
Clin Orthop Relat Res (2020) 478:836-851
DOI 10.1097/CORR.0000000000001075

Clinical Research

Proximal Tibial Cortex Transverse Distraction Facilitating
Healing and Limb Salvage in Severe and Recalcitrant Diabetic
Foot Ulcers

Yan Chen MD, PhD, Xiaocong Kuang MD, PhD, Jia Zhou MD, Puxiang Zhen MD, Zisan Zeng MD,
Zhenxun Lin MD, Wei Gao MD, Lihuan He MD, Yi Ding MD, Guangwei Liu MD, Shaohua Qiu MD,
An Qin PhD, William Lu PhD, Shan Lao MD, Jinmin Zhao MD, Qikai Hua MD

Received: 29 July 2019 / Accepted: 9 November 2019 / Published online: 28 November 2019
Copyright © 2019 by the Association of Bone and Joint Surgeons

Abstract
Background The management of severe and recalcitrant
diabetic foot ulcers is challenging. Distraction osteogenesis
is accompanied by vascularization and regeneration of

the surrounding tissues. Longitudinal distraction of the
proximal tibia stimulates increased and prolonged blood
flow to the distal tibia. However, the effects of transverse
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distraction of the proximal tibia cortex on severe and re-
calcitrant diabetic foot ulcers are largely unknown.
Questions/purposes (1) Does tibial cortex transverse dis-
traction increase healing and decrease major amputation
and recurrence of severe and recalcitrant diabetic foot
ulcers compared with routine management (which gener-
ally included débridement, revascularization, negative
pressure wound therapy, local or free flaps, or skin grafts as
indicated)? (2) Does neovascularization and perfusion in-
crease at the foot after the procedure? (3) What are the
complications of tibial cortex transverse distraction in
patients with severe and recalcitrant diabetic foot ulcers?
Methods Between July 2014 and March 2017, we treated
136 patients with diabetes mellitus and University of Texas
Grade 2B to 3D ulcers (wound penetrating to the tendon,
capsule, bone, or joint with infection and/or ischemia). The
patients had failed to respond to treatment for at least
6 months, and their ulcers had a mean6 SD area of 44 cm2

6 10 cm2. All 136 patients underwent tibial cortex trans-
verse distraction (partial corticotomy of the upper tibia,
which was in normal condition, followed by 4 weeks of
transverse distraction medially then laterally). We com-
pared these patients with the last 137 consecutive patients
we treated with standard surgical treatment, consisting of
débridement, revascularization, local or free flap or skin
equivalent, or graft reconstruction along with negative-
pressure wound therapy betweenMay 2011 and June 2013;
there was a 1-year period during which both treatments
were in use, and we did not include patients whose pro-
cedures were performed during this time in either group.
Patients in both groups received standard off-loading and
wound care. The patients lost to follow-up by 2 years (0.7%
of the treatment group [one of 137] and 1.4% of the control
group [two of 139]; p = 0.57) were excluded. The patients
in the treatment and control groups had a mean age of 61
years and 60 years, respectively, and they were pre-
dominantly men in both groups (70% [95 of 136] versus
64% [88 of 137]; p = 0.32). There were no differences with
respect to parameters associated with the likelihood of ul-
cer healing, such as diabetes and ulcer duration, ulcer
grades and area, smoking, and arterial status.We compared
the groups with respect to ulcer healing (complete epithe-
lialization without discharge, maintained for at least
2 weeks, which was determined by an assessor not in-
volved with clinical care) in a 2-year follow-up, the pro-
portion of ulcers that healed by 6 months, major
amputation, recurrence, and complications in the 2-year
follow-up. Foot arterial status and perfusion were assessed
in the tibial cortex transverse distraction group using CT
angiography and perfusion imaging.
Results The tibial cortex transverse distraction group had a
higher proportion of ulcers that healed in the 2-year follow-
up than the control group (96% [131 of 136] versus 68%
[98 of 137]; odds ratio 10.40 [95% confidence interval 3.96

to 27.43]; p < 0.001). By 6 months, a higher proportion of
ulcers healed in the tibia cortex transverse distraction group
than the control group (93% [126 of 136] versus 41% [56 of
137]; OR 18.2 [95% CI 8.80 to 37.76]; p < 0.001). Lower
proportions of patients in the tibia cortex transverse dis-
traction group underwent major amputation (2.9% [four of
136] versus 23% [31 of 137], OR 0.10 [95% CI 0.04 to
0.30]; p < 0.001) or had recurrences 2.9% (4 of 136) versus
17% (23 of 137), OR 0.20 [95%CI 0.05 to 0.45]; p < 0.001)
than the control group in 2-year follow-up. In the feet of the
patients in the tibial cortex transverse distraction group,
there was a higher density of small vessels (196 2.1/mm2

versus 96 1.9/mm2; mean difference 10/mm2; p = 0.010),
higher blood flow (24 6 5 mL/100 g/min versus 8 6 2.4
mL/100 g/min, mean difference 16 mL/100 g/min; p =
0.004) and blood volume (2.56 0.29 mL/100 g versus 1.3
6 0.33 mL/100 g, mean difference 1.2 mL/100 g; p = 0.03)
12 weeks postoperatively than preoperatively. Complica-
tions included closed fractures at the corticotomy site (in
1.5% of patients; two of 136), which were treated with
closed reduction and healed, as well as pin-site infections
(in 2.2% of patients; three of 136), which were treated with
dressing changes and they resolved without osteomyelitis.
Conclusions Proximal tibial cortex transverse distraction
substantially facilitated healing and limb salvage and de-
creased the recurrence of severe and recalcitrant diabetic foot
ulcers. The surgical techniques were relatively straightfor-
ward although the treatment was unorthodox, and the com-
plications were few and minor. These findings suggest that
tibial cortex transverse distraction is an effective procedure to
treat severe and recalcitrant diabetic foot ulcers compared
with standard surgical therapy. Randomized controlled trials
are required to confirm these findings.
Level of Evidence Level II, therapeutic study.

Introduction

Diabetes mellitus is a leading cause of chronic disease, af-
fecting 425 million people globally [27]. One of the major
complications of diabetes mellitus is diabetic foot ulcers, with
an annual worldwide incidence of 6.3% [52]. After a diabetic
foot ulcer has occurred, complications such as gangrene and
infection can develop, sometimes leading to amputation. Even
whenulcers heal, the risk of recurrence remains high [1]. There
are many causes for these foot ulcers, with known risk factors
including peripheral neuropathy and vascular disease [48].
Chronic neuropathy leads to insensitive and deformed feet,
resulting in high pressure on some foot areas and eventual
ulceration [10]. Peripheral artery disease leads to limb ische-
mia and contributes to ischemic ulceration [48].

Nonoperative treatments of diabetic foot ulcers (such as
footwear and wound care) often are not effective, and some
patients have difficulty adhering to the treatment regimen
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[12, 13]. Surgical therapies such as débridement, bone
procedures (metatarsal head resection and meta-
tarsophalangeal joint arthroplasty) [4, 9, 12, 45] and
tendon-balancing interventions (Achilles tendon length-
ening and digital flexor tendon tenotomy) [12, 40, 46] are
more effective for treating localized ulcers. However, these
procedures are less effective for more diffuse and severe
ulcers, and are often associated with high complication
rates, including violation of the metatarsophalangeal joint.
Revascularization increases distal perfusion and creates
favorable conditions for ulcer healing [20]. However, some
ulcers do not heal because of small-artery occlusion and
impaired foot perfusion [6, 18]. Furthermore, the re-
construction of soft-tissue defects in diabetic foot ulcers
using microsurgical flaps is frequently unsuccessful be-
cause of postoperative complications such as flap loss [44].
The treatment of diabetic foot ulcers, particularly severe
and recalcitrant ulcers, therefore, remains challenging.

Because diabetic foot ulcers involve bone, nerve,
vascular tissues, muscle, and skin, treatments aim to re-
generate multiple tissues. Distraction osteogenesis
induces large volumes of new bone [23-26] that is ac-
companied by neovascularization and increased perfu-
sion to the bone and surrounding soft tissues [8, 19, 33,
38, 39, 41]. Moreover, longitudinal distraction of the
proximal tibia has stimulated increased and prolonged
perfusion to the distal tibia [5]. Additionally, transverse
distraction of tibial cortex was suggested for treatment of
local ischemic diseases [23]. However, whether proximal
tibial cortex transverse distraction stimulates neo-
vascularization and improves perfusion of the foot and
healing of diabetic foot ulcers remains unknown.

We therefore asked the following questions: (1)Does tibial
cortex transverse distraction increase healing and decrease
major amputation and recurrence of severe and recalcitrant
diabetic foot ulcers compared with routine management
(which generally included débridement, revascularization,
negative pressure wound therapy, local or free flaps, or skin
grafts as indicated)? (2) Does neovascularization and perfu-
sion increase at the foot after the procedure? (3) What are the
complications of tibial cortex transverse distraction in patients
with severe and recalcitrant diabetic foot ulcers?

Patients and Methods

Study Design and Setting

Between July 2014 and March 2017, we treated 145
patients with diabetes mellitus and University of Texas
Grade 2B to 3D ulcers (wound penetrating to the tendon,
capsule, bone, or joint with infection and/or ischemia) [3].
During that time, all patients with that diagnosis were
treated with tibial cortex transverse distraction. In this

prospective, observational study of the new treatment, we
compared this group to a historical control group of
patients who underwent standard surgical treatment
(consisting of serial débridement [14], revascularization
[21, 22], local or free flap or skin equivalent or graft re-
construction [15, 44], and negative-pressure wound
therapy [2, 15]) performed by the same surgeons (YC,
QH) during a preceding period (May 2011 to June 2013);
the endpoints of interest were ulcer healing, limb salvage,
ulcer recurrence, foot neovascularization and perfusion,
and complications. During the 1-year transition period,
our surgical protocol evolved and patients treated during
this time were excluded. Data were collected as part of
routine patient follow-up examinations. The study was
approved by the institutional review board at the First
Affiliated Hospital of Guangxi Medical University. All
participants provided informed consent before entering
the study.

Participants

Patient Inclusion and Exclusion Criteria

During the period in question, we saw 145 patients who
were at least 18 years old, with diagnosis of diabetes
mellitus based on the American Diabetes Association cri-
teria [7], and who had nonhealing or recurrent ulcers in the
lower limbs for at least 6 months [28]. Previous non-
operative treatments included local wound care, footwear
modifications, infection and glycemic control, and
negative-pressure wound therapy [2, 15]. Previous opera-
tive treatments included serial débridement [14], re-
vascularization [21, 22], skin equivalents or grafting, and
local or free flap transplantation [20, 44]. We also included
patients with ulcers classified as University of Texas Grade
2B to 3D (wounds with infection and/or ischemia in-
volving the tendon, capsules, bone, or joints) [3] and those
with a 2-year follow-up. All 145 patients underwent tibial
cortex transverse distraction. Patients were excluded if they
had local signs of infection that presented as cellulitis or
suppuration in the surgical area of the calf; severe periph-
eral vascular disease (popliteal arteries with occlusion $
80% of the lumen and unable to receive vascular re-
construction); malignant disease in the ulcers; foot ulcers
without the presence of diabetes; active Charcot arthropa-
thy of the foot; stroke or myocardial infarction in the past
3 months, or with a history of cardiac failure, cancer, or
renal failure; treatment with corticosteroids, immunosup-
pressive drugs, and/or chemotherapy; and death of un-
related causes before the end of the 2-year follow-up. If
patients had stenosis $ 80% of the lumen of popliteal
arteries but could be treated using revascularization, they
were also candidates for tibial cortex transverse distraction.
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Clinical and Imaging Evaluation

The position and duration of the diabetic foot ulcers were
registered. The presence and severity of infection was
evaluated using the International Working Group on the
Diabetic Foot/Infectious Diseases Society of America clas-
sification system [35, 36]. If an infection was suspected or
proven, wound culturing was performed to identify causa-
tive organisms and their antibiotic sensitivities. For an
infected open wound, a probe-to-bone test was performed,
and plain radiographs of the foot were taken to detect di-
abetic foot osteomyelitis [35]. Specific oral or parenteral
antibiotic agents were used according to the International
Working Group on the Diabetic Foot/Infectious Diseases
Society of America guidelines [35, 36]. Peripheral sensory
neuropathywas defined as an inability to feel a 10 g Semmes
Weinstein monofilament [32]. Peripheral arterial disease of
the lower extremities was defined as the absence of palpable
dorsalis pedis and posterior tibial arteries and/or an ankle-
brachial index less than 0.9 [11, 43].

The vascular status of the lower limbs was evaluated
with color duplex ultrasound and CT angiography. Patients
with severe artery stenosis (more than 50% of diameter
reduction and/or presence of monophasic Doppler ultra-
sonography) [16] and occlusion caused by atherosclerosis
and/or calcification were referred to a vascular surgeon for
further evaluation and revascularization, when indicated.
To assess perfusion in the ulcerated feet of the patients, CT
perfusion imaging was performed as previously described
[51]. Laboratory parameters included the glycated hemo-
globin A1c value, which was measured with standard
methods.

Demographics, Description of Study Population

Patient Characteristics and Follow-up

A total of 145 patients were eligible for tibial cortex
transverse distraction, and 165 in the control group were
eligible. During follow-up, 6% of the patients (eight of
145) in the tibial cortex transverse distraction group and
16% of patients (26 of 165) in the control group died. The
deaths were all because of atherosclerotic vascular disease
(myocardial infarction or stroke). Among the remaining
patients, 0.7% in the treatment group (one of 137) and 1.4%
in the control group (two of 139) were lost to follow-up
after ulcer healing, leaving 136 patients in the treatment
group and 137 in the control group for analysis (Table 1).
There were no differences in factors related to the likeli-
hood of ulcer healing such as age, sex, BMI, smoking
status, diabetes mellitus duration, duration of ulcers, or
ulcer area (see Table 1, Supplemental Digital Content 1,
http://links.lww.com/CORR/A269).

Description of Experiment, Treatment, or Surgery

Surgical Techniques

Patients underwent tibial cortex transverse distraction un-
der spinal anesthesia or a femoral nerve block in the supine
position without a tourniquet (Fig. 1). The corticotomy
window was a vertical rectangle (5 cm in height with a
width of 1.5 cm) located on the upper tibia which was in
normal condition and located below the tibial tuberosity.
This site was selected because of its proximity to the
neurovascular bundles and high perfusion. Generally,
perfusion at the distal 1/3 of the tibia is poor, and fractures
of this area frequently lead to nonunion. Additionally, the
diaphyseal circumference of the proximal tibia is larger
than the middle and distal thirds and reduces the risk of
fracture at the surgical site. The reasons for selecting cor-
ticotomy on the anteromedial rather than the lateral surface
of the tibia were that the lateral approach to the tibia could
cause injury to the common peroneal nerve and that the
anteromedial surface of the tibia is almost flat, making the
corticotomy procedure easier to perform (Fig. 2).

After surgery, aggressive débridement was performed
based on international guidelines [15, 22, 34] (Fig. 2).
Digital photographs were taken and the diabetic foot ulcer
area was evaluated by measuring the maximum length and
width by an observer who was unaware of the treatments.
Minor amputations (resections through or distal to the an-
kle) [28] were performedwhen necessary. All wounds after
incisions and minor amputations were left for complete
healing without the use of skin equivalents or grafts or
flaps. After débridement, tissue samples were sent for a
microbiological assessment and histopathologic examina-
tion. Patients who had infections received empiric antibi-
otic treatment postoperatively, which was modified
according to antibiograms. Infected bone was surgically
removed and antibiotic therapy was administered [35].

In the control group, all the patients underwent early
and aggressive débridement [14, 34] (Table 1), and 72%
of them (99 of 137) required more than one. Re-
vascularization [21, 22] was applied to 1.5% of patients (2
of 137) who had severe stenosis ($ 80% of the lumen) of
popliteal and anterior and posterior tibial arteries to im-
prove blood supply to the feet (percutaneous transluminal
angioplasty for one and percutaneous transluminal an-
gioplasty and bypass surgery for the other). This was
followed by further débridement and free flap re-
construction. Percutaneous transluminal angioplasty was
performed twice for one patient. In conjunction with
débridement, negative-pressure wound therapy [2, 15]
was applied to 29% of patients (39 of 137) for promotion
of wound healing and wound bed preparation; and 24% of
the patients (33 of 137) required more than one. Local or
free flaps were transferred in 52% of patients (71 of 137)
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Table 1. Patient descriptive characteristics

Parameters TCTD (n = 136) Control (n = 137) p value

Age (years) 61 6 10 60 6 11 0.83

Male sex, % (n) 70 (95) 64 (88) 0.32

BMI (kg/m2) 23 6 3.2 23 6 3.4 0.72

Type 2 diabetes mellitus, % (n) 99 (134) 99 (135) 0.99

Duration of diabetes mellitus (years) 21 6 9 20 6 7 0.89

Duration of ulcers (years) 1.5 6 0.9 1.1 6 0.7 0.12

Ulcer area (cm2) 44 6 10 41 6 9 0.23

University of Texas wound
classification system, % (n)

2-B 3.7 (5) 8 (11) 0.20

2-C 5 (7) 7 (10) 0.63

2-D 26 (35) 27 (37) 0.81

3-B 4.4 (6) 5 (7) 0.79

3-C 8 (11) 6 (8) 0.47

3-D 53 (72) 47 (64) 0.36

Site of ulcer, % (n)

Forefoot 45 (62) 52 (71) 0.30

Midfoot 29 (40) 30 (41) 0.93

Hindfoot 15 (20) 10 (14) 0.26

Above the ankle 10 (14) 8 (11) 0.52

Peripheral arterial disease, % (n) 82 (111) 78 (107) 0.47

Peripheral neuropathy, % (n) 84 (114) 82 (112) 0.65

Severe artery stenosis detected by
CTA, % (n)

63 (85) 59 (81) 0.57

Severe artery stenosis detected by
ultrasound, % (n)

57 (77) 53 (72) 0.50

Ankle-brachial index (ABI) 0.37 6 0.06 0.35 6 0.05 0.87

Stroke, % (n) 9 (12) 5 (7) 0.33

Chronic kidney failure, % (n) 15 (20) 11 (15) 0.35

Osteomyelitis, % (n) 54 (74) 50 (68) 0.43

HbA1c (%) 9.7 6 3.7 9.5 6 3.2 0.67

Current smoker, % (n) 18 (24) 15 (20) 0.49

Prior treatment, % (n)

Débridement 20 (27) 12 (17) 0.09

Negative-pressure wound therapy 6 (8) 7 (9) 0.81

Revascularization 2.2 (3) 4.4 (6) 0.31

Local or free flap 2.9 (4) 1.5 (2) 0.67

Current treatment, % (n)

Débridement 100 (136) 100 (137)

Negative-pressure wound therapy 29 (39)

Revascularization 1.5 (2) 1.5 (2) 0.62

Skin graft or equivalent 29 (39)

Local or free flap 71 (52)

Data are presented as the mean 6 SD or % (n); TCTD = tibial cortex transverse distraction; CTA = computed tomography
angiography.
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[20, 44]. Free flaps were used for 21% of patients (29 of
137), and two patients underwent secondary flap re-
construction. Skin equivalents or grafts were applied to
29% (39 of 137) of patients, and more than once to 20%
of them (27 of 137). Patients received free-flap re-
construction had complete bed rest for 7 days post-
operatively. Wound care and off-loading were applied in
an identical manner [15, 22] in patients in each group.

Aftercare

Postoperative Wound Care and Tibial Cortex Transverse
Distraction

In the tibial cortex transverse distraction group, pin care
was applied with daily dressing changes. Postoperative
radiographs were taken to confirm the position of the cor-
ticotomy site and pins of the external fixator. After a 4-day
latent period, tibial cortex transverse distraction was initi-
ated at a rate of 0.25 mm every 6 hours. Patients were then
discharged and instructed to finish bone distraction at
home; that is, 14 days of medial distraction followed by
14 days of lateral distraction (Fig. 1). Radiography was
performed 2 and 4 weeks after bone distraction to confirm
the position of the cortex (Fig. 3). Standard daily wound
care and off-loading casts were applied to patients in both
groups. Because the external fixator provided excellent
stability, early partial weightbearing with crutches was
allowed. After 4 weeks of distraction, the external fixator
was removed in the outpatient department.

Description of Follow-up Routine

In the tibial cortex transverse distraction group, patients
were followed weekly during the first 12 weeks post-
operatively in the outpatient department for dressing
changes. Four weeks after removal of the external fixator,
full weightbearing ambulation was allowed. Further
follow-up occurred at 2-month intervals until the final 2-
year follow-up examination. If the ulcers were healed, off-
loading shoes and/or soles were applied.

Outcomes

The primary outcomes included the proportion of ulcers
that healed by 2 years and 6 months, the proportion of
patients with successful limb salvage (without major
amputations) [28] and recurrence by 2 years. Ulcers were
considered healed when complete epithelialization with
no drainage was observed and maintained for at least
2 weeks [28]. This was recorded by an assessor (GL) who
did not participate in the operations or the daily wound
care. In the tibial cortex transverse distraction group,
secondary outcomes included changes in the lower-limb
small arteries, as evaluated by CT angiography, and
blood flow and blood volume in the muscle of ulcerated
feet, as evaluated by CT perfusion preoperatively to
12 weeks postoperatively. The numbers and kinds of
complications were recorded for the study group and
obtained from a chart review in the historical control
group

Fig. 1A-G This schematic shows tibial cortex transverse distraction. (A) The corticotomywindowwas a vertical rectangle located on
the anteromedial tibia of a lower limb with diabetic foot ulcer (U), with the proximal end 1.5 cm below the tibial tuberosity (T) and
the lateral end 2 cm next to the tibial crest. (B and C) The rectangular corticotomy was 5 cm in height with a width of 1.5 cm. Two
pins 2 cm away were screwed into the cortex fragment for distraction, and two more pins were screwed into the tibial shaft to
anchor the external fixator. (D and E) By turning the nuts, the surgeon could distract the cortex medially and then laterally to return
it to its original position. (F) The external fixator was removed and the corticotomized cortex would unite, with (G) the foot ulcer
healing gradually.
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Statistical Analysis

Demographic and clinical data were tested for normality
using the Shapiro-Wilk test. Data were compared between
groups using a t-test for normally distributed variables,
Mann-Whitney U tests for nonparametric variables, and the
chi-square test or Fisher’s exact test (if the expected count
was less than 5 for any contingency cell) for categorical data,
as appropriate. Data are presented as the mean 6 SD for
continuous variables and as numbers and percentages for
categorical measures. Paired t-tests were used to compare
preoperative and postoperative small-vessel density and
blood volume and flow in the tibial cortex transverse dis-
traction group. Statistical significance was set at an alpha
level < 0.05. SPSS version 20.0 (IBM Corp, Chicago, IL,
USA) was used for all statistical analyses.

Results

Healing

A higher proportion of ulcers healed by 2 years in the tibial
cortex transverse distraction group than in the control group
(96% [131 of 136] versus 72% [98 of 137]; odds ratio 10.40
[95% CI 3.96 to 27.43]; p < 0.001) (Table 2). By 6 months, a
higher proportion of ulcers healed in the tibial cortex transverse
distraction group (93% [126 of 136] versus 41% [56 of 137];
OR 18.2 [95% CI 8.80 to 37.76]; p < 0.001) (Figs. 4-6; see
Videos 1-5, Supplemental Digital Content 2, http://links.lww.
com/CORR/A270;SupplementalDigitalContent 3, http://links.
lww.com/CORR/A271; Supplemental Digital Content 4, http://
links.lww.com/CORR/A272; Supplemental Digital Content 5,
http://links.lww.com/CORR/A273; and Supplemental Digital
Content 6, http://links.lww.com/CORR/A274). After ulcer
healing, the patients in the tibial cortex transverse distraction
group could wear shoes and walk. A lower proportion of
patients in the tibial cortex transverse distraction group
underwent major amputation than in the control group (2.9%
[four of 136] versus 23% [31 of 137], OR 0.10 [95%CI 0.04 to
0.30]; p < 0.001). Of patients in the tibial cortex transverse
distraction group, 1.5% (two of 136) underwent major
amputations because of massive thromboses in the popliteal
artery and tibial posterior and anterior arteries 2 and 3 months
postoperatively, respectively. A further 1.5% (two of 136) of
patients displayed occlusion of the popliteal arteries ($ 80% of
the lumen) because of arterial calcification but did not undergo
revascularization before tibial cortex transverse distraction
because vascular surgery was contraindicated. Their wounds
showed improvement after tibial cortex transverse distraction
but did not heal completely until 3 months postoperatively;
these patients finally underwent major amputations. In the
control group, the reasons for major amputations were flap
failure (n = 7; five had congestion and two had arterial

Fig. 2A-M This figure shows the tibial cortex transverse dis-
traction procedure. (A-C) The surgery was performed on the
upper 1/3 of the ipsilateral tibia of a foot with a diabetic foot
ulcer. (C) The positions of incision, corticotomy, and nailing are
shownwith markings as part of preoperative planning. (D) A 4-
cm medially curved incision was made 1 cm from the tibial
crest and 2 cm distal to the tibial tubercle. (E) The soft tissue
was retracted with blunt dissection and the periosteum was
exposed, whichwas not removed from the cortex. Corticotomy
was performed by drilling multiple holes in a rectangle (1.5 cm
3 5.0 cm) in the cortex. (F) Drilling was limited to the ipsilateral
cortex, avoiding penetration beyond the depth of the cortex.
(G) After osteotomy, two 3-mm drill holes were made in the
osteotomized cortex (not extending to the contralateral cor-
tex) followed by the insertion of two pins for distraction. Then,
two 4-mm nailing holes extending to the contralateral cortex
were made, followed by the insertion of two pins to stabilize
the external frame (see Fig. 1, Supplemental Digital Content
7, http://links.lww.com/CORR/A275). (H) The holes were
connected using an osteotome to separate the cortex from
the tibial shaft. (I) The incision was closed in layers with proper
sutures. (J-K) The pins were attached to the fixator frame,
which had two screws for distraction. Aggressive débridement
was performed to remove nonviable tissues surrounding the
ulcer, andminor amputation was performed if necessary. (L-M)
The distraction maintained for 4 weeks and then the external
fixator was removed. The incision would heal with the ulcer
healed gradually.

842 Chen et al. Clinical Orthopaedics and Related Research®

Copyright © 2019 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/CORR/A270
http://links.lww.com/CORR/A270
http://links.lww.com/CORR/A271
http://links.lww.com/CORR/A271
http://links.lww.com/CORR/A272
http://links.lww.com/CORR/A272
http://links.lww.com/CORR/A273
http://links.lww.com/CORR/A274
http://links.lww.com/CORR/A275


insufficiency), persistent, severe systemic infection (n = 4), a
thrombosed vascular graft (n = 4), persistent ulceration (n = 2),
and pain that caused disability (n = 1). The amputationswere all
below the knee as of latest follow-up except for a single trans-
femoral amputation in the control group. The residual limbs in
all patients who underwent major amputation healed.

A lower proportion of patients in the tibial cortex
transverse distraction group had recurrences than the
control group in the 2-year follow-up (2.9% [4 of 136]
versus 17% [23 of 137], OR 0.20 [95% confidence in-
terval 0.05 to 0.45]; p < 0.001). In the tibial cortex
transverse distraction group, 2.9% (four of 136) patients
had recurrences. Three of the lesions were treated with
general drainage and healed after 2 weeks. The other le-
sion was treated with tibial cortex transverse distraction
again and healed 6 weeks postoperatively. In the control
group, two patients with persistent recurrent ulcers un-
derwent major amputations. The other 13 recurrent ulcers
healed after standard wound care.

Blood Flow

Neovascularization and perfusion increased after tibial cor-
tex transverse distraction. The ulcerated feet of patients in the
tibial cortex transverse distraction group displayed arteries
earlier and had a higher density of small vessel 12 weeks
postoperatively than they did preoperatively (196 2.1/mm2

versus 96 1.9/mm2;mean difference 10/mm2, 95%CI [9.52
to 10.48]; p = 0.010) (Fig. 7A-B). CT perfusion showed that
patients in the tibial cortex transverse distraction group had
increased blood flow (246 5 mL/100 g/min versus 86 2.4
mL/100 g/min; mean difference 16 mL/100 g/min, 95% CI
[15.07 to 16.93]; p = 0.004) and volume (2.5 6 0. 33
mL/100 g versus 1.36 0.29 mL/100 g; mean difference 1.2

mL/100 g/min, 95% CI [1.13 to 1.27]; p = 0.03) 12 weeks
postoperatively compared with preoperatively (Fig. 8A-D).

Complications

Complications after tibial cortex transverse distraction
were few and minor. All patients in the tibial cortex
transverse distraction group achieved good union of the
osteotomized cortex (Fig. 3). In the tibial cortex transverse
distraction group, 1.5% of patients (two of 136) sustained
closed tibial fractures at the corticotomy site within 1 week
of external fixator removal. These fractures were treated
with closed reduction and external fixation and achieved
union after 4 weeks. A total of 2.2% of patients (three of
136) had pin tract infections and were treated with dressing
changes and healed uneventfully.

Discussion

Distraction osteogenesis is accompanied by angiogenesis
and neovascularization in the surrounding tissues [23, 24, 38,
41], and longitudinal distraction of the proximal tibia stim-
ulates increased and prolonged blood flow to the distal tibia
[5]. However, whether tibial cortex transverse distraction is
effective in the treatment of diabetic foot ulcers had, to our
knowledge, not been analyzed. In this study, we assessed the
efficacy of tibial cortex transverse distraction in the treatment
of severe and recalcitrant ulcer diabetic foot ulcers.We found
that tibial cortex transverse distraction resulted in a greater
likelihood of healing and lower proportions of patients who
had major amputations and recurrences than patients un-
dergoing standard surgical treatment did in a 2-year follow-
up. Furthermore, healed feet showed greater perfusion in the

Fig. 3A-G These postoperative radiographs show a tibia that underwent tibial cortex transverse distraction. (A-B) The corticotomy
and external fixator sites were confirmed on AP and lateral radiographs 2 days postoperatively. (C-D) After 2 weeks of medial
distraction, the cortex fragment transported medially, splitting at the tibia shaft. (E-F) This was followed by 2 weeks of lateral
distraction, after which the external fixator was removed. (G) The cortex fragment was completely united 8weeks after distraction (4
weeks after removal of the external fixator).
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muscle during follow-up, together with a higher density of
small vessels, compared with preoperatively. The compli-
cations were few and minor. These results suggest that tibial
cortex transverse distraction is an effective procedure to treat
severe and recalcitrant ulcer diabetic foot ulcers compared
with standard surgical therapy.

This study had a number of limitations. First, the study
was nonrandomized and selection bias was a concern.
However, we believe that selection bias was not a serious
limitation here because during the control period, all
patients were treated using similar approaches. Likewise,
during the prospective, observational portion of the study
when tibial cortex transverse distraction was used, we ap-
plied the same indications throughout: All patients with
University of Texas Grade 2B to 3D and recalcitrant di-
abetic foot ulcers were treated with tibial cortex transverse
distraction. No other interventions were used for patients
who met those indications. Even so, our findings should be
confirmed in randomized trials.

Second, historical controls were used. This raises con-
cerns about whether the treatment and control groups were
similar enough to compare, and whether co-treatment bias
or variations in treatment during the historical control pe-
riod may have influenced our study’s results. We believe
that these limitations are not severe because in general
throughout the period the control group was treated, the
surgeons, débridement, wound care, and off-loading pro-
tocols did not change. Therefore, we believe the historical
controls serve as reasonable comparisons.

Third, this is a nonrandomized study and so assessment
bias is a concern. However, offsetting this concern is the
fact that ulcer size, healing, and recurrence were de-
termined using digital photographs of the feet by assessors
who were unaware of the treatment allocation. Further-
more, the decision of major amputation was confirmed by
independent investigators who were blinded to the treat-
ments. Thus, we believe that this limitation is not severe.

Fourth, we focused on severe and recalcitrant diabetic
foot ulcers; thus, our data may not generalize well to
patients with milder ulcers. Our own clinical experience
with tibial cortex transverse distraction for milder ulcers
(data not shown) suggests that the decision should depend
upon the comprehensive evaluation of the factors affecting
ulcer healing such as ulcer grade, area, site and duration,

infection, glycemic control, nutritional status, and vascular
perfusion. If the wound is still not healing well after other
treatments, we would consider using tibial cortex trans-
verse distraction.

Fifth, the followup duration is 2 years. This raises the
concern over transfer bias. Indeed, patients whose ulcers
have healed are generally less likely to return for visit be-
cause they believe they do not need to see a doctor again.
Tominimize loss to followup, we offered convenient office
hours, individualized patient contact via phone or email,
and physician visits to the patient’s home for those who
missed clinic appointments (see videos). Consequently, the
percentages of patients lost to followup were low in both
groups and not differential between the groups. Therefore,
we believe that the loss to followup did not have had a
major impact on the results. Sixth, we found that the
patients in the tibial cortex transverse distraction group
were able to walk after ulcer healing (see videos), but
functional outcomes concerning health-related quality of
life were not evaluated. This raises the question of whether
this approach, which involves a lengthy period of conva-
lescence, would be preferable over major amputation; the
question is important because major amputations together
with prostheses can allow a patient to regain the ability to
walk comfortably reasonably quickly by comparison. We
note, though, that this may not be as true among older
patients with multiple comorbidities such as we treated in
this study, and in patients with diabetes and foot ulcers
(again, such as we treated here), in whom ipsilateral re-
amputation and contralateral amputation are relatively high
[17, 31]. Additionally, some groups of patients (perhaps
including Asians) prefer to keep their limbs at all costs [50].
Thus, limb salvage using tibial cortex transverse distraction
may be preferable to major amputation for these patients.
Comparing functional outcomes and quality of life after
tibial cortex transverse distraction to amputation will call
for further study.

Last, the percentage of patients undergoing vasculari-
zation was relatively low compared with international
guidelines that recommend considering revascularization
when ulcer healing is not observed within 6 weeks [21,
22]. These discrepancies may have been caused by a
number of factors including the expertise of vasculariza-
tion specialists, the cost of vascularization surgery, and a

Table 2. Outcomes of tibial cortex transverse distraction for severe and recalcitrant diabetic foot ulcers

Outcome parameters TCTD (n = 136) Control (n = 137) Odds ratio (95% CI) p value

Ulcers healed by 2 years, % (n) 96 (131) 72 (98) 10.4 (3.96 to 27.43) < 0.001

Ulcers healed by 6 months, % (n) 93 (126) 41 (56) 18.22 (8.8 to 37.76) < 0.001

Major amputation, % (n) 2.9 (4) 23 (31) 0.10 (0.04 to 0.30) < 0.001

Ulcer recurrences, % (n) 2.9 (4) 17 (23) 0.15 (0.05 to 0.45) < 0.001

Data are presented as the % (number); odds ratio for categorical variables; TCTD = Tibial cortex transverse distraction.
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lack of patient acceptance. Additionally, most patients
with severe diabetic foot ulcers were contraindicated for
revascularization because of multiple comorbidities and
poor general health. Studies reported that 30% to 60% of
patients were referred to a specialist (foot team) when the
foot ulcer duration exceeded 3months, and 30% to 50% of
them were considered unsuitable for revascularization
[20]. Consistent with this, in a cohort study of 669 patients
from 15 Grade III-A hospitals in China, 89.5% (619) had

diabetic foot ulcers of grade 2 or higher according to the
Wagner grading system [49] but only 7.6% (50) un-
derwent revascularization [29]. Despite the low percent-
age of vascularization, we achieved excellent outcomes
(that is, ulcer healing and recurrence and major amputa-
tion) using tibial cortex transverse distraction. Thus, the
effectiveness of the tibial cortex transverse distraction
was underestimated compared with those with higher
percentages of revascularization [17, 47].

Fig. 4A-G This figure shows the effects of tibial cortex transverse distraction in a 67-year-old
man with severe and resistant plantar diabetic foot ulcer. (A-C) These images show ulcers
before surgery. Almost all planta were involved, and purulent secretion, cacosmia, and
swelling were obvious. The foot muscles, bone, and tendon were exposed. The first toe had
been amputated and gangrene of the second and third toes was evident. Foot swelling was
apparent. After débridement, the second and third toes were removed. (D) Four weeks
postoperatively, the wound wasmuch smaller, with epithelization at the edges, without pain
or infection and with minimal swelling. The wound bed was clean and covered by robust
granulation tissue. (E-F) These images show the foot at 8 weeks and 10 weeks post-
operatively, respectively. (G) The ulcer was completely healed at 12 weeks postoperatively.
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Fig. 5A-H This figure shows the effect of tibial cortex transverse distraction in
a 49-year-old man with a severe and resistant diabetic foot ulcer in the left foot.
(A-B) Before débridement, a large wound was present at the lateral side, heel,
and medial side. The medial malleolus was exposed and a channel connecting
themedial and lateral footwas observed. (C-D) After débridement, largewounds
were present. (E-F) Six weeks postoperatively, the lateral andmedial parts of the
wound andpart of the heelweremuch smaller, with amarked callus at the edge.
Themedialmalleoluswaspartially coveredbygranulation tissue. (G-H)When the
wound was almost healed and no infections were present, internal fixation
(Kirschner wires) was used to achieve ankle joint fusion and which further pro-
vided hindfoot stability (see Video 1, Supplemental Digital Content 2, http://links.
lww.com/CORR/A270). At 12 weeks postoperatively, the diabetic foot ulcer was
completely healed, and the patient was able to walk with the healed foot.
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Healing

Previous surgical procedures to treat diabetic foot ulcers
showed 60% to 100% of ulcers healed at 4 months to 2
years of follow-up [20, 40]. However, these techniques
were applied to select patients such as those with meta-
tarsal head or midfoot plantar ulcers [12, 40]. Further-
more, even when the ulcers healed, the recurrence risk
was high, with reported rates of 30% to 40% within the
first year of ulcer healing [1, 48]. In this study, we did not
limit our technique to patients with these ulceration
characteristics and attained excellent rates of ulcer healing
and limb salvage and low recurrence rates at a mean
follow-up period of 2 years. Previous studies reported
surgical protocols (including extensive surgical
débridement, peripheral percutaneous angioplasty, and
intravenous antibiotic therapy) to treat patients with more
severe diabetic foot ulcers (Texas University Grade 2-3
and Class C-D) [3], and reported healing rates of 60.8%,
major amputation rates of 15.7%, and deaths in 16.25% of
patients after a follow-up duration of 20 months 6
13 months [17, 47]. In this study, the severity of diabetic
foot ulcers in the tibial cortex transverse distraction group
was much higher, as indicated by the ulcer area (44 cm26
10 cm2) and position (10% above the ankle), as well as
comorbidities (15% with chronic kidney failure and 54%
with osteomyelitis). However, patients in the tibial cortex
transverse distraction group had improved clinical out-
comes (ulcer healing and recurrence and major amputa-
tion), highlighting tibial cortex transverse distraction as a
therapy for severe and recalcitrant ulcer diabetic foot
ulcers.

Blood Flow

Studies reported that longitudinal distraction of the tibial
metaphysis resulted in a seven-to-eightfold increase in
blood flow in the distal tibia during distraction and the
blood flow persisted at levels twofold to threefold higher
for up to 17 weeks preoperatively [5]. In line with this,
we found that ulcerated feet showed increased neo-
vascularization and perfusion for up to 3 months post-
operatively compared with preoperatively, consistent
with granulation tissue growth during ulcer healing. It
has been shown that small-artery occlusion and impaired
foot perfusion (micro-perfusion) plays an important role
in the pathogenesis of diabetic foot ulcers [6, 18]. Fur-
thermore, although the blood flow in the large arteries of
lower extremity was restored after revascularization, the
foot micro-perfusion was not improved completely [6].
Consequently, some ulcers failed to heal or healed slowly
or recurred [6]. Thus, the increased neovascularization
and perfusion at the foot has probably led to better clin-
ical outcomes (ulcer healing and recurrence and major
amputation) in the tibial cortex transverse distraction
group compared with the control and those with higher
percentages of revascularization [17, 47]. Since the sur-
gical site (proximal tibia) was in a normal condition and
distant to the target treatment site (foot ulcer) and the
distraction was maintained for only 4 weeks, the findings
suggest that tibial cortex transverse distraction has a
distant and prolonged curative effect on diabetic foot
ulcers. However, data on neovascularization and perfu-
sion from the control group was lacking as CT perfusion
was unavailable in our hospital in the control period. We

Fig. 6 This figure shows the effect of tibial cortex transverse distraction in a 68-year-old woman with severe and resistant diabetic
foot ulcers in the dorsum of the right foot and anterolateral aspect of the lower limb. (A) This image shows ulcers before surgery.
Swelling was present. (B-C) Two weeks postoperatively, the necrotic tissues had been removed during débridement and the
tendon,muscle, and periosteumwere exposed. (D) Four weeks postoperatively, thewound bedwas red and clean. An Ilizarov frame
was attached. (E) Eight weeks postoperatively, re-epithelization occurred progressively from the periphery to the center of the
wound. (F) Twelve weeks postoperatively, the ulcer was completely healed.
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therefore could not conclude that the increased neo-
vascularization and perfusion was caused by tibial cortex
transverse distraction. Furthermore, tibial fractures also
increase blood flow to the foot skin [30], but a group
receiving only tibial corticotomy but no transverse dis-
traction was not assessed because we were concerned this
approach would be ineffective. Thus we could not

exclude the possibility that tibial corticotomy alone could
increase foot perfusion. However, the prolonged duration
of blood flow in fracture is lower than in distraction
osteogenesis [5, 30]. Furthermore, the corticotomy of the
tibial cortex transverse distraction comprises only 1/5 of
the circumference of the tibia. Thus, the effects of cor-
ticotomy on foot perfusion should be minimal. The

Fig. 7A-B This representative CT angiography image is from a patient with diabetic foot
ulcer treated with tibial cortex transverse distraction. (A) Sequential CT images show di-
abetic foot ulcer at the planta and dorsum of the left foot, which was completely healed 8
weeks preoperatively. The ulcerated feet displayed the anterior tibial artery and posterior
tibial artery at 12 weeks postoperatively earlier than they did preoperatively. Some small
arteries became visible postoperatively compared with preoperatively (red arrows), sug-
gesting patency after artery occlusion. The foot had more small vessels at the planta (blue
solid arrows) and forefoot (blue hollow arrows). (B) This image shows the presence of the
corresponding vessels and their anatomic relationship with bone.
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underlying mechanism for the effect of the procedure
requires future investigation.

Complications

Complications after tibial cortex transverse distraction
were few and minor. Previous studies used lateral distrac-
tion of the tibial segment to treat thromboangiitis obliterans
[37, 42]. However, the osteotomized segment was unable
to return to its original position after distraction, which
gave the tibia a thicker deformity [37, 42]. Moreover, in
four patients, the osteotomized cortex was pulled and
penetrated the soft tissue [42]. This led to osteomyelitis and
infection of the cortex fragment, ultimately leading to bone
section [42]. In the current study, after medial distraction,
we performed lateral distraction to return the cortex to its
original position, thus avoiding these problems. The cortex
segment in an earlier study had a longitudinal length of
12 cm [37], which was much longer than that of this study
(5 cm). This may have led to the two intraoperative tibial
shaft fractures in their study [42] that did not occur in our

study. A two-ring frame was also employed for 4 months
(122 days 6 23 days) [37, 42]. This duration was much
longer than that used in our study and was inconvenient for
the patients. In our preliminary study, we performed cor-
ticotomy at two tibial sites with a smaller area (3.5 cm 3
1.5 cm) for each to avoid tibial fracture intraoperatively in
patients with less severe diabetic foot ulcers (58.3% [seven
of 12 patients] with an area less than 25 cm2) [51]. We
found no tibial fracture intraoperatively and a proportion of
92% of patients achieved ulcer healing [51]. Based on this,
we adjusted the protocol to the current one to simplify the
procedure.

Conclusions

In conclusion, we found tibial cortex transverse distraction
facilitates healing and limb salvage and decreases recurrence
in the treatment of severe and recalcitrant diabetic foot ulcers.
Furthermore, tibial cortex transverse distraction is associated
with relatively few and minor complications. These findings
suggest that tibial cortex transverse distraction is an effective

Fig. 8A-D These (A and B) preoperative and (C andD) postoperative perfusion maps show
blood flow and volume in feet with diabetic foot ulcers treated with tibial cortex transverse
distraction. Ulcerated feet tended to have increased blood flow and volume 3 months
postoperatively compared with preoperatively. This observation was confirmed by the
statistical analysis. The circles indicate the region of interests selected at the abductor
hallucis muscle.
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procedure to treat severe and recalcitrant diabetic foot ulcers
compared with standard surgical therapy. Large population-
based trials are needed to confirm the effectiveness and safety
of the procedure in the future.
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