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Abstract

Background
The Taylor Spatial Frame (TSF) has been widely used on tibia fractures. However, traditional radiograph
measurement method is complicated and the reduction accuracy is not high enough for correcting
residual deformities. We proposed the marker-3D measurement method to solve these problems. This
study aimed to compare the reduction accuracy of the traditional radiograph measurement method and
the marker-3D measurement method in tibia fracture treated with TSF.

Methods
From January 2016 to June 2019, A retrospective analysis was performed based on the patients with
tibia fracture treated with TSF in Tianjin Hospital. Forty-one patients were quali�ed for this study,
including 21 patients in the marker-3D measurement group (experimental group) and 20 patients in the
traditional radiograph measurement group (control group). In the experimental group, CT scan was
performed for 3D reconstruction with 6 markers installed on the TSF, to determine the adjusting plan; in
the control group, the Anteroposterior (AP) and Lateral radiographs were performed for the deformity
parameters. All fractures were corrected after TSF adjusting, and then X-rays were taken to measure the
residual deformities.

Results
All patients reached functional reduction. The residual displacement deformity (RDD) in AP radiograph
was 0.5 (0, 1.72) mm in experimental group and 1.74 (0.43, 3.67) mm in control group; the residual angle
deformity (RAD) in AP radiograph was 0 (0, 1.25) ° in experimental group and 1.25 (0.62, 1.95) °in control
group. As to the Lateral radiograph, the RDD was 0 (0, 1.22) mm in experimental group and 2.02 (0, 3.74)
mm in control group; the RAD was 0 (0, 0) ° in experimental group and 1.42 (0, 1.93) ° in control group.
Signi�cant differences in all above comparisons were found between the groups (AP radiograph RDD: P 
= 0.024, RAD: P = 0.020; Lateral radiograph RDD: P = 0.016, RAD: P = 0.004).

Conclusion
Both groups achieved satisfactory fracture reduction. However, the residual deformities in the
experimental group were signi�cantly smaller. This study proved that the marker-3D measurement
method could further improve the accuracy of the reduction.

Introduction
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Tibia fracture is a common type fracture of the long bone fractures, accounting for about 17–21% of
lower limb fractures, the average healing time ranges from 15 weeks to 40 weeks, and the healing time of
open fractures could be extended or even not healed[1, 2]. External �xation is able to play an important
role in this type fracture. External �xation can help to retain the microenvironment of fracture healing and
achieve good results in the treatment of bone nonunion, osteomyelitis and other diseases[3–6]. External
�xation had been described for the treatment of transverse patellar fractures as early as 1843[7].
However, because of the limited theory and technology at that time, external �xation treatment frequently
received dissatis�ed e�cacy and complications. Until Professor Ilizarov demonstrated the tension stress
effect on tissue regeneration and then invented the Ilizarov external �xator, the external �xation
technology was greatly developed and cured many patients with fracture nonunion, deformities, and
osteomyelitis[8]. However, with the use of Ilizarov system, special frame structure needs to be designed
for speci�c situation, and the residual deformities are di�cult to be corrected. Mastering the Ilizarov
system requires a steep learning process[9].

In the 1990s, Charles Taylor and his brother Harold developed a new type of external �xator, Taylor
Spatial Frame (TSF), based on the Stewart platform and Ilizarov external �xator. The basic TSF structure
consists of two complete or incomplete rings connected by six telescopic struts to a universal joint on
each end. The spatial structure between the two rings can be freely changed by adjusting the length of
any struts. By importing the measured parameters into the supporting computer software, TSF can
correct the deformities of limbs simultaneously such as angulation, translation, rotation and
shortening[10]. Compared with Ilizarov external �xator, TSF can correct the deformity in three-dimensional
space by only adjusting the length of struts, without the change of �xator’s con�gurations. The
installation is simpler and the learning process is shorter than Ilizarov external �xator[9]. Nowadays, TSF
has been widely used in orthopedic surgeries because of its advantages.

However, when using an external �xator, deformity parameters need to be manually measured on
radiographs, which may contain measurement errors[11, 12]. Radiographs cannot obtain accurate
information about the limb’s axial view: deformity parameters related to the rotation has to be estimated
by physical examinations[13]. The measurement of the parameters is greatly disturbed by the subjective
error of the measurer[14]. The above drawbacks often lead to poor alignment of the fracture after
reduction. As a result, the deformity may need to be corrected multiple times and lead to the delay of
treatment[15]. Furthermore, lower limb malalignment is an independent risk factor for knee osteoarthritis,
the load distribution of the knee joint surface will be affected by the malalignment in the lower limbs,
especially varus alignment increases the risk of tibiofemoral osteoarthritis and medial meniscus
lesions[16–19]. Better alignment after fracture reduction is conducive to the long-term prognosis of
patients. Therefore, this study aimed to introduce a new method to improve the accuracy of fracture
reduction with TSF.

With the development of imaging technology, 3D reconstruction technology has been widely used in
medicine[20–22]. The 3D model can be obtained by the two-dimensional grayscale data from CT scan. In
fracture cases, the 3D reconstruction technology provides the axial information of the patient’s, which
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traditional X-Ray cannot present but is extremely important to improve the accuracy of fracture reduction.
The fracture line, the articular surface, and the joint cavity can be observed objectively in 3D
reconstruction, which helps surgeons to understand the fracture comprehensively.

In previous studies, installing markers on the rings were introduced into the process of CT scan and 3D
reconstruction[23]. In this study, we proposed a new marker-3D measurement method and applied to TSF
treatment. The adjustment plans of struts can be automatically generated with the help of self-developed
software, avoiding the manual measurement of deformity parameters[24].

The purpose of this study is to compare the reduction accuracy of the traditional radiograph
measurement method and the marker-3D measurement method in tibia fractures treated with TSF after
adjusting by comparing:(1) the residual displacement deformity (RDD) in anteroposterior (AP) and lateral
radiographs between the two methods ; (2) the residual angle deformity (RAD) in anteroposterior (AP) and
lateral radiographs between the two methods.

Materials And Methods

Study design and patients
The cases with tibia fractures, treated with TSF in Tianjin Hospital from January 2016 to June 2019, were
retrospectively analyzed. The inclusion criteria were: (1) comminuted fracture (AO/Asif classi�cation C3);
(2) compound fractures (Gustilo type II / III); (3) the postoperative follow-up time of patient was ≥ 6
months. Exclusion Criteria were: (1) Patients with bilateral tibia fractures (unable to provide the mirror
image of the contralateral three-dimensional reconstruction image); (2) patients unable to cooperate with
regular follow-up. Finally, 41 patients were included in the study. There were 21 patients in the marker-3D
measurement group (experimental group) and 20 patients in the traditional radiograph measurement
group (control group).

Measurement methods
All surgeries were performed by the same surgeon and all following procedures were performed by the
same processor, to make sure that all treatment followed with the same standard. All patients were
installed with TSF by the following methods: �rst �xing the frame to the bone segment, the struts were in
a sliding state, the fracture was preliminarily reduced by moving the rings under the C-arm and then the
struts were locked, deformities would be corrected by adjusting TSF struts after the operation.

1. Traditional radiograph measurement
The standard radiographs (AP and lateral radiographs, including proximal and distal joints as much as
possible) of patients were measured after the operation. The X-ray images were imported into computer
for measurement to determine the deformity parameters (Fig. 1). The proximal bone segment was used
as the �xed end, and the distal bone segment was determined as the free movement end. The midpoint of
the proximal fracture line was taken as the center of rotation of deformation (CORA).
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1.1 Anteroposterior measurement
(1) Point O was the center of the proximal ring by �nding the longest diameter of the ring; (2) α1 was
de�ned as the angle between the mechanical axial of the proximal and distal bone segments; (3) S1 was
recorded as the internal or external displacement distance of the distal bone segment. Selecting a starting
point on the proximal bone segment (it was easier to identify by choosing the protuberant tip on the
bone). Meanwhile, the corresponding point of the anatomical relationship was speci�ed on the distal
bone segment. Then S1 could be determined; (4) L1 was marked as the left or right offset distance of the
proximal ring center relative to the center of the tibia. Because the TSF system defaulted that the
proximal ring was perpendicular to the proximal bone segment, so a perpendicular line from point O to
the proximal tibial mechanical axis was made, and the distance from point O to the mechanical axis was
L1. (Fig. 1a).

1.2 Lateral measurement
(1) α2 was recorded as the tension or �exion angle of the distal bone segment; (2) the anterior or posterior
displacement distance of the distal bone segment was recorded as S2; (3) the anterior or posterior offset
distance between the center of the proximal ring and the center of the tibia was recorded as L2.(Fig. 1b).

1.3 Axial measurement
(1) T was recorded as the shortening or separation displacement of the distal bone(Fig. 1a); (2) the
rotation deformity of the limb was determined by physical examination, due to conventional X-ray images
didn’t contain the patient’s axial information; (3) the rotation offset angle of the proximal ring could not
be measured from the X-ray, which was only set by the doctor’s experience; (4) the axial distance from the
proximal ring to the fractured segment could be measured from the AP X-ray, which was denoted as L3(
Fig. 1a).

Finally, the above parameters were inputted into the TSF supporting software. According to the severity of
the trauma, we would have the patients planned in different treating period, and then drafted the
adjusting plan of the struts.

2. Marker-3D measurement method
The marker,3D reconstruction, and designated software were applied in this study to reduce the
measurement error while determining the adjusting plan.

2.1 Marker
The marker was a composite structure, which was composed of aluminum alloy marker ball and
photosensitive resin connecting rod (Fig. 2). A set of markers was used for measurement, the size and
material of each marker were the same.

2.2 3D Reconstruction
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The markers were mounted on the rings with three on the proximal and the others on the distal. The
markers were distributed on each ring as evenly as possible (120 degrees). Every patient in the marker-3D
measurement group was scanned by CT (GE Optima, CT66) on both lower limbs for 3D reconstruction.
The following models were generated: the 3D model of the proximal bone of the affected limb (Model
Proximal), the 3D model of the distal bone of the affected limb (Model Distal), the 3D mirror model of
healthy limb bone (Model Reference), and the 3D model of external �xation (Model Frame), and the 3D
model of Marker Balls (Model Marker Balls)(Fig. 3). The 3D mirror model of healthy limb was used for
registration (According to the principle of mirror symmetry of the human body, the mirror image of the
bone could be used as the registration standard of the affected side bone[23, 25])

2.3 Preparation in software
It was considered that the proximal bone-ring and the distal bone-ring of the broken limb formed a rigid
part respectively. We designed and developed a 3D reduction software for the measurement of TSF
(Fig. 4). The detailed marker locations on the ring needed to be inputted into the reduction software. The
reduction software could recognize the spatial position of the marker balls automatically and determine
the initial position and the pose of the two �xed rings. During the fracture reduction, the software could
automatically record the change in position and pose.

2.4 Simulated fracture reduction in the software
(1) The reconstructed 3D models and the information of the frame and markers were imported into the
3D fracture reduction software for simulation; (2) the bone was operated to simulate the reduction
movement in the graphic interface of the software. The protuberance tip on the bone segment and the
feature point on the joint were used as the reference points, the software took the Model Proximal as the
�xed end and registered the Model Distal with Model Reference to achieve fracture reduction directly;
besides, it was also possible to add multiple reduction intermediate points according to requirements.
"traction-rotation-alignment" was the motion path of the bone to ensure the safety of reduction; (3) The
software could automatically generate the reduction path of the free movement end with avoiding the
interaction between the bone segments, and generated the reduction motion simulation animation for the
reference of clinicians according to the initial and �nal position and posture of the �xed ring; (4) the
software determined the relative position and the posture changes of the two �xed rings according to
step 3[24]. Then the software calculated the length changes of the six struts with the Stewart mechanism
kinematics algorithm, and generated the strut 's adjustment plan (electronic prescription) of TSF. The
schematic diagram was shown in Fig. 5. Patients would adjust the struts according to the adjustment
plan (Fig. 6).

Outcome measurement
In the end of adjusting, all patients took standard X-rays of the affected side bone, and then we compared
the differences in the residual deformities of the two groups according to radiographs.
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The displacement deformity was the distance of the inward/outward movement in AP X-ray or
forward/backward movement in lateral X-ray of the distal bone segment relative to the proximal bone
segment. The angle deformity was the angle of varus/valgus in AP X-ray or extension/�exion in lateral X-
ray of the mechanical axis of the distal bone segment relative to the mechanical axis of the proximal
bone segment.

Statistical methods
SPSS 22 (IBM Inc., New York, USA) was used for statistical analysis. The comparison between age was
conducted by Student’s t test, the age was represented by `x ± s; the comparison of Categorical data
between groups was conducted by chi-square test. The measurement data of abnormal distribution
(residual deformities) was expressed as M (P25, P75), Mann-Whitney U test were used for comparison
between groups. The signi�cant level in this study was considered as P ≤ 0.05.

Results

General information in two groups
41 patients were included in this study. All patients receive follow-up for more than 6 months after
surgery. The experimental group comprised of 15 males and 6 females, with an average age of 49.5 ± 
14.8 years, ranging from 18 to 73 years. There were 13 cases of compound fractures (Gustilo
classi�cation Type II) and 8 cases of compound fractures (Gustilo classi�cation Type III). The control
group comprised of 17 males and 3 females, aged 19–76 years with an average of 47.6 ± 14.3 years. The
BMI of the experimental group and control group was 23.7 ± 2.4 kg/m2 and 23.4 ± 2.2 kg/m2. There were
14 cases of compound fractures (Gustilo classi�cation Type II) and 6 cases of compound fractures
(Gustilo classi�cation Type III). There were no statistical differences between the two groups in terms of
gender, age, and fracture type(P > 0.05) (Table 1).
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Table 1
General information of two groups of patients

  Casesa Gendera Ageb (Years) BMIb

(kg/m2)

Gustilo classi�cationa

male female type II type III

Experimental

group

21 15 6 49.5 ± 14.8 23.7 ± 2.4 13 8

Control group 20 17 3 47.6 ± 14.3 23.5 ± 2.2 14 6

P* - 0.50 0.67 0.76 0.59

aData are presented as number of patients

bData are presented as mean ± standard deviation

*P values were calculated using Student’s t test and the Pearson chi-square test

Residual displacement deformity (RDD)
In the experimental group, the RDD in AP radiograph was 0.5 (0, 1.72) mm; in the control group, the RDD
in AP radiograph was 1.74 (0.43, 3.67) mm. The RDDs in AP X-ray between the two groups were
signi�cantly different (P = 0.024);

In the experimental group, the RDD in lateral radiograph was 0 (0, 1.22) mm; in the control group, the RDD
in lateral radiograph was 2.02 (0, 3.74) mm. The RDDs in lateral X-ray between the two groups were
signi�cantly different (P = 0.016) (Table 2).
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Table 2
Comparison of residual deformities between the two groups after adjusting

Variable Experimental

group

Control group P value*

M1a (mm) 0.50(0,1.72) 1.74 (0.43, 3.67) 0.024

β1b (°) 0(0,1.25) 1.25(0.62,1.95) 0.020

M2a (mm) 0 (0, 1.22) 2.02 (0, 3.74) 0.016

β2b (°) 0 (0, 0) 1.42 (0, 1.93) 0.004

M1 was the distance of the inward/outward movement in AP X-ray of the distal bone segment relative
to the proximal bone segment; M2 was the forward/backward movement in lateral X-ray between the
two bone segments; β1 was the angle of varus/valgus in AP X-ray of the distal bone segment relative
to the mechanical axis of the proximal bone segment; β2 was the angle of extension/�exion in lateral
X-ray between the two bone segments.

aData and bData are presented as Median (P25, P75)

*P values were calculated using Mann-Whitney U test

Residual angular deformity (RAD)
In the experimental group, the RAD in AP radiograph were respectively 0(0, 1.25) °; in the control group,
the RAD in AP radiograph were 1.25 (0.62, 1.95) °. The RADs in AP X-ray between the two groups were
signi�cantly different (P = 0.020).

In the experimental group, the RAD in lateral radiograph were respectively 0 (0, 0) °; in the control group,
the RAD in lateral radiograph were 1.42 (0, 1.93) °. The RADs in AP X-ray between the two groups were
signi�cantly different (P = 0.004) (Table 2).

The residual deformities of displacement and angle in the experimental group were smaller than those in
the control group in the AP and lateral X-ray. This result proposed that the reduction accuracy was higher
and the fracture alignment was better with 3D-marker measurement method.

Discussion
We proposed a method which could automatically identify the spatial con�guration of the frame by
adding markers to TSF to reduce the measurement error and improve the reduction accuracy. According
to Table 2, the residual deformities were signi�cantly smaller in experimental group than control group (P 
< 0.05). These indicated that the marker-3D measurement method could further improve the accuracy and
reduce the residual deformities comparing to traditional X-ray measurement method.
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Compared with the traditional measurement that uses X-Ray imaging for planning, fractures
reconstructed with the marker-3D measurement method showed better reduction accuracy, which could
come from reduced measurement error and the reduction of axial rotational deformity. Traditional
measurement method requires multiple measurements and adjustments after surgery to achieve
satisfactory reduction[15]. In most of the patients with 3D measurement method, the satisfactory
reductions could be achieved by the initial adjustment plan.

Other orthopedic surgeons had done a lot of research in these areas. Simpson et al used CT images for
3D reconstruction to perform virtual surgery [14]. He introduced a tracking stylus to digitize the
connection holes as reference points on the TSF ring, or used the information of the bone surface for
registration. This method avoided the measurement of parameters to reduce measurement errors, but the
result was greatly interfered by the choice of connecting holes. The positions of these connecting holes
may be affected by the installation of Kirschner wires and struts, resulting in the failure to �nd a suitable
connection hole as a reference point, and metal artifacts would also affect the imaging.

Similar to our study, Tang et al designed a hexapod automatic fracture reduction device, similar to the
Stewart platform, and then tested in animal models[23]. With the help of three-dimensional reconstruction
from CT scan, 12 marker balls were used to replace 12 screw bolts, and the hinger’s length was directly
identi�ed by software, then the electric hinges automatically reduced the fracture. However, this
automatic reduction may not be able to consider the soft tissue, the blood supply, and the shape of
fracture during the process of reduction, the bone segments may even get stuck during the process of
reduction.

Du H et al improved the above device for clinical usage and redesigned the device as a combination of a
positioning unit, a reduction unit, and a control center [26]. Four non-special marking points of the
positioning unit were used for registration to obtain the length of the struts. They introduced a series-
parallel con�guration to convert the 6-DOF movements of the hexapod mechanism into relevant
movements of two holders, which prevented the device from jamming during resetting and improved the
portability of the device. However, there were several disadvantages in this design. First, the positioning
unit was composed of four parts which were complicated to disassemble and could lose precision during
the process. Second, the various customized rings and devices may limit the clinical application of the
device. The Last but not the least, this method only provided a temporary reduction method during
surgery, it still needs effective external �xation or internal �xation after the reduction, and the device also
needed to be customized, which was not suitable for clinical promotion.

In this study, to improve the ease of use, we used standard TSF, designed a marker, and developed a
software. The markers could be installed freely, and the software was able to automatically identify the
position of the marker balls. With the help of the markers, the processes of measurement could be
�nished automatically, which helped avoiding manual measurement errors. In addition, a set of computer-
assisted TSF reduction software based on CT images was introduced. The position and posture of bone



Page 11/20

segments were automatically recognized by the markers[24]. The adjustment plan of external �xation for
fracture reduction was obtained through the �nal relative displacement transformation matrix.

With the help of CT data, the proposed marker-3D measurement method could accurately obtain the axial
information of the injured limb and generate adjusting plan, compared with the traditional measuring
method based on X-ray. In order to ensure the safety of the reduction and to avoid the soft tissue damage
around the fracture, the self-developed software was able to examine the path of the fracture reduction
process. Two basic principles were used in the reduction process: (1) necessary bone segment traction
and rotation need to be applied to avoid the collision of the fracture segments; (2) the bone segments are
aligned with minimal movement while avoid overstretching of soft tissue. As a result, the marker-3D
measurement method illustrated high reduction accuracy.

Previous studies have proved that the lower limb malalignment will increase the risk of knee OA and
medial meniscus lesions[16–19]. The marker-3D measurement method had high reduction accuracy and
will be able to effectively improve the alignment comparing to traditional X-ray method. The better the
alignment is, the better the patient's long-term prognosis will be. The marker method makes the treatment
process intuitive and convenient; it has a wide prospect of application.

The use of markers to achieve automatic measurement also had the following shortcomings: (1) During
CT scanning, the metal parts of TSF could produce metal artifacts interfering with the morphology of the
3D reconstruction of the bone, thereby affecting the accuracy of the reduction; (2) The sample size of this
study was relatively small, and larger sample size could help to verify the effectiveness of this study; (3)
The surgeons need computer skills and are able to master the use of 3D reconstruction and other
software;(4) The radiation load of CT is larger than X-ray.

In the next step, the imaging technology needs to be improved to minimize the metal artifacts in the
reconstruction process for improving the accuracy of reduction. Our registration remained as a manual
point-to-point registration in this study, how to achieve automatic registration will be one of our next
research objectives. In addition, we are planning to use optical trackers and markers to evaluate fractures
and fracture reduction more comprehensively[27]. Furthermore, the automatic reduction robot system will
be used as our next research direction.

In conclusion, we introduced a marker-3D measurement method that introduced the marker onto the
current mainstream TSF for easy installation and simple operating. The marker is simple to install and
disassemble, and is fully compatible with the current mainstream external �xation instruments. The
reconstructed 3D bone model provided axial information of patients and could also help surgeons better
understand the mechanism of injury. The marker-3D measurement method is able to improve the
accuracy of fracture reduction and avoid manual measurement error in the clinical application of TSF.
This method in clinical application is conducive to the patient’s rehabilitation and bone healing.

Abbreviations
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TSF: Taylor Spatial Frame; CT:Computed Tomography; RDD:residual displacement deformity;
RAD:residual angle deformity; AP:anteroposterior; 3D:Three-dimensional; CORA:center of rotation of
deformation; 6-DOF:6 degrees of freedom; OA:osteoarthritis
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