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Abstract

Background Idiopathic clubfoot correction is commonly

performed using the Ponseti method and is widely reported

to provide reliable results. However, a relapsed deformity

may occur and often is treated in children older than 2.5

years with repeat casting, followed by an anterior tibial

tendon transfer. Several techniques have been described,

including a whole tendon transfer using a two-incision

technique or a three-incision technique, and a split transfer,

but little is known regarding the biomechanical effects of

these transfers on forefoot and hindfoot motion.

Questions/purpose We used a cadaveric foot model to

test the effects of three tibialis anterior tendon transfer

techniques on forefoot positioning and production of

hindfoot valgus.

Methods Ten fresh-frozen cadaveric lower legs were

used. We applied 150 N tension to the anterior tibial

tendon, causing the ankle to dorsiflex. Three-dimensional

motions of the first metatarsal, calcaneus, and talus relative

to the tibia were measured in intact specimens, and then

repeated after each of the three surgical techniques.

Results Under maximum dorsiflexion, the intact speci-

mens showed 6� (95% CI, 2.2�–9.4�) forefoot supination

and less than 3� (95% CI, 0.4�–5.3�) hindfoot valgus

motion. All three transfers provided increased forefoot

pronation and hindfoot valgus motion compared with intact

specimens: the three-incision whole transfer provided 38�
(95% CI, 33�–43�; p \ 0.01) forefoot pronation and 10�
(95% CI, 8.5�–12�; p \ 0.01) hindfoot valgus; the split

transfer, 28� (95% CI, 24�–32�; p \ 0.01) pronation, 9�
(95% CI, 7.5�–11�; p\0.01) valgus; and the two-incision

transfer, 25� (95% CI, 20�–31�; p \ 0.01) pronation, 6�
(95% CI, 4.2�–7.8�; p \ 0.01) valgus.
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Conclusion All three techniques may be useful and deliver

varying degrees of increased forefoot pronation, with the

three-incision whole transfer providing the most forefoot

pronation. Changes in hindfoot motion were small.

Clinical Relevance Our study results show that the

amount of forefoot pronation varied for different transfer

methods. Supple dynamic forefoot supination may be treated

with a whole transfer using a two-incision technique to avoid

overcorrection, while a three-incision technique or a split

transfer may be useful for more resistant feet. Confirmation

of these findings awaits further clinical trials.

Introduction

Idiopathic clubfoot correction often is achieved using a series

of manipulations and cast applications followed by a percu-

taneous Achilles tenotomy and postcorrective bracing, known

as the ‘‘Ponseti method’’ [20]. This technique provides reliable

results, however, relapsed deformity has been reported in as

many as 54% of patients [2]. A lateral transfer of the anterior

tibial tendon may be performed to correct the dynamic supi-

nation of the forefoot that often accompanies a relapse in

children older than 2.5 years [3]. As the Ponseti method has

become the standard treatment for patients with clubfoot [26],

the number of children undergoing an anterior tibial tendon

transfer likely will increase. Early recognition and appropriate

treatment of relapsed deformity is an important part of the

Ponseti method of clubfoot correction [3, 20, 21].

Several techniques have been used to transfer the ante-

rior tibial tendon. In 1940, Garceau [7] described transfer

of the whole tendon as a procedure to treat recurrent

clubfoot deformity. Garceau rerouted the tendon by pulling

it proximally and reinserting it more laterally beneath the

extensor retinaculum. This technique used three incisions:

one over the anterior aspect of the distal lower leg just

above the ankle and two over the dorsum of the foot. He

originally anchored the tendon to the base of the fifth

metatarsal, but later he and Palmer [8] modified the pro-

cedure by attaching the tendon in the cuboid if it was not of

sufficient length. More recently, other authors have rec-

ommended that the tendon be placed in the third cuneiform

to avoid overcorrection of the foot [5, 16, 17].

Ponseti and Smoley [22] further modified Garceau’s

technique [7] to use a less-invasive procedure in which the

tendon was shifted laterally, distal to the extensor retinaculum,

through a subcutaneous tunnel between dorsomedial and

dorsolateral foot incisions to the third cuneiform where it was

anchored. This modification avoided the need to reroute the

tendon proximally, and eliminated the need for a third incision

above the ankle. Numerous authors have used this technique

and have reported promising clinical results [6, 13, 25].

Hoffer et al. [10, 11] described a split anterior tibial ten-

don transfer for treatment of a spastic equinovarus foot in

children with cerebral palsy. The procedure is performed

through three incisions, with the lateral tendon half rerouted

proximal to the flexor retinaculum and anchored in the

cuboid. The split anterior tibial tendon transfer was designed

to convert the deforming force of a spastic tibialis anterior

muscle to a pure dorsiflexor and minimize the risk of over-

correction. The split tendon, having insertions on the medial

and lateral sides of the foot, is intended to provide balance so

that it neither inverts nor everts the foot [18, 19]. This transfer

also has been used to treat residual dynamic forefoot supi-

nation after clubfoot treatment [1, 16, 24].

Few laboratory studies have addressed the biomechanics

of the foot after anterior tibial tendon transfers. For instance,

plantar pressures [9] and tendon moment arms [19] have

been measured to compare the effects of whole and split

transfers; however, only one study, to our knowledge, has

measured ankle and foot motions as a function of anterior

tibial tendon transfer in a cadaver model [12]. Specifically,

Hui et al. [12] used electrogoniometers to monitor ankle

motion and forefoot motion to determine the optimal site to

anchor the anterior tibial tendon and to compare split with

whole transfers; however, hindfoot motion was not specifi-

cally measured, and the two-incision transfer favored by

Ponseti and Smoley was not included [22].

The purpose of our study was to determine the effect of

forefoot positioning and hindfoot motion produced by the

three anterior tendon transfer techniques using a cadaveric

foot model.

Methods

Ten fresh-frozen cadaveric lower legs, disarticulated at the

knee, were used. Each specimen was tested as follows: (1)

intact; (2) with the anterior tibial tendon transferred as de-

scribed by Ponseti and Smoley [22] (two-incision whole

transfer); (3) with the anterior tibial tendon transferred as

described by Garceau and Palmer [8] modified to insert into

the third cuneiform (three-incision whole transfer); and (4)

with a split anterior tibial tendon transfer as described by

Hoffer et al. [10, 11] (Fig. 1). To minimize variability, all

procedures were performed by the same surgeon (TA), a

pediatric orthopaedic fellow, under the direction of the senior

author (LEZ), a pediatric orthopaedic surgeon. The clinicians

played no role in the collection or analysis of the data.

The proximal end of each tibia was secured in a custom

aluminum ring using pointed screws, leaving the fibula free

of any constraint. The aluminum ring was rigidly attached

to the load actuator of a biaxial MTS 858 servohydraulic

load frame (MTS Systems Corporation, Minneapolis, MN,
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USA), such that the long axis of the tibia was aligned with

the linear actuator. The distal end of the lower leg was left

completely unconstrained. An incision was made in the

shaft of the leg to expose the proximal end of the anterior

tibial tendon. Near the musculotendinous junction, the

tendon was sutured and attached to a rope. The rope was

routed through a pulley system attached to an aluminum

ring to recreate the natural direction of the muscle forces.

The rope then was secured to a load cell which was rigidly

attached to the stationary cross-head of the load frame and

measured tension in the tendon in real time (Fig. 2).

Motion of each rigid body (described below) was mea-

sured throughout experimentation using an Optotrak1

3020 Motion Capture System (Northern Digital Inc,

Waterloo, Ontario, Canada). The system uses infrared

light-emitting diode (LED) markers creating three-dimen-

sional (3-D) positions, which are captured by three charge-

coupled devices paired with three lenses, sequentially, at

3500 samples per second. The software calculates the 3-D

position for each marker and displays its coordinates in real

time. This motion tracking system has an accuracy of 0.1

mm, a resolution of 0.01 mm at a distance of 2.25 m, and

has been used in previous studies [4, 23]. Motion-tracker

flags were created by mounting four LED markers equi-

distant from the center of a 1.5-inch square plastic fixture,

creating a noncollinear 1-inch-square arrangement.

A total of five flags were used. One was mounted on one

of the stationary posts of the load frame to be used as a

reference. Using cortical bone screws, the remaining four

flags were mounted to (1) the medial aspect of the distal

tibia; (2) the head of the first metatarsal; (3) the lateral

aspect of the calcaneus; and (4) the medial aspect of the

talus (Fig. 2). This arrangement allowed us to measure the

motions of the first metatarsal, calcaneus, and talus, rela-

tive to the tibia.

In addition to motion-tracker flags, a digitizing probe

was used to digitize imaginary points on the foot and tibia

that tracked motion in reference to each of the flags. Using

this system, imaginary points shift relative to the axis of the

rigidly fixed motion-tracker flag secured to the bone. Points

along the axis of the tibia and on the distal and proximal

Fig. 1 A–D Orientation of the

anterior tibialis tendon is shown

for (A) an intact tendon; (B) with

the two-incision anterior tibial

tendon transfer, routed distally;

(C) with the three-incision ante-

rior tibial tendon transfer, routed

proximally; and (D) with a split

anterior tibial tendon transfer.

Fig. 2 The loading configuration shows the tibia secured to alumi-

num ring and attached to the load actuator (A); the pulley system

attached to aluminum ring and stationary load frame (B; rope secured

to the load cell (C); and motion tracker flags rigidly attached to the

tibia, first metatarsal, calcaneus, and talus (D).
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talus were used to calculate ankle motion. The projection

of the angle between the tibia and talus on the sagittal plate

was defined as plantar or dorsal flexion. Points along the

axis of the tibia and on the medial and lateral sides of the

first metatarsal were used to calculate forefoot motion. The

projection of the angle between the long axis of the tibia

and first metatarsal on the coronal plane was defined as

supination or pronation. Points along the axis of the tibia

and the calcaneus were used to calculate hindfoot motion.

The projection of the angle between the tibia and calcaneus

on the coronal plane was defined as varus or valgus. In

addition, points on the medial talus and on the medial and

lateral calcaneus were used to calculate hindfoot motion.

Points were digitized relative to the flag on the sta-

tionary post of the load frame to create the coronal and

sagittal planes, with the long axis of the tibia as the

origin. The points on the foot and tibia, described previ-

ously, were projected on these planes to calculate joint

motions.

The actuator of the load frame initially was positioned

so that nearly no tension (\ 0.5 N) was exerted on the

anterior tibialis tendon. The actuator then was increased at

a rate of 1 mm/second, raising the leg and creating tension

in the tendon, causing the foot to dorsiflex. The actuator

was stopped when 15� dorsiflexion or 150 N tension in the

tendon was reached. Each foot was loaded in the same

manner first with tendon in the intact position and then

again after each of the transfer procedures.

A 6-cm incision was made to expose the tendon at the

musculotendinous junction to attach the rope. A second 4-

cm incision was made over the dorsomedial aspect of the

foot to expose the anterior tibial tendon from just distal to

the extensor retinaculum, down to its insertion at the distal

part of the first metatarsal and first cuneiform. A third 3-cm

incision was made to expose the dorsum of the cuboid, and

a fourth 3-cm incision was made to expose the dorsum of

the third cuneiform. Cortical screws were then rigidly

attached to the first metatarsal base, the center of the

cuboid, and the lateral cuneiform for later attachment of the

tendon. Accurate placement of the screws was verified

using fluoroscopy.

After intact loading was complete, the anterior tibial

tendon was detached from its insertion point and a whip

suture was applied to the distal end of the tendon. First, we

simulated the two-incision transfer technique of Ponseti and

Smoley [22]. The whole tendon was rerouted distally

beneath the extensor retinaculum by shifting it to the third

cuneiform subcutaneously between the dorsal foot incisions.

The tendon was attached to the lateral cuneiform cortical

screw by the sutures. After loading, the tendon was detached

from the lateral cuneiform and the most commonly used

technique, the modified three-incision transfer technique of

Garceau and Palmer [8] was simulated. The whole tendon

was pulled out from under the extensor retinaculum into the

proximal skin incision above the ankle. It then was rerouted

beneath the extensor retinaculum more laterally and attached

to the lateral cuneiform via the cortical screw. After loading,

the tendon was detached again and pulled out from under the

extensor retinaculum through the proximal skin incision and

the split anterior tibial tendon transfer, as described by

Hoffer et al. [10, 11], was tested. The tendon was split in half

to the proximal extent of the tendon. A whip suture was

applied to secure each of the limbs of the split tendon. The

lateral half of the tendon then was rerouted under the

extensor retinaculum to the cuboid, the medial half was

routed to the initial insertion position, and both ends were

attached to the cortical screws. The neutral forefoot position

was maintained during all tendon transfers and, during the

split transfer, care was taken to equalize the tension in both

halves of the tendon, as it is attempted during the actual

surgery. Loading then was repeated a final time. In this way,

each tendon transfer procedure was tested in all 10 speci-

mens, allowing each specimen to serve as its own control.

All of the specimens reached dorsiflexion above the neutral

position before the 150 N tension limit. Two of the 10 speci-

mens reached 15� dorsiflexion, while the remaining specimens

reached an average of 9� dorsiflexion (range, 1�–14�).

A power analysis was conducted to determine the min-

imum sample size required. A SD of 3�, as reported by Hui

et al. [12], and a minimum difference of 3�, with a power of

80% and a of 0.05, yielded a sample size of 10.

MATLAB1 software (The MathWorks Inc, Natick,

MA, USA) was used to calculate angles for ankle motion

(plantar and dorsal flexion), forefoot motion (supination

and pronation), hindfoot motion (varus and valgus), and

subtalar joint motion. SPSS1 Statistical Software, Version

15, (IBM, Armonk, NY, USA) was used to perform a

paired t-test to compare the three tendon transfer methods

at two ankle positions: (1) with the ankle in the neutral

position (a 90� angle between the tibia and foot), and (2)

with the ankle in the maximum dorsiflexed position.

Results

The three transfer procedures each resulted in a different

magnitude of forefoot pronation, whether the foot was in

neutral or maximum dorsiflexion. These magnitudes of

pronation were larger than their corresponding pronation

values as measured for the intact specimens (Fig. 3).

Specifically, with the ankle in neutral dorsiflexion, the

three-incision whole transfer and the split transfer pro-

duced greater increases in forefoot pronation than the two-

incision transfer (p \ 0.01) (Table 1). Likewise, with the

ankle in maximum dorsiflexion, the three-incision whole

transfer produced a greater increase in forefoot pronation

1740 Knutsen et al. Clinical Orthopaedics and Related Research1

123



than the two-incision whole transfer or the split transfer (p

\ 0.01) (Table 1).

The three transfer procedures resulted in varying mag-

nitudes of hindfoot valgus, regardless whether the foot was

in neutral or maximum dorsiflexion. These magnitudes of

hindfoot valgus were, on average, larger than their corre-

sponding valgus values as measured for the intact

specimens (Fig. 4). Specifically, with the ankle in neutral

dorsiflexion, the three-incision and the split transfer pro-

cedures produced larger increases in valgus motion than

the two-incision transfer (p \ 0.01) (Table 1). Similarly,

with the ankle in maximum dorsiflexion, the three-incision

whole transfer and the split transfer produced larger

increases in valgus motion than the two-incision transfer

(p \ 0.01) (Table 1).

Discussion

After successful treatment of a clubfoot deformity by the

Ponseti method, a relapse may occur, and an important

component of treating a relapsed deformity includes a

lateral transfer of the anterior tibial tendon. The presenta-

tion of a relapsed clubfoot is variable with some patients

having only dynamic supination of the forefoot, and others

with varying degrees of deformity owing to mild residual

joint malalignment [3, 20], or marked weakness of the

peroneal musculature [5, 7, 16, 25].

Because an anterior tibial tendon transfer addresses the

dynamic component of a relapsed clubfoot, sufficient cor-

rection of any fixed deformity needs to be achieved before

tendon transfer. For many younger patients who experience

Table 1. Comparison of tendon transfer procedures

Procedures Neutral Maximum dorsiflexion

Mean ± SD (95% CI) p value Mean ± SD (95% CI) p value

Forefoot motion

Two-incision whole transfer versus 16 ± 3.5 (13–18) 25 ± 7.9 (20–31)

Three-incision whole transfer 29 ± 3.9 (26–32) \ 0.01 38 ± 7.3 (33–43) \ 0.01

Split transfer 24 ± 3.1 (22–26) \ 0.01 28 ± 5.4 (24–32) 0.24

Three-incision whole transfer versus

Split transfer \ 0.01 \ 0.01

Hindfoot motion

Two-incision whole transfer versus 3.5 ± 2.1 (2.0–5.0) 6.0 ± 2.5 (4.2–7.8)

3-incision whole transfer 9.5 ± 3.5 (7.0–12) \ 0.01 10 ± 2.4 (8.5–12) \ 0.01

Split transfer 8.0 ± 2.9 (5.9–10) \ 0.01 9.4 ± 2.7 (7.5–11) \ 0.01

Three-incision whole transfer versus

Split transfer 0.17 0.06

Fig. 3 For each of the three

procedures, increase in prona-

tion of the forefoot compared

with pronation of the corre-

sponding forefoot when

measured intact is shown. The

increases are shown for neutral

dorsiflexion and maximum dor-

siflexion. The bars represent the

means, with error bars repre-

senting SD.
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a relapse after treatment using the Ponseti method, suffi-

cient correction of the foot may be achieved with a series

of manipulations and casts. If the ankle equinus cannot be

adequately addressed with cast treatment alone, heel cord

lengthening, or less commonly, a posterior soft tissue

release should be done at the time of the transfer. Adequate

deformity correction usually cannot be achieved in older

patients with residual osseous deformity by cast treatment

alone, and these patients require corrective osteotomy so

that the transfer may function properly. Several different

techniques of anterior tibial tendon transfer have been de-

scribed [5, 7, 8, 10, 11, 16, 17, 22], but little is known about

the effect of those transfers on forefoot position and

hindfoot motion. We used a cadaveric foot model to test

the effect of three different anterior tibial tendon transfer

techniques on forefoot positioning and hindfoot motion.

We hoped to learn how the varying techniques altered

motion of the foot, which potentially could influence which

method might be applicable in different clinical situations.

Our study had several limitations. First, the cadaveric

specimens we used were adult lower legs, as pediatric

specimens are unavailable in the United States for biome-

chanics research; therefore, less joint mobility was present

than that in children. Additionally, to our knowledge, none

of the specimens had osseous deformity or joint mala-

lignment that may be present in children with relapsed

clubfeet. As a result, the effect of the transfer in the

cadaver specimens may not precisely reproduce the effect

that may be seen in the clinical situation. However, adult

specimens have been used in place of pediatric specimens

in several published studies and have provided meaningful

results [12, 15, 23]. Second, anatomic positioning of each

specimen had to be approximated, and to minimize vari-

ability in the data, the same positioning method was used

for each trial. Third, by isolating the effects of the anterior

tibialis muscle, other muscles that potentially may influ-

ence joint motion were not simulated, and therefore,

physiologic loading of the foot was not reproduced.

Finally, adaptive changes that may occur in a transferred

muscle in living subjects could not be simulated.

The findings from our study suggest that all three of the

tendon transfer techniques provided an increase in pronation

of the forefoot, with a maximum difference among them of

13� (Fig. 3). Compared with the intact specimens, the three-

incision whole transfer provided 38� forefoot pronation

compared with 28� for the split transfer and 25� for the two-

incision whole transfer. As the distal anchor point is the

same in the two-incision and three-incision whole tendon

transfer techniques, perhaps the difference in the amount of

pronation produced is attributable to the manner in which

the tendon is transferred. Specifically, in the two-incision

approach, the tendon is transferred through a subcutaneous

tunnel that potentially could weaken the effect of the

transfer by providing a somewhat less direct line of pull

compared with the three-incision method.

Although there were differences in hindfoot motion

among the tendon transfer techniques, these variations were

small. Compared with the intact specimens, the three-inci-

sion whole transfer produced 10� valgus compared with 9�
for the split transfer, and 6� for the two-incision whole

transfer. In this study, hindfoot motion was defined as varus

and valgus motion between the tibia and the calcaneus from a

fixed coronal plane along the tibia. The split transfer was

found to produce hindfoot motion, a finding that generally

was consistent with previous biomechanical studies [14, 18,

19]. Specifically, previous studies measured the moment arm

of the tibialis anterior muscle in anatomic specimens [14],

before and after split transfer of the anterior tibial tendon [18,

19]. Moment arms were measured with the talocrural joint

fixed in either the neutral position or in plantar flexion by

Fig. 4 For each of the three

procedures, increase in valgus

motion of the hindfoot com-

pared with valgus motion of

the corresponding hindfoot

when measured intact is shown.

The increases are shown for

neutral dorsiflexion and maxi-

mum dorsiflexion. The bars

represent the means, with error

bars representing SD.
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securing the tibia to the talus. It was found that, in intact

specimens, shortening the tibialis anterior muscle created an

inversion moment arm at the subtalar joint [14, 18, 19].

When a split anterior tibial tendon transfer was tested, all

specimens had an eversion moment arm. In contrast to pre-

viously reported biomechanical studies [14, 18], we found

the split anterior tibial tendon transfer resulted in forefoot

pronation and hindfoot valgus comparable to that provided

by a whole transfer. Hui et al. [12] performed split transfers

of the anterior tibial tendon in cadaver specimens routed to

different insertion sites. They reported that a split anterior

tibial tendon transfer maximized dorsiflexion, while mini-

mizing supination and pronation, consistent with the

intended clinical outcome of the procedure described by

Hoffer et al. [10, 11].

In our study, each of the three anterior tibial tendon

transfer techniques showed different correction potential

and therefore may be applicable in different clinical situ-

ations, as each patient with relapse is unique. Although

applying the outcomes of an adult cadaver model to a

dynamic deformity in children who have greater biological

plasticity is difficult, the results of our study may be

interpreted to suggest that a child with supple dynamic

forefoot supination may be best treated using the two-

incision technique favored by Ponseti and Smoley [22],

because it is less invasive and less prone to overcorrection.

However, the three-incision technique proposed by Gar-

ceau [7] and Garceau and Palmer [8] or the split transfer

described by Hoffer et al. [10, 11] may be more applicable

for patients who have less soft tissue elasticity or more

marked weakness of the peroneal musculature because

these procedures provide greater forefoot pronation forces.

Confirmation of the usefulness of the different transfer

techniques in patients with varying clinical presentations of

relapsed clubfoot must await future clinical trials.
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