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Abstract
Background The Taylor spatial frame offered the ability of simultaneous correction of the multidirectional
deformities without the need of change the frame, and it was widely used for limb lengthening, deformity
correction and fracture reduction in recent years. There are still some inherent limitations which can
affect the accuracy of correction, especially for the measurement of the mounting and rotational
parameters. The purpose of our study was to perform precise postoperative measurement of Taylor
spatial frame (TSF) parameters by application of elliptic registration and three-dimensional
reconstruction.

Methods This retrospectively study included 28 trauma patients who suffered tibial fracture treated by
the TSF at our institution from January 2016 to January 2018, including 25 males and 3 females with a
mean age of 43 years (range 14–70 years). We conducted standard full-length anteroposterior and lateral
X-rays of the injured extremity and the computed tomographic scans of the bilateral extremities after
operation. Elliptic registration and 3D reconstruction were used to calculated the parameters by two types
of software Mimics and CorelDRAW. Correction of the deformity was conducted by adjusting the struts of
the TSF according to the electronic prescription. The standard anteroposterior and lateral X-rays after
correction were taken to evaluate the effectiveness.

Results All patients acquired functional reduction which was evaluated by digital radiography. The mean
coronal plane translation(1.9 ± 2.2 mm), coronal plane angulation(1.2 ± 1.0°), sagittal plane
translation(2.7 ± 2.1 mm) and sagittal plane angulation(1.2 ± 1.0°) after correction were all less than
those(5.5 ± 4.6 mm, 4.9 ± 3.9°, 4.7 ± 4.0 mm, 2.7 ± 2.3°) before correction.

Conclusions The TSF system can precise correct the 6-axis deformities simultaneously with the accurate
parameters. Application of elliptic registration and three-dimensional reconstruction can precisely
measure the TSF parameters, especially for the mounting and the rotational parameters.

Background
The Taylor spatial frame(TSF)(Smith&Nephew, Memphis, TN,USA) developed by Ilizarov technology
which based on Stewart platform is a more modern multiplanar hexapod frame than traditional ring
�xator that consists of 2 rings or partial rings connected by 6 telescopic struts at special universal
joints1,2.Considering the advantages of stability, reliability and the versatility of correcting translation,
angulation and rotation deformities in the coronal, sagittal and axial planes simultaneously by adjusting
the lengths of struts based on the electronic prescription, this system was played an important role over
the years in the treatment of bone nonunion, bone fracture and correction of deformity3–9.This kind of
hexapod external �xator allow the surgeon correct complex multi-planar deformities without the need to
alter the frame construct8,10−12.

Deformity, mounting and frame parameters are needed to enter into a computer-based software when
applying the TSF. The deformity and mounting parameters were measured on the basis of the digital
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radiography according to its instruction. The TSF is theoretically capable of accuracies to 1/1000000
inch and 1/10000 degree13,14, but it does not realize such immeasurably accurate corrections in real
world, only to approximately 1 mm and 1°13,14.Wheras we can't get the accurate spatial information
especially the axial rotational parameters obtained from the X-rays which is showed in the two-
dimensional (2D) planes, and there will be error(s) of measurement in different doctors even in the same
X-ray �lm. Therefore, the correction is less accurate than the theoretical value in clinical application.

The purpose of our study was to perform precise postoperative measurement of Taylor spatial frame
parameters by application of elliptic registration and three-dimensional(3D) reconstruction, especially for
the mounting and the rotational parameters.

Methods
This retrospectively study included 28 trauma patients who suffered tibial fracture treated by the TSF at
our institution from January 2016 to January 2018.There were 25 males and 3 females with a mean age
of 43 years (range 14–70 years). We excluded all patients with pathological fracture, old fracture, fracture
associated with vascular and nerve injury, age > 70 years, poor compliance, fracture associated with
infection and any other illness (such as diabetes, hypertension, osteoporosis, kidney disease, etc.) that
can affect bone healing. Informed consent was obtained from all patients for their data to be recorded in
our study (included hospital data, radiographs and photographs). This study was approved by the Ethical
Committee of our institution.

Standard full-length anteroposterior (AP) and lateral X-rays of the injured extremity (include adjacent
joints, complete reference ring and distal ring) after operation were conducted, and the radiographic data
were imported into CorelDRAW X7(Corel, Canada) for subsequent analysis. Computed tomographic (CT)
scans of the bilateral extremities after operation are also needed, data of Dicom format were imported
into Mimics 17.0(Materialise, Belgium) for 3D reconstruction. The reconstructed 3D image of the
proximal bony fragment as well as the reduction of 3D model of the injured limb was matched with the
image of the mirrored 3D image of the contralateral limb. The deformity and mounting parameters
needed by the computer-based software of the TSF were measured on the basis of X-rays and 3D
images. Correction of the deformity in suffered extremity was conducted by adjusting the struts of the
TSF according to the electronic prescription. The standard anteroposterior and lateral X-rays after
correction were taken to evaluate the corrective effectiveness.

Required Parameters
Parameters needed to be measured include six deformity parameters and four mounting parameters. The
deformity parameters include coronal plane translation (medial/lateral), coronal plane angulation
(varus/valgus), sagittal plane translation (anterior/posterior), sagittal plane angulation
(�exion/extension), axial plane translation (shortening /lengthening), and axial plane angulation
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(internal/external rotation).The mounting parameters which describe where the center of the reference
ring is located relative to the origin point include anteroposterior view frame offset, lateral view frame
offset, axial view frame offset and the rotary frame angle which de�ned as the rotation of the reference
ring according to the reference bony fragment. We de�ne the most prominent point on the fracture line of
the proximal reference bony fragment as the center of rotation angulation (CORA), it is the origin point
and its corresponding point is located on the distal bony fragment.

Parameters Measurement And Case Example
A 40-year-old female patient suffered tibial fracture in a tra�c accident with a posttraumatic
multidimensional deformity in tibia treated by the TSF. In this case, elliptic registration and three-
dimensional reconstruction were applied to precisely measure the parameters needed by the computer-
based software of the TSF (Fig. 1–7).

Anatomical axis of the reference bony fragment and distal bony fragment were drawn on the AP and
lateral view. The origin point was de�ned as A, the corresponding point was de�ned as A’. The coronal
plane translation was calculated using the distance of the line perpendicular to the anatomical axis of the
reference bony fragment from point A to A’. The coronal plane angulation was calculated using the
intersection angle of the two anatomical axes. The sagittal plane translation and angulation was also
calculated using the aforementioned method. The axial plane translation was calculated using the
distance of the line paralleled to the anatomical axis of the reference bony fragment from point A to A’
(Fig. 1).

For the axial plane angulation, it was calculated using the 3D model. CT data were imported into Mimics
to reconstruct the affected and contralateral limb by threshold division, bone separation and image
process (Fig. 2). The mirrored 3D image of the contralateral limb was used as the reference for reduction.
The reconstructed 3D image of the reference bony fragment was matched with the mirrored 3D image of
the contralateral limb, and reduction of the distal bony fragment was done by moving and rotating
(Fig. 2). The axial plane angulation was obtained which showed in the column of axial rotation from the
Mimics (Fig. 3).

An ellipse was registered with the reference ring on the AP and lateral view. A rectangle which all four
corners fall on the edge of the ellipse was drawn subsequently. The center of the reference ring which
de�ned as O or O’ is the intersection of the two diagonals belonged to the rectangle. We calculated the
anteroposterior view frame offset using the distance of the line perpendicular to the anatomical axis of
the reference bony fragment from point A to O. The lateral view frame offset was calculated using the
distance of the line perpendicular to the anatomical axis of the reference bony fragment from point A to
O’. The axial view frame offset was calculated using the distance of the line parallel to the anatomical
axis of the reference bony fragment from point A to O or A to O’(Fig. 1).
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The 3D model was used to calculated the rotary frame angle by Mimics. We rotated the 3D model to a
proper position to ensure that the reference ring was parallel to the horizontal plane in AP view, and
obtained the axial view of the reference ring and reference bony fragment. The standard orientation of the
master lab is the direct anterior position, and we de�ned the standard master lab as the corrected master
lab in our study. The center of the reference bony fragment de�ned as point C was found by the
aforementioned method of elliptic registration. The rotary frame angle de�ned as α in our study is the
intersection angle of the two lines which connecting point C and original master lab, point C and
corrected master lab respectively (Fig. 4).

Statistical analysis
Statistical analysis was performed with the SPSS 22.0(IBM Corp, USA). Continuous variables were
analyzed by Paired-samples T tests and expressed as the mean and standard deviation (SD). Statistically
signi�cant difference was set at P < 0.05.

Results
The differences before and after correction are shown in Table 1. All patients acquired functional
reduction which was evaluated by digital radiography (Fig. 5). The mean follow-up after removal of the
TSF was 15 months (range 12–20 months) and no patient was lost to follow up. All the patients had
bone union and no recurrence of fracture was observed (Fig. 6).The mean coronal plane translation(1.9 ± 
2.2 mm), coronal plane angulation(1.2 ± 1.0°), sagittal plane translation(2.7 ± 2.1 mm) and sagittal plane
angulation(1.2 ± 1.0°) after correction were all less than the mean coronal plane translation(5.5 ± 
4.6 mm), coronal plane angulation(4.9 ± 3.9°), sagittal plane translation(4.7 ± 4.0 mm) and sagittal plane
angulation(2.7 ± 2.3°) before correction. All the difference between the parameters before and after
correction were statistically signi�cant (p < 0.05).

Table 1
Comparison of residual deformities before and after correction

Parameters Before After t P-value

Coronal plane translation 5.5 ± 4.6 1.9 ± 2.2 4.873 P < 0.001

Coronal plane angulation 4.9 ± 3.9 1.2 ± 1.0 5.129 P < 0.001

Sagittal plane translation 4.7 ± 4.0 2.7 ± 2.1 3.287 0.003

Sagittal plane angulation 2.7 ± 2.3 1.2 ± 1.2 3.174 0.004

Values are presented as mean ± SD. Translation in mm and angulation in degree (°).

Discussion
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External �xation characterized by rapid, simple, effective, minimally invasive and �xated reliably, which
can preserve the biomechanical microenvironment needed for fracture healing has a clear role in the
management of unstable fractures, especially for high-energy injuries with extensive soft tissue
damage15,16. The Ilizarov method of deformity correction was the most important contribution in the �eld
of deformity correction, whereas years of training and frame changing were needed when used the
Ilizarov frame for multiplanar deformities. The hexapod system such as TSF, based on the same principle
as the Ilizarov system, comprised of two rings and six struts, uses a six-axis deformity analysis
incorporated within a computer-based software to establish a virtual hinge in 3D space, around which
multiple deformities including translation, angulation, rotation and shortening are corrected
simultaneously by adjusting the strut lengths17,18.

Precise parameters measurement are required when applying the TSF,the accuracy of the frame is
depend upon the input of precise parameters. For the six deformity parameters, the translation and
angulation of the coronal plane and sagittal plane respectively and the axial plane translation can be
obtained from the AP and lateral X-rays. However, we can’t acquire the axial plane angulation (rotation)
which was theoretically calculated by the spatial information through the 2D X-rays. The axial plane
angulation is determined by clinical examination in traditional measurement which is not accurate19,20.
We used the CT scans data obtained from the affected tibia to reconstruct a 3D model, and calculated
the actual axial plane angulation by virtual reduction assisted by Mimics.

The TSF system required orthogonal AP and later X-rays when de�ne the deformity parameters21–24,
which was conducted subjectively by radiologists and it is impossible to determine the orthogonality of
the X-rays in clinical practice. Additionally, X-rays may need to be taken repeatedly because of the manual
measurement errors. Considering above mentioned possible error, foot ring was used

and determined that the two vertical edges are parallel to the reference platform when conducted the AP
and lateral X-rays (Fig. 7). This method contributed to reduce the possible error caused by different
postures of the affected tibia during radiological examination.

The mounting parameters de�ne the location of the origin relative to the reference ring, which is essential
to describe the relationship between the frame and bone. One third of the patients suffered residual
deformity after the initial correction10,17,25−27. The majority of residual deformities consist of insu�cient
correction or unexpected translation-angulation with the correction of TSF have been reported due to
inaccurate mounting parameters19.Many methods have been proposed to de�ne the mounting
parameters, including intraoperative �uoroscopy, postoperative radiography and CT scans19,21,28,29.

Gantsoudes et al.28 declared it is easily reproducible in the operating room and allows for accurate
measurement of the mounting parameters when conducted intraoperative measurement, whereas Sami
et al.30 thought that there is no difference between perioperative and postoperative measurements. These
methods may not be very accurate when the images of the reference ring are incomplete or the reference
marks are overlapped and obscured. Kucukkaya et al.19 calculated the mounting parameters using the
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tomographic images in CT, they demonstrated its advantages, especially in deformities with a rotational
deformity. But we thought the biggest drawback of this method for the rotary frame angle was that they
only calculate the projection of the true angle onto the horizontal plane, not the true angle in spatial
position if the reference ring is not parallel to the horizontal plane. The projection is less than the true
spatial angle as the generally accepted theory.

The methods of elliptic registration and the intersection of the two diagonals belonged to the rectangle
were used in our study to helped us accurately �nd the center of the reference ring, especially in
conditions that the images of the reference ring is incomplete or overlapped and obscured, it greatly
prevents the measurement errors caused by incorrect center of the reference ring. The rotary frame angle
is also determined by clinical examination in traditional measurement which is not accurate20. We rotated
the 3D model to ensure that the reference ring was parallel to the horizontal plane in AP view by Mimics,
the measurement of the spatial angle is transformed into the measurement of the planar angle in this
way. In addition, the rotary frame angle can be measured easily with the use of the visualized master lab.

The present study had several limitations. Firstly, we used two types of software Mimics and CorelDRAW
which required the surgeon to have a basic knowledge of these software, the procedures are tedious and
time-consuming, especially under the in�uence of metal artifacts for 3D reconstruction. Secondly, we
conducted elliptical registration and fracture reduction by visual observation, there will be inevitable
subjective error.

Conclusions
The TSF system can precise correct the six-axis deformities simultaneously with the accurate
parameters. Elliptic registration and three-dimensional reconstruction are alternative methods to
accurately measure the parameters needed by the computer-based software, especially for the mounting
and the rotational parameters.

Abbreviations
TSF
Taylor spatial frame
2D
two-dimensional
3D
three-dimensional
AP
anteroposterior
CT
Computed tomographic
CORA
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center of rotation angulation
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Figure 1

a Measurements of the lateral view. b Measurements of the anteroposterior view. The yellow line
indicates the anatomical axis. The red ellipse indicates the reference ring. The yellow point O and O’
indicates the center of the reference ring. The yellow point A indicates the origin point. The yellow point A’
indicates the corresponding point.
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Figure 2

Images of original 3D reconstruction and bone reduction. a 3D image of the contralateral tibia. b Mirrored
image of the contralateral tibia. c 3D image of the affected tibia (reference fragment and distal
fragment). d AP view before the reduction. e Lateral view before the reduction. f AP view after the
reduction. g Lateral view after the reduction.

Figure 3

Information of position change related to the distal fragment. a AP view after the reduction. b Lateral
view after the reduction. c Data of spatial position change calculated by Mimics.



Page 13/15

Figure 4

Measurement of the rotary frame angle. a AP view of the reference ring. b Axial view of the reference ring.
The original master lab indicates the original position of the reference ring on the axial view. The
corrected master lab indicates the standard position of the reference ring on the axial view. The yellow
point C indicates the center of the reference fragment. The angle α indicates the rotary frame angle.

Figure 5
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Images of the patient with a posttraumatic multidimensional deformity in tibia treated by the TSF. a
Preoperative AP and lateral views of X-rays. b Postoperative AP and lateral views of x-rays. c AP and
lateral views of x-rays after reduction.

Figure 6

a AP and lateral x-rays after removal of TSF. b General AP and lateral images twelve months later after
removal of TSF.
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Figure 7

Foot ring used for the standard orthogonal AP and lateral X-rays. a AP view. b Axial view. c Lateral view.


