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Abstract

Background: Computer-assisted preoperative planning, combined with PSI has become an effective technique
for treating complex limb deformities. The purpose of this study was to evaluate the efficacy and safety of the novel
technique in corrective osteotomy for intra-articular varus ankle deformities associated with osteoarthritis and ankle
instability.

Methods: Nineteen patients with intra-articular varus ankle arthritis were reviewed between April 2017 and June
2019, including ten men and nine women with a mean age of 58.3+9.9 years (range, 38 to 76 years). All patients
underwent intra-articular opening wedge osteotomy assisted by 3D virtual planning and PSI. Weight-bearing radio-
graphs were used to assess the radiographic results, including TAS angle, TT angle, TMM angle, TC angle, TLS angle,
opening-wedge angle, and wedge height. Functional outcomes were assessed by the AOFAS score, VAS score, and
ROM of the ankle.

Results: The average follow-up time was 32.2 +9.0 months (range, 22 to 47 months). The average union time was
44+£0.9 months (range, 3.0 to 6.5 months). The TAS angle significantly changed from 84.1 £ 4.6° preoperatively to
87.7+3.1° at the 1-year follow-up and 86.2 +2.6° at the latest follow-up. Similarly, the TT angle, TMM angle and TC
angle changed significantly at the 1-year follow-up compared with the preoperative assessment and remained stable
until the last follow-up. However, the TLS was not corrected significantly. The postoperative obtained opening-wedge
angle, and wedge height showed no significant change with preoperative planning. The overall complication rate
was 15.8%. The mean VAS score improved from 5.3+ 0.6 to 2.7 +0.7. The mean AOFAS score improved from 56.2+7.6
to 80.6 +4.6. However, the ROM showed no significant change.

Conclusions: Accurate correction and satisfactory functional recovery were attained with computer-assisted plan-
ning and PSI in the corrective osteotomy of intra-articular varus ankle deformities.
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lem, with a worldwide prevalence of 23.9% [1], and is
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' Tianjin Hospital, Tianjin 300211, China and function of the articular cartilage. Compared with
Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

*Correspondence: maxinlong8686@sina.com; mjx969@163.com



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12891-022-05437-z&domain=pdf

Ma et al. BMC Musculoskeletal Disorders (2022) 23:483

knee and hip OA, ankle OA has a lower prevalence, but
occurs in patients who are 10 to 15 years younger [2,
3]. Therefore, joint preservation instead of total ankle
replacement or ankle arthrodesis is very important to
prolong ankle function, especially for young and active
patients.

Supramalleolar osteotomy (SMO) is a well-established
technique to realign the mechanical axis of the limb and
redistribute the loads on the ankle joint, thereby improv-
ing the biomechanics of the joint and preventing further
degeneration [4—9]. Nevertheless, in some cases, the apex
of deformity, i.e. the center of rotation and angulation
(CORA) may be located within the joint, and transla-
tion of the distal fragment occurs because the correction
is not performed at the CORA using traditional SMO
[2]. In addition, persistence of the medial intra-articular
defect may result in recurrent varus deformities after
extra-articular osteotomy [10, 11]. Thereby, Becker et al.
[12] described an intra-articular opening medial tibial
wedge osteotomy, known as plafond-plasty, which avoids
creating a secondary translational deformity due to the
osteotomy level and hinge is intentionally made at the
CORA. Although several studies have reported satisfac-
tory results of this procedure [10—14], there are still some
challenges in actual operation. First, conventional X-ray
radiographs cannot provide 3-dimensional (3D) quanti-
fication of multiplanar complex deformities. In addition,
precise reproduction of the surgical plan remains chal-
lenging with freehand operation.

Recently, the combination of computer-assisted plan-
ning and patient-specific instruments (PSIs) has been
reported as a mature technology to achieve accurate cor-
rection of complex limb deformities [15-20]. We further
extended this technique in the correction of ankle OA
deformities, and the purpose of this study was to verify
the reliability and accuracy of PSI in corrective osteot-
omy for intra-articular varus OA with medial distal tibial
platform erosion.

Methods

Ethical considerations

Ethical approval for the retrospective study was obtained
from the local ethics committee of Tianjin hospi-
tal. Informed consent was obtained from all enrolled
patients.

Patient selection

Patient inclusion criteria were as follows: (1) sympto-
matic varus ankle OA undergoing at least 1-year of con-
servative treatment; (2) ankle OA associated with medial
distal tibial platform erosion; (3) normal lateral tibial
surface. The exclusion criteria were: (1) rigid deform-
ity; (2) infective arthritis or rheumatoid arthritis; (3)

Page 2 of 12

patients with neuropathic arthropathy or rheumatoid
arthritis. In total, a consecutive series of 19 patients (19
ankles, 9 left and 10 right) who underwent PSI assisted
ankle plafond-plasty associated with varus ankle OA
were enrolled between April 2017 and June 2019. There
were 10 men and 9 women enrolled, with a mean age
of 58.3+9.9 years (range, 38 to 76 years), and a mean
body mass index (BMI) of 25.9+2.4 kg/m? (range, 20.3
to 29.8 kg/m?). Three cases (15.8%) were bilateral ankle
osteoarthritis, but only unilateral correction was per-
formed this time. Ten ankles (52.6%) were Takakura stage
11, 7 ankles (36.8%) were Takakura stage I1Ia, and 2 ankles
(10.5%) were Takakura stage IIIb. A summary of the
demographics is presented in Table 1.

Preoperative planning
Before preoperative planning, a physical examination was
performed to assess the lower limb alignment, heel varus
or valgus, range of motion (ROM) and stability of the
ankle joint. Weight-bearing anteroposterior and lateral
radiographs were taken to evaluate the overall mechani-
cal axis, and to design a preliminary correction plan,
according to the method described by Paley [21].
Subsequently, all patients underwent a CT scan
(GE LightSpeed CT scanner, Wisconsin, USA) of the
deformed and contralateral healthy ankle joints con-
taining the entire tibia, fibula, and foot with a low-dose
setting (scan pitch, 1.375:1; tube current, 90 mA; tube
voltage, 40 kV). Then the CT data were exported into
Mimics 22.0 (Materialise MV, Belgium) in DICOM
format, and 3D models of both lower limbs were con-
structed. In this step, if the contralateral tibia had nor-
mal morphology and alignment, it would be mirrored as
a reference bone and the proximal nondeformed region
of the affected tibia model was superimposed with the
mirrored reference bone (Fig. 1la-c). Thus, the amount
of 3D deformity of the distal part of the tibia and tibial
plafond was determined, as well as the correction angle.
Next, an osteotomy plane, perpendicular to the frontal
plane, was created on the CORA. Then, the osteotomy
was performed, and the fragment was virtually reduced
to the correction position by aligning it to the resembling
part of the reference bone after the osteotomy plane,
hinge position, and sawing direction were identified by
the surgeon (Fig. 1d). When both sides were pathologics,
osteotomy and reduction were planned according to the
reference values reported in the literature (TAS was set
as 90°%; TLS was set as 80°) [21]. Next, a patient-matched
plate, which was designed to fit the bone surface after the
corrective osteotomy, was aligned to the planned posi-
tion with every trajectory of the screw marked by cylin-
ders and the lengths of screws and depth of the cutting
were measured to serve as a reference for actual surgery
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Table 1 Demographic characteristics, surgical procedures and adverse events

Case/Gender/ Age (yrs) BMI (kg/mz) Takakura Planned F/U (mo) Time to Union Additional Adverse events
Side stage correction (°) (mo) surgical
- procedures
TAS TLS
1/M/R 55 273 llla 87 74 46 4 Osteo- -
phyte debride-
ment
2/M/R 65 294 llla 86 73 47 4 Osteo- -
phyte debride-
ment, lateral

ligament recon-
struction, deltoid
ligament release

3/F/L 46 269 llla 84 84 44 5 Osteo- Hinge fracture
phyte debride-
ment, lateral
ligament recon-
struction

4/ F/R 47 224 Il 85 80 43 55 Osteo- Hinge fracture
phyte debride-
ment, lateral
ligament recon-
struction

5/ F/R 66 271 Il 89 77 40 4 Osteo- -
phyte debride-
ment

6/M/L 64 24.2 llb 90 80 40 4 Osteo- -
phyte debride-
ment,
, deltoid ligament
release

7/M/L 38 26.5 llla 85 80 37 6.5 Osteo- Hinge fracture
phyte debride-
ment

8/F/L 54 24.8 llla 85 80 33 35 Osteo- -
phyte debride-
ment

9/M/R 67 203 Il 83 78 33 4 Osteo- -
phyte debride-
ment, posterior
tibial tendon
transferring,
Achilles tendon
lengthening

10/F/L 62 229 b 88 82 32 6 Osteo- -
phyte debride-
ment, lateral
ligament recon-
struction

11/F/L 54 234 llla 84 80 29 4 Osteo- -
phyte debride-
ment, deltoid
ligament release

12/M/R 76 27.7 llla 88 80 25 35 Osteo- -
phyte debride-
ment

13/M/R 67 255 Il 88 78 22 3 Osteophyte -
debridement,
lateral ligament
reconstruction
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Case/Gender/
Side

Age (yrs) BMI (kg/mz) Takakura Planned
stage correction (°)

TAS TLS

Additional
surgical
procedures

F/U (mo) Time to Union Adverse events

(mo)

14/M/L 49 29.8 Il 90 80

15/F/L 67 26.1 Il 90 79

16/M/R 48 258 Il 88 81

17/F/L 67 273 Il 86 80

18/F/R 63 26.7 Il 87 82

19/M/R 52 27.8 Il 88 78

Mean (SD) 583(9.9) 259(24) - 86.9 (2.2)

793 (2.6)

23 4 Osteo- -
phyte debride-

ment, posterior

tibial tendon

transferring

22 4 Osteo- -
phyte debride-

ment, lateral
ligament recon-

struction

23 4 Osteo- -
phyte debride-
ment, deltoid

ligament release

22 5 Osteo- -
phyte debride-

ment, lateral
ligament recon-

struction

26 4 Osteo- -
phyte debride-

ment, lateral
ligament recon-

struction

24 5 Osteo- -
phyte debride-

ment, lateral
ligament recon-

struction

322(9.0) 44(0.9 - -

(Fig. 1e). Then the fragment, together with the marked
cylinders and the osteotomy plane, was restored to its
original deformed position. In addition, three or more
additional cylinders were introduced parallel to the tib-
ial plafond within the subchondral bone just under the
articular cartilage [13], and a surgical guide was designed
according to the individual anatomical surface of the
affected bone with a cut slot and several drill cylinders
were added. Finally, the surgical guide was shaped to fit
the bone surface with osteotomy slots to direct the chis-
els or saws, and predrilled holes for fixing the guide on
the bone as well as matching the plate’s screw positions
during surgery. In particular, the distal holes were used
to guide the insertion of Kirschner wires to prevent pen-
etration of the saw blade into the joint, and to act as a
hinge during correction (Fig. 1f).

Afterwards, the physical models of bone, and guide
were manufactured by nylon with 3D printing technology
(SHILUOKE MEDICAL, China) to preoperatively simu-
late the osteotomy, reduction, and other specific opera-
tive steps. Patient-matched plates were made in TI6AL4V
alloy (WASTOM medical, China). Then sterilization

was performed using the conventional steam pressure
method (Fig. 1g-h).

Surgical procedures

All surgical procedures were completed under general
anaesthesia by a single experienced surgeon. The oste-
otomy approach was performed through a 5-cm medial
longitudinal incision. After the osteotomy targeting posi-
tion was adequately exposed as a preoperative simulation,
the PSI was placed on the tibial surface, and fixed with
Kirschner wires through the sleeves in the PSI. Then, a
fluoroscopy check was performed to identify the position
of the guide as well as the osteotomy plane (Fig. 2a-b).
Afterwards, the intra-articular osteotomy was performed
carefully with an oscillating saw under the guidance of
the cutting slot. The sawing depth was monitored by the
length scale of the saw blade with referring to the previ-
ously measured results in the preoperative virtual simu-
lation plan. The guide was subsequently removed, but
the Kirschner wires remained on the bone, especially
the distal three Kirschner wires, which were inserted
within the subchondral bone just under the articular
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14.00°

The physical model of the guide, the patient-matched plate and tibia

Fig. 1 Workflow of computer-assisted planning and patient-specific surgical guide design (right ankle case 2). a The 3D model of affected bone
(right, yellow). b The 3D model of unaffected bone (left, blue) and the mirror model of the left normal bone (green). ¢ The affected bone was
superimposed over the mirror model of the left normal bone. d An opening wedge osteotomy was simulated. e A patient-matched plate was
designed with the lengths and trajectories of every screw marked. f The final designed patient-specific guide that fits the surface of the tibia. g-h

cartilage at the apex of the plafond. An osteotome was
then inserted gradually to complete the osteotomy, and
the cortical gap was carefully and slowly opened by serial
insertion of another osteotome until the Kirschner wires
matched the screw holes in the plate, and the distracted
wedge was maintained by a lamina spreader. Finally, cor-
rection and fixation were automatically achieved by plac-
ing the patient-matched plate and inserting screws into
the predrilled holes. Then the plate position, and ankle
alignment and position in the mortise were checked with
fluoroscopy (Fig. 2c-d).

After adequate fixation of the distal tibia, the autolo-
gous cortical iliac bone or allograft was packed into the
osteotomy gap. In addition, for the cases that presented

with contraction of the medial structure or Achilles
tendon, a deltoid ligament release and Achilles tendon
lengthening were performed. If there was incompetence
of the peroneus brevis tendon, a tendon transferring pro-
cedure was performed. Finally, an osteophyte debride-
ment procedure was performed in the patients with an
osteophyte >2 mm on the talar neck and anterior fibula.
However, it was retained on the tibial side in order to
prevent destabilization of the ankle. All additional proce-
dures are summarized in Table 1.

Postoperative management and follow-up
The ankle joint was fixed in neutral posture by a short
leg cast immediately after surgery, then, a newly shaped
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Fig. 2 Intraoperative application of patient-specific surgical guides and patient-matched plates (right ankle case 2). a-b The guide was

intraoperatively placed onto the planned surgical position and checked by fluoroscopy, and osteotomy was completed with a bone saw through
the slot on the guide. c-d Correction and fixation were completed with the patient-matched plate by inserting locking screws into the predrilled
holes

cast or a removable boot was applied for 6 to 8 weeks
when wound healing was appropriate. Continuous range
of motion exercises without weight-bearing were per-
formed for the first 3—6 weeks after surgery, followed by
touchdown weight-bearing. Full weight-bearing without
a plaster cast was recommended when adequate radio-
graphic bony union was achieved. Patients were regularly
viewed at 1 month, 2 months, 3 months, 6 months, and
1 year, and then annually.

Radiographic assessment

Preoperatively and at every follow-up visit, all radio-
graphic parameters were measured on weight-bearing
anteroposterior and lateral ankle radiographs, includ-
ing the tibial anterior surface angle (TAS), the talar tilt
angle (TT), the tibial medial malleolus angle (TMM), the
talocrural angle (TC), and the tibial lateral surface angle
(TLS) (Fig. 3a-b). Additionally, the preoperative and post-
operative opening-wedge angle and wedge height were
measured on weight-bearing anteroposterior radiographs
to assess the accuracy of correction (Fig. 3c). Osteoar-
thritis grading was graded according to the Takakura
classification [22]. Osteotomy gap union was defined as
satisfying clinical criteria (no pain, no warmth, improve-
ment in swelling, and stability to stress) and radiographic
criteria (visible trabecular bridging across the osteotomy
site and no lucency around the hardware) [11].

Clinical assessment
A physical examination and standardized question-
naire were used preoperatively and during postoperative

follow-ups to assess the clinical outcomes. The ankle
range of motion (ROM) was measured with a manual
goniometer applied along the lateral border of the leg
and foot. Pain of the ankle during walking was evaluated
with the visual analogue scale (VAS) ranging from 0 (no
pain) to 10 points (maximal pain). The American Ortho-
paedic Foot and Ankle Society (AOFAS) hindfoot score
was recorded to assess the preoperative and postopera-
tive functional changes. Adverse events were also docu-
mented, including hinge fractures, nerve injury, infection,
skin necrosis, delayed union or nonunion, and malunion.

Statistical analysis

The mean and standard deviation of all data were cal-
culated and analysed using SPSS Statistics version 22.0
(IBM, New York, USA). Preoperative, 1 year follow-up
postoperative, and the most recent follow-up radio-
graphic results were compared. All radiographic param-
eters were measured by two independent orthopaedic
surgeons, who were not involved in the treatment. All 19
cases were re-evaluated by the same observer 2 months
after the initial measurement. The intraclass correlation
coefficients (ICCs) were used to assess the interobserver
and intraobserver reliability (Table S1), and the mean
value (with the exclusion of the maximum and the mini-
mum) was recorded. Preoperative and the most recent
follow-up clinical results were compared. The paired
Student ¢ test was used to compare the preoperative and
follow-up investigations if the data were confirmed to
be normally distributed using the Kolmogorov—Smirnov
test. Otherwise the nonparametric Wilcoxon signed-rank
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Fig. 3 Schematic measurements for radiographic parameters in anteroposterior and lateral weight bearing X-rays of the ankle joint. a TAS angle
was defined as the angle between the axis of the tibia and the distal articular surface of the tibia; TT angle was defined as the angle between the
distal articular surface of the tibia and the upper surface of the talus; TMM angle was defined as the angle between the axis of the tibia and the
articular surface of medial malleolus; TC angle was defined as the angle between the axis of the tibia and a line drawn from the apex of medial
malleolus to the apex of lateral malleolus. b TLS angle was defined as the angle between the axis of the tibia and the surface of the distal tibia in the
lateral view. ¢ The opening-wedge angle was defined as the angle between the upper and lower osteotomy margins after distraction (asterisk), and
the wedge height was defined as the distance between the upper and lower osteotomy margins on the medial tibial cortex (red arrow)

et ‘ &

test was performed. A P value <0.05 was considered to be
statistically significant.

Results

Demographics

All patients were successfully stabilized with an indi-
vidualized plate. Other associated procedures included
osteophyte debridement in 19 ankles, lateral ligament
reconstruction in 9 ankles (47.4%), Achilles tendon
lengthening in case 9 (5.3%), and posterior tibial tendon
transfer in case 9 and case 14 (10.5%). Among the 9 cases
with lateral ligament reconstruction, cases 2 and 3 were
repaired with a peroneus brevis tendon by a modified
Chrisman Snook procedure, and the others were rein-
forced by imbrication with the inferior extensor retinacu-
lum using suture anchors. There was no loss of follow-up.
The mean follow-up duration was 32.24+9.0 months
(range, 22 to 47 months). The mean union time was
4.4+ 0.9 months (range, 3.0 to 6.5 months) (Table 1).

Radiological outcomes

The mean TAS significantly changed from 84.1+4.6°
(range, 70.7°—91.2°) preoperatively to 87.7£3.1° (range,
81.7°—92.7°) at the 1-year follow-up (P<0.001), and to
86.2+£2.6° (range, 81.2°—90.4°) at the latest follow-up
(P=0.045). The mean TT significantly changed from
15.5+6.4° (range, 4.6°—29.3°) preoperatively to 5.9 +4.3°

(range, 0°—16.1°) at the 1-year follow-up (P<0.001), and
to 5.0£2.9° (range, 1.1°—9.7°) at the latest follow-up
(P<0.001). Similarly, the mean TMM and TC changed
significantly at the 1-year follow-up compared with the
preoperative assessment and remained stable until the
last follow-up (Table 2). However, the TLS was not cor-
rected significantly (P>0.05). In terms of the accuracy of
correction, the opening-wedge angle and wedge height
showed no significant change when compared preopera-
tively and postoperatively (P> 0.05).

Clinical and functional outcomes

The mean ROM of the ankle improved from 32.9£4.2°
(range, 25.0°—40.0°) preoperatively to 34.5+4.4° (range,
30.0°—40.0°) postoperatively, but this finding was not
statistically significant (P=0.069). The mean VAS score
significantly improved from 5.3+0.6 (range, 4.0—6.0)
preoperatively to 2.74+0.7 (range, 2.0—4.0) at the latest
follow-up (P<0.001). Similarly, the AOFAS score that
increased significantly from 56.2+7.6 (range, 45.0—74.0)
to 80.6+4.6 (range, 73.0—89.0) at the latest follow-up
(P<0.001). The clinical outcomes are summarized in
Table 2.

Except for three intraoperative hinge fractures
(15.8%), there was no wound infection, skin necro-
sis, nonunion, nerve injury, or other complications
observed. However, no obvious displacement occurred
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Table 2 The comparison of preoperative and postoperative
function outcomes and limb alignment

Parameter Numerical Values?® Pvalue®
TAS (°)

Preoperative 84.14+4.6(70.7—91.2)

1 year post-op 87.743.1(81.7—92.7) 0.001

Last F/U 86.2+£26(81.2—904) 0.045
TT()

Preoperative 155+6.4 (4.6—29.3)

1 year post-op 59+43(0—16.1) <0.001

Last F/U 504+£29(1.1—97) <0.001
TMM (°)

Preoperative 33.84+6.8(23.1—47.9)

1 year post-op 289+6.3(17.0—40.2) 0.015

Last F/U 288+58(19.7—37.9) 0.002
TC()

Preoperative 729443 (65.3—81.0)

1 year post-op 793455 (71.8—90.1) <0.001

Last F/U 789445 (71.1—88.7) <0.001
TLS (°)

Preoperative 79.5+7.3 (65.6—94.29)

1 year post-op 80.2£5.5(71.2—90.6) 0.544

Last F/U 79.8+4.2 (73.3—86.8) 0.839
Opening-wedge angle (°)

Planned 16.1+5.7 (7.5—29.3)

Obtained post-op 157453 (7.9—29.1) 0.904¢
Wedge height (mm)

Planned 80£3.2(3.9—17.3)

Obtained post-op 8.14+33(4.0—176) 0.165°¢
ROM (°)

Preoperative 329442 (25.0—40.0)

Last F/U 34.5+£4.4 (30.0—40.0) 0.069¢
VAS at gait

Preoperative 53406 (4.0—6.0)

Last F/U 274107 (20—4.0) <0.001¢
AOFAS scores

Preoperative 56.247.6 (45.0—74.0)

Last F/U 80.6+£4.6 (73.0—89.0) <0.001

2The values are given as the mean + SD (range)

b The P values shown are for the comparisons between the preoperative and

follow-up investigations

©Wilcoxon signed-rank test

with nonweight bearing treatment for 12 weeks after
surgery, and fracture union was obtained within a mean
of 5.7 months after surgery (range, 5 — 6.5 months)
without additional osteosynthesis surgery (Fig. 4).
The hardware of case 1 and case 2 was removed at
18 months and 15 months after the initial surgery,
respectively, because of personal reasons. No patients
to date have required conversion to ankle arthrodesis or
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ankle arthroplasty due to progression of ankle arthritis
or worsening symptoms (Table 1).

Discussion

The most important finding of this study is that perform-
ing plafond-plasty with 3D virtual planning and PSI is a
reliable and accurate procedure.

Plafond-plasty is an intra-articular opening medial
tibial wedge osteotomy, that is designed to correct varus
ankle deformities with medial distal tibial platform ero-
sion. Mann et al. [13] reported that varus ankle tilt
significantly improved by 8°, and the AOFAS score sig-
nificantly improved by 32 points in 19 ankles with this
technique. In this study, they confirmed that the overall
outcome of intra-articular plafond-plasty is very good in
terms of pain relief, correction of any existing mechani-
cal malalignment, and slowing progression of arthritic
changes in the ankle joint [13]. Xu et al. [10] subsequently
reported that plafond-plasty combined with lateral liga-
ment reconstruction is an effective method to treat
stage IIIB ankle deformities. Pain relief, and functional
improvement with this procedure may be explained by
the improvement in ankle gait biomechanics after the
realignment of the joint axis. In addition, the improve-
ment of ankle stability, and the redistribution of forces on
the ankle joint after osteotomy are beneficial for restor-
ing congruency of the ankle joint, and repairing articular
defects [23]. However, the obvious shortcomings of these
studies are that the preoperative diagnosis and planning
relied on plain radiographs and the surgeon’s experience.
First, the X-ray radiographs could not provide the 3D
quantification of multiplanar complex deformities. The
anatomical axis of the tibia and angles of the ankle, which
were drawn by freehand, may be influenced by the inho-
mogeneous magnification rate of the radiographs and
the posture and position of the limb during fluoroscopy.
Moreover, only target values of TAS and TLS could be
designed in the preoperative plan. In addition, accurate
replication of this plan at the time of surgery is difficult,
and heavily depends on the surgical skills and experience
of the surgeons. In particular, in reference to our own
experience, accurately inserting distal parallel Kirschner
wires into the impacted portion of the tibial plafond is
high technically demanding in actual operations but nec-
essary, since it keeps the distal subchondral bone bridge
intact and ensures the exact position of the correction
hinge.

To date, studies on the application of computer-assisted
3D virtual planning and PSI in treating complex deformi-
ties of the foot and ankle have been investigated less,
however, the results are promising [15-17, 20]. Weigelt
et al. [15] reported that postoperative CT scans showed
accurate reduction with a residual translational and
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Fig. 4 Three cases with intraoperative hinge fractures are indicated by the arrows. Callus formation was observed at 5 months a-b 5.5 months. c-d
and 6.5 months e—f after surgery

B -

rotational error of <3 mm and <6° in 4 cases who under-
went computer-assisted corrective osteotomy of ankle
deformities. A recent study compared the results of this
technique with those of conventional methods in ankle
surgery [20]. In this study, 11 ankles who underwent PSI
assisted SMO showed a significantly shorter mean oper-
ating time and postoperative hospital stay, a decreased
number of fluoroscopy examinations than conventional
surgery, and better clinical and radiographic results.
The authors pointed out that with the help of computer-
assisted surgery planning, we can not only thoroughly
understand the complex deformities of the ankle, but
also make precise diagnoses and even design personal-
ized treatment plans for individuals. In addition, the
preoperative plan is reproduced by the application of

patient-specific surgical guides during actual surgery [15,
20].

In the present study, we introduced the application of
computer-assisted planning and PSI in corrective osteot-
omy of intra-articular varus ankle deformities. As a result,
all cases obtained satisfactory improvement of VAS, and
AOFAS with no serious complications occurred at a
mean follow-up period of 32.5 months. In addition, the
weight bearing radiographic parameters, including TAS,
TT, TMM, and TC also significantly improved when
compared with the preoperative values. These results
were in accordance with previous studies, and con-
firmed that meticulous preoperative planning of deform-
ity correction and limb realignment is essential to help
redistribute joint forces within the ankle and to prevent
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the development of arthrosis or halting its progression
[2, 3, 13, 20]. In addition, postoperative radiographic
results showed accurate osteotomy and reduction with
an error of opening-wedge angle and wedge height <0.9°
and<0.3 mm, respectively, when compared with the
values of preoperative planning. According to the feed-
back of the surgeons, the procedures of the insertion of
distal subchondral bone Kirschner wires, osteotomy,
and reduction were simplified with the use of PSI. Fur-
thermore, our technique was different from the others
in that we took the implant into account during design
procedures, therefore, the plate could act as a reduction
guide, and the placement of the implant and the inser-
tion of locking screws could be simultaneously guided by
the PSI with no need for an additional reduction guide in
the operation. In addition to the benefits mentioned, we
printed real-scale models for preoperative simulation and
intraoperative reference, which provided both tactile and
visual feedback [16, 24]. This technique also enhanced
the surgeon’s understanding of the deformity and sub-
sequent surgery, and provided practice opportunities for
the residents and training fellows [16]. Finally, it enabled
us to preoperatively verify the position of the implants,
and design the shape of the bone graft to increase the
accuracy of certain procedures.

In our study, no intraoperative tendon or neurovascu-
lar structure injuries were recorded. This may be related
to the application of PSI, which accurately guided the
osteotomy orientation, and cutting depth during sur-
gery. However, 3 cases of hinge fractures were observed.
All of them obtained bone union within 5.7 months
and achieved satisfactory results at the final follow-up.
Although it was not mentioned in previous reports, we
believed it to be a common but minor complication in
intra-articular osteotomy because a similar fracture pat-
tern was also found in the cases in the current litera-
ture [10, 11]. In our experience, the main cause may be
related to the surgical skills. If the bone graft was inserted
prior to plate fixation, the intact subchondral bone hinge
may be disrupted after the bone stock was pushed into
the defect, especially when operating with violence or
when the shape of the graft was not well shaped. There-
fore, fixation before bone grafting, or an individualized
bone graft may be essential to prevent such adverse
events. Additionally, common postoperative complica-
tions, such as wound healing problems, and malunion
or nonunion at the osteotomy site were not observed in
our study. Wound healing was obtained within 2 weeks,
and osteotomy union was observed in all patients within
4.4 months after the surgery without loss of correction or
implant failure in the present study. This may be related
to the application of a patient-matched plate, which
was compatible with the irregular surface of bones, and
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minimized incision tension, as well as skin irritation. In
addition, the superior mechanical properties of patient-
matched plates could reduce the risk of plate fracture,
screw loosening, and bone resorption [17].

In accordance with previous studies, we found that
bony correction alone is not enough to correct varus
ankle deformities and maintain the stability of the ankle
associated with asymmetric osteoarthritis [13]. There-
fore, 11 of 19 cases in our study underwent additional
soft tissue reconstruction procedures, and acquired good
clinical results. In addition, plafond-plasty only improved
the alignment in the coronal plane, and did not help with
correction in the sagittal plane, which can be indicated
by the unchanged TLS angle in our study. Moreover, CT-
reconstructed 3D models showed that the erosion of the
tibial plafond is dome shaped and that the intra-articular
deformity is multiplanar. Therefore, the indications for
intra-articular osteotomy correction still need to be fur-
ther defined. Perhapse additional fibular osteotomy, cal-
caneal osteotomy, and even an extra-articular osteotomy
are necessary to achieve 2-plane correction, and restore
tibiotalar joint congruency [2, 3, 11].

Numerous limitations should be noted in the present
study. First, a cohort with 19 ankles was relatively small
and there was no control group, therefore it was unclear
whether the new technique is superior to other proce-
dures such as manual osteotomy or computer-navigated
osteotomy. In addition, the mean duration of follow-up
was limited to 32.2 months, which was relatively short.
A larger sample and longer follow-up prospective clini-
cal studies are needed in the future to verify the advan-
tages and disadvantages of this technique. Second, extra
radiation exposure was increased because the preop-
erative CT scans of the bilateral limbs were necessary to
perform the 3D planning and PSI design. However, the
exposure level of intraoperative fluoroscopy is approxi-
mately 20-200 mSv per minute [25], but only 0.07 mSv
for the CT scanning of ankle [26], and it would be decline
even further by reducing the volume areas [27]. Further-
more, the decrease in intraoperative use of the C-arm
with the application of virtual simulation and PSI was
confirmed [20, 28], as well as the simplification of surgi-
cal procedures and reducing in surgical time [15, 16, 28],
therefore, we believe that the benefits outweigh the inju-
ries. Another limitation was the time and economic cost
associated with 3D design and printing. It would take
approximately 4 to 7 days from obtaining the necessary
image studies to the printing of models, and the average
expense of PSI is approximately 600 dollars, however, it
may gradually decrease with the rapid development of 3D
technology, and the improvement in health care policies,
and an increasing number of professionals are engaged in
this work.
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Conclusions

In conclusion, accurate correction and satisfactory
functional recovery were attained with computer-
assisted planning and PSI in the corrective osteotomy
of intra-articular varus ankle deformities.
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