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KEY POINTS

� Persistent hyperglycemia leads to muscle imbalance, increased tendon stiffness, and the
creation of biomechanical deformity.

� Biomechanical deformity in neuropathic patients leads to localized increased plantar
pressures and eventual ulceration development.

� Deformities must be flexible or semirigid to allow for offloading through tendon balancing.

� Patients with ulceration who undergo amputation are likely to undergo further amputations
because of increasing deformities and biomechanical imbalance.

� Addressing deformities early, before the development of infection or worsening ulceration,
may lead to better outcomes and fewer complications.
INTRODUCTION

Neuropathic foot ulcerations, often caused by diabetes, are complex, costly, and
require extensive resources.1–3 There are currently no accepted algorithms to address
the cause of the deforming forces contributing to wound creation. This failure contrib-
utes to the high rates of recurrence often seen following primary resolution through
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local wound care.4–8 This failure can be mitigated through the use of tendon transfers
and balancing procedures in the flexible or semirigid osseous deformity. These trans-
fers serve not as functional procedures but as a means of alleviating a deforming force
created from underlying disorder. It is well known that the nonenzymatic glycosylation
process leads to alterations in tendon structure and function, ultimately creating
contracture and deformity. This process is not limited to a single tendon but occurs
in all of the tendons throughout the foot and ankle. There is strong evidence to support
these procedures, with selection based according to specific ulcer location and the
flexibility of the deformity. Although neuropathy, peripheral vascular disease, and
other medical comorbidities should be identified and addressed accordingly, the
focus in this article is on the surgical approach to correct the deformities contributing
to ulceration. The article proposes a treatment algorithm to address flexible or semi-
rigid deformities and evaluate the current literature regarding their site-specific
outcomes.

Proposed Surgical Algorithm

Distal digital ulcerations (plantarflexed digit)
Introduction Digital deformities lead to the formation of preulcerative and ulcerative
lesions, which are a common and challenging problem treated by the podiatric profes-
sion. These lesions may quickly progress to deeper ulcerations and eventual amputa-
tion given the underlying complex causes creating the deformity. They are often
associated with poor outcomes with conservative treatments because of the difficulty
in adequately offloading this area. Percutaneous flexor tenotomy offers a minimally
invasive technique to alleviate the deforming forces and restore normal anatomic
alignment of the digit.

Technique The ulcerative digit is hyperextended with the ankle in dorsiflexion to
bowstring the flexor tendons. A stab incision is made percutaneously either plantar
to the middle phalanx, to isolate the flexor digitorum longus (FDL) tendon, or just prox-
imal to the web space to isolate both the FDL and the flexor digitorum brevis (FDB)
tendons. The incision is typically made with an #11 blade, 18-gauge needle, or a
beaver blade to transect the tendons, taking care to avoid the surrounding neurovas-
cular bundles. The toe is then splinted in extension to prevent adhesions and promote
scar formation in the corrected position. This technique is shown in Fig. 2.

Results Several current studies have evaluated the efficacy of percutaneous tenoto-
mies as treatment of preulcerative or ulcerative lesions of the distal digit. The results
of the studies of FDL and FDB percutaneous tenotomies for digital ulcerations are
summarized in Table 2.9–15

Discussion Deformities of the toes, specifically claw toes and hammertoes, frequently
develop in diabetic patients because of long-standing sensorimotor neuropathy lead-
ing to intrinsic biomechanical abnormalities.16 Because of the failure of the lumbricals
and interossei muscles, the long flexors and extensors gain advantage, which forces
the toes into a hammered or clawed position and leads to a displacement of the
weight-bearing plantar pulp of the toe, forcing the tip of the apical tuberosity, with a
thin soft tissue envelope, to bear the entire weight of the body.17 This area is the
most common site for diabetic ulceration, attributed to the high rates of the
intrinsic-minus foot type seen within the diabetic population (3%).18,19 These lesions
are often treated conservatively through various offloading measures such as
padding, taping, or custom orthoses and extradepth shoes. Even with the most
aggressive conservative regimen, they remain difficult to adequately offload long
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Table 1
Summary of proposed treatment algorithm based on location-specific neuropathic ulceration

Anatomic Ulcer Location
Biomechanical
Position Deforming Force Treatment

Figs. 1
and 2
Location

Distal digits Plantarflexed digit Flexion contracture Flexor tenotomy PIPJ/DIPJ 1

Sub–first metatarsophalangeal joint Forefoot valgus Plantarflexed first ray: overpowering
peroneus longus or weak tibialis
anterior

Peroneus longus lengthening vs
peroneus longus to peroneus brevis
tenodesis

2

Sub–2/3/4 metatarsophalangeal joints Equinus/planus Contracted triceps surae Gastrocnemius-soleus lengthening/
triceps surae lengthening

3

Sub–metatarsophalangeal joints Cavus Weak posterior compartment
musculature/contracted plantar
fascia

Plantar fasciotomy (selective vs
complete)

3

Sub–fifth metatarsophalangeal joint Forefoot varus Overpowering tibialis anterior tendon Tibialis anterior tendon transfer,
STATT, tibialis anterior tendon
lengthening

4

Styloid process fifth metatarsal base Forefoot varus Overpowering tibialis anterior tendon Tibialis anterior tendon transfer,
STATT, tibialis anterior tendon
lengthening

5

Plantar central calcaneus Calcaneal gait Weak/overlengthened triceps surae Flexor hallucis longus tendon transfer 6

Plantar lateral calcaneus Hindfoot varus Overpowering posterior tibial tendon Tenotomy posterior tibial tendon 7

Plantar medial calcaneus Hindfoot valgus Overpowering peroneus brevis Peroneus brevis tendon lengthening/
posterior tibial tendon tightening

8

See Fig. 1 for clinical correlation.
Abbreviations: DIPJ, distal interphalangeal joint; PIPJ, proximal interphalangeal joint; STATT, split tibialis anterior tendon transfer.
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Fig. 1. Common decubitus ulcer locations recreated in a cadaver laboratory with corre-
sponding numerical values as outlined in the last column of Table 1. Numbers 1 to 8 are
as described in Table 1. (Courtesy of S. Masadeh, DPM, Cincinnati, OH.)
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term, and tend to recur after healing is achieved. Performing a lasting procedure to
reduce the deforming forces and restore the proper weight-bearing surface of the
toe is key for long-term success.
There seems to be a consensus in the literature regarding the efficacy of percuta-

neous flexor tenotomy for digital ulcerations. Healing rates are reported between
92% and 100%, regardless of the method or tendons transected. Complications of
the procedure included recurrence, shifted/transfer lesions, hyperextension defor-
mities, and the potential for neurovascular compromise. All of these were seen with
low rates of occurrence after performing this minimally invasive procedure.9–15 Tamir
and colleagues,13,14 Kearney and colleagues,9 and Van Netten and colleagues15
Fig. 2. (A) Stab incision made overlying the flexor digitorum tendons. (B) Flexor tendons iso-
lated and exposed to protect neurovascular bundle. (C) Flexor tendon transected while
maintaining protection of the adjacent neurovascular bundles. (Courtesy of S. Masadeh,
DPM, Cincinnati, OH.)
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Table 2
Summary of the literature for percutaneous tenotomy for flexible digital deformities

Tenotomies
(N)

Follow-
up
(mo) Healed (N)

Recurrence
(N) Tendons Complications

Time to
Healing

Laborde et al,10 2007 28 28 100% (28) 10% (3) FDL/FDB 0 2 mo

Tamir et al,13 2008 34 13 100% (34) 0% (0) — 0 3 wk

Schepers et al,12 2010 42 11 100% (42) 2.3% (1) FDL/FDB 0 3 wk

Kearney et al,9 2010 58 28 98.3% (57) 12.1% (7) FDL 5 40 d

Rasumussen et al,11 2013 65 31 93% (60) 18% (5) FDL/FDB 0 3 wk

Van Netten et al,15 2013 47 23 92% (43) 20% (7) FDL 10 22 d

Tamir et al,14 2014 103 22 98% (101) 8% (9) FDL 14 4 wk

Total 377 11–31 96.8% 8.49% (32) Combined 7.96% (30) 3.94 wk

Data from Refs.9–15
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performed tenotomies on isolated FDL tendons and showed the highest rate of recur-
rence and complications, compared with studies that transected both the FDL and the
FDB tendons. Those studies that did not exclude toes with radiographic evidence of
osteomyelitis experienced slower rates of healing, but this finding did not preclude
performing a tenotomy on the ulcerative digit. Several of these toes went on to even-
tual amputation, but the results were mixed, with some healing achieved. Given the
high rate of healing and low rates of complications/recurrence, percutaneous flexor
tenotomies seem to have a valuable place in the wound care repertoire, providing
good to excellent outcomes in those patients with distal toe ulcerations or preulcera-
tive lesions.
First metatarsophalangeal joint ulcerations (forefoot valgus)
Introduction Ulcerations beneath the first metatarsal head are another common loca-
tion. This area may prove devastating given the biomechanical importance of the first
ray and the imbalance created after amputation. These ulcers are often treated
conservatively, without an attempt at identifying the underlying cause and addressing
the deforming force. The peroneus longus plantarflexes the first metatarsal and everts
the foot during the stance phase of the gait cycle. As an increasing load is applied to
the peroneus longus, significant eversion and plantarflexion of the first ray occurs,20

which leads to an eversion, locking effect of the first ray, stabilizing the medial column
and forcing the foot into a supinatory position.20 A locked medial column, driven into
further plantarflexion by continued action of the peroneus longus, effectively causes
supination of the entire foot and the accompanying increase in plantar pressures
beneath the first metatarsal head.21,22

Limited joint motion or plantarflexion has been proposed as the factor leading to
increased plantar pressures and therefore ulceration or preulcerative lesions in the
insensate foot.23–26 Patients with a history of plantar first metatarsal head ulceration
have been shown to have significantly less first ray mobility and higher plantar pres-
sures as well as an inverse relationship between first ray dorsiflexion and peak pres-
sure at the first metatarsal head.23 Tenodesis of the peroneus longus has the power to
remove the deforming force, in a flexible or semirigid deformity of the first metatarsal,
and to prevent or heal ulceration.

Technique An incision is made posterior and superior to the lateral malleolus, approx-
imately 4 cm in length, isolating and exposing the peroneal tendons. The peroneus
longus tendon is then identified by plantarflexing the first metatarsal. A wedge of
the tendon is removed, to prevent scarring or adhesion of the 2 transected ends.
The proximal portion is then sutured to the peroneus brevis tendon under physiologic
tension using polyethylene terephthalate suture. A splint is then applied and the pa-
tient is made non–weight-bearing for 4 to 6 weeks, as shown in Fig. 3.

Results There are limited studies in the literature regarding the outcomes of isolated
peroneus longus to brevis tendon transfer for treatment of a plantar first metatarsal
head ulceration or preulcerative lesion. Studies performed by Roukis and colleagues27

and DiDomenico and colleagues28 show the potential of this procedure to offload the
first metatarsal head, but most current literature focuses on its use as an adjunctive
procedure when other procedures fail to eliminate the deformity. The results of these
studies are summarized in Table 3.29,30

Discussion The plantar aspect of the first metatarsal head is one of the most common
locations for ulcer development in patients with diabetes.31,32 This area can be disas-
trous, given the consequences of osteomyelitis of the first metatarsal and the
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Fig. 3. The lateral malleolus is outlined and incision is planned for identification of the pero-
neal tendons. The peroneus longus tendon is isolated and transected. The proximal portion
is then sutured to the peroneus brevis, completing the tenodesis. (Courtesy of S. Masadeh,
DPM, Cincinnati, OH.)
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biomechanical abnormalities of pursuant amputation. These drastic alterations in gait
and pressure distribution after amputation contribute to early reulceration rates and
additional tissue loss, which provides strong incentive to remove the deforming force
early in an attempt at limb preservation.
Before performing the peroneus longus to brevis tendon transfer, a flexible or dy-

namic plantarflexed first metatarsal must be established clinically. It is important to
establish the presence of peroneal overdrive or hyperactivity to ensure the effective-
ness of this procedure in offloading the first metatarsal head. To do this, 1 thumb is
placed underneath the lesser metatarsals and the other beneath the first metatarsal
head or the ulcerative site. The patient then plantarflexes the ankle while the physician
evaluates for further plantarflexion of the first metatarsal in relation to that of the lesser
metatarsals, showing a flexible or semirigid deformity.28 This deformity is often seen in
the presence of a weak triceps surae, assisting in the overall plantarflexion of the foot
through continued plantarflexion of the first ray, as well as with a weakened tibialis
anterior muscle, the main antagonist to the peroneus longus.
The evidence supporting the peroneus longus to peroneus brevis tenodesis is

currently limited, without any known studies that evaluate this procedure in isolation
to cure or prevent ulceration of the plantar first metatarsal head. The current focus
is the use of this procedure as an adjunct to others to further offload the first metatarsal
head. Although neither of the 2 prior studies isolated the peroneus longus to brevis
tenodesis to offload the first metatarsal head, they do show it as an effective means
of reducing the deforming force and the pressures in this area. Hamilton and col-
leagues30 and Dayer and Assal29 used the procedure to further offload a continued
plantarflexed first metatarsal after other procedures had failed to alleviate the defor-
mity. Further studies evaluating the efficacy of isolated peroneal tenodesis in the treat-
ment of plantar first metatarsal head ulcerations are needed.
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Table 3
Results summary for peroneus longus to peroneus brevis tenodesis for flexible or semirigid
plantarflexed first ray

Patients
(N) Procedures

Follow-
up
(mo)

% Healed
(N)

%
Recurrence
(N)

Time to
Healing
(wk)

Hamilton et al,30

2005
10 Gastrocnemius

recession,
peroneus longus to
brevis transfer,
2–5 metatarsal
head resection

14.2 100% (10) 0% (0) Not stated

Dayer et al,29

2009
21 Modified Jones

tenosuspension,
peroneus longus to
brevis transfer,
gastrocnemius
recession

39.6 100% (21) 0% (0) 4.4

Data from Dayer R, Assal M. Chronic diabetic ulcers under the first metatarsal head treated by
staged tendon balancing: a prospective cohort study. J Bone Joint Surg Br. 2009;91(4):487-93 and
Hamilton GA, Ford LA, Perez H, et al,. Salvage of the neuropathic foot by using bone resection
and tendon balancing: a retrospective review of 10 patients. J Foot and Ankle Surg. 2005;44(1):
37-43.
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Sub–second, third, fourth metatarsophalangeal joint ulcerations (equinus)
Introduction Forefoot ulceration, located plantar to the metatarsal heads, is another
common location for ulceration. Prolonged levels of persistent hyperglycemia produce
high levels of nonenzymatic glycosylation of collagen fibers within the tendons, cross-
linking the fibers via the Maillard reaction.33–35 Electron microscopy studies of the
Achilles tendon have shown irregularity of collagen fibrils with high levels of disorga-
nization.33–36 Continued hyperglycemic states produce a stiffening/shortening of the
tendon, joint hypomobility, and, in turn, increased plantar pressures.33–36 Studies
have shown an increase in skin-collagen cross-linking concentrations, with an associ-
ated 54% increase in Achilles tendon stiffness, and a 33% higher forefoot/rearfoot
peak plantar pressure ratio in patients with diabetes.36 This deformity, or change in
function, leads to an increased risk for the development of plantar ulceration37–40

and has led to an ulceration rate up to 4 times the normal value compared with patients
without associated ankle equinus.41

Equinus contracture of the ankle joint produces an increase in forefoot pressures
and is present in as many as 37% of patients with diabetes, compared with 15% in
patients without diabetes.41,42 Evaluating for posterior contracture determines the ne-
cessity of an Achilles tendon lengthening versus a gastrocnemius recession in the
treatment and prevention of ulcerative lesions. An equinus contracture can be isolated
solely within the gastrocnemius muscle or can be located within the entirety of the
gastrocnemius-soleus complex. It is critical to evaluate for the source of the contrac-
ture to ensure that appropriate procedure selection is pursued. A Silfverskiöld exam-
ination, performed by measuring ankle dorsiflexion with the knee in a flexed position
and then again with the knee in an extended position, determines operative
course.43,44 An increase in range of motion of the ankle joint with the knee flexed
compared with extended is considered a positive Silfverskiöld examination and the
contracture is isolated to the gastrocnemius.43,44 This examination has shown a
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sensitivity of 89% and a specificity of 90% compared with goniometric evaluation and
is vital in determining appropriate procedure selection.45

Technique The Achilles tendon is isolated and the foot is maximally dorsiflexed. Using
a #15 or #11 blade, 3 vertical stab incisions are made midline over the Achilles tendon.
The blade is inserted vertically and rotated medially or laterally, in an alternating
fashion, releasing approximately 51% of the tendon fibers at each location. Incisions
are made in 3-cm intervals from the insertion of the Achilles tendon, alternating from
medial to lateral to medial to avoid sural nerve damage, as shown in Fig. 4.
Gastrocnemius recession can be performed through multiple established surgical

techniques. After a positive Silfverskiöld examination is identified, a Vulpius, Strayer,
Baumann, or endoscopic gastrocnemius release may be performed to alleviate the
isolated gastrocnemius contracture. Because this choice is often surgeon dependent
and patient specific, the authors defer surgical technique to the individual performing
the operation because multiple options are available.

Achilles tendon lengthening results Several current studies have evaluated Achilles
tendon lengthening as a treatment and for the prevention of neuropathic forefoot ul-
ceration caused by ankle equinus of the gastrocnemius-soleus complex (a negative
Silfverskiöld examination), and these are summarized in Table 4.46–49

Gastrocnemius recession results The current literature regarding isolated gastrocne-
mius recession as treatment of plantar ulceration caused by ankle equinus localized
within the gastrocnemius tendon (a positive Silfverskiöld examination) is limited,
because this procedure is often used in conjunction with other procedures. Several
studies were selected for further review of this procedure’s effectiveness in treating
forefoot ulceration, and they are summarized in Table 5.29,30,33,50–53

Discussion The evidence for the effectiveness of an Achilles tendon lengthening has
been well established in the literature. Of the studies evaluated in this review, a total
of 265 lengthenings were performed and showed an approximate 97% healing rate
with few complications. The major complications experienced in these studies were
that of a ruptured Achilles tendon or a heel ulceration caused by the creation of a
calcaneal gait after overlengthening of the tendon. The rate of recurrence varied
from as low as 2% in the study performed by Colen and colleagues46 to as high as
37% in the study performed by Mueller and colleagues.49 Thee findings show that
repeat procedures may be necessary because of continued persistent hyperglycemia
and further contracture of the previously lengthened tendon. Armstrong and col-
leagues54 evaluated mean peak pressures within the forefoot after percutaneous
Achilles tendon lengthening and found an average reduction from 86 N preoperatively
to 63 N postoperatively, further showing the power of this procedure to reduce high-
pressure areas and to heal or prevent ulceration.
The current literature for isolated gastrocnemius recession to treat forefoot ulcera-

tion is limited, because most of the evidence evaluating this procedure is as an adjunct
to others. The studies performed by Dayer and Assal29 and Laborde and col-
leagues52,53 were the largest and had the longest follow-up. They found high rates
of healing, ranging from 90.9% to 95.8%, and rates of recurrence from 4.1% to
14%, respectively.29,52,53 There were no complications experienced in any of the
studies evaluated, likely because of the more controlled release of a gastrocnemius
recession than that of an Achilles tendon lengthening. This procedure seems to
have similar efficacy to the Achilles tendon lengthening in offloading forefoot ulcera-
tion, but, again, selection is driven by the results of the Silfverskiöld examination.
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Fig. 4. (A) Achilles tendon identified and incisions placed at 3-cm intervals proximal to the
insertion. (B) A 50% transection performed alternating from medial to lateral to medial to
avoid damage to the sural nerve and allow adequate lengthening of the tendon. (Courtesy
of S. Masadeh, DPM, Cincinnati, OH.)
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Achilles tendon lengthening and gastrocnemius recession, when used appropri-
ately, have shown excellent results in healing forefoot ulcerations with low rates of
complications and recurrence. Because of the high rates of ankle equinus in the dia-
betic population, as well as the associated morbidity, mortality, and costs of ulcera-
tions, it is imperative to correct the cause of the deforming force to cure and
prevent further ulcerations. Persistent hyperglycemia often makes these procedures
temporary, with evidence of recurrence seen throughout the literature varying from
Table 4
Summary of Achilles tendon lengthening for forefoot ulceration caused by equinus

Tenotomies
(N)

% Healed
(N)

%
Recurrence
(N)

Follow-
up

% Heel
Ulcers (N)

%
Rupture
(N)

Colen et al,46 2013 145 100% (145) 2% (3) 2.7 y 1.4% (2) 0% (0)

Mueller et al,49 2003 30 100% (30) 37% (11) 2 y 13.3% (4) 0 (0)

Holstein et al,47 2004 75 90.6% (68) 14.7% (11) 1 y 14.7% (11) 9.3% (7)

Lin et al,48 1996 15 93.3% (14) 0% (0) 17 mo 0% (0) 0% (0)

Total 265 96.9% (257) 9.43% (25) 1–2.7 y 6.4% (17) 2.6% (7)

Data from Refs.46–49
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Table 5
Summary of gastrocnemius recession for forefoot ulceration caused by equinus

Gastrocnemius
Recession (N) Healed (%)

%
Recurrence
(N)

Follow-
up
(mo)

%
Complications
(N)

Dayer & Assal,29 2009 24 95.8 4.1% (1) 39.6 0% (0)

Greenhagen et al,51 2010 1 100 0% (0) 24 0% (0)

Hamilton et al,30 2005 12 100 0% (0) 14.2 0% (0)

Laborde et al,52 2008;
Laborde et al,53 2009

29 95 and 90.9 14% (4) 39 0% (0)

Total 66 95.4 7.6% (5) 20–39.6 0% (0)

Data from Refs.29,30,33,50–53
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1 to 3 years. Continued monitoring is necessary to evaluate for additional prophylactic
release before the onset of new ulceration.

Sub–metatarsal heads (cavus)
Introduction Forefoot ulceration located at the plantar aspect of the metatarsal heads
is often attributed to an equinus contracture but may be attributed to a cavus foot type
and contracted plantar fascia. Although Achilles tendon lengthening or gastrocnemius
recession do alleviate forefoot pressure, in a cavovarus foot type with a high calcaneal
inclination angle, this may also produce an overlengthening or rupture of the Achilles
tendon, leading to a calcaneal gait. Most neurologic cavus deformities are thought to
happen initially because of a plantarflexed first ray, also called forefoot-driven hindfoot
varus.55 This overpowering of the tibialis anterior tendon by the peroneus longus leads
to eventual tibialis posterior contracture, producing a hindfoot varus. Further develop-
ment of the intrinsic minus foot type through neurologic degeneration leads to an
imbalance of the long flexors and extensors, leading to a retrograde plantar force
on themetatarsal heads.56 This positioning of the foot allows the soft tissues, including
the plantar fascia, to eventually contract and hold the foot in a cavovarus position with
increased pressure on the forefoot while weight-bearing. In addition to the biome-
chanical imbalance, Ursini and colleagues57 showed that type 2 diabetes mellitus
leads to thickening and irregularity of the plantar fascia, worsening the contracture.
The authors routinely perform the plantar fasciotomy in conjunction with a peroneus
longus to brevis tenodesis in patients with forefoot or plantar first metatarsal ulceration
with a cavovarus foot type, but it may have value in selective release of individual ul-
ceration sub–lesser metatarsal heads in the cavus foot.

Technique Attention is directed to the medial aspect of the heel, distal to the weight-
bearing surface. The toes are dorsiflexed and the plantar fascia medial band is
palpated and marked. An incision, approximately 4 cm in length, is made perpendic-
ular to the plantar fascia extending to the glabrous junction of the foot. Blunt dissection
is continued down to visualize the medial plantar fascia band. Further dissection is
performed to isolate the plantar fascia on its dorsal and plantar aspects, and the fascia
is released from medial to lateral with a scalpel.

Discussion Kim and colleagues58 evaluated the use of selective plantar fasciotomy for
forefoot ulcerations in 36 patients and found that 56% of ulcerations healed within
6 weeks. Kitaoka and colleagues59 evaluated the effect of sectioning the plantar fascia
in cadavers and found that after fasciotomy the arch flattened with additional motion in
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the midfoot and hindfoot joints. To date, little is written about the use of selective
plantar fasciotomy and the role it may play in healing of forefoot ulceration. Further
research is needed to elicit the effectiveness of this procedure and the potential
morbidity associated with it.

Sub–fifth metatarsophalangeal joint (forefoot varus)/styloid process/sub–fifth
metatarsal base (forefoot varus)
Introduction Plantar ulcerations occurring on the lateral column may result from rela-
tive imbalance or contracture of the tibialis anterior tendon. The tibialis anterior muscle
not only functions as a dorsiflexor of the foot but also applies a varus rotation to the
foot through its insertions at the medial aspect of the base of the first metatarsal
and the medial cuneiform. Lateralization of this tendon through transfer to the lateral
cuneiform or cuboid may reduce the deforming force and therefore decrease the lat-
eralized pressures.

Technique A 3-cm incision is made medially at the insertion of the tendon, exposing
the tibialis anterior tendon and its sheath. A longitudinal incision is then made through
the sheath, allowing visualization of the insertion. The tendon is detached, secured
with a whip stitch, and readied for transfer. A tendon passer is used to follow the
tendon sheath proximally toward the ankle joint and an incision is made overlying
the tendon, exposing it proximally, near the musculotendinous junction. Care is taken
to protect the neurovascular bundle that lies lateral to the tendon. The tendon is
passed from distal, through the proximal incision. Fluoroscopy is used to visualize
the lateral cuneiform and a small incision is made dorsal to the cuneiform. A tendon
passer is again used to pass the tendon from the proximal incision through subcutane-
ous tissues to the lateral aspect of the foot. The foot is held in dorsiflexion and eversion
while the tendon is fixated to the cuneiform using an interference screw. This proced-
ure is shown in Fig. 5.

Discussion The tibialis anterior tendon transfer, originally described by Garceau60 and
popularized by Ponseti and Campos,61 is traditionally performed for the management
of clubfoot deformity.60,61 Hoffer and colleagues62 then described the split tibialis
anterior tendon transfer (STATT) as a treatment option for residual clubfoot and spas-
tic equinovarus deformity in adults. Regardless of split or full tendon transfer, the pro-
cedures neutralize the varus pull of the tibialis anterior muscle. Henderson and
colleagues63 compared whole tendon transfers and STATTs with regard to plantar
pressures after transfer in a cadaveric model. They found that whole and split tendon
transfers decreased lateral column pressures overall, with minimal difference in pres-
sure readings between the two.63 The transfer of the tibialis anterior tendon has sparse
literature written about its use in offloading the lateral column in the setting of neuro-
pathic ulcerations, but biomechanically removes a deforming force and balances the
foot. Kim and colleagues64 described a lengthening of the tibialis anterior tendon for
lateral column ulcerations; however, long-term results are not yet known.

Plantar central calcaneus (calcaneal gait)
Introduction Ulceration of the plantar heel is most often iatrogenic through over-
lengthening of the Achilles tendon and creation of a calcaneal gait. As previously
described, Achilles tendon lengthening and gastrocnemius recession can be used
to treat recalcitrant and nonhealing forefoot ulcerations in the setting of equinus. How-
ever, overlengthening of the posterior heel cord can lead to the creation of a calcaneal
gait and increased hindfoot pressures during ambulation. The Achilles tendon is over-
lengthened in 2% to 10% of Achilles lengthening procedures, creating this
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Fig. 5. (A) Detachment of lateral portion of tibialis anterior tendon from insertion for trans-
fer into the cuboid. (B) Lateral portion of STATT (split tibialis anterior tendon transfer) with
suture attached. Medial portion shown with forceps remaining attached to the anatomic
insertion. (C) Lateral portion of STATT rerouted into the lateral incision and readied for
insertion into the cuboid with interference screw. (Courtesy of S. Masadeh, DPM, Cincinnati,
OH.)
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deformity.47,49,65–67 These ulcerations are often initially treated conservatively through
various offloading measures such as bracing, non–weight-bearing, and total contact
casting, but remain difficult to manage conservatively. Previously described conserva-
tive treatments, such as total contact casting, can have a high rate of complications
and a high rate of recurrence because the biomechanical cause of the problem re-
mains uncorrected. Surgical measures are available, and include peroneus brevis
transfer, flexor hallucis longus (FHL) transfer with or without calcaneal osteotomy, par-
tial calcanectomy, below-knee amputation, ankle arthrodesis, and tibiotalocalcaneal
arthrodesis. Focusing on soft tissue balancing to reduce deformity, this article evalu-
ates the FHL transfer in isolation.

Technique The Achilles tendon paratenon is exposed, which is typically immediately
beneath the thin subcutaneous layer. The paratenon is then opened and any patho-
logic tendon is debrided. Dissection is continued to expose the body of the calcaneus
anterior to the insertion of the Achilles tendon, where the FHL tendon is anchored. As
dissection continues, the FHL tendon can be visualized, after incising the deep fascia,
coursing from lateral to medial within the surgical site. Care must be taken because
the neurovascular bundle as well as the FDL course medial to the FHL. The foot is
plantarflexed and the FHL tendon is transected as far distal as possible in order to har-
vest as much length as possible for transfer. The tendon can then be anchored into the
calcaneus using a soft tissue anchor or an interference screw. The anchor should be
inserted at an angle of 45� in order to maximize pullout strength.68,69 The surgical site
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can be closed in a layered anatomic fashion and the foot should be dressed with a dry
sterile dressing and splinted in about 10� of plantarflexion, as shown in Fig. 6.

Results There is a paucity of literature regarding FHL tendon transfer for the treatment
of plantar heel ulcerations after a calcaneal gait. Hahn and colleagues70 evaluated FHL
transfer for the treatment of chronic/neglected Achilles tendon ruptures, with good re-
sults noted, as well as a minimal clinical and pedobarographic change in gait pattern in
relation to propulsion and the first metatarsophalangeal joint complex. Kim and col-
leagues71 retrospectively evaluated 9 patients with diabetes with chronic plantar
heel ulcerations caused by calcaneal gait after Achilles tendon overlengthening. All
9 ulcerations healed within 8 weeks after undergoing FHL tendon transfer for
treatment.71

Discussion Plantar central ulcerations and calcaneal gait are a rare complication of
Achilles tendon lengthening, which is likely why there is a lack of research on this topic.
There have been several studies suggesting that the FHL is superior to the peroneus
brevis for transfer because of superior overall strength of the tendon.72,73 Most of the
literature for tendon transfer procedures for treatment of calcaneal gait is related to
acute or recalcitrant Achilles tendon ruptures. More studies are needed to investigate
the long-term results regarding rearfoot tendon transfers for the management and
treatment of plantar heel ulcerations.

Plantar medial calcaneus (hindfoot valgus)/plantar lateral calcaneus (hindfoot varus)
Introduction Plantar medial and plantar lateral heel ulcerations are commonly cause
by a hindfoot valgus or a hindfoot varus foot deformity, respectively. It is important to
determine whether the inherent deformity is flexible, semirigid, or a rigid osseous
deformity, because this dictates the treatment algorithm. It is also useful to assess
relaxed calcaneal stance position (RCSP) and to assess whether this deformity is pre-
sent throughout the gait cycle.74 The RCSP is traditionally defined as the angle formed
by the bisection of the posterior aspect of the calcaneus and a line drawn perpendic-
ular to the resting surface during relaxed standing in the angle and base of gait, with a
value of 0� � 2� (varus or valgus).75 Recent literature has raised concerns regarding the
basis of RCSP, implying that the original definition of the value of 0� � 2� by Root and
Fig. 6. (A) Exposure of the deep fascia deep to the Achilles tendon after transection of the
Achilles tendon. (B) Exposed FHL tendon readied for harvest and transfer within the deep
fascia. (C) Transfer of FHL tendon using interference screw at deadman’s angle to optimize
pullout strength. (Courtesy of S. Masadeh, DPM, Cincinnati, OH.)
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colleagues75 has no substantial clinical-based evidence and is merely theoretic.
Recent studies have shown that the RCSP is a reliable measure of hindfoot varus
and valgus clinically, but challenge the traditional values. These studies have pro-
posed wide-ranging values of 1� varus to 14� valgus in adults, with a mean of 6.07�

valgus.76–78

Imaging should also be obtained to assess for arthritic changes/rigid deformities,
including Harris Beath, calcaneal axial, and hindfoot alignment views to assess the
extent of hindfoot varus. In 2010, Lee and colleagues74 examined the reliability and
validity of the commonly used radiographic measurements to diagnose hindfoot varus
and valgus. The study determined that naviculocuboid overlap, anteroposterior talo-
navicular coverage angle, and anteroposterior talus-first metatarsal angle were reli-
able measurements in distinguishing a hindfoot valgus from varus deformity.74

Technique plantar lateral ulcerations
Posterior tibial tendon tenotomy/recession At the medial ankle, just distal to the

medial malleolus, a 2-cm incision is made and blunt dissection is performed to the
level of the tarsal tunnel. The flexor retinaculum is incised and the posterior tibial
tendon is identified. Care is taken not to damage the FDL tendon or the adjacent neu-
rovascular bundle. The tendon is then isolated and either sharply divided or length-
ened with a Z-lengthening technique and repaired with nonabsorbable suture, as
shown in Fig. 7. The surgical site is then closed in a layered anatomic fashion and
the foot should be dressed with a dry sterile dressing.79

Combined results For hindfoot varus deformities, soft tissue procedures focus on
lengthening, transferring, or releasing the overpowering posterior tibial tendon. As
described by Huber and colleagues80 and others, the cavus foot type is driven by
agonist/antagonist muscles either by the peroneus longus overpowering the tibialis
anterior muscle leading to a plantarflexed first ray (forefoot driven cavus) or the pos-
terior tibial tendon overpowering the peroneus brevis (hindfoot driven varus).81,82

The decision to lengthen or release versus transfer the posterior tibial tendon has
traditionally been determined by whether there is a drop foot or weakness of the ante-
rior compartment causing a steppage gait. Posterior tibial tendon transfers have tradi-
tionally been reserved for neurologic or posttraumatic causes (ie, common peroneal
nerve injury to increase dorsiflexion strength).83–85

For hindfoot valgus deformities, procedures are focused on correcting the overpow-
ering peroneus brevis muscle. The peroneus brevis, as the antagonist to the posterior
tibial tendon, pulls the hindfoot into valgus if the posterior tibial tendon is weak. Per-
oneus brevis tendon lengthening has been described in relation to treating hindfoot
valgus in patients with cerebral palsy to reduce deformity.86

Discussion It is important when evaluating a hindfoot varus/valgus to clinically
assess the biomechanical relationship of the rearfoot to the ground. The authors
propose that, in the presence of a wound on either the plantar lateral or plantar
medial aspect of the calcaneus, a respective hindfoot varus or hindfoot valgus
deformity is the likely cause. Clinical evaluation and judgment, including gait evalu-
ation, and flexibility of deformity, should be used, as opposed to relying on a numer-
ical value. Examining the motion of the hindfoot and reducibility of the deformity is
imperative in its correction. A thorough lower extremity examination, including a gait
examination, should be included when evaluating patients with hindfoot deformities.
Failure to identify proximal deformities, especially with osseous procedures, could
increase the potential for failure. Tibia/fibula, knee, hip, and limb length radiographs
should be obtained for evaluation.
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Fig. 7. Posterior tibial tendon is isolated and a Z-lengthening is performed for plantar
lateral calcaneus ulcer/hindfoot varus deformity. (Courtesy of S. Masadeh, DPM, Cincinnati,
OH.)
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Because the procedures for hindfoot varus and valgus have only been used in rela-
tion to biomechanical deformities and neurologic or posttraumatic causes, further
research is required for the use of these procedures in wound healing and ulceration
prevention. Long-term studies will also be needed in order to assess for recurrences
and efficacy compared with traditional conservative measures.
SUMMARY

Diabetes currently affects approximately 9.4% of the United States population, or
roughly 30.3 million citizens.87 An additional 84.1 million citizens have the diagnosis
of prediabetes, a disorder that often progresses to diabetes within 5 years of diag-
nosis.87 Because of this, it can be expected that the patient population with diabetes
will continue to increase over the next decade, further increasing the medical and eco-
nomic demands on our society. Between $9 billion and $14 billion dollars was spent
directly on the treatment of patients with foot ulcerations in 2015 alone, showing the
severe financial implications of foot ulceration.88,89 Between 15% and 25% of people
with diabetes develop a foot ulceration during their lifetimes.90–92 The estimated cost
of treating 1 foot ulcer over a 2-year period is approximately $28,000, with a single
hospitalization event exceeding $30,000.93,94 Given the anticipated increase in the
number of patients with diabetes and an annual incidence of ulceration of 2% in those
with the diagnosis, it can be safely assumed that the economic burden of ulcerations
will continue to increase without establishing more definitive treatment options than
the current algorithms offer.2,94,95

Knowing that neuropathic ulcerations often progress to the end point of amputa-
tions if not treated appropriately in the initial clinic setting, it becomes imperative to
treat preulcerative and ulcerative lesions with definitive measures early to save both
economic resources and limbs. Ulcerations have been implicated as the causative
factor in as many as 84% of amputations in patients with diabetes.91,96–98 Up to
43% of those patients with diabetes and a foot ulcer progress to an amputa-
tion.98–100 Additional amputations are often inevitable after initial amputation
because of the creation of a new deformity and further altering the foot biome-
chanics and pressure distribution. Reamputation rates have been shown to be as
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high as 26.7% after 1 year, 48.3% after 3 years, and 60.7% after 5 years, showing
the importance of preventing the progression of ulceration and the initial amputation
event.97,101,102

The typical initial treatment of a diabetic foot ulcer in the clinical setting is often
local wound care, offloading through custom orthopedic shoes, or plaster casting
to temporarily alleviate the deformity and the increased plantar pressures. These
methods have shown efficacy in obtaining initial healing, but reulceration rates
remain high. Reulceration rates have been seen as high as 38.8% within 1 year us-
ing custom-made footwear and 44.2% with routine care alone, as well as
exceeding 60% after 3 years.4–8 Studies performed by Striesow and colleagues103

and Viswanathan and colleagues104 have shown reulceration rates up to 67% in
self-selected shoes. Armstrong and colleagues105 showed an average daily adher-
ence of approximately 28% in those patients with ulceration who were prescribed a
removable foot-offloading device, and even the most strictly adherent patients
were compliant with their treatment only 60% of the day. Poor outcomes associ-
ated with conservative measures are likely caused by persistent hyperglycemia
leading to recurrence and poor compliance to the prescribed conservative treat-
ment regimen. This chronic state of increased glucose levels leads to nonenzy-
matic glycosylation of not only tendons located in the foot and ankle but also
throughout the body. Continued protein glycosylation creates contracture, defor-
mity, and imbalance, leading to the creation of high-pressure areas within the
weight-bearing surface. To adequately alleviate these increased pressures and
reduce the likelihood of recurrence, the source of the deforming force needs to
be corrected to regain balance.
Considering the number of current patients with active neuropathic ulceration, it

can be assumed that a far greater number are currently in remission, without defin-
itive long-term solution provided. With the greatest risk factor or predictor of ulcer-
ation being a prior history of ulceration, it is safe to assume that those patients
currently healed will likely reulcerate at a future time.106 It is therefore imperative
to provide longer-lasting, reproducible solutions to address the root of the problem.
These solutions can be achieved, in the appropriate situations, through tendon
transfer and balancing, not to provide a functional transfer but to reduce the deform-
ing forces creating the deformity itself. These procedures are performed with the
intent of restoring a plantigrade, biomechanically neutral foot, improving joint
mobility and reducing the associated deformity. The question remains, when should
these procedures be performed? It is known that, as a patients continue along the
spectrum of ulceration, it likely ends in increasing deformity and amputation. Arm-
strong and colleagues105 established a foot surgery classification for patients with
diabetes, to stratify risks as (1) elective, (2) prophylactic, (3) curative, or (4) emer-
gent, in nonischemic diabetic patients.5,107 This hierarchy of surgical classification
allows practitioners to readily classify procedures within the patient population
with diabetes and predict future outcomes and associated risks with the timing of
intervention. This classification was further shown to provide efficacy in treating pa-
tients early on the spectrum to prevent progression to eventual amputation, limb
loss, or severe postoperative complications.5,105,107 As the classification level pro-
gresses, so does the likelihood of the patient experiencing a poor outcome.5,105,107

This likelihood further provides support that these patients with ulceration or preul-
cerative lesions should be treated while in the prophylactic or preulcerative stage
when possible, which can often be achieved in flexible or semirigid deformities by
removing the deforming forces through the various tendon procedures, based on
anatomic ulcer location, as described in this article.
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CLINICS CARE POINTS

� Persistent states of hyperglycemia lead to muscular imbalances and the creation
of initial flexible deformities.

� Failure to address these deformities leads to biomechanical imbalances and the
creation of areas of high pressure on the plantar foot with eventual pursuant
ulceration.

� To address these deformities through tendon transfers the deformities must be
flexible or semi-rigid.

� Prophylactic surgery may prevent the need for future amputations.
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