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Abstract
Background: Almost all of the traditional calcaneal fracture minimally invasive internal �xations (MIIF) require a lot of intraoperative
�uoroscopy, moreover, the fracture recovery of many patients is not considered ideal. Therefore, we designed a new surgical procedure
through the digital surgical simulation and made patient-speci�c instrument (PSI) for calcaneal fracture patients before surgery, and then
we manage the operation through the assistance of PSI during the whole process. The purpose of this study is to verify whether the PSI
assisted calcaneal fracture minimally invasive internal �xation can carry out preoperative plan accurately and quickly.

Methods: We retrospectively analyzed the Sanders type III or IV fresh calcaneal fracture patients who had been performed MIIF assisted by
the PSI in our hospital during January 2016 to December 2018. We collected and analyzed perioperative data including intraoperative
�uoroscopy times, whether the internal �xation actual usage (IFAU) same as preoperative plan, surgical time and situation of complication;
and collected and analyzed the data of preoperative actual measurement, preoperative-plan and postoperative actual measurement from X-
rays and CT, including Böhler angle, Gissane angle, subtalar joint width, calcaneus valgus angle and calcaneal volume overlapping ratio. All
patients had been followed up and their AOFAS score had been recorded. Then we performed statistical analyses.

Results: The intraoperative �uoroscopy times was 3.95±1.78, the condition of IFAU in 16 patients (16 feet) was the same as preoperative
plan, the surgery time was 28.16±10.70 min, no patients developed complications. The preoperative plan Böhler angle, Gissane angle,
subtalar joint width and calcaneus valgus angle were not signi�cant different from the postoperative; the preoperative Böhler angle,
Gissane angle, subtalar joint width and calcaneus valgus angle were all signi�cant different from the postoperative. The calcaneal volume
overlapping ratio with preoperative design was 91.2±2.3%. The AOFAS score of all patients gradually increased as time goes on, and
difference of the AOFAS scores between all time-points were signi�cant.

Conclusions: The new patient-speci�c instrument assisted calcaneal fracture minimally invasive internal �xation can carry out the
preoperative plan accurately and quickly. 

Background
Currently, more doctors prefer to use minimally invasive surgery to treat fresh closed calcaneal fracture [1, 2]. In this procedure, the
surgeon's often reduce fracture by closed reduction or open reduction with a small incision, and the surgeon's often �x fracture by
percutaneous �xation [3]. This minimally invasive approach has many advantages compared with the previous open reduction Internal
�xation (ORIF)[4, 5], such as less incision complications[6], shorter time of limb swelling[7], faster recovery[8], lower rate of internal �xation
failure[9], etc.

The classical minimally invasive surgical method for calcaneal fractures includes fracture reduction, temporary �xation and internal
�xation implantation. However, the surgical procedure still has some disadvantages: Firstly, almost all of the above surgical procedures
require a lot of intraoperative �uoroscopy, because the surgeons need to con�rm the fracture and internal �xation by using �uoroscopy
repeatedly to determine the procedure at each step of the operation [10]. Secondly, the fracture recovery and internal �xation of many
patients are not considered ideal at follow-up, because the surgeons determine the procedure at each step of the operation all depend on
the surgeon's experiences and are often not optimal [11].

Many studies have demonstrated that digital surgical simulation combines whole process-assisted surgical technique can optimize the
operation process and make surgery personalized and precision [12]. In recent years, with the gradual application of three-dimensional
printing technology and patient-speci�c instrument (PSI) in surgery, it has provided many good references for orthopedic surgery [13]. In
addition, based on years of experience in calcaneus biomechanical study and using digital orthopedic technology such as PSI assisted
surgery of our team [14-16], we intends to improve on the classical calcaneal fracture MIIF. We change the classical surgical technique from
traditional “focusing on internal conditions” to new “focusing on external auxiliary tools”, so as to optimize the surgery into a new surgical
method that is more directly, faster and more accurate.

In order to achieve accurate anatomical reduction of calcaneal fracture in MIIF, and try to avoid the occurrence of traumatic arthritis of the
subtalar joint, we designed a new surgical procedure through the digital surgical simulation and made PSI for calcaneal fracture patients
before surgery, and then we manage the operation through the assistance of PSI during the whole process. The whole process of the
operation assisted by PSI, and performed the preoperative plan step-by-step, which is different from the traditional surgery method
fundamentally. The technology, which has been validated by numerous model trials and approved by ethics committees, has been used in a
clinical study in our hospital. Therefore, we conducted a retrospective study, which purpose is to verify whether the PSI assisted calcaneal
fracture minimally invasive internal �xation can carry out preoperative plan accurately and quickly.
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Methods
Patients

This study has been approved by the Ethics Committee of our hospital. We retrospectively analyzed the data of Sanders type III or IV fresh
calcaneal fracture patients who had been performed calcaneal fracture minimally invasive internal �xation (MIIF) during January 2016 to
December 2018 in our hospital. Data were obtained from the registration system of foot and ankle surgery department, the medical record
information system and the follow-up system of patients’ service center of our hospital. All patients included in this retrospective study
were all agreed to participate in the study and have been signed written consent. All cases were operated by professor Liu.H, who has more
than 150 surgical experience of calcaneal fracture internal �xation. The inclusion criteria were: 1) fresh calcaneal fracture (within 72 hours
of injury); 2) Sanders type III or IV; 3) had been treated by surgery by using PSI-assisted; 4) voluntary provision of medical records to this
study. The exclusion criteria were as follows: 1) refused to participate in this study (6 patients);  2) the homolateral lower limb includes
other operations (1 patient); 3) physical activity disorders caused by other disease, such as stroke (2 patients); 4) whose pre-op preparation
time was too short to prepare for the PSI (9 patients); 5) mental illness (1 patient). By carefully searching the system with our study design,
19 patients (20 feet) were enrolled in our study and received follow-up. Subjects includes 11 males and 8 females with the average age of
37.90±13.63 years (range 19 to 65 years old). All patients are diagnosed with Sanders III or IV fresh calcaneal fracture by an experienced
orthopedic surgeon through standard CT scanning. 7 feet were diagnosed with Sanders III and 13 with Sanders IV. 12 patients were
diagnosed with left calcaneal fracture, 6 with right and 1 with bilateral. All subjects underwent X-ray and CT scanning before their
operations. (Table 1).

Preoperative planning

The pre-operative planning was performed by both Liu.H and Wang.CG. The CT images of the patient’s foot had been obtained with a
Philips scanner (Philips Medical Systems, Eindhoven, Netherlands) at 0.6-mm slice thickness and converted to the DICOM format. A 3-
dimensional model of the calcaneus and skin pro�le was created with Mimics 19.0 software (Materialise, Leuven, Belgium). We found that
the calcaneus had split into a number of main parts (usually 3 to 5 parts). We used the software to mimic anatomic reduction of the
calcaneus and then generated the PSI, which had 2 parts in the following steps: a) used 3 to 5 Schanz pins (or K-wires) to independently
connected the fragments which would be used for the reduction of the fracture as hand grips; b) simulated reduction of the calcaneus in
the digital model, then made sure how to �x the fracture and get the screws’ size, orientation information. The simulation allowed us to
understand that we needed to insert 1 cortical screw from outside of the left foot to inside beneath the posterior subtalar joint and then
inserted 1 lag screw from the margin of the attachment of the Achilles tendon to the calcaneocuboid joint. Insertion of another lag screw
from a point 1 to 2 cm below the insertion point of the �rst lag screw to the middle subtalar joint was needed. c) designed the PSI part 1- a
instrument used to reduce and immobilize the calcaneus with the K-wires going through it and guide the orientation of the screws. d) got
back to the original state with the Schanz pins connecting to the fragments, designed the PSI part 2 that used to mark the position of the
Schanz pins (or K-wires); in fact, the CT data can see not only the bone, but also the pro�le of the soft tissue and, more speci�cally, the
pro�le of the skin; the internal pro�le of the PSI-part-2 was based on the skin pro�le of the operating area (Figure 1). Finally, based on the
digital information, a PSI was generated . We chose nylon material to make the PSI by Selective Laser Sintering (SLS) technique.

Surgery

The patient was placed in the supine position under nerve blocking anesthesia, and was tourniqueted at the upper thigh. The surgery was a
reverse process of the procedure of designing the PSI. Surgical procedures are divided into the following 7 steps (Figure 2):

1. We exposed surgical area.

2. We installed the PSI Part 2 to his left foot and ankle, the function of Part 2 is a guide used to guide the installation of reset Schanz pins
(or K-wires).

3. We inserted 3 to 5 Schanz pins (or K-wires) to independently connect the fragments through the Schanz pin holes of PSI Part 2. (Figure
3-A):

4. We removed PSI Part 2 with schanz pins connecting to the calcaneus and were ready to reduce the calcaneus. At this point, each
Schanz pin (or K-wires) forms a rigid complex with the fracture fragments.

5. We grabbed the Schanz pins (or K-wires) to preliminary reduce the calcaneus guided by our understanding of the characteristics of the
displaced fracture. At the same time, the PSI Part 1 was assembled with the Schanz pins (or K-wires) gone through the Schanz pin
holes (or K-wire holes) (Figure 3-B). Ideal anatomical reduction was achieved once the PSI Part 1 was �xed on the foot with Schanz
pins (or K-wires) pushed through the Schanz pin holes (or K-wire holes), because the function of Part 1 de�ning the position of the
Schanz-pin-fragments rigid complex (or K-wire-fragments rigid complex).
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�. We placed a 8 to 20 mm wide incision on the lateral of subtalar joint, and implant one or two cortical screws to �x the subtalar articular
surface by using part 1's internal �xation implant guide kit. (Figure 3-C)

7. We implant two or three cannulated screws to �x the main body of the calcaneus axially by using part 1's internal �xation implant
guide kit. (Figure 3-D)

After all internal �xations have been installed, we performed a C-arm check. Finally, we disassembled the PSI and took out the Schanz pins
(or K-wires).

Postoperative Management

After surgery, all patients were required to raise the limb, and the use of antibiotics was necessary. All patients wore a plaster slab until the
stitch of wound was removed immediately after surgery, and then wore a supramalleolar protective plaster cast. Patients were encouraged
to mobilize non–weight bearing for the �rst 3-8 weeks, partially weight bearing for several weeks according to the doctor's advice; Full
weight-bearing was allowed with evidence of osseous union on the radiographs, generally at three months postoperatively[17, 18].

Measurement and follow-up

We carefully searched and collected the following data through the medical records and follow-up system: Intraoperative �uoroscopy times,
whether the internal �xation actual usage (IFAU) same as preoperative plan, surgical time and situation of complication; and then, we
collected the data of preoperative actual measurement, preoperative-plan and postoperative actual measurement from standard
radiological examinations (X-rays, CT). We recorded the Böhler angle and Gissane angle from X-rays (6 months to 12 months after surgery)
(Figure 4). The postoperative CT (6 months to 12 months after surgery) data were imported into the computer and reconstructed to obtain
the “postoperative 3D digital model” and compared with the preoperative data. We were going to focus on the situation of the calcaneal
shape and anatomical structure, and recorded the subtalar joint width (in the position of sustentaculum) and calcaneus valgus angle
(Figure 5). We overlapped the CT 3-dimensional reconstruction calcaneal model after surgery with the ideal calcaneal model designed
before surgery, and then we calculated the calcaneal volume overlapping ratio (internal �xation has been excluded) (Figure 6). All patients
had been followed up, their function score (the American Orthopedic Foot and Ankle Society score, AOFAS score)[19, 20] will be recorded at
12 weeks, 6 months and 1 year after surgery. We got these data through outpatient or visiting services.

Statistical analysis

Data were presented as mean with ranges. Paired samples t- test was used to analyze pre-op, pre-op plan and post-op data. Statistical
analyses were conducted by SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). P value less than 0.05 was considered statistically
signi�cant.

Results
One patient received bilateral surgery. The intraoperative �uoroscopy times was 3.95±1.78 (range, 2 to 9); The condition of internal �xation
actual usage in 17 feet (16 patients) was the same as preoperative plan, but in 3 feet (3 patients) was not the same as preoperative plan
(IFAU not same as the pre-op plan); The surgery time was 28.16±10.70 min (range 15 to 50 min); No patients developed complications.
(Table 2)

The preoperative plan Böhler angle was 31.5±2.7° (range, 28° to 35°), the postoperative Böhler angle was 30.2±5.9° (range, 20.6° to 37.7°),
the different value 5.7±3.3° (range, 0.7° to 12.2°) had no signi�cant difference (P=0.407); However, the preoperative actual measurement
Böhler angle was 9.6±6.5° (range, -3.1° to 18.4°), which was signi�cant different from the postoperative Böhler angle 20.7±7.0° (range, 9.3°
to 36.8°) (P=0.000). The preoperative plan Gissane angle was 125.6±4.0° (range, 118° to 134°), the postoperative Gissane angle was
123.6±4.4° (range, 115.8° to 128.7°), the different value 5.0±4.3° (range, 1.0° to 17.0°) had no signi�cant difference (P=0.187); However, the
preoperative actual measurement Gissane angle was 151.3±8.0° (range, 138.2° to 161.5°), which was signi�cant different from the
postoperative Gissane angle 27.7±7.7° (14.0° to 41.5°) (P=0.000). The preoperative plan subtalar joint width (in the position of
sustentaculum) was 46.8±1.3 mm (range, 44 mm to 48 mm), the postoperative subtalar joint width was 46.4±2.9 mm (range, 42.5 mm to
51.9 mm), the different value 3.2±2.0 mm (range, 0.1 mm to 7.9 mm) had no signi�cant difference (P=0.718); However, the preoperative
actual measurement subtalar joint width was 55.4±2.8 mm (range, 50.2 mm to 59.6 mm), which was signi�cant different from the
postoperative subtalar joint width 9.0±4.3 mm (range, 2.4 mm to 16.4mm) (P=0.000). The preoperative plan calcaneus valgus angle was
3.6±0.8° (range, 3° to 5°), the postoperative calcaneus valgus angle was 3.3±1.3° (range, 1.2° to 5.6°), the different value 1.4±0.9° (range,
0.3° to 3.6°) had no signi�cant difference (P=0.541); However, the preoperative actual measurement calcaneus valgus angle was -0.1±5.0°
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(range, -7.5° to 10.9°), which was signi�cant different from the postoperative calcaneus valgus angle 4.6±1.9° (range, -5.3° to 8.7°)
(P=0.010). The calcaneal volume overlapping ratio with preoperative design was 91.2±2.3% (range, 87.0% to 95.8%). (Table 3, Figure 7)

 All patients completed three follow-up postoperatively, the AOFAS score of all patients gradually increased as time goes on. The
preoperative AOFAS score was 13.1±4.7 (range, 5 to 18), the postoperative 8 weeks AOFAS score was 62.5±4.3 (range, 55 to 70), the
postoperative 6 months AOFAS score was 80.8±7.6 (range, 71 to 92), the postoperative 1 year AOFAS score was 88.6±5.5 (range, 81 to 97).
Difference of the AOFAS scores between all time-points were signi�cant (P<0.001). (Figure 8)

Discussion
For decades, open reduction and internal �xation performed by an extended extensile lateral approach has been the standard treatment for
calcaneal fracture [21]. With this treatment, a certain degree of anatomical reduction is achieved, but the occurrence of serious
complications has gained surgeons’ attention and resulted in the development of a minimally invasive approach [22]. In recent years, with
the efforts of scholars, minimally invasive surgery has become a more effectively surgical method solve calcaneal fractures. Nosewicz et al
[23] reported su�cient exposure of complex calcaneal fractures by application of a minimally invasive sinus tarsi approach for anatomic
reduction and stable �xation. Wang et al [24] applied a minimally invasive lateral approach in 156 patients and found that the
percutaneous leverage, manual compression, and application of anatomic plates and compression bolts to be effective for displaced intra-
articular calcaneal fractures, offering a combination of fewer soft tissue complications and good reduction.

But the classical minimally invasive surgical method for calcaneal fractures still has some disadvantages. The classical method includes
fracture reduction, temporary �xation and internal �xation implantation. On the one hand, almost all of the above surgical procedures
require a lot of intraoperative �uoroscopy. On the other hand, the surgeons determine the procedure at each step of the operation all depend
on the surgeon's experiences and are often not optimal.

The minimally invasive surgery varies according to the fracture pattern. This makes personalized surgical planning important [25]. With the
help of CT imaging and a rapidly produced prototype, surgeons can obtain detailed information regarding the fracture and use software to
plan a procedure that will result in suitable �xation [26]. More importantly, the surgery can be simulated in vitro. Although preoperative
planning is often near-perfect, it is not possible to fully anticipate the surgical challenges of individual cases. The calcaneus fracture type is
complex [27], and there is no single treatment protocol that covers the various kinds of calcaneal fracture. The core point of the PSI was to
guide the surgery as planned. we digitally reconstructed the calcaneus on the computer so that we could understand the characteristics of
the fracture [28], second, simulating the reduction and �xation, then creating a PSI and using it to guide the actual surgery.

Our team intends to optimize the classical calcaneal fracture minimally invasive internal �xation into a more personalized and precision
operation method. Therefore, we have creatively designed an optimal surgical procedure through the digital surgical simulation, and then
we manage the operation through the assistance of PSI during the whole process. What is unique about this new case we reported is that
the traditional calcaneal fracture minimally invasive internal �xation procedure was changed to: preoperative digital surgical simulation
and preparation of PSI, install Schanz pins (or K-wires) by using PSI, adjustment of the relationship between Schanz pins (or K-wires) and
PSI according to the surgical plan, internal �xation implantation by using PSI. In fact, we changed the operation procedure from traditional
“focusing on internal conditions” to new “focusing on external auxiliary tools”, so as to optimize the surgery into a new surgical method
that is more planned, faster and more accurate.

This paper not only shows a new PSI, but also shows an unprecedented new method for calcaneal fracture internal �xation. In other words,
the whole process of the operation assisted by PSI, and performed the preoperative plan step-by-step, which is different from the traditional
surgery method fundamentally. In fact, The steps of traditional method are improvisational, surgical procedures have some uncertainty.
However, our new method of this study is standardized and relatively step-by-step. In addition, our new method is also very different from
the traditional PSI method, which only optimizes a part of procedure, while our new method can improve the whole operation process, or
even make transformation of the operation. According to our analysis, these characteristics should be the reason why the new technology
can accurately execute the preoperative plan. It can be seen from Table 3 that the actual postoperative measurements of Böhler angle,
Gissane angle, Subtalar joint width (sustentaculum) and Calcaneus valgus angle have no signi�cant statistical difference from the
preoperative plan, and the post-op calcaneal volume overlapping ratio with pre-op design was 91.2±2.3%.

The design of the guide plate is very important for the successful application of the technology. For PSI-part-2 in particular, whether it can
be installed in the correct location is the key to accurate implementation of the technology. In fact, the CT data can see not only the bone,
but also the pro�le of the soft tissue and, more speci�cally, the pro�le of the skin. The internal pro�le of the PSI-part-2 was based on the
skin pro�le of the operating area. However, three points are worth emphasizing: First, the internal pro�le of PSI-part-2 is slightly looser than
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the skin pro�le of the surgical area, and we usually leave about 1mm gap between them. Second, in order to minimize swelling in the
operation area increase or reduce the effect on the skin pro�le, we improved the PSI-part-2: On the one hand, to accommodate the swelling
of the soft tissue, for the PSI-part-2, we leave a larger gap in the area that is not corresponding to the super�cial bony marks or not at the
nearest and farthest end of the PSI. On the other hand, we designed the PSI-part-2 as two pieces of shell-like armor; the two pieces of armor
are connected by a lock in a sliding slot at a limited distance to allow for soft tissue swelling that can also hold the two pieces of armor
together; it is important to note that this �nite distance slot limits the two pieces of armor to be shifted across the cross-sections, and
through repeated computer simulations, this limited movement does not affect the placement of Schanz pins (or k-wires). Third, before the
operation, we strictly advised the patient to take measures such as raising the affected limb, ice compress, braking, taking anti-swelling
drugs, etc., in order to minimize the swelling of the limb.

Based on the study, we found that the new operation method was very simple and the surgery process was smooth, and the postoperative
effect was also very good; Moreover, it is worth noting that the surgery time using this new technique was 28.16±10.70 minutes in the study,
while the surgery time of classic calcaneal fracture MIIF and ORIF are usually more than 60 minutes [17, 29]. With the assisted by PSI in
whole process, the operation was guided at every step, surgical procedures became routine, intraoperative �uoroscopy was no longer
required at every step, fracture reduction and internal �xation became relatively perfect. Therefore, it can be preliminarily believed that such
a new type of technology will be expected to optimize the traditional surgical scheme greatly.

Limitations of the study

First, it takes time and experience to master this new technology because designing the PSI is a complex procedure [30, 31]. After all,
surgeons and computer technicians need to accumulate experience to ensure the reliability and practicality of surgical procedures, but this
takes time. In the �rst year of using the new technology, there were 3 cases (19 in total) occurred that the IFAU not same as the pre-op plan;
The speci�c situation was that the length of cannulated screws actually used to �x the main body of the calcaneus axially during the
operation was different from the pre-op plan, and this difference affected �xation of the fracture pieces or function of the subtalar joint.
More speci�cally: In two cases, the pre-op design length of each cannulated screws was too long and entered the subtalar joint; In another
case, the pre-op design length of a cannulated screw was too short, resulting in fracture blocks cannot be �rmly �xed. Since then, we have
done more and more detailed tests and made improvements in the pre-op simulated operation plan, and the situation has never happened
again. As a result, the learning process of master this new technique takes about one year or �ve cases in our experience.

Second, the technique is not suitable for manage a fracture 72 hours after injury. We just use the Schanz pins (or K-wires) to reduce
fracture; fresh fracture is easy to reduce while a fracture 72 hours after injury can’t be reduced with closed reduction. If there are conditions,
we think it is best to conduct the PSI assisted surgery within 8 hours after injured. In particular, it is important to note that, according to our
experience, although the reduction of the fracture block within 72 hours after the injury is smooth with the help of PSI-part 1, but the best
time to carry out the operation is within 8 hours of the injury. The reason for this is that the change of soft tissue swelling is minimal within
8 hours of the injury, which is most conducive to the installation of PSI-part 2. However, it should be pointed out that if the surgeon is not
skilled in surgical design and the speed of 3D printing PSI is slow, it is di�cult to carry out this surgical technique within 8 hours of injury.
Therefore, this disadvantage is not friendly to doctors who are just beginning to develop the technique.

Third, this is preliminary application with the small number of sample sizes and short period of follow-up. Therefore, further prospective
investigations with the large numbers of sample sizes and longer follow-up duration will be necessary to investigate appropriate values for
clinical application.

Conclusion
This study demonstrated that the surgery procedure of calcaneal fracture minimally invasive internal �xation can be changed from
traditional “focusing on internal conditions” to new “focusing on external auxiliary tools”. The new patient-speci�c instrument assisted
calcaneal fracture minimally invasive internal �xation can carry out the preoperative plan accurately and quickly.
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Additional File Legend
Video 1: An example of process of the PSI preoperative design and surgical application.
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Table 1
Demographic characteristics of the fresh calcaneal fracture
patients in the study.

Number of patient 19

Number of gender (male/female) 11/8

Mean of age (years) 37.90 ± 13.63

Number of sides (left/right/bilateral) 12/6/1

Number of Sanders classification (III/IV) 7/13

 

Table 2 Conditions of surgeries and complications.

Intraoperative fluoroscopy (number of times) 3.95±1.78

IFAU* same as pre-op plan? (Yes/No) 16/3

Surgery time (min) 28.16±10.70

Complications None

*IFAU: internal fixation actual usage

 

Table 3 X-ray and CT 3-dimensional reconstruction data and related comparisons.

Mean   Compare preoperative-plan

with postoperative

  Compare preoperative actual measurement

with postoperative

  Pre-op
plan

Post-op Δ# P*   Pre-op actual
measurement

Post-op Δ# P*

-ray data Böhler angle (°)   31.5±2.7 30.2±5.9 5.7±3.3 0.407   9.6±6.5 30.2±5.9 20.7±7.0 0.000

Gissane angle
(°)

  125.6±4.0 123.6±4.4 5.0±4.3 0.187   151.3±8.0 123.6±4.4 27.7±7.7 0.000

                     
T 3-
imensional
econstruction
ata

Subtalar joint
width
(sustentaculum)
(mm)

  46.8±1.3 46.4±2.9 3.2±2.0 0.718   55.4±2.8 46.4±2.9 9.0±4.3 0.000

Calcaneus
valgus angle (°)

  3.6±0.8 3.3±1.3 1.4±0.9 0.541   -0.1±5.0 3.3±1.3 4.6±1.9 0.010

Calcaneal volume overlapping ratio with preoperative design: 91.2±2.3%

*P: P value (paired samples t test)

#Δ: Different value (absolute value)

Figures
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Figure 1

An example of process of preoperative planning: (A) The location of 3 to 5 Schanz pins (or K-wires) connect fracture fragments was
determined by digital simulation. (B) The number, size and location of internal �xation were determined by digital simulation, we make sure
each Schanz pin (or K-wire) forms a rigid complex with the fracture fragments. (C) The PSI Part 1–an instrument used to immobilize the
calcaneus after reduction and guide the orientation of the screws—is created. (D) The PSI Part 2-which is used to guide placement of the 3
to 5 Schanz pins (or K-wires)—is created for restoration of the calcaneus to its pre-fracture state with Schanz pins (or K-wires) connecting
the fragments.
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Figure 2

Schematic diagram of the new surgery method which was divided into 7 steps, PSI assisted operation during the whole process.
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Figure 3

An example of application of the PSI during the patient’s surgery. (A) PSI Part 1 was assembled, and 3 Schanz pins were used to connect
the calcaneus fragments. (B) Guided by PSI Part 2, anatomical reduction was achieved. (C) Also guided by PSI Part 2, a lateral screw was
inserted to �x the subtalar articular surface, and (D) two posterior cannulated screws were inserted to �x the main body of the calcaneus
axially.
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Figure 4

Imaging examination and evaluation (a typical case as an example, male, 47Y, left Sanders Type IV fresh calcaneal fracture): (A) An intra-
articular fracture of the calcaneus is clearly depicted. The Böhler angle was −3.1°, and the Gissane angle was 141.4°. (B) Axial view shows
a varus deformity of the calcaneus. (C,D) Coronal and sagittal views of the calcaneus computed tomography show irregular facet of the
subtalar joint, and this is a Sanders type IV calcaneus fracture. (E) A lateral radiograph obtained 2 days after the surgery con�rmed
anatomical reduction of the calcaneus and stable �xation. The Böhler angle was 31.6°, and the Gissane angle was 118.5°. (F) A lateral
radiograph obtained at approximately 12 months veri�ed the anatomical reduction and stable �xation, with a Böhler angle of 27.7° and
Gissane angle of 119.2°.
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Figure 5

The CT data of preoperative actual measurement, preoperative-plan and postoperative were imported into the computer and obtain
“reconstructed 3D digital model”. We measured subtalar joint width in the position of sustentaculum by normal superor perspective, and
measured calcaneus valgus angle by normal posterior perspective.
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Figure 6

The calcaneal volume overlapping ratio. (A) The calcaneal volume overlapping ratio of preoperative with preoperative design. (B) The
calcaneal volume overlapping ratio of preoperative design with postoperative which internal �xation has been excluded.

Figure 7

Box diagrams of Böhler angle, Gissane angle, subtalar joint width and calcaneus valgus angle. From these box diagrams, we can found
that all data of preoperative plan were not signi�cant different from the postoperative, all data of preoperative actual measurement were
signi�cant different from the postoperative.
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Figure 8

Box diagrams of AOFAS score of patients at each time point. We can found that the AOFAS score of all patients gradually increased as time
goes on, and difference of the AOFAS scores between all time-points were signi�cant.
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