extension protocol is considered 
in terms of anatomic pOSition. The position of wrist flexion at 30° 
reduces ED work requirement 1) by reducing viscoelastic flexor 
forces and 2) through a contribution from the interossei. The 
position of MP at 0° 1) transmits extensor forces to the central slip 
and 2) reduces ED work requirement through lumbrical and in
terossei action. The distal interphalangeal joint (DIP) is unre
strained during PIP flexion to allow volar slide of the lateral bands. 
Isolated DIP exercises with the PIP held at 0° creates a distal glide 
of the ED in zone IV while reducing tensions in zone III through 
the action of the lateral bands. The short arc motion protocol as 
defined in this paper and supported by a companion clinical study 
is safe and physiologically desirable as determined by this study. 

positive influence of stress on healing tendon, with 
documented improvement in tensile strength, gliding 
properties, increased repair-site DNA, and acceler
ated changes in peritendinous vessel density and 
configuration. 5,29-41 Recent studies have demon
strated that early passive motion in a clinically rele
vant tendon repair model increases fibronectin 
concentration42 and fibroblast chemotaxis43 at the re
pair site. Fibronectin concentration in mobilized ten
don is directly related to fibroblast chemotaxis and 
was found to be twice that of immobilized tendon 
by seven days post repair. 42,43 These new findings 
support the work of Hitchcock et al. 35 and that of 
Freehan and Beauchene,29 which demonstrate the re
lationship of timing and motion to tendon wound 
activity and suggest that immediate or very early 
motion may actually eliminate the decrease in tensile 
strength noted postoperatively in the classic study 
by Mason and Allen. 44 

Gelberman and associates have demonstrated in 
a randomized clinical study that the duration of the 
daily controlled motion interval is a significant factor 
in the final outcome of zone II flexor tendon repair. 45 

Their conclusion that "more is better" may apply to 
all tendons treated with early motion. 
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The evolution of rehabilitation from immobili
zation to early passive motion and then to early active 
motion is a continuum, with each new study on ten
don healing, nutrition, excursion, repair, and reha
bilitation technique having as its goal the re-estab
lishment of functional tendon glide. 

In the clinical spectrum of tendon management, 
much of this basic science research has been applied 
to the flexor system, especially synovial tendon in 
zone II, where tendon glide is most difficult to re
establish (Fig. 1).21-27,45-50 

For some time, but with less clinical support and 
attention, the techniques of early motion have been 
applied to the extensor tendons in zones V, VI, and 
VII, with improved results (Fig. 2).50-61 

The concept of early motion for the repaired cen
tral slip in extensor zone III or its more proximal 
counterpart in zone IV, less well accepted and with 
less consistent success, has been described in the 
literature52,60,62 and through professional 
presentations63-68 for some time as well, but for the 
most part, tendon injuries in zones III and IV con
tinue to be treated by most clinicians with four to six 
weeks of immobilization. 69-78 

The vast bodies of research on the benefits of 
early motion and tendon healing have by and large 
not been applied to one of our most vexing and 
complex tendon management problems, the dorsal 
digital extensor system. 

Recently, early motion for extensor injuries at 
this level has received more attention. However, pro
tocols for splinting, exercise, and timing vary from 
study to study, as do methods of patient selection 
and results. Some clinicians report excellent re
sults,63-65,67 others report inconsistent results with 
early passive motion,52,60,62,68 but none have provided 
a clear definition of the force application or the ex-
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FIGURE 1. Flexor tendon zones as defined by the Committee 
on Tendon Injuries for the International Federation of the So
ciety for Surgery of the Hand. Reprinted with permission from: 
Kleinert HE, Schepel S, Cill T: Flexor tendon injuries. Surg Clin 
North Am 61:267-286,1981. 
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FIGURE 2. Extensor tendon zones as defined by the Com
mittee on Tendon Injuries for the International Federation of 
the Society for Surgery of the Hand. Reprinted with permission 
from: Kleinert HE, Schepel S, Cill T: Flexor tendon injuries. 
Surg Clin North Am 61:267-286,1981. 

cursion limits necessary to scientifically stress the 
repaired central slip. 

The purpose of this study is to provide a detailed 
analysis of the pertinent dynamic anatomy and the 
biomechanics and biochemistry of the proximal in
terphalangeal (PIP) joint in support of immediate ac
tive short arc motion following repair of the zone III 
extensor injury. This report defines safe parameters 
for tendon excursion and force application to assist 
the hand surgeon and hand therapist in the appli
cation of physiologic stress to the healing extensor 
tendon in zone III. 

This work is a companion study (part I) to a 
clinical study (part II) that reports statistically supe
rior results in terms of extensor lag, total active mo
tion, and treatment time for repaired central slip in
juries treated with immediate active short arc motion 
as compared with those treated with four to six weeks 
of immobilization (Table 1).79 

DEFINING THE PROBLEM 

The natural progression of the zone III extensor 
injury is well defined in the literature. 7o- 72,76,77,80-90 
Untreated, the lacerated middle band will retract, 
allowing the lateral bands to carry the full force of 
the extrinsic extensor tendon. The lateral bands mi
grate palmarwards, act as flexors of the PIP joint, 
and with an increase in effort to extend the proximal 
joint, actually hyperextend the distal interphalangeal 
(DIP) joint. The tendon and retinacular tissues tighten 
and accommodate to change in joint posture over 
time; both tendon and retinacular ligaments shorten 
and begin to resist even passive correction of the 
deformity. 91 

The acutely repaired central slip injury treated 
traditionally with four to six weeks of immobilization 



TABLE 1. Clinical Results of Open and Repaired Central Slip Injuries' 

Statistical Statistical 
GROUP It GROUP lIt Significance Significance (Chi 

(Immobilization) (SAM) (t Test) Square) 

Number of digits 38 26 
Age-mean 39.9 years 42.2 years > 0.5 NS 
Gender-male 86.8% 80.8% >0.5 NS 
Complex injuryt 76.3% 76.9% >0.5 NS 
Day motion initiated-mean 32.9 4.59 < 0.001 S 
Day injury to D/C§-mean 76.07 51.38 <0.001 S 
Proximal interphalangeal extension lag on 13° 3° < 0.01 S 

first motion day 
Proximal interphalangeal extension lag on 8.13° 2.96° < 0.01 S 

D/C day 
Proximal interphalangeal motion at 6 weeks 44° 88° < 0.001 S 
Proximal interphalangeal motion at D/C 72° 88° < 0.015 
Total active motion proximal and distal inter- 110.7" 131S < 0.01 S 

phalangeal at D/C 
Distal interphalangeal motion at D/C 37.63° 45° < 0.01 S 

"As analyzed by the Department of Orthopedics Medical Statistician, University of Miami. From: Evans RB: Early active short arc 
motion for the repaired central slip. Part II. Phoenix, AZ, American Society for Surgery of the Hand Scientific Session, November 14, 
1992. 

tGroup I was treated with 3-6 weeks of immobilization, group II with immediate active short arc motion (SAM) of 30°. 
tSimple injuries are defined as tendon or tendon with associated lateral band injuries; complex injuries as those central slip injuries 

with associated injury to bone, cartilage, or distal joint. 
§D/C = discharge day. 

is often compromised by problems of extensor ten
don lag, insufficient extensor tendon excursion, joint 
stiffness, and loss of flexion. Newport et al., in a 
recent report of long-term results of extensor tendon 
repair, found that extensor tendon injuries within 
the digit treated with immobilization had high per
centages of fair and poor results as compared with 
those of more proximal injuries, and that injuries in 
zones III and IV had higher percentages of resultant 
extensor lag (35%) and loss of flexion (71 % ).92 They 
note that there is little margin for adhesion formation 
or shortening of the extensor tendon on the dorsum 
of the digit if a reasonable result is to be obtained.92 
Verdan observed that extensor injury over the prox
imal phalanx produced the worst results77; Lovett 
and McCalla found the highest percentages of exten
sor lag in zones III and IV. 74 

The solution to the problem of the dorsal tendon 
injury is found in the definition of the problem. Clin
ical observation and literature review indicate that 
the following factors influence the final outcome of 
the acutely repaired and immobilized central slip in
jury: 1) the broad tendon-bone interface in zone IV; 
2) resting the tendon at functional length during im
mobilization; and 3) the effects of stress deprivation 
on the connective tissue (tendon, cartilage, ligament) 
of the PIP joint. 

The Broad Tendon-Bone Interface in Zone IV 

Brand et al. have observed that there is perhaps 
no other area in the human body with a ratio of 
tendon to bone as unfavorable as it is in the extensor 
zone IV. Brand credits this adverse ratio as a primary 
cause of surgical failures following attempts to free 
th~ dorsal expansion.91 This ratio of tendon-bone 
interface, combined with the intimacy of the peri-

osteum and the extensor tendon and the complex 
requirements of the extensor system on the dorsal 
aspect of the finger,76 yields functional problems as
sociated with adhesions. The problem of dorsal ten
don-to-bone adherence cannot be overstated and, al
though recognized as a problem by some 
clinicians,76,78,91,93 is probably not appreciated enough 
by hand therapists. 

Rothkopf and associates recently studied me
chanical trauma and immobilization in the canine 
flexor tendon model to study adhesion formation as
sociated with complex tendon injury.94 They define 
complex tendon injury as one associated with crush, 
concomitant nerve injury, or tendon injury treated 
with immobilization.94 Their experimental model 
demonstrated significant decreases in tendon excur
sions and an increase in work requirement to effect 
tendon excursion. While this experimental study was 
performed on an animal-model flexor tendon, it has 
implication for the extensor injury. We have all ob
served that the complex injury treated with immo
bilization can be expected to produce complications 
associated with increased fibroblastic response. Many 
authors have endorsed the use of early motion with 
the complex injury.55,57,58,95-97 

The companion study (part II) has demonstrated 
that a large percentage of central slip injuries (79.6% 
of 64 digits) are complex and that many have asso
ciated injury to adjacent soft tissue, the PIP joint, or 
the distal joint.79 Other clinicians have confirmed this 
finding. 76,78,92,93,98 

ConSidering these factors we may hypothesize 
that a major problem in mobilization of zone III ex
tensor tendon injury is tendon-to-bone adherence in 
zone IV. The immobilized repair in zone III devoid 
of the benefits of greater intrinsic healing and 
strengthening associated with early motion may at
tenuate or gap when motion is initiated at four to 
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FIGURE 3. Schematic drawing illustrat
ing the problem of tendon-to-bone adhe
sions following injury to the dorsal digital 
extensor mechanism. The broad tendon-bone 
interface in zone IV and the intimacy of peri
osteum and extensor tendon yield functional 
gliding problems in the zone III injury. The 
zone 1/1 portion of the tendon (the repaired 
central slip) may gap or attenuate in late 
mobilization programs because its more 
proximal segment is adherent and nonglid
ing. The increased resistance in zone IV in
creases force application in zone III and may 
exceed the tensile strength of the repair. fOe 
= extensor digitorum communis. 

Tendon Adherence in Zone Bl 

six weeks because its proximal segment in zone IV 
is adherent and nongliding (Fig. 3). This increased 
resistance or drag in zone IV elevates the extensor 
tension in zone III, which may exceed the tensile 
strength of the repair . We observe this clinically in 
the immobilized central slip that begins to lag in 
extension as flexion is gained with late mobilization 
programs. 

Resting the Tendon at Functional Length 
during Immobilization 

The anatomy of the PIP joint favors flexion. 99 
The normal resting position of the PIP joint is be
tween 30° and 40° flexion. 91 In this position the cen
tral slip, with a larger moment arm, and the lateral 
bands, with a small moment arm, are at equal ten
sions.94 An edematous joint associated with complex 
injury will posture in 30° to 40° as the joint will more 
comfortably accommodate the increased volume of 
edema in this position. Brand's schematic drawing 
of the effects of edema on the dorsal PIP joint and 
overlying skin (Fig. 4) helps us to visualize the effect 
of effusion or edema under the central slip, which 
could likely increase its moment arm and tension on 
the repair.81,91,93 

It is not uncommon for the immobilized central 
slip injury not followed in therapy until the late mo
bilization phase to have been splinted incorrectly in 
some flexion with a resultant extensor lag.79 Alu
mafoam splints with adhesive tape proximal and dis
tal to the PIP joint encourage swelling and allow the 
PIP joint to rest in flexion; finger casts that are not 
checked frequently allow the PIP joint to rest flexed 
as edema decreases, and in general we believe that 
unmonitored splinting is often ineffective. These clin
ical problems emphasize the importance of edema 
control and resting the PIP joint in the optimum 
position during periods of immobilization to avoid 
extensor lag. 
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We can conclude that the splint position neces
sary to prevent extensor lag is absolute 0° extension. 
This position brings the central slip proximal to its 
normal resting position and reduces tension at the 
repair site. 

Stress Deprivation 

Biochemical and biomechanical changes in im
mobilized connective tissue (tendon, ligament, and 
cartilage) have been studied primarily in the animal 
model in various joints. lOO The information gained 
from these experimental studies must be interpreted 
with caution as we attempt to alter clinical treatment 
based on basic science studies in a nonhuman model. 

Tendon. The negative effects of immobiliza
tion on tendon biochemistry are a loss of glycosa
minoglycan concentration, loss of water, decreased 
fibronectin concentration, and decreased endotenon 
healing.29,35,38,39,42,43,100 Biomechanically, the immo-
bilized tendon loses gliding function and tensile 
strength. 5,21-23,26-28,31,35-37,40,41,45,94, 100 

Ligament. Stress deprivation for ligament re
sults in alterations in collagen cross-linking synthesis 
and degradation as well as in loss of water and pro
teoglycan content. 101- lOB 

Nonligamentous injuries treated with immobili
zation can produce some ligament-length prob
lems.l09 There is some evidence that ligament struc
tures can shorten and limit joint motion. Dahners 
and Wilson have demonstrated that ligaments that 
no longer have tension applied to them actually 
shorten and are associated with the contractile pro· 
tein actin.llo.m 

Andriacchi et al., in a review of ligament injury 
and repair, postulate that immobilizing a joint alten 
the nutritional state of the tissues with loss of pump' 
ing action and may also decrease the normal stress· 



FIGURE 4. Schematic drawing by Brand illustrating the 
effects of a 5-mm increase in the diameter of a finger 
from edema and its effect on the dorsal skin. A and B 
dorsal skin requires 12 mm of lengthening for 900 of 
flexion. C and D, with 5-mm thickness of edema, skin 
requires 19 mm of lengthening for 900 of flexion. E, with 
continuing torque, slowly applied, the edema fluid moves 
around, permitting the skin to cross closer to the joint 
axis and require less stretch. This illustration will help 
the reader to visualize the effects of protein and cellular 
edema that may collect under the central slip, which 
would increase the moment arm of the tendon and pos
sibly contribute to attenuation of the repair or a resting 
posture of slight flexion. Reprinted with permission from: 
Brand PW: Clinical Mechanics of the Hand. St. Louis, 
C. V. Mosby, 1985, p. 79. 

generated electrical potentials in the dense connec
tive tissue of ligament. They postulate that this could 
be misinterpreted by the fibroblast as a signal to de
grade the older collagen molecules and synthesize 
newer, shorter collagen molecules, which will shorten 
the ligament structure. 109 

Cartilage. Joint motion is important to main
taining articular cartilage homeostasis. The sub
stances required by the chondrocytes for normal me
tabolism are derived from synovial fluid. ll2 The 
transport of these nutrients through cartilage occurs 
by convection, diffusion, or both. The combination 
of motion and joint loading is essential to effective 
convection and thus nutrient transport. ll2 Applied 
load and motion are important to water movement 
in the cartilage, joint lubrication, mechanical behav
ior, and cartilage surface deformation. u2- u6 Thus, 
joint immobilization decreases nutrient transport for 
cartilage. 

Prolonged immobilization will result in de
creased mechanical properties, disorganized ultra
structure, and the biochemical alterations in glycos
aminoglycans and water content noted in 
ligament. 103,105 

Buckwalter et al. described the complex process 
of cartilage repair and noted that a program of con-

(c) 

(a) 

trolled motion is instrumental in this process. ll7 Joint 
and cartilage are violated in a significant number of 
central slip injuries and do not tolerate total immo
bilization well. 79 

DePalma and associates described the beneficial 
effects of early motion and weight bearing on the 
repair of full-thickness cartilage defects.u8 Salter and 
associates have studied the benefits of continuous 
passive motion (CPM) on healing rabbit cartilage. 
They found that in cases where defects 1 mm in 
diameter penetrated subchondral bone, the tissues 
treated with CPM produced a tissue that histochem
ically and morphologically resembled hyaline carti
lage.u9-12o The relationship of motion and cartilage 
metabolism cannot be ignored. 

Guidelines for tendon excursion and force ap
plication are proposed based on this assessment of 
the problems associated with immobilization of the 
repaired central slip and consideration of the bio
chemical and biomechanical benefits of immediate 
controlled stress. 

THE CALCULATION OF EXCURSION AND 
FORCE APPLICATION 

The question as we apply stress to a healing 
tendon in any zone is the same. What is the physi-
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ologic tension required by the healing tendon to stim
ulate increased cellular activity, maintain functional 
gliding, yet prevent gapping, elongation, or rupture 
at the repair site? 

Excursion 

The excursion necessary to maintain functional 
glide and stimulate cellular activity may be in the 
range of 3 to 5 mm. Duran and Houser recommended 
this excursion range for the flexor tendons in the 
digital sheath and felt that 3 to 5 mm is sufficient to 
prevent dense adhesions.21 Gelberman et a1. suggest 
that 3 to 4 mm of excursion is necessary to stimulate 
the intrinsic repair process without creating signifi
cant repair-site deformation with flexor tendons. 33 

Early motion allowing 5 mm of excursion has proven 
to be successful with extensor tendon repairs in zones 
VI VI, and VII.55,57,58 Excursion measurements of the 
central extensor tendon in the literature are variable 
and dependent on the method of study. Bunnell cal
culated the extensor digitorum communis excursions 
at the PIP joint in a cadaver hand with the wrist 
neutral to be 2 mm for the index finger, 3 mm middle, 
3 mm ring, and 2 mm small. 80 In other cadaveric 
studies, Tubiana89 cites 8 mm excursion, Valentine121 
7-8 mm, and Zancolli90 6 mm; DeVoll and Saldana 
have reported excursions of the central slip of up to 
5 mm. 122 

An et a1. calculated tendon excursion and the 
moment arm of cadaver index finger joints during 
rotation and found that excursion and joint displace
ment were not always linearY3 Excursion of the ex
tensor digitorum at the PIP level with a mean motion 
of 89S was 5.58 mm.123 Micks and Reswick deter
mined that the extensor moment arm at the PIP is 
not constant and increases with the position of flex
ion. 124 

Elliot and McGrouther investigated the mathe
matical relationship between extensor tendon excur
sion and joint motion in seven cadaver hands and 
found this relationship to be linear for all joints in 
all five rays of the hand. 125 They found that the ex
cursion of the middle slip over the proximal phalanx 
is in effect the excursion of the extensor digitorum 
that accompanies PIP joint movement. l25 They cal
culate excursion per 10° for each joint with all other 
joints immobile and all surrounding structures re
leased. The mean motion per 10° was 0.8 mm for the 
index, middle, and ring PIP joints and 0.6 mm for 
the small PIP joint. This would translate to 2.4 mm 
of excursion for the index, middle, and ring fingers 
per 30° of PIP motion and 1.8 mm of excursion for 
the small finger. Their findings are contrary to those 
of An et a1. 123 and Micks and Reswick. 124 

For the purposes of this study we examine ex
cursion of the extensor digitorum at the PIP joint 
mathematically utilizing the radian concept as de
scribed by Brand81 (Fig. 5). Biomechanically the ex
cursion of the extensor tendon at the level of the PIP 
joint is proportional to angular changes of the joint. 80 
Brand found the moment arm of the extensor tendon 
to be fairly constant at this level, unchanging with 
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fiGURE 5. A radian is a unit of angular motion that can 
define joint motion and tendon excursion in relation to the 
moment arm of the joint in question. It is the angle formed 
when the radius of a circle (AB) is laid along the circumference 
of a circle (BC) and the two ends ( B and C) are joined to the 
center (A) of the circle. This angle (1: BAC) equals 57.29°, or 
one radian . 

motion, and developed an equation to describe the 
relationship between joint motion and tendon ex
cursion.81 

Brand has calculated the mean moment arm for 
the extensor tendon of the middle finger PIP joint to 
be 7.5 mm.81 Utilizing the radian concept, if the PIP 
joint is moved through an angular rotation of one 
radian or 57.29°, the central slip excursion is equal 
to the moment arm of the tendon, or 7.5 mm. To 
obtain the physiologic excursion necessary for the 
early motion program (based on recommended ex
cursions between 3 and 5 mm as noted by Duran 
and Houser1 and Gelberman et a1.33), the joint is 
moved through one-half radian, or 28.65°, to obtain 
an excursion of 3.75 mm (Fig. 6). 

As joint size varies so will the excursion to some 
degree, but it is the constant relationship of moment 
arm to tendon excursion that makes this equation 
workable. Clinically, it has been demonstrated that 
30° of active motion the first two postoperative weeks 
progressing to 40° the third postoperative week will 
prevent restrictive adhesions in zones III and IV with
out creating repair-site elongation?9 

It is important to remember that cadaveric stud
ies and mathematical equations are finite and do not 
factor biology. There is no study that describes ex
tensor digitorum communis excursion in zones III 
and IV following repair in vivo to give us accurate 
excursion measurements. 

Force Application 

Force application must be calculated as the sum 
of muscle contraction and viscoelastic drag of the 
tissues. Viscoelastic drag is the sum of the antago
nistic muscle tension, resistance from the periartic
ular support systems, edema, and adhesion . Resis
tance from Coban wraps or bandaging also must b e 
considered as an increased force application in early 
active motion programs. A safety margin must bE 



Central Slip Excursion Calculated By Radians 

- --------------------~~~ 

FIGURE 6. Excursion of the central 
slip (zone 1/1) as calculated by radians. 
AB = the moment arm of the central 
slip. Angle BAC = Y2 radian, or 28.64°. 
If the proximal interphalangeal joint 
is moved through 1f2 radian, the cen
tral slip excursion will equal 1f2 the 
moment arm, or 3.75 mm. The av
erage moment arm of the middle fin
ger central slip = 7.5 mm as mea
sured by Brand. 

Ali a Moment Arm = 75mm 
.. BAC = .. DAE = 28 64' = 1/2 Radian 
Tendon Excursion Be = 3 75 nvn 

established in which the force application (or the 
stress applied to the tendon) is less than the tensile 
strength of the tendon with all early motion pro
grams. 

Tensile Strength of the Repair. The tensile 
strength of the freshly sutured tendon is dependent 
on the strength of the suture material, the grasping 
power of the suture method or suture technique, and 
the balance between the strands and the knot.126-130 
A number of authors have investigated the mechan
ical strengths of tendon repair techniques and suture 
materials,126-141 and suture techniques that are de
signed to allow active motion have been de
scribed.13o,142-148 Strickland has stated that the gen
eral consensus among hand surgeons is that to date 
we have no suture technique that will allow early 
active motion. 27 The problem here lies in the defi
nition of active motion. 

The results of these studies on tensile strength 
were reviewed as a part of this investigation to de
termine the amount of force application that extensor 
tendon repairs in the digits would tolerate. These 
reports calculate tensile strength both in newtons and 
grams (1 kg = 9.8 N, or 1 g = 0.01 N). 

Urbaniak et al. studied eight different tendon 
anastomoses in digital flexor tendons of adult dogs. 129 
They divided these repairs into three groups: 1) su
ture that applied a shearing force to tendon ends 
parallel to collagen bundles, 2) suture that applied 
an oblique or transverse compression force on the 
tendon, and 3) suture that was perpendicular to both 
the collagen bundles of the tendon and the stress 
applied to the repair. They compared tensile strengths 
initially and during healing in the dog model and 
then measured tensile forces on intact human ten
dons in vivo. 129 

{Qlflt.. A\"US.N M ... ,c.. .. L -rLL"''i'''''A..'CI.,J ~. I'.J(.... 

d. F.~ eM <,-tj;.,J 

Group I, with the shearing force parallel to the 
collagen bundles, experienced very weak repairs. The 
interrupted circumferential sutures demonstrated a 
tensile strength of 1,683 g, the Nicoladoni repair 2,683 
g, and the side-to-side anastomosis 3,230 g, The de
gree of weakening was evaluated and the Nicoladoni 
repair was the lowest at all times, falling to 560 g at 
five days postoperative. 

In group II the Bunnell measured 3,930 g ini
tially, dropping to 630 g five days postoperative; the 
Kessler repair 3,970 g, dropping to 1,830 g; and the 
Mason-Allen 4,030 g. 

In group III the fishmouth (4,055 g) and the end
weave (6,430 g) were the strongest, but these repairs 
are usually reserved for tendon transfers where bulk 
of the repair is not an issue. 

Measurement of the forces in intact human dig
ital flexor tendons revealed that the stress of passive 
flexion-extension ranged from 200 to 300 g, flexion 
against mild resistance 900 g, and flexion against 
moderate resistance 1,500 g.129 

Haddad et al. measured the force required to 
create 1 mm gap at 3.0 N (300 g) for modified Kessler, 
5.3 N (530 g) for the Bunnell suture, and 4 N (400 g) 
for his Looped suture repair. The mean breaking 
force with braided nylon for the modified Kessler 
was 14.4 N (1,440 g), Bunnell 28.07 N (2,807 g), and 
Looped suture 24.5 N (2,450 g).126 

Robertson and Al-Qattan, in an in-vitro study 
on fresh porcine tendon repaired with 3/0 monofil
ament polypropylene, measured the gap-producing 
force and mean breaking force on three repair tech
niques: the modified Kessler, Strickland, and their 
proposed new interlock suture technique. The gap
producing force was 22.4 N (2,240 g) for modified 
Kessler, 16.7 N (1,670 g) for Strickland, and 46.2 N 
(4,620 g) for the interlock technique. Gap size is not 
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clearly defined in this study. Breaking force was 34.9 
N (3,490 g) modified Kessler, 30.4 N (3,040 g) Strick
land, and 51.6 N (5,160 g) interlock technique. 138 

Newport et al. recently reported the biomechan
ical characteristics of extensor tendon suture tech
niques with measurements at 2 mm gapping and at 
failure. The mattress suture gapped 2 mm at 488 g, 
failed at 840 g; figure of eight gapped at 587 g, failed 
at 696 g; Kessler gapped at 1,353 g, failed at 1,830 g; 
and Bunnell gapped at 1,425 g, failed at 1,985 g.149 

Analyzing Resistance Applied to the Central Slip 
with Active Motion of 30° to Zero. An analysis of 
joint angle versus tendon force for the PIP joint was 
calculated mathematically. This simple model as
sumes that the flexors are inhibited and exert no 
active torque on the PIP joint. In this model, the only 
torques on the joint are due to the weight of the 
finger, the tension in the central extensor tendon, 
and an elastic torque arising from compression/ten
sion of the surrounding tissues. A constant moment 
arm is .assumed based on the work of Brand, and 
the finger is modeled as a simple weight acting 
downward at the center of mass (Fig. 7). From these 
assumptions, an equation for the tendon force, F, as 
a function of the flexion angle, e, is expressed by the 
formula: 

IIpR2H2 I k(e eo) I 
F = 2r cos e + '--'---r---'---' (1) 

Where: 
p tissue density = 1.0 g/cm3 
r finger radius = 1.0 cm 
h finger length = 3.0 cm 
k elastic modulus = 15 g-cm/degree 
r = moment arm = 0.75 cm or 7.5 mm 
eo resting angle = 30° 

The elastic torque modulus, k, was measured by 
Llorens150 using a computer-controlled joint-torque
measuring device. His results showed an average 
elastic modulus of k = 15 g-cm/degrees over a large 
number of normal subjects. 

The resulting tendon force variation with flexion 
angle of the PIP joint is shown in Figure 8. Note that 

FIGURE 7. A schematic drawing of the finger model. The 
finger is modeled as a simple weight acting downward at the 
center of mass. PIP = proximal interphalangeal; F = tendon 
force; r = finger radius; h = finger length; W = finger weight. 
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FIGURE 8. Proximal interphalangeal (PIP) tendon force ver
sus gravity for moment arm, r = 0.75 cm. A = full extension 
(zero flexion angle) of the PIP joint; B = rest position of the 
PIP joint. 

the position B is the rest position of the PIP joint and 
the torque at this position is zero. The force analysis, 
with and without gravity, effects predicted tendon 
forces that are 291 g and 286 g of force, respectively. 
Because the effects of gravity are minimal, the force 
at zero flexion angle (point A) is shown as 290 g. A 
half-radian of angulation at the PIP joint would pro
duce a tension excursion of r/2 = 3.75 mm. 

The largest of the caveats associated with this 
analysis are enumerated as follows: 1) Edema and 
inflammatory swelling will undoubtedly increase the 
elastic modulus k, producing a greater tendon force. 
It would not be unexpected to see a doubling of this 
force. 2) If the rest position of the finger is dramat
ically altered by surgery through alteration of either 
extensor or flexor length, the analytic prediction of 
the maximum force in equation 1 would be modified 
by the new resting angle eo. Generally, this equation 
predicts that a decrease in resting flexion angle would 
diminish the maximal force needed to achieve a fully 
extended PIP joint (zero flexion angle). 

Therefore, from this study we conclude that ac
tive extension of the central slip with flexor forces 
diminished from the 30° resting position to 0° exten
sion would result in a force application in the neigh
borhood of 286 g to 291 g to the healing tendon. 

ANATOMIC CONSIDERATIONS FOR THE 
EARLY ACTIVE SHORT ARC 
MOTION PROTOCOL 

Anatomic description of the entire digital ex
tensor mechanism is beyond the scope of this 
paper and is available through literature re
view.69-71,73,76, 78,82,84-86,88-90,121,151-156 

A review of the anatomy and biomechanics of 
the PIP joint and its ligamentous support will provide 
a clear understanding of the delicate gliding require
ments of the accessory collateral ligaments, proper 
collateral ligaments, volar plate, superficialis tendon, 
lateral bands, and oblique ligaments; all of which are 
affected by immobilization protocOIS.157-162 



The action of the middle or central extensor ten
don, which inserts on the base of the middle phalanx, 
functions in some regard to extend all three pha
langes. It extends the middle phalanx on which it 
inserts except when the metacarpophalangeal (MP) 
joint is in hyperextension; it contributes to extension 
of the proximal phalanx when the PIP joint is flexed; 
and it contributes to distal joint extension through 
the coordinating action of the oblique retinacular lig
ament. 121 ,163 

Tubiana makes the point that the coordination 
of motions in the hand is dependent on active and 
passive factors of the more proximal joints. The pas
sive factors include the restraining action of the lig
aments and muscular viscoelasticity, and the active 
factors include the dynamic balance between the an
tagonistic muscles. 163 

Littler and Thompson emphasize how exquis
itely sensitive interphalangeal (IP) joint movement is 
to alterations in the gliding and elastic characteristics 
of the surrounding soft-tissue components. 88 

It is the intent of this section of our report to 
consider the effect of joint positional changes and the 
dynamic anatomy of the surrounding tissues to ex
tensor tendon gliding and work requirement. This 
section establishes the rationale for joint position with 
the short arc motion protocol. 

The recommended protocol for early active short 
arc motion is simple. The involved digit is exercised 
within 24 hours postoperative with controlled active 
exercise that allows the PIP joint to flex to 30° and 
actively extend to 0° extension. The wrist is posi
tioned in 30° flexion and the MP joint in 0° extension 
or 5° to 10° flexion during PIP exercise. The distal 
joint is unrestrained during PIP joint flexion exercise. 

If the lateral bands were not repaired, the PIP 
joint is then manually held at 0° extension and the 
distal joint is flexed independently. Exercises are per
formed frequently, hourly if possible. Between con
trolled exercise sessions the PIP and DIP joints are 
immobilized at absolute 0° and a volar static digital 
thermoplastic splint is taped down directly over the 
PIP joint. Wrist and MP joint immobilization is not 
recommended. 79 

The Significance of Wrist Position 

The position of the wrist during splinting and 
the concept of wrist tenodesis exercises as they affect 
excursions for flexor tendon repairsl64 and extensor 
tendon repairs165 have recently been studied. The 
extrinsic tendons have the greatest moment arm, thus 
the greatest excursion at the wrist joint. 81 Wrist po
sition influences tension in the extrinsic tendons of 
the digits due to the viscoelasticity of the antagonist 
muscle-tendon unit. 81,163,166,167 Passive tension is 
minimal when the muscle is short and increases as 
the muscle lengthens. 167 

Wrist Flexion. The movements of wrist flexion 
and finger extension are synergistic; finger extension 
is effectively increased as the wrist flexes. 7o The po
sition of wrist flexion reduces the force of the digital 

extrinsic flexors. 166 While this position may increase 
passive tension in the extensor system as the muscle
tendon unit lengthens,167 the actual force required 
of the extensor communis to extend the digital joints 
is reduced by the reduction of viscoelastic flexor 
forces. 167 

The action of the interossei muscles with the 
wrist flexed may further reduce work requirements 
of the digital extensor mechanism in active extension 
of the IP joints. Close and Kidd have concluded that 
the interossei do contract in extension even when no 
resistance is applied if: 1) all the fingers are extended 
simultaneously or 2) the finger is extended with the 
wrist flexed. 168 

Wrist Extension. Active wrist extension is syn
ergistic with finger flexion. With the digital splint 
taped in place between exercise sessions, unrestricted 
motion takes place in the wrist and MP joint. As the 
wrist extends, the MP joint will flex due to the vis
coelasticity of the flexors. The sagittal bands glide 
distally with MP flexion, actually reducing tension 
on the central slip.90 Tubiana states that the move
ments of the phalanges can be independent of wrist 
position through the action of the interossei. 163 

Unrestricted motion for the wrist and MP joint 
with the PIP and DIP joints splinted in extension has 
not been a problem clinically. 79 The recommended 
position for the wrist with the short arc motion pro
tocol is 30° flexion during PIP exercise. This position 
reduces flexor resistance, facilitates interossei func
tion to extend the PIP, and thus reduces work re
quirement of the extensor digitorum (ED) with active 
extension of the PIP joint. 

The Significance of the Metacarpophalangeal 
Joint 

Metacarpophalangeal joint positional changes 
from complete extension to complete flexion glide 
the sagittal bands and interosseous hood proximal 
and distal by 16 mm121 to 20 mm.90 

Metacarpophalangeal Joint Flexion. As the sag
ittal bands glide distally with MP joint flexion the ED 
is able to transmit virtually no force distal to the MP 
joint because of its insertion on the dorsal hood/ 
sagittal band complex.169 Tension on the central ten
don is decreased with MP flexion because of sagittal 
band distal migration. 90 

Rouzaud et a1. recently reported the same ob
servation in a study of central slip tension measured 
intraoperatively. 170 

Long has demonstrated with electromyography 
(EMG) that the interossei are electrically active with 
MP flexion contributing to IP joint extension, and 
that the lumbrical is electrically silent with MP flex
ion. 171,172 Valentine determined by anatomic dissec
tion that the lumbrical does work with the MP joint 
in flexion, contributing to IP joint extension. 173 

Therefore, with the MP joint flexed, PIP joint 
extension would be affected primarily through the 
interossei, 171,172 possibly with some contribution from 
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the lumbrical,173 but with little contribution from the 
ED.169 

The central slip is also not stressed with MP joint 
flexion if the IP joints are splinted. No clinical prob
lem has been observed from leaving the wrist and 
MP joint free. The position of MP flexion is not rec
ommended during PIP exercise as extensor com
munis force transmission is minimal in this posi
tion. 79 

Metacarpophalangeal Joint Extension. The sag
ittal bands glide proximally with MP joint exten
sion. 9O The attachment of the dorsal hood with the 
MP extended is slack and allows distal transmission 
of power ~o the ED.169 Long has determined by EMG 
that the lumbrical is electrically active with the MP 
extended, thus contributing to IP joint exten
sion. 17l,172 Indirectly, the lumbrical contributes to IP 
extension by reducing the viscoelastic resistance of 
the flexor digitorum profundus. Lumbrical contrac
tion pulls the profundus tendon distal, reducing the 
work requirement of the antagonistic extensor. 171,172 
Thus the lumbricals neutralize the viscoelastic ten
sion of the profundi during digital extension. 169 

Although Long has determined by EMG that the 
interossei are silent with the MP extended,171,172 Val
entine has determined by anatomic dissection that if 
the MP is extended, contraction of the interossei is 
transmitted directly to the lateral bands, which in 
turn extend the two distal jOints,173 As mentioned 
previously, Close and Kidd have demonstrated that 
the interossei will contract if all the MP joints are 
extended simultaneously or if the wrist is in flex
ion. l68 

Thus, the position of MP joint extension facili
tates ED function,169 yet minimizes work requirement 
because in this position the lumbricals assist IP ex
tension both directly through the action on the PIP 
jOint and indirectly by neutralizing the resistance of 
the profundus.17l,172 The interossei assist in PIP ex
tension by transmitting force through the lateral 
bands. I73 The position of MP joint extension or very 
slight flexion is biomechanically superior for the PIP
controlled exercise portion of this protocol, 

The Significance of Distal Interphalangeal 
Joint Position 

The DIP joint is unrestrained during the active 
PIP exercise of 30°. With simultaneous flexion of the 
PIP and DIP, gliding of the terminal tendon is not 
transferred to the extensor communis but is taken 
up by the volar slide of the lateral bands. 121 The 
terminal tendon slackens through the action of the 
lateral band migration when the PIP is flexed, thus 
DIP flexion is facilitated. 121 

Zan colli observed in two cadaveric dissections 
that when the flexor digitorum profundus acts both 
IP joints flex (linked flexion); the middle phalanx 
flexes before the distal phalanx; and during the course 
of flexion, the angle of flexion of the middle joint is 
greater than that of the distal joint.90 

Distal jOint extension is facilitated by the com-
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bined action of the extensor digitorum, action of the 
lateral bands, and tenodesis of the oblique retinacular 
ligament.88,121 Active PIP joint extension, which is 
initiated by the long extensor, creates tension in the 
oblique retinacular ligament, which assists DIP ex
tension. Distal interphalangeal joint extension is then 
completed as the lateral bands rise dorsally and fi
nally reach the same tension as the central extensor 
tendon. 88 

Thus, the moderate PIP joint flexion of 30° with 
the DIP joint unrestrained may create no more than 
an estimated 1 to 2 mm excursion of both lateral 
bands and terminal tendon, based on lateral band 
and terminal tendon excursion cited by Zancolli90 and 
Littler and Thompson. 88 

If the lateral bands are unrepaired, the DIP joint 
is then flexed independently while the PIP joint is 
manually stabilized at 0° extension. Flexion of the 
DIP joint with the PIP jOint restrained imparts 3 to 
4 mm of distal glide to the ED in zone IV through 
the action of the lateral bands in their attachment to 
the ED proximal to zone III. This exercise reduces 
tendon tension in zone III while creating distal mi
gration of the ED in zone IV. 

RESULTS 

Safe parameters for tendon excursion and force 
application are defined as they apply to the appli
cation of controlled stress to the healing tendon in 
zone III. 

To obtain the physiologic excursion necessary for 
the early motion program, it is recommended that 
the PIP joint be actively moved through one-half ra
dian (28.65°) to obtain a central slip excursion of 3.75 
mm within 24 hours postoperative. 

Resistance to the central slip is calculated by 
mathematical formula (equation 1, Figs. 7 and 8) to 
be from 286 g to 291 g, which leaves an adequate 
safery margin between repaired tensile strength and 
force appliotion, . 

The position of application of stress based on a 
study of dynamic anatomy of the PIP joint is 30° wrist 
flexion, MP joint 0° extension or slight flexion, and 
distal joint unrestrained. 

DISCUSSION 

This study was designed to provide scientific 
rationale for immediate active motion of the repaired 
central slip and to provide precise parameters for 
force application and excursion in support of a clinical 
study that compares immobilized central slip injuries 
with those treated with immediate active motion. 79 

Basic science studies that identify the adverse 
effect of immobilization of connective tissue (tendon, 
ligament, and cartilage) and the positive influence of 
immediate or early controlled motion provide the 
biochemical and biomechanical rationale for early 
motion,5,21-43,45,94,100-120 

The protocol recommends that motion be initi
ated immediately based on basic science research that 



suggests wound activity and tensile strength are en
hanced by very early motion. 29,35,42,43 

Frequent exercise is recommended based on the 
work of Gelberman et al., who determined in a clin
ical study that "more is better,"45 and Salter et al., 
who determined, in a comparison of cartilages treated 
with immobilization, mobilization, and continuous 
passive motion, that continuous passive motion pro
duced significantly better healing in violated carti
lage. 119,120 

Active motion versus passive motion is recom
mended to ensure tendon glide in the zone IV region 
where the tendon-bone interface is great91 and often 
compromised by restricting adhesions, a problem as
sociated with zone III injury.76,78,91,93 

Tendon excursion in a proximal direction may 
require some muscle contraction166; thus, the active 
extension portion of this protocol is an important 
component. The importance of active motion in ten
don rehabilitation has been studied by a number of 
authors,130,142-148 and this concept is becoming more 
popular clinically. The concept of "minimal active 
tension" as described by Savage167 or "active muscle
tendon tension" as described by Evans,174 in which 
the force applied to the healing tendon is just enough 
to exceed the passive tension of the antagonist mus
cle group, is proposed, The application of force to 
the healing tendon must be less than the tensile 
strength of the tendon, 

The portion of this report that summarized the 
tensile strengths of the various repairs is critical to 
this formula,126-149 Attention should be focused on 
the lowest reported tensile strength with forces that 
create tendon gapping. The force that produces a gap 
should be considered as much of an issue as the 
forces that cause repair-site failure, While Gelberman 
et al. found that a repair-site gap of 3-4 mm in flexor 
tendons was compatible with stimulation of the in
trinsic repair process without creating repair-site de
formation in the flexor system,33 gap formation or 
tendon elongation in the digital extensor mechanism 
may be less tolerable and more of a problem. Syn
chronous extensions of the PIP and DIP joints de
pend on balanced lengths of the central slip and the 
lateral bands. 86,87,154 

There is only one report in this study dedicated 
to the biomechanical strength of the extensor tendon 
suture. 149 Newport et al. reported 2-mm gaps for the 
mattress suture when force application reached 488 
g. The mattress suture failed at 840 g of force. The 
figure of eight gapped 2 mm at 587 g and failed at 
696 g; the Kessler gapped 2 mm at 1,353 g and failed 
at 1,830 g.149 

Urbaniak et al. found the weakest anastomosis 
in their group I repairs, where the shearing force was 
parallel to the collagen bundles. They measured the 
tensile strength of the interrupted circumferential su
tures at 1,683 g, the Nicoladoni at 2,683 g, and the 
side-to-side anastomosis at 3,230 g, Five days post
operative, the Nicoladoni repair had the lowest ten
sile strength at 560 g.129 

These studies in the animal modeP21 and in 
cadaver149 are helpful, but are limited in that they do 
not measure the tensile strength in vivo of a repaired 

tendon moved immediately. Tensile strength may be 
increased by immediate controlled motion. 29,35,42,43 

Force application to the central slip is measured 
in this study at 286 g to 291 g with PIP joint extension 
from 30° flexion to 0° (equation 1, Figs. 7 and 8). 
However, it may be that the work requirement of the 
ED is further reduced by action of the interossei and 
lumbrical muscles in the suggested exercise position. 
We can consider that this motion, which applies an 
estimated 291 g of force to the central slip, will be 
tolerated by the lowest measured tensile strength, 
which would gap 2 mm with 488 g of force. 149 This 
safety margin of 200 g is small and is at best a sci
entific estimate. It does, however, offer some basis 
for force application, and clinically this force appli
cation has caused no problem. 79 

There is disagreement in the literature regarding 
the extensor moment arm at the PIP joint. Micks and 
Reswick124 determined that the extensor moment arm 
at the PIP joint is not constant and increases with 
flexion. Brand found the moment arm of the extensor 
to be fairly constant at this level, unchanging with 
motion. 81 An et al. found that excursion and joint 
displacement were not always linear at the PIP joint, 123 
but Elliot and McGrouther found that relationship to 
be linear.125 It is important to remember that this 
protocol calls for only 30° motion and thus the changes 
in the extensor moment arm from 0° to 30° are small 
and unlikely to be significant enough to alter the 
calculation of excursion. For this reason, the simple 
equation calculated by radians (PIP motion of 28.65° 
or one-half radian = extensor tendon excursion of 
3.75 mm) is workable for the early short arc motion 
program. 

CONCLUSION 

This report has defined precise parameters for 
force application, tendon excursion, and exercise po
sition to allow the hand therapist to scientifically ap
ply immediate active controlled stress to the open 
and repaired zone III extensor tendon. Tendon ex
cursion of 3.75 mm, force application of 291 g, and 
exercise position of wrist flexion 30°, MP extension 
0°, and DIP unrestrained are defined as safe treat
ment guidelines in this study and proven to be ef
fective in the companion study (part 11).79 The method 
of splinting and exercise and concepts of timing, du
ration of exercise, and joint position have been de
scribed to address the problems as defined for the 
zone III extensor injury, adhesion formation in zone 
IV, incorrect splint immobilization, and connective
tissue stress deprivation as imposed by total immo
bilization protocols. 
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