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Triplanar osteotomy combined 
with proximal tibial transverse transport 
to accelerate healing of recalcitrant diabetic 
foot ulcers
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Abstract 

Background: Management of recalcitrant diabetic foot ulcers remains challenging. Tibial transverse transport (TTT) 
is an effective method for enhancing the healing of foot ulcers. This retrospective study reports a novel triplanar oste-
otomy in the tibia and assesses the clinical outcomes of TTT for diabetic foot ulcers.

Methods: Fifty-nine patients with recalcitrant diabetic foot ulcers were divided into the TTT (32 patients) and control 
(27 patients) groups. In the TTT group, the patients underwent triplanar osteotomy of the proximal tibia, followed by 
2 weeks of medial distraction and 2 weeks of lateral distraction. In the control group, the patients received conven-
tional management, including debridement, revascularization, and reconstruction. Ulcer healing and healing time, 
amputation, recurrence, and complications were assessed at an 18-month follow-up visit. Computed tomography 
angiography (CTA) was used to evaluate vessel changes in the lower limbs of patients in the TTT group.

Results: The TTT group was superior to the control group in the healing rate (90.6% [29/32] vs. 66.7% [18/27]) and 
the healing time (4.6 ± 1.7 months vs. 7.4 ± 2.5 months), respectively. The proportions of amputation and recurrence 
in the TTT group were lower than that in the control group, without statistical difference. After triplanar osteotomy 
and transverse distraction, CTA demonstrated an increase in small vessels in the wound and ipsilateral limb. All 
patients achieved satisfactory union of the osteotomized bone fragment after removal of the external fixator.

Conclusions: Triplanar osteotomy combined with proximal tibial transverse distraction accelerates wound healing 
and limb salvage caused by severe and recalcitrant diabetic foot ulcers. Triplanar osteotomy not only increases the 
bone contact area, which is beneficial for rapid bone reconstruction, but also preserves the vascularization of the 
bone fragment and substantially facilitates capillary angiogenesis during distraction. These results suggest that tripla-
nar osteotomy followed by tibial transverse distraction is an effective method for treating diabetic foot ulcers.
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Background
Foot ulcerations are a severe, chronic diabetic complica-
tion of the lower limbs, with a global prevalence of 6.3% 
[1]. As the leading cause of infection, amputation, and 
hospitalization in patients with diabetes mellitus, foot 
ulcerations are a growing health concern. Diabetic foot 
ulcers in patients with peripheral neuropathy commonly 
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result from repetitive high pressure over an area that has 
been subjected to high vertical or shear stress [2]. Periph-
eral vascular diseases also lead to limb ischemia and foot 
ulcers [3].

Foot ulcers can heal in patients undergoing appropriate 
management, including surgical debridement, off-load-
ing of pressure, osteotomies, tendon-balancing inter-
ventions, reconstruction with flaps or skin grafting, and 
revascularization [2, 4–6]. However, recurrence is nearly 
60% within 3  years after healing [7]. The management 
options mentioned above do not resolve profound skin 
microcirculation, muscle metabolism, and concomitant 
neuropathy, which can be triggered by repetitive stress, 
leading to inflammation and ulceration [8, 9]. Therefore, 
the treatment of recalcitrant diabetic foot ulcers remains 
a challenge for orthopedic surgeons.

Based on the law of tension stress, distraction osteo-
genesis promotes neovascularization and microcircu-
lation in bone and surrounding soft tissue, leading to 
increased and prolonged perfusion to the distal tissue of 
the limb [10–13]. Tibial transverse transport (TTT) was 
introduced as a novel technique to treat local ischemic 
diseases, which involves corticotomy in the proximal 
tibia followed by medial-then-lateral distraction to accel-
erate the healing of foot ulcers [10, 14, 15]. The effect of 
TTT is due to neovascularization and neurogenesis dur-
ing wound healing, which results in continuous perfu-
sion and scarless tissue formation, with improved tactile 
sensation in the foot [14, 16]. In this study, we developed 
a triplanar osteotomy in the proximal tibia followed by 
TTT to preserve vascularization of the bone fragment 
and substantially facilitate capillary angiogenesis for 
ulcer healing.

Patients and methods
Patients
The study was approved by the ethics committee of 
Shanghai Jiao Tong University Affiliated Sixth People’s 
Hospital. All participants provided informed consent 
prior to participating in the study. We retrospectively 
reviewed 59 consecutive patients with chronic diabetic 
foot ulcers who reported to our hospital from May 2015 
to March 2019. Inclusion criteria were patients with 
diagnosis of diabetes mellitus based on the American 
Diabetes Association criteria [17], over 18  years of age, 
with non-healing or recurrent foot ulcers for at least 
6 months, and with ulcers classified as Grade 2-B to 3-D 
(wound penetrating the tendon, capsule, bone, or joint 
with infection and/or ischemia) based on the Univer-
sity of Texas wound classification system [18]. Exclusion 
criteria included non-diabetic foot ulcers, ulcers above 
the ankle joint, local signs of infection that presented as 
cellulitis or suppuration in the surgical area of the calf 

[14], history of life-threatening diseases (such as cer-
ebral infarction, myocardial infarction, heart failure, or 
cancer) within the last 3  months, use of current drugs 
(cortical steroids, immunosuppressive drugs, or chemo-
therapy treatment) that affected bone metabolism, poor 
compliance to follow-up, and death before the end of the 
18-month follow-up study period.

Fifty-nine patients were divided into 2 groups: 32 
patients assigned to the TTT group underwent triplanar 
osteotomy and TTT, while 27 patients assigned to the 
control group underwent negative pressure therapy fol-
lowed by split-thickness skin grafting or flap reconstruc-
tion. All procedures were performed by XZ and GW. 
There were no significant differences in sex, age, body 
mass index (BMI), duration of diabetes mellitus, duration 
of foot ulcers, ulcer area, or grade of foot ulcers assessed 
by the University of Texas wound classification system 
between the 2 groups. Demographic data are shown in 
Table 1.

For all patients, wound cultures were performed to 
identify the causative organisms and their antibiotic 
sensitivities, which were the basis for prescribing oral 
or intravenous antibiotics according to the Infectious 
Diseases Society of America guidelines [19, 20]. The 
probe-to-bone test and plain radiographs were used to 
diagnose chronic osteomyelitis in infected wounds [21, 

Table 1 Demographic data and outcomes of the 2 groups

Data are presented as the mean ± SD; TTT: tibial cortex transverse transport

Groups TTT Control p

Population 32 27

Gender (M/F) 18/14 14/13 0.7

Age (years) 60 ± 9 61 ± 11 0.8

BMI (kg/m2) 24.5 ± 1.5 24.6 ± 1.4 0.8

Duration of diabetes mellitus (years) 22 ± 5 21 ± 5 0.4

Duration of foot ulcers (months) 12.2 ± 5.7 11.5 ± 5.3 0.7

Ulcer area  (cm2) 22 ± 10 21 ± 9 0.6

University of Texas wound classification system 0.6

2-B 2 3

2-C 3 2

2-D 9 8

3-B 2 1

3-C 1 3

3-D 15 10

Osteomyelitis 12 10 1

Peripheral arterial disease 25 19 0.5

Peripheral neuropathy 24 21 0.8

Ulcer healed by 18 months 29 18 0.02

Ulcer healing time (months) 4.6 ± 1.7 7.4 ± 2.5  < 0.001

Major amputation 2 5 0.1

Ulcer recurrences 1 4 0.1
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22]. The ankle brachial index accompanied by palpa-
tion of the dorsalis pedis and posterior tibial arteries was 
used to screen for peripheral arterial disease of the lower 
limb [23]. Computed tomography angiography (CTA) 
and color Doppler ultrasonography were performed to 
evaluate vascular status. Further assessment and revascu-
larization were necessary, if there was atherosclerotic evi-
dence of obstruction and occlusion. Semmes–Weinstein 
monofilaments were used to identify peripheral sensory 
neuropathy in patients with foot ulcers [24].

Surgical techniques
Patients underwent TTT surgery under general anesthe-
sia in supine position on a radiolucent operating table. 
Two curved skin incisions, 3  cm in length and 1  cm 
medial to the tibial crest, were made. The proximal inci-
sion was approximately 2 cm distal to the tibial tuberos-
ity, while the distal incision was approximately 6 cm distal 
to the tibial tuberosity. The periosteum was exposed and 
carefully preserved after retraction of the subcutane-
ous soft tissue. A triplanar osteotomy (6.5  cm in height 
and 1.5  cm in width) was created on the medial cortex 
of the proximal tibia after drilling multiple holes along 
the 3 sides (proximal, distal, and lateral) of the rectan-
gle; the medial margin of the tibia was used as the medial 
side of the rectangle, and the cortex located on the pos-
terior tibia was lightly removed. After pre-drilling with 
the director, 2 half-pins (diameter, 4.0 mm) were inserted 
into the osteotomized bone fragment perpendicular to 
the transverse transport, and another 2 half-pins (diam-
eter, 5.0 mm) were implanted proximally and distally into 
the tibia to stabilize the external fixator. The position of 
the half-pins and osteotomy site were confirmed using 
an image intensifier. The modular components were 
then assembled to form a stable apparatus for distrac-
tion. Approximately, 2.0 cm was maintained between the 
external fixation and skin.

For diabetic foot ulcers, thorough debridement was 
performed in all patients. The ulcer area was assessed by 
measuring the maximum length and width. In the TTT 
group, the debridement was performed after assembling 
the external fixators and closing the incisions, and the 
wounds were left open. In the control group, more than 
one debridement with negative pressure therapy was nec-
essary, and split-thickness skin grafting or local/free flap 
coverage can be performed only after the wound bed is 
prepared (Fig. 1).

Postoperative care
Gauze was used to cover the pin site and was changed 
every 5 to 7 days in the TTT group, while wound dress-
ing changes were applied daily to patients in both 
groups, keeping the wound dry. Mobilization, including 

physiotherapy, with active and passive range of motion 
exercises for the hip, knee, and ankle started on the 
first postoperative day. Patients in the TTT group were 
encouraged to start early partial weight-bearing with 
crutches. For those undergoing gradual transport, medial 
distraction started on the eighth postoperative day at a 
rate of 1 mm per day (0.25 mm every 6 h). After 14 days 
of medial distraction, 14  days of lateral distraction was 
performed at the same rate. Radiographs were obtained 
biweekly to monitor the extent of distraction and posi-
tion of the transported bone fragment. Two weeks after 
the distraction, the external fixator was removed in the 
outpatient clinic. CTA was performed 1  month after 
removal of the external fixator to assess vascular status 
after transverse transport.

All patients reported to the hospital for follow-up 
every 2 weeks during the first 3 months postoperatively 
and subsequently at 1–3 months intervals until the final 
18-month follow-up evaluation. Home-based care strat-
egies, including glycemic control, foot skin temperature 
monitoring, and off-load footwear after ulcer healing, 
were recommended to prevent foot ulcer recurrence. 
Ulcer status and related complications were assessed and 
recorded for both groups.

Statistical analysis
The results of this study are expressed as mean ± stand-
ard deviation. Student’s t test was used for continuous 
variables, while the chi-square test or Fisher’s exact test 
was used for categorical variables to assess statistical dif-
ferences. The counting data were compared using the 
nonparametric Kruskal–Wallis H-test. Statistical sig-
nificance was set at P < 0.05. All analyses were performed 
using SPSS software (version 25.0; IBM Corporation, 
Armonk, NY, USA).

Results
The ulcer healing rate at the 18-month follow-up was sig-
nificantly higher in the TTT group (90.6%, 29/32) than 
in the control group (66.7%, 18/27). The recorded heal-
ing time revealed a significant difference between the 2 
groups (p = 0.02). The healing time was 4.6 ± 1.7 months 
in the TTT group, which was substantially shorter than 
that in the control group (7.4 ± 2.5  months) (P < 0.001). 
A lower proportion of patients in the TTT group (6.3%, 
2/32) underwent major amputation compared to that in 
the control group (18.5%, 5/27), without statistical dif-
ference. In the TTT group, 2 patients underwent major 
amputations due to massive thromboses in the popliteal, 
tibial anterior, and tibial posterior arteries. In the control 
group, 3 patients showed persistent and severe ulcera-
tion, 2 patients exhibited pain that caused disability and 
underwent major amputations. All amputations were 
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performed below the knee joint, and the residual limb 
wound healed smoothly in these patients. The recurrence 
rate was 3.1% (1/32) in the TTT group and 14.8% (4/27) 
in the control group; however, there was no significant 
difference between the 2 groups. Three patients with per-
sistent recurrent ulcers in the control group underwent 
major amputations; other recurrent ulcers in the 2 groups 
received daily wound dressing changes, and the ulcers 
healed. More small vessels were found in the wound and 
ipsilateral limb when CTA was performed (Fig. 2).

To avoid fracture at the osteotomy site, the external 
apparatus was removed 2  weeks after distraction when 
the preliminary callus could be visualized. We reduced 
the frequency of dressing changes to maintain compres-
sion and dryness around the pin site. No pin tract infec-
tion occurred, and satisfactory union of the osteotomized 
bone fragment was achieved in all the patients (Fig. 2).

Discussion
Tibial transverse transport with corticotomy in the proxi-
mal tibia is an emerging new surgical technique for the 
treatment of severe chronic limb ischemic diseases 

such as diabetic foot ulcers. During distraction, neovas-
cularization and increased perfusion in the ulcerated 
foot accelerate healing, limb salvage, and decrease ulcer 
recurrence [14]. In this study, we developed a novel tri-
planar osteotomy in the proximal tibia, followed by tibial 
transverse transport, for the management of recalcitrant 
diabetic foot ulcers. Compared to conventional surgical 
therapy, triplanar osteotomy combined with TTT exhib-
ited a higher rate of ulcer healing and a lower rate of 
amputation and recurrence at 18-month follow-up.

Due to the hyperglycemic status of patients with dia-
betes, the pathophysiology of foot ulcers is characterized 
by neuropathic, vascular, and immune system disorders 
[25]. Oxidative stress in nerve cells and glycosylation 
of nerve cell proteins lead to neuropathy and further 
ischemia [26]. Moreover, endothelial cell dysfunction 
occurs after from hyperglycemia-induced changes in 
the peripheral arteries, leading to reduced vasodilation 
and increased vasocontraction [26, 27]. Additionally, 
immune function changes, including decreased healing 
response and increased apoptosis of immune response 
cells, are observed in patients with diabetic foot ulcers 

Fig. 1 The surgical procedure of triplanar osteotomy and transverse distraction. A A triplanar osteotomy (6.5 cm in height with a width of 1.5 cm) 
was created on the medial cortex of the proximal tibia along the 3 sides (proximal, distal, and lateral) of the rectangle; the medial margin of the tibia 
was used as the medial side of the rectangle. B–D 2 curved skin incisions were made. The external fixator was assembled after triplanar osteotomy 
and insertion of half pins
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[27]. Thus, the treatment of diabetic foot ulcers should 
focus on not only angiogenesis and neurogenesis caused 
by surgical techniques, but also self-management, includ-
ing glycemic control, home monitoring, and appropriate 
foot care. However, most conventional surgical thera-
pies emphasize peripheral percutaneous angioplasty and 
wound healing of foot ulcers, contributing to a high rate 
of recurrence, amputation, and even death [18, 28].

Our study demonstrated that after treatment with 
TTT, there was neovascularization and increased micro-
circulation in the diabetic foot, which is consistent with 
outcomes observed in animal studies [16, 29]. Yang et al. 
[16] reported that increased endothelial progenitor cells 
were found in the wound following TTT management, 
confirming that transverse transport is beneficial for 
angiogenesis in the foot. Meanwhile, immunomodu-
latory responses have been found to play an active role 
after TTT treatment, especially in the late stage of ulcer 
healing. M1 and M2 macrophages are the most promi-
nent cells in the inflammation and proliferation phases 
of tissue repair [30, 31]. M1 macrophages are remark-
ably promoted to M2 by TTT, indicating a switch from 

inflammation to the proliferation phase of wound heal-
ing [32]. M2 macrophages release vascular endothelial 
growth factors to promote blood vessel formation and 
guide axonal regeneration [33]. Therefore, angiogenesis 
and neurogenesis mutually contribute to the resolution 
of inflammation and initiation of healing [34]. Addition-
ally, the TTT procedure can also induce positive systemic 
responses by mobilizing bone marrow-derived endothe-
lial progenitor cells and mesenchymal stem cells to the 
ulcer area to promote histogenesis [35].

In comparison to the TTT technique reported by Chen 
et al., it is worth noting that a 6.5-cm by 1.5-cm triplanar 
osteotomy instead of a 5-cm by 1.5-cm corticotomy was 
performed in our study [14]. To preserve and accelerate 
perfusion of the transported bone fragment as much as 
possible, and to increase the bone contact area after dis-
traction, the medial margin of the tibia, rather than a ver-
tical rectangle osteotomized in the center of the proximal 
medial tibia, was used as the base of the rectangle. In a 
recent study by Grüneboom et al., hundreds of capillar-
ies, referred to as trans-cortical vessels (TCVs), were ver-
ified to originate in the bone marrow, cross-cortical bone 

Fig. 2 A 68-year-old man suffered from recalcitrant diabetic foot ulcer for 2 years. A Ischemic and necrotic toes and soft tissues at distal foot 
preoperatively. B Preoperative CTA image showed small vessels of the affected calf and foot were damaged. C, D The necrotic tissues were 
removed after debridement. E, F The triplanar osteotomy and external fixator sites were confirmed on radiographs postoperatively. G, H After 
medial distraction, the bone fragment is transported medially. I the image showed the affected foot during distraction. J The bone fragment was 
completely united 4 weeks after removal of the external fixator. K The ulcer was completely healed at 10 weeks postoperatively. L Postoperative CTA 
image showed more small vessels were present in the affected limb

RETRACTED A
RTIC

LE



Page 6 of 7Xu et al. Journal of Orthopaedic Surgery and Research          (2022) 17:528 

perpendicular to the shaft and connect to the periosteal 
circulation in human limb bone [36]. Furthermore, TCVs 
can mediate the recruitment of immune cells from the 
bone marrow to the circulation for host defense against 
inflammation [36, 37]. Hence, for minimally invasive 
incision and intact periosteum retention, triplanar oste-
otomy combined with transverse transport could induce 
the TCV system in the cortices to facilitate neovasculari-
zation and immunomodulation. In addition, according to 
the hypothesis of ‘open window’ [15], triplanar osteotomy 
of the proximal tibia could also contribute to relieving 
bone marrow pressure, decreasing vasocontraction, and 
consequently improving microcirculation to foot ulcers.

The skin is normally juvenile immediately after an 
ulcer has healed, which is the period when patients 
think they no longer have a foot problem. Conse-
quently, patients may not pay attention to follow-up 
podiatric care and warning signs of recurrence [38]. 
In accordance with Armstrong et  al., we encouraged 
patients in this study to ensure glycemic control, ongo-
ing podiatric care at intervals of 1–3  months, appro-
priate-fitting footwear to relieve plantar pressure, and 
home-based foot care, including monitoring of pedal 
skin temperature and other inflammatory signs to pre-
vent ulcer recurrence [7].

This study has several limitations. It was a retrospec-
tive, nonrandomized study. Therefore, selection bias 
could have occurred. However, the patients in both 
groups were consecutively recruited by different sur-
geons using the same criteria, and these patients will 
continue to be observed to assess long-term outcomes. 
Additionally, the number of patients was small and het-
erogeneous. Further studies in larger populations are 
necessary to confirm the benefits of this unique therapy.

In conclusion, our results indicate that proximal TTT 
is a useful treatment option for recalcitrant diabetic foot 
ulcers. Triplanar osteotomy not only increases the bone 
contact area after transport, which is beneficial for rapid 
bone healing, but also preserves the vascularization of 
the bone fragment and substantially facilitates capillary 
angiogenesis during distraction. Such innovative therapy 
during the active phase of diabetic foot ulcers combined 
with a focus on improving care after healing of the ulcer 
can result in improved quality of life.
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