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Abstract: Spine radiographs in the standing position are the recommended standard for diagnosing
idiopathic scoliosis. Though the deformity exists in 3D, its diagnosis is currently carried out with the
help of 2D radiographs due to the unavailability of an efficient, low-cost 3D alternative. Computed
tomography (CT) and magnetic resonance imaging (MRI) are not suitable in this case, as they are
obtained in the supine position. Research on 3D modelling of scoliotic spine began with multiplanar
radiographs and later moved on to biplanar radiographs and finally a single radiograph. Nonetheless,
modern advances in diagnostic imaging have the potential to preserve image quality and decrease
radiation exposure. They include the DIERS formetric scanner system, the EOS imaging system, and
ultrasonography. This review article briefly explains the technology behind each of these methods.
They are compared with the standard imaging techniques. The DIERS system and ultrasonography
are radiation free but have limitations with respect to the quality of the 3D model obtained. There is a
need for 3D imaging technology with less or zero radiation exposure and that can produce a quality
3D model for diseases like adolescent idiopathic scoliosis. Accurate 3D models are crucial in clinical
practice for diagnosis, planning surgery, patient follow-up examinations, biomechanical applications,
and computer-assisted surgery.

Keywords: idiopathic scoliosis; 3D deformity; 2D radiographs; computed tomography (CT); magnetic
resonance imaging (MRI); radiation exposure

1. Introduction

Scoliosis is a common deformity of the human spine. Idiopathic scoliosis is common
among the various types found in the pediatric population of the age group 10 to 18 [1,2].
Idiopathic scoliosis accounts for nearly 85% of all scoliosis cases registered. It is defined
as the lateral curvature of the spine of more than 10° in the frontal plane along with
the vertebral rotation. Hence, it is very well characterized by three-dimensional (3D)
modalities [3]. The deformities must be assessed in all three planes for proper diagnosis.
Three-dimensional reconstruction of the spine is very essential in several studies. For
example, in finding the effect of the treatment after wearing Boston braces, comparison
of the spine is carried out in pre- and postoperative cases and the progression of scoliosis
is determined in 3D. Computed tomography (CT) has limited application in scoliosis
diagnosis, as it is carcinogenic and obtained in the supine position. The supine position
changes the actual 3D spinal deformity [4]. For scoliosis diagnosis, a 3D model of the
standing position gives accurate results [5]. Magnetic resonance imaging (MRI) is also not
suitable, as the 3D model in this case is obtained in the supine position. If any screws,
hooks, or rods are introduced into the subject’s body as a spine correction tool, an MRI
cannot be taken [6]. Therefore, 3D reconstruction from one or more radiographs taken in
different planes is the most popular and promising method for the diagnosis of scoliosis [7].
The DIERS formetric scanner system, the EOS imaging system, and ultrasonography
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techniques for 3D reconstruction of the spine are discussed. This article reviews the 3D
evaluation techniques for the diagnosis of scoliosis and then discusses the latest methods
and future directions.

2. 3D Reconstruction from Multiplanar Radiographs

The 3D reconstruction of human ribcages from multiplanar radiographs was the first
attempt of a method other than CT or MRI modelling methods [8,9]. Dansereau et al. [9]
came up with a method based on three radiograph views: a postero-anterior view and a
postero-anterior view with 20° leaning incidence and a lateral view. Figure 1 shows the
entire process. This technique was time-consuming, as manual digitization was needed
twice (on each postero-anterior view). Eleven points on the rib midlines, including five
radio-opaque markers, needed to be identified on the radiographs. Since the process of
digitization is manual, the technique was slow and dependent on the operator. Further,
the third radiograph was obtained with a non-standard format. Makino et al. [10] tried
to reconstruct the scoliotic spine using multiplanar images obtained from a CT scan. This
method has limitations like a risk of high radiation dosage and nonstandard image formats.
Hence, the method did not become popular, and researchers tried to get 3D reconstruction
from only two radiographs.
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Figure 1. A 3D reconstruction from multiplanar radiographs. (a) Radiographs in three views, (b) 3D
reconstruction, (c¢) 3D reconstruction of vertebrae.

3. 3D Reconstruction from Biplanar Radiographs

Scoliotic patients normally undergo biplanar radiographs for the brace design and
other follow-up examinations and treatment of the spine. These radiographs can be used
for 3D reconstruction without exposing the patients to further radiation. Hence, it is a pop-
ular method. Three-dimensional reconstruction from biplanar radiographs is also known
as stereo-radiographic reconstruction. Depth information is extracted from the biplanar
radiographs with the help of a calibration device. Three-dimensional reconstruction from
biplanar radiographs can be classified under the following categories: stereo-corresponding
point-based methods [11-14], non-stereo-corresponding point-based methods [15-18], hy-
brid methods [19-21], surface topography [22-24], and low-dose radiography [25-27].

3.1. Stereo-Corresponding Point (SCP)-Based Methods

SCP-based methods [11] require calibration of the radiographic environment. Direct
linear transformation (DLT) [12] was the algorithm used for this purpose, which requires
a large calibration object. For intra-operative radiographs, it is not suitable. To overcome
this difficulty, based on non-linear optimization, an explicit calibration algorithm that
requires a small calibration object was used. Self-calibration techniques can also be used.
For intra-operative radiographs, self-calibration needs to be combined with the landmark
identification process for proper 3D reconstruction. For spine reconstruction, six anatomical
landmarks per vertebra were chosen. They were the top and bottom of both pedicles and
the top and bottom of the vertebral endplates. These were identified manually by an expert
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and named SCPs (Figure 2). The parameters obtained from the self-calibration technique
were used for 3D spine reconstruction by triangulation [13]. This method is known as the
SCP method. The main challenge of this method is the proper identification of at least six
corresponding landmarks on the biplanar radiographs.
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Figure 2. (a) Stereo-corresponding points on the vertebra used for SCP reconstruction, (b) sample

biplanar radiographs, (c) SCP reconstruction [28]. SCP stereo corresponding point.

Stokes [14], Pearcy [29], Bernard et al. [30], and Andre et al. [31] used the SCP method
for 3D spine reconstruction. Stokes [14] and Pearcy [29] obtained a 3D model by locating
six to nine SCPs. The DLT algorithm was used for triangulation. They were not able to
obtain a precise model with this process due to consideration of only local data compared
to universal configuration of anatomical shapes. To accomplish more precise results, Aubin
et al. [32] used a generic model attained from a 3D scanner to construct a morpho-realistic
model. With the help of six SCPs as control points, this method uses the dual kriging
algorithm [33] on the generic object to obtain the 3D model. For 3D reconstruction, the
DLT algorithm was used. Although improved results were obtained, for better description
of the vertebrae, there was a need for more landmark points. Gauvin et al. [34] used
additional landmark points to achieve more accurate 3D models. They used this technique
on the pelvis bone with 19 SCPs as control points. The DLT algorithm was used for the
3D reconstruction process. In this method, the average variation resulting from direct
measurements was 4.8 mm, which was very high. Aubin et al. [32] also used the same
technique for the vertebrae using six SCPs and 21 additional points. For the additional
SCPs, the errors were 2.1 (mean) and +£1.5 mm (standard deviation) compared to the
direct measurements obtained. Sampath Kumar et al. [35] have developed a new method
known as combined SCP and geometric reconstruction (CSCPG) for 3D reconstruction of
the spine. Along with the SCP reconstruction, some geometric parameters were extracted
from the radiograph to obtain the 3D model. The method was faster and the reconstruction
accuracy was within the acceptable limits. Though better results were obtained, there
was inter-observer variability and intra-observer variability observed in the results. In
addition, the identification of additional points was time-consuming. The drawbacks
of these 3D reconstruction techniques are the ambiguity in stereo-corresponding point
detection, repeatability issues, observer variability, and prolonged process. In conclusion,
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due to the limited number of SCPs detectible on radiographs, these techniques have low
precision compared to other techniques.

3.2. Non Stereo-Corresponding Point-Based (NSCP) Methods

Due to the limits of SCP-based techniques, NSCP-based methods were proposed. In
this method, points visible only on one radiograph were used for 3D reconstruction. It is
based on this theory that any non-stereo-corresponding point must lie on a line connecting
the projection of the point in one view and the X-ray source. They are known as NSCP

points (Figure 3).
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Figure 3. (a) Non-stereo-corresponding points on the vertebra used for NSCP reconstruction, (b) sam-

ple NSCP reconstruction [35]. NSCP—non-stereo-corresponding point.

They provide additional landmark points for the 3D reconstruction that can be detected
in only one of the radiographs. The introduction of NSCPs allows for the 3D reconstruc-
tion of both SCPs and NSCPs, which in turn results in a more detailed and refined 3D
geometrical model of the spine, with increased accuracy. In this technique, with respect
to the SCPs and NSCPs on the radiographs, an elastic object is deformed to obtain the 3D
spine. Mitton et al. [15] proposed an NSCP-based technique for 3D reconstruction of the
human spine. The calibration of the radiological environment was performed by means
of the known points on the calibration object. Later, the DLT algorithm was used for 3D
reconstruction of SCPs. Then, 3D coordinates of the NSCPs were identified by defining
the line joining the projection of an anatomical landmark point in the radiographs and the
source. By defining a generic object, points on their lines in the radiograph are initialized.
Using an optimization technique, the position of the points on their lines is identified. By
considering the similarity in shape with the generic object, a 3D reconstruction of the NSCP
point is achieved. Finally, with the help of dual kriging of the generic object with SCPs
and NSCPs as control points, a morpho-realistic shape of the spine is obtained [36]. Mitton
et al. [15] used this technique to obtain the 3D shape of vertebrae present in the upper
cervical region. The accuracy was determined as the point-to-surface distance between
the reconstructed object and the reference dimensions. It was observed to be about 1 mm,
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which was much better than the results obtained from SCP reconstruction. Since it used
more data from the radiographs, the algorithm provides more precise 3D reconstruction
compared to the DLT method.

Mitulescu et al. [16] used this technique for 3D reconstruction of dried vertebrae from
the lumbar region with the help of stereo-radiographs. The reconstruction error was less
than 1.1 + 1.4 mm. Pomero et al. [17] used a similar method for 3D reconstruction of thoracic
and lumbar vertebrae. The 3D positions of the 25 corresponding points were obtained
by this method, which contains 6 SCPs and 19 NSCPs. The validation was executed
on 14 patients with 58 scoliotic vertebrae. The CT scan reconstruction was considered
the ground truth. The study showed an error of 1.5 £ 2 mm using the NSCP method.
Zhang et al. [18] used the NSCP method along with the epipolar geometry for the 3D
reconstruction of the scoliotic spine. The search for corresponding points was reduced by
restricting the search on the epipolar line. This process considerably reduces the intra and
inter-observer variability.

Kumar et al. [35] also utilized this method for spine reconstruction and used it as a
ground truth for comparing their results with reference to their proposed method. NSCP
is the only method that gives 3D reconstruction with the highest accuracy and can be
used as ground truth. This is because NSCP reconstruction is obtained with radiographs
in the standing position, whereas the CT and MRI are obtained in the supine position.
SCP reconstruction and NSCP reconstructions are known as point-based methods. They
are highly dependent on the expert’s skills in identifying the stereo-corresponding points.
These techniques need about 4-6 h for the 3D reconstruction because they need physical
identification of SCPs and NSCPs [37].

3.3. Hybrid Methods

This classification belongs to techniques attained from the combination of various
types of models from different sources. Due to their characteristics, they can be considered
a distinct class called hybrid methods, though these techniques have followed procedures
similar to previously stated classes. A combination of methods was tested by researchers
to achieve better accuracy and morpho-realistic spine models. Kadoury et al. [38,39]
proposed a hybrid image-based and statistical approach. They merged statistical knowledge
and image-based characteristics from the biplanar radiographs for their hybrid 3D spine
reconstruction. In this method, the centerlines of the spine are obtained from the pre-
operative radiographs. These centerlines are mapped to the 3D model of the spinal curve of
a scoliotic 3D spine database. By performing analytical regression, a statistical 3D modeling
of the spine is achieved. Support vector regression is used to infer the 3D reconstruction of
the spine. For this purpose, local linear embedding techniques are used that map 3D splines
to lower dimensional space. This method needs a calculation period of 2.4 min in addition
to the time required for recognizing the splines. A large database of vertebrae is needed to
generate the statistical model. This statistical approach is based on local linear embedding
and is sensible to insufficient sampling [20]. The average point-to-surface factual error
between the reconstructed vertebra and the corresponding MRI model was 1.18 &= 0.9 mm
for thoracic vertebra and 1.21 £ 1.13 mm for lumbar vertebra. This accuracy is acceptable
for subjects with moderate scoliosis.

Kumar et al. [21] proposed a hybrid method using SCP reconstruction and some
geometrical inferences obtained from the radiographs for 3D reconstruction of a scoliotic
spine. This is called the combined SCP and geometric model (CSCPG). Initially, SCP
reconstruction proposed by Kadoury et al. [32] was used for 3D spine reconstruction with
the help of a calibration object. Then, geometrical inferences were extracted from the
biplanar radiographs using various image processing techniques. The 3D model obtained
from SCP reconstruction was fine-tuned with the help of these geometrical inferences to
obtain an accurate 3D spine model. By taking the NSCP-reconstructed model as a reference,
the proposed model was validated both qualitatively and quantitatively. The observed
variability of CSCPG reconstruction was very low, as it required only six landmarks per
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vertebra to be identified. The mean reconstruction accuracy was found to be within the
standard limits. Gangnet et al. [21] have proposed a study on the variability of the spine
and pelvis location with respect to the gravity line. The spine reconstruction algorithms
were applied to both spine and pelvis. Using a force platform and a standard stereo-
radiographic method, they acquired 3D geometry of the spine and placed it with reference
to the line of gravity. The accuracy was within the acceptable limits for subjects with mild
and moderate scoliosis.

4. 3D Reconstruction from a Single Radiograph

Novated et al. [40] presented a novel method for 3D reconstruction of a scoliotic
spine from a single radiograph. The calibration of the radiograph is performed using a
small object and a novel calibration algorithm. The unknown information present in the
single radiograph is fulfilled by the process of registration of known 3D geometric models.
Figure 4 shows this test setup. The error obtained due to the 3D /2D registration process is
adjusted by the alignment constraints of individual vertebrae. The 3D models of 15 scoliotic
patients were used in simulation experiments. The same number of patients was used
for validation experiments, too. The experiments showed that the proposed method is
accurate and robust in nature. The average RMS reconstruction error was found to be
2.89 mm, which was inappropriate for clinical applications. In addition, it requires known
3D geometric models for the reconstruction and complex calibration steps. Hence, 3D
reconstruction from biplanar radiographs is found to be the most appropriate method for
scoliotic spine reconstruction.
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Figure 4. 3D reconstruction of the spine from a single radiograph. (a) Frontal view, (b) lateral view,
(c) test setup.

5. Surface Topography

In the 1970s, for the early identification of scoliosis, an early form of topographical
assessment of the spine known as Moire topography [22] was used. In this technique,
prototypes of shadow lines are projected onto a physical surface by projections of light
beams. With the knowledge of the distance from the camera and the light source, detailed
variations in the patient’s surface structure can be computed. The advantage of this
technique is the ease of application and lack of radiation exposure.

However, the limitations include variable accuracy and cost-effectiveness. Many
methods that employ surface topography to quantify rotational abnormality were de-
veloped [41,42]. Drerup et al. [24] developed an imaging technique known as raster-
stereography. Here, 3D reconstructions of a scoliotic spine was possible without radiation
exposure. Based on this technique, the DIERS formetric four-dimensional, a non-contact
scanner, was developed. In short, it is called the DIERS system, and it is capable of pro-
ducing surface topography-based 3D model of the spine [43]. Figure 5 shows the DIERS
system and the 3D surface topographic models.
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Figure 5. DIERS formetric 4D: surface topography scan. (a) The left and right sacral dimples,
(b) images obtained by the DIERS system, (c) verification that dimples were precisely localized on
the 3D model constructed by the DIERS system [43].

The DIERS system can be used to evaluate spinal balance, trunk rotation, and major
curves in the case of moderate to severe scoliosis. Frerich et al. [44] evaluated the DIERS
system and standard radiography as a reliable option for assessing patients with adolescent
idiopathic scoliosis. The correlation between the major curves in sixty-four subjects was
calculated using the DIERS system and the standard radiographic technique was high. The
correlation coefficients of 0.87 and 0.76 for thoracic and lumbar vertebrae, respectively, were
observed in this case. A reproducibility test of thirty repetitive DIERS system measurements
was conducted on fourteen subjects. It was found to be large, with a coefficient of reliability
of up to 0.997. Hence, the DIERS system was proven to be equivalent to the standard
radiographic technique.

Knott et al. [45] compared the reproducibility and reliability of the DIERS system
with respect to standard radiographs. One hundred ninety-three pediatric subjects with
adolescent idiopathic scoliosis underwent standing radiographs and surface topography
scans with the DIERS system. The reproducibility of the lumbar curve, thoracic curve, and
thoracic kyphosis proportions using the DIERS system topography was very high, and
the correlation coefficient ranged from 0.86 to 0.94. The correlation between the standard
radiographic measurements and the DIERS system measurements was also high for various
curves of the spine. With these potential results, the researchers proposed that the DIERS
system produces topographic scans that are equivalent to radiographic scans. Hence,
harmful radiation can be completely eliminated in the case of scoliotic screening.

In more recent studies, Tabard-Fougere et al. [46] compared the reliability of the DIERS
system with low-dose radiographic systems in subjects with adolescent idiopathic scoliosis.
Quantification results obtained from thirty-five subjects show a high correlation among
these methods. There were no major difference between the major curve using the low-dose
radiographic system and the DIERS system. The inter- and intra-observer dependability
were also outstanding. These studies confirm the use of surface topographic methods as
a noninvasive alternative for monitoring curve progression in adolescent scoliosis. This
method has the capability to reduce the use of radiographs, which in turn decreases both
cost and radiation exposure for the subject.

Komeili et al. [47] utilized a VIVID 910 3D-laser digital scanner to evaluate the depend-
ability of measuring torso asymmetry using the surface topography method in forty-six
patients with adolescent idiopathic scoliosis. The inter-observer variability was outstand-
ing. The intra-observer and test-retest reliability were also similar to the DIERS system.
This innovative surface topography method was found to be a promising noninvasive tool
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for evaluating scoliotic deformity progression [48]. Thus, the surface topography method
can be used as a radiation-free alternative for spinal alignment. The constraints include
the initial cost burden and the underestimation of the spinal curvature compared with
radiographs. The measures from surface topography are comparable to radiographs and
are independent of the operator’s influence [49].

6. Low-Dose Radiography

The concept of low-dose radiography came into existence after the year 1992. Multi-
wire proportional chambers were developed, which led to a Nobel prize in physics. These
can be used to generate diagnostic radiographic images with low radiation dosage [50].
It is a vertical biplanar slot-scanning technology. The low-dose radiographs can produce
fine-quality images with 60% to 80% less radiation than conventional radiographs [51,52].
The system of low-dose radiography that is popular in scoliotic spine imaging, is the EOS
imaging system. It comprises a pair of X-ray tubes and orthogonally placed detectors.
This permits synchronized acquisition of posterior-anterior and lateral radiographs in the
standing position. Figure 6 shows the EOS imaging system and its sample radiographs.

Figure 6. EOS imaging system. (a) Patient positioning during exam, (b) basic operation, (c) 3D
modelling of the spine and lower limb, (d) example of typical EOS lower-limb pair [52].

This method lowers the radiation dose required to obtain a 2D radiograph of the spine
by eight to ten times [53]. Hirsch et al. [54] compared standing and bending EOS images
with conventional bending radiographs to evaluate subjects’ preoperative conditions. No
substantial differences were found in the major curves between the EOS imaging and
normal radiographs in the thoracic and lumbar regions. They also performed analysis on
Lenke curves, which indicated no significant differences in the spinal dimensions between
EOS and normal radiographs. It had further advantages of reduced exposure of radiation
and ease in obtaining radiographic images for the subject as well as the technician.

Illés et al. [27] assessed EOS imaging in subjects with adolescent idiopathic scolio-
sis experiencing surgical alteration. They related it with measurements produced from
2D EOS imaging. Ninety-five subjects were included in this study. The pre- and post-
operative examinations were performed to match the correlation between conventional
EOS 2D measurements and 3D reconstructions. A preoperative correlation coefficient of
0.95 and postoperative correlation coefficient of 0.93 resulted from this study. This study
proved that EOS imaging can be the best alternative to existing 3D reconstruction methods.
Studies conducted by Somoskeoy et al. [55] and Sangole et al. [56] proved the precision



Tomography 2024, 10

1200

and accuracy of the EOS imaging system with reference to the gold standard 3D spine
reconstruction techniques.

EOS imaging has been proven to be as efficient in the 3D evaluation of deformities
like scoliosis as conventional 2D assessment with standard radiographs. It has an added
advantage of reduced radiation exposure. EOS imaging technology can characterize the
deformity in 3D in the sagittal, coronal, and axial planes. However, the initial investment
required to implement this imaging technology is very high. In addition, it has limited
accessibility and decreased cost-effectiveness compared to all the existing methods. In
order to obtain the 3D model of the spine, a full-body radiograph is necessary, which is
another drawback of this system.

7. Ultrasonography

It is a non-ionizing imaging system that provides real-time image findings at a very
low cost. Spinal ultrasonography is built on the theory that the laminae and spinous
processes are precise landmarks for evaluating 3D spinal deformations [57]. The vertebral
turning can be verified by the rotation of the laminae with reference to the leaning of the
ultrasound sensor. Suzuki et al. [58] first demonstrated the use of ultrasonography in
spinal imaging. Chen et al. [59] proved that the center-of-lamina method to measure curve
magnitude and rotation of the vertebra was equivalent to the conventional measurements
achieved through radiographs. Brink et al. [60] examined the validity and reliability of
ultrasonography for computing spinal deformity in thirty-three subjects with adolescent
idiopathic scoliosis. They employed the transverse processes and spinous processes as
markers. In this study, the correlations between the major curves and ultrasound angles
were outstanding.

Young et al. [61] studied the effectiveness of ultrasonography to identify curve ad-
vancement in idiopathic scoliosis. The major curves were estimated using the center-of-
lamina technique, and the consistency of ultrasonography for computing spinal curves
was compared between observers with or without radiographs. A very high sensitivity
and specificity was observed for the ultrasonography for detecting curves. Despite these
studies, ultrasonography had the following limitations. Zheng et al. [62] examined the
operator-dependent characteristics of ultrasonography. The qualified operator got fewer
curves with a large discrepancy between the ultrasound and radiographs compared with
those performed by the trainees. This demonstrated the high observer variability with this
modality. The use of ultrasonography to find scoliotic curves was limited to subjects with
mild to moderate scoliosis with major curves of less than 45 degrees [63]. Lee et al. [49]
conducted a study in which they obtained promising results for patients with adolescent
idiopathic scoliosis with different severity curves. They found that these curves can be
evaluated and monitored by ultrasound imaging, reducing the usage of radiation during
follow-ups. This method could also be used for scoliosis screening. Tin et al. [63] con-
ducted a study in which they proved that ultrasonography can be used for evaluating the
effectiveness of nonsurgical treatments.

Ultrasonography is an easily available modality and has the advantages of no ra-
diation and low cost. The limitations include limited detection of lower-degree curves
and the larger possibility for human error. However, it can be used to securely exam-
ine curve advancement over time without the requirement for frequent short-interval
radiographic measurements.

8. Discussion and Conclusions

Three-dimensional reconstruction of the human spine from multiplanar radiographs
has limitations such as a risk of high radiation dosage and non-availability of standard
image formats. Hence, biplanar radiographs are used for 3D reconstruction, which are
readily available from follow-up examinations. However, these techniques strongly depend
on the operator skills. It is tough to precisely recognize and match points on biplanar
radiographs. Thus, they cannot guarantee reproducibility. In addition, they cannot be used
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for structures like bones due to the lack of anatomical landmarks. Furthermore, manual
detection of anatomical landmarks is a complex process and time-consuming. Hence, these
methods cannot be applied during normal clinical practice. Regardless of these drawbacks,
SCP-based techniques still are used for 3D modelling because of the simplicity of their
procedures. The precision of these techniques is close to CT scan results and clinically
acceptable in nature. The hybrid techniques can have distinct properties with reference to
their combinations. These techniques can increase the outcomes if they are consistent with
the purpose. Nonetheless, they have constraints due to their combination of techniques.
Three-dimensional reconstruction from a single radiograph requires known 3D geometric
models for the reconstruction. It involves complex calibration steps, and the accuracy
is poor.

In order to minimize the risk of radiation exposure, new modalities have been devel-
oped, including surface topography, low-dose radiography, and ultrasonography. Surface
topography and ultrasonography offer the advantage of completely removing radiation
exposure. However, they are less precise in quantifying the spinal curvature. In future,
the limitations of ultrasonography and surface topography in computing the exact spinal
curvatures should be addressed. The surface topography and ultrasonography systems are
economical compared to the EOS imaging system. Present studies have proven the benefit
of previous radiographs as a baseline for ultrasonography and surface topography. Future
directions must focus on the development of uniform protocols for reducing the overall
radiation exposure. Surface topography cannot assess real bone morphology in the same
way as a radiograph. If surface topography can provide reliable and comparable results,
it should replace radiographs. Therefore, researchers should work towards developing
surface topography techniques that can produce accurate scoliotic curves during diagnosis
and follow-up examinations. Though ultrasonography can be used for 3D reconstruction
of scoliotic spines, a reliable and valid 3D ultrasound system ready for clinical scoliosis
assessment has not yet been reported. Low-dose radiography, namely, EOS imaging, was
found to yield a very accurate 3D reconstruction of the spine. Though it has decreased
radiation exposure, it requires a significant initial investment. Also, it takes a full-body
scan of the subject, which is not necessarily required for 3D spine reconstruction. Future
directions should focus on low-cost EOS imaging equipment and related software. This will
certainly decrease the use of ionizing radiation in diagnosis and follow-up examinations
for scoliosis. The 3D reconstruction of scoliotic spine can also be used in planning surgery,
biomechanical applications, and computer-assisted surgery.

Author Contributions: Conceptualization, S.K. and Y.N.; methodology, B.A.; validation, A.T., Y.N.
and S.K.; formal analysis, B.A.; investigation, R.R.; resources, A.T.; writing—original draft preparation,
S.K.; writing—review and editing, A.T. and A.S.A.; visualization, B.A.; supervision, Y.N.; project
administration, R.R.; funding acquisition, S.K., B.A., A.S.A. and Y.N. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study, titled “A Review of 3D Modalities used for the
Diagnosis of Scoliosis”, was approved by the Kasturba Hospital, Manipal Academy of Higher Education
(approval No. IEC 120/2012). Figure 2 was obtained from a thesis that does not have any copyright issues.
Ref. [28] Sampath Kumar, Nayak K Prabhakar, and Hareesha K S, “Quantification of spinal deformities us-
ing 3D reconstruction from biplanar radiographs”, 2017, https:/ /www.researchgate.net/publication /27
0593331_Quantification_of_Spinal_Deformities_using_3D_Reconstruction_from_Biplanar_Radiographs
(accessed on 1 May 2024) Figure 3 was obtained from a thesis that does not have any copyright issues.
Ref. [28] Sampath Kumar, Nayak K Prabhakar, and Hareesha K S, “Quantification of spinal deformities us-
ing 3D reconstruction from biplanar radiographs”, 2017, https:/ /www.researchgate.net/publication /27
0593331_Quantification_of_Spinal_Deformities_using_3D_Reconstruction_from_Biplanar_Radiographs
(accessed on 1 May 2024) Figures 5 and 6 were taken from open-access journals, and they have a Creative
Commons license to share. The respective references are mentioned in the figures.

Informed Consent Statement: Not applicable.


https://www.researchgate.net/publication/270593331_Quantification_of_Spinal_Deformities_using_3D_Reconstruction_from_Biplanar_Radiographs
https://www.researchgate.net/publication/270593331_Quantification_of_Spinal_Deformities_using_3D_Reconstruction_from_Biplanar_Radiographs
https://www.researchgate.net/publication/270593331_Quantification_of_Spinal_Deformities_using_3D_Reconstruction_from_Biplanar_Radiographs
https://www.researchgate.net/publication/270593331_Quantification_of_Spinal_Deformities_using_3D_Reconstruction_from_Biplanar_Radiographs

Tomography 2024, 10 1202

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

Burgoyne, W.; Fairbank, J. The management of scoliosis. Curr. Paediatr. 2001, 11, 323-331. [CrossRef]

Hresko, M.T. Idiopathic Scoliosis in Adolescents. N. Engl. ]. Med. 2013, 368, 834-841. [CrossRef] [PubMed]

Lenke, L.G.; Betz, R.R.; Harms, J.; Bridwell, K.H.; Clements, D.H.; Lowe, T.G.; Blanke, K. Adolescent idiopathic scoliosis: A new
classification to determine extent of spinal arthrodesis. J. Bone Jt. Surg. 2001, 83, 1169-1181. [CrossRef]

Kim, H.; Kim, H.S.; Moon, E.S.; Yoon, C.-S.; Chung, T.-S.; Song, H.-T; Suh, J.-S.; Lee, Y.H.; Kim, S. Scoliosis imaging: What
radiologists should know. RadioGraphics 2010, 30, 1823-1842. [CrossRef] [PubMed]

Stokes, I.A. Three-dimensional terminology of spinal deformity. A report presented to the Scoliosis Research Society by the
Sco-liosis Research Society Working Group on 3-D terminology of spinal deformity. Spine 1994, 19, 236-248. [CrossRef] [PubMed]
Barnes, P.D.; Brody, ].D.; Jaramillo, D.; Akbar, J.U.; Emans, J.B. Atypical idiopathic scoliosis: MR imaging evaluation. Radiology
1993, 186, 247-253. [CrossRef] [PubMed]

Coillard, C.; Circo, A.B.; Rivard, C.H. SpineCor treatment for juvenile idiopathic scoliosis: SOSORT award 2010 winner. Scoliosis
2010, 5, 25. [CrossRef] [PubMed]

Benameur, S.; Mignotte, M.; Destrempes, F.; DeGuise, ]. Three-dimensional biplanar reconstruction of scoliotic rib cage using the
estimation of a mixture of probabilistic prior models. IEEE Trans. Biomed. Eng. 2005, 52, 1713-1728. [CrossRef]

Dansereau, J.; Stokes, I.A. Measurements of the three-dimensional shape of the rib cage. J. Biomech. 1988, 21, 893-901. [CrossRef]
Makino, T.; Kaito, T.; Fujiwara, H.; Yonenobu, K. Morphometric analysis using multiplanar reconstructed CT of the lumbar
pedicle in patients with degenerative lumbar scoliosis characterized by a Cobb angle of 30° or greater. J. Neurosurg. Spine 2012, 17,
256-262. [CrossRef]

Kumar, S.; Nayak, K.P; Hareesha, K.S. Improving visibility of stereo-radiographic spine reconstruction with geometric inferences.
J. Digit. Imaging 2015, 29, 226-234. [CrossRef] [PubMed]

Chen, L.; Armstrong, C.W.; Raftopoulos, D.D. An investigation on the accuracy of three-dimensional space reconstruction using
the direct linear transformation technique. J. Biomech. 1994, 27, 493-500. [CrossRef]

Trucco, E.; Verri, A. Introductory Techniques for 3-D Computer Vision; Prentice Hall: Upper Saddle River, NJ, USA, 1998; Volume 343.
Stokes, I.A.F. Biplanar radiography for measurement of spinal shape and motion. Automedica 1985, 6, 37-49.

Mitton, D.; Landry, C.; Véron, S.; Skalli, W.; Lavaste, E; De Guise, ].A. 3D reconstruction method from biplanar radiography using
non-stereocorresponding points and elastic deformable meshes. Med. Biol. Eng. Comput. 2000, 38, 133-139. [CrossRef]
Mitulescu, A.; Semaan, I.; De Guise, ].A.; Leborgne, P.; Adamsbaum, C.; Skalli, W. Validation of the non-stereo corresponding
points stereoradiographic 3D reconstruction technique. Med. Biol. Eng. Comput. 2001, 39, 152-158. [CrossRef] [PubMed]
Pomero, V,; Mitton, D.; Laporte, S.; A de Guise, J.; Skalli, W. Fast accurate stereoradiographic 3D-reconstruction of the spine using
a combined geometric and statistic model. Clin. Biomech. 2004, 19, 240-247. [CrossRef]

Zhang, J.H.; Shi, X.L.; Wang, Y.Y,; Lv, L.; Wu, J. Biplanar Radiographic 3D Reconstruction of Vertebrae Using Non-Stereo
Corresponding Points Based on Epipolar Geometry. In Proceedings of the 6th World Congress of Biomechanics, WCB, Singapore,
1-6 August 2010.

Kumar, S.; Nayak, K.P.; Hareesha, K.S. Combined SCP and geometric reconstruction of spine from biplanar radiographs. In
Proceedings of Fifth International Conference on Soft Computing for Problem Solving: SocProS; Springer: Singapore, 2016; Volume 2.
Moura, D.C.; Boisvert, ].; Barbosa, ].G.; Labelle, H.; Tavares, ]. M.R. Fast 3D reconstruction of the spine from biplanar radiographs
using a deformable articulated model. Med. Eng. Phys. 2011, 33, 924-933. [CrossRef]

Gangnet, N.; Pomero, V.; Dumas, R.; Skalli, W.; Vital, J.-M. Variability of the spine and pelvis location with respect to the gravity
line: A three-dimensional stereoradiographic study using a force platform. Surg. Radiol. Anat. 2003, 25, 424-433. [CrossRef]
Takasaki, H. Moiré Topography. Appl. Opt. 1970, 9, 1467-1472. [CrossRef]

Pearson, J.D.; Dangerfield, PH.; Atkinson, J.T.; Gomm, ].B.; Dorgan, ]J.C.; A Hobson, C.; Harvey, D.M. Measurement of body
surface topography using an automated imaging system. Acta Orthop. Belg. 1992, 58 (Suppl. S1), 73-79.

Drerup, B.; Hierholzer, E. Assessment of scoliotic deformity from back shape asymmetry using an improved mathematical model.
Clin. Biomech. 1996, 11, 376-383. [CrossRef] [PubMed]

Melhem, E.; Assi, A.; El Rachkidi, R.; Ghanem, I. EOS® biplanar X-ray imaging: Concept, developments, benefits, and limitations.
J. Child. Orthop. 2016, 10, 1-14. [CrossRef] [PubMed]

Dubousset, J.; Charpak, G.; Dorion, L; Skalli, W.; Lavaste, F.; DeGuise, ].; Kalifa, G.; Ferey, S. A new 2D and 3D imaging approach
to musculoskeletal physiology and pathology with low-dose radiation and the standing position: The EOS system. Bull. Acad.
Natl. Med. 2005, 189, 287-300. [PubMed]

Illés, T.; Somoskedy, S. Comparison of scoliosis measurements based on three-dimensional vertebra vectors and conventional
two-dimensional measurements: Advantages in evaluation of prognosis and surgical results. Eur. Spine J. 2013, 22, 1255-1263.
[CrossRef] [PubMed]


https://doi.org/10.1054/cupe.2001.0221
https://doi.org/10.1056/NEJMcp1209063
https://www.ncbi.nlm.nih.gov/pubmed/23445094
https://doi.org/10.2106/00004623-200108000-00006
https://doi.org/10.1148/rg.307105061
https://www.ncbi.nlm.nih.gov/pubmed/21057122
https://doi.org/10.1097/00007632-199401001-00020
https://www.ncbi.nlm.nih.gov/pubmed/8153835
https://doi.org/10.1148/radiology.186.1.8416573
https://www.ncbi.nlm.nih.gov/pubmed/8416573
https://doi.org/10.1186/1748-7161-5-25
https://www.ncbi.nlm.nih.gov/pubmed/21067608
https://doi.org/10.1109/TBME.2005.855717
https://doi.org/10.1016/0021-9290(88)90127-3
https://doi.org/10.3171/2012.6.SPINE12227
https://doi.org/10.1007/s10278-015-9841-1
https://www.ncbi.nlm.nih.gov/pubmed/26537930
https://doi.org/10.1016/0021-9290(94)90024-8
https://doi.org/10.1007/BF02344767
https://doi.org/10.1007/BF02344797
https://www.ncbi.nlm.nih.gov/pubmed/11361240
https://doi.org/10.1016/j.clinbiomech.2003.11.014
https://doi.org/10.1016/j.medengphy.2011.03.007
https://doi.org/10.1007/s00276-003-0154-6
https://doi.org/10.1364/AO.9.001467
https://doi.org/10.1016/0268-0033(96)00025-3
https://www.ncbi.nlm.nih.gov/pubmed/11415649
https://doi.org/10.1007/s11832-016-0713-0
https://www.ncbi.nlm.nih.gov/pubmed/26883033
https://www.ncbi.nlm.nih.gov/pubmed/16114859
https://doi.org/10.1007/s00586-012-2651-y
https://www.ncbi.nlm.nih.gov/pubmed/23341044

Tomography 2024, 10 1203

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kumar, S.; Prabhakar, N.K.; Hareesha, K.S. Quantification of Spinal Deformities Using 3D Reconstruction from Biplanar Radio-
graphs. 2017. Available online: https://www.researchgate.net/publication/270593331_Quantification_of_Spinal_Deformities_
using_3D_Reconstruction_from_Biplanar_Radiographs (accessed on 1 May 2024).

Pearcy, M.]. Stereo radiography of lumbar spine motion. Acta Orthop. 1985, 56, 1-45. [CrossRef] [PubMed]

André, B.; Dansereau, J.; Labelle, H. Optimized vertical stereo base radiographic setup for the clinical three-dimensional
reconstruction of the human spine. J. Biomech. 1994, 27, 1023-1035. [CrossRef] [PubMed]

André, B.; Trochu, F; Dansereau, J. Approach for the smoothing of three-dimensional reconstructions of the human spine using
dual Kriging interpolation. Med. Biol. Eng. Comput. 1996, 34, 185-191. [CrossRef] [PubMed]

Aubin, C.-E.; Dansereau, J.; Parent, F.; Labelle, H.; de Guise, ].A. Morphometric evaluations of personalised 3D reconstructions
and geometric models of the human spine. Med. Biol. Eng. Comput. 1997, 35, 611-618. [CrossRef] [PubMed]

Kadoury, S.; Cheriet, E; Laporte, C.; Labelle, H. A versatile 3D reconstruction system of the spine and pelvis for clinical assessment
of spinal deformities. Med. Biol. Eng. Comput. 2007, 45, 591-602. [CrossRef]

Gauvin, C,; Dansereau, J.; Petit, Y.; A De Guise, J.; Labelle, H. Customized 3D radiographic reconstruction of the human pelvis.
Ann. Chir. 1998, 52, 744-751.

Kumar, S.; Nayak, K.P; Hareesha, K. Quantification of spinal deformities using combined SCP and geometric 3D reconstruction.
Biomed. Signal Process. Control 2016, 31, 181-188. [CrossRef]

Kadoury, S.; Cheriet, E; Labelle, H. Personalized X-ray 3-D reconstruction of the scoliotic spine from hybrid statistical and
image-based models. IEEE Trans. Med. Imaging 2009, 28, 1422-1435. [CrossRef]

Kadoury, S. Three-Dimensional Spine Reconstruction from Radiographs. In Spinal Imaging and Image Analysis; Lecture Notes in
Computational Vision and Biomechanics; Springer International Publishing: Cham, Switzerland, 2015; Volume 18, pp. 1-12.
Aulisa, A.G.; Bandinelli, D.; Marsiolo, M.; Falciglia, F.; Giordano, M.; Toniolo, R.M. Is Surface Topography Useful in the Diagnosis
of Scoliosis? Validation of the Biometrical Holistic of Human Body (BHOHB). Children 2023, 10, 320. [CrossRef] [PubMed]
Oxborrow, N.J. Current topic: Assessing the child with scoliosis: The role of surface topography. Arch. Dis. Child. 2000, 83,
453-455. [CrossRef] [PubMed]

Parent, E.C.; Damaraju, S.; Hill, D.L.; Lou, E.; Smetaniuk, D. Identifying the best surface topography parameters for detecting
idio-pathic scoliosis curve progression. Stud. Health Technol. Inform. 2010, 158, 78-82. [PubMed]

Shannon, T.M.L. Development of an apparatus to evaluate adolescent idiopathic scoliosis by dynamic surface topography. Stud.
Health Technol. Inform. 2008, 140, 121-127. [PubMed]

Degenhardt, B.; Starks, Z.; Bhatia, S.; Franklin, G.-A. Appraisal of the DIERS method for calculating postural measurements: An
observational study. Scoliosis 2017, 12, 28. [CrossRef] [PubMed]

Frerich, ].M.; Hertzler, K.; Knott, P; Mardjetko, S. Comparison of radiographic and surface topography measurements in
adolescents with idiopathic scoliosis. Open Orthop. . 2012, 6, 261-265. [CrossRef] [PubMed]

Knott, P; Sturm, P,; Lonner, B.; Cahill, P.; Betsch, M.; McCarthy, R.; Kelly, M.; Lenke, L.; Betz, R. Multicenter comparison of
3D spinal measurements using surface topography with those from conventional radiography. Spine Deform. 2016, 4, 98-103.
[CrossRef]

Tabard-Fougere, A.; Bonnefoy-Mazure, A.; Hanquinet, S.; Lascombes, P.; Armand, S.; Dayer, R. Validity and reliability of spine
rasterstereography in patients with adolescent idiopathic scoliosis. Spine 2017, 42, 98-105. [CrossRef]

Komeili, A.; Westover, L.M.; Parent, E.C.; Moreau, M.; El-Rich, M.; Adeeb, S. Surface topography asymmetry maps categorizing
external deformity in scoliosis. Spine J. 2014, 14, 973-983.e2. [CrossRef]

Knott, P; Mardjetko, S.; Rollet, M.; Baute, S.; Riemenschneider, M.; Muncie, L. Evaluation of the reproducibility of the formetric
4D measurements for scoliosis. Scoliosis 2010, 5, O10. [CrossRef]

Schlégl, T.; Nyakas, V.; Kovacs, D.; Mardéti, P.; J6zsa, G.; Than, P. Neck-shaft angle measurement in children: Accuracy of the
conventional radiography-based (2D) methods compared to 3D reconstructions. Sci. Rep. 2022, 12, 2022. [CrossRef]

Wade, R.; Yang, H.; McKenna, C.; Faria, R.; Gummerson, N.; Woolacott, N. A systematic review of the clinical effectiveness of
EOS 2D /3D X-ray imaging system. Eur. Spine . 2012, 22, 296-304. [CrossRef]

Morvan, G.; Mathieu, P.; Vuillemin, V.; Guerini, H.; Bossard, P.; Zeitoun, F.; Wybier, M. Standardized way for imaging of the
sagittal spinal balance. Eur. Spine J. 2011, 20, 602-608. [CrossRef]

Lee, T.T.-Y.; Lai, KK.-L.; Cheng, ].C.-Y.; Castelein, R.M.; Lam, T.-P,; Zheng, Y.-P. 3D ultrasound imaging provides reliable angle
measurement with validity comparable to X-ray in patients with adolescent idiopathic scoliosis. J. Orthop. Transl. 2021, 29, 51-59.
[CrossRef] [PubMed]

Chen, W.; Le, L.H.; Lou, E.H. Ultrasound imaging of spinal vertebrae to study scoliosis. Open J. Acoust. 2012, 02, 95-103.
[CrossRef]

Hirsch, C.; Ilharreborde, B.; Mazda, K. Flexibility analysis in adolescent idiopathic scoliosis on side-bending images using the
EOS imaging system. Orthop. Traumatol. Surg. Res. 2016, 102, 495-500. [CrossRef]

Somoskedy, S.; Tunyogi-Csap6, M.; Bogyo, C.; Illés, T. Accuracy and reliability of coronal and sagittal spinal curvature data based
on patient-specific three-dimensional models created by the EOS 2D /3D imaging system. Spine J. 2012, 12, 1052-1059. [CrossRef]
Sangole, A.P.; Aubin, C.-E.; Labelle, H.; Stokes, . A.F; Lenke, L.G.; Jackson, R.; Newton, P. Three-dimensional classification of
thoracic scoliotic curves. Spine 2009, 34, 91-99. [CrossRef]


https://www.researchgate.net/publication/270593331_Quantification_of_Spinal_Deformities_using_3D_Reconstruction_from_Biplanar_Radiographs
https://www.researchgate.net/publication/270593331_Quantification_of_Spinal_Deformities_using_3D_Reconstruction_from_Biplanar_Radiographs
https://doi.org/10.3109/17453678509154154
https://www.ncbi.nlm.nih.gov/pubmed/3859987
https://doi.org/10.1016/0021-9290(94)90219-4
https://www.ncbi.nlm.nih.gov/pubmed/8089157
https://doi.org/10.1007/BF02520072
https://www.ncbi.nlm.nih.gov/pubmed/8762824
https://doi.org/10.1007/BF02510968
https://www.ncbi.nlm.nih.gov/pubmed/9538536
https://doi.org/10.1007/s11517-007-0182-1
https://doi.org/10.1016/j.bspc.2016.08.004
https://doi.org/10.1109/TMI.2009.2016756
https://doi.org/10.3390/children10020320
https://www.ncbi.nlm.nih.gov/pubmed/36832449
https://doi.org/10.1136/adc.83.5.453
https://www.ncbi.nlm.nih.gov/pubmed/11040160
https://www.ncbi.nlm.nih.gov/pubmed/20543404
https://www.ncbi.nlm.nih.gov/pubmed/18810012
https://doi.org/10.1186/s13013-017-0134-y
https://www.ncbi.nlm.nih.gov/pubmed/28975159
https://doi.org/10.2174/1874325001206010261
https://www.ncbi.nlm.nih.gov/pubmed/22888376
https://doi.org/10.1016/j.jspd.2015.08.008
https://doi.org/10.1097/BRS.0000000000001679
https://doi.org/10.1016/j.spinee.2013.09.032
https://doi.org/10.1186/1748-7161-5-S1-O10
https://doi.org/10.1038/s41598-022-20832-1
https://doi.org/10.1007/s00586-012-2469-7
https://doi.org/10.1007/s00586-011-1927-y
https://doi.org/10.1016/j.jot.2021.04.007
https://www.ncbi.nlm.nih.gov/pubmed/34094858
https://doi.org/10.4236/oja.2012.23011
https://doi.org/10.1016/j.otsr.2016.01.021
https://doi.org/10.1016/j.spinee.2012.10.002
https://doi.org/10.1097/BRS.0b013e3181877bbb

Tomography 2024, 10 1204

56.

57.

58.

59.

60.

61.

62.

63.

Novosad, J.; Cheriet, F; Petit, Y.; Labelle, H. Three-dimensional (3-D) reconstruction of the spine from a single X-ray image and
prior vertebra models. IEEE Trans. Biomed. Eng. 2004, 51, 1628-1639. [CrossRef] [PubMed]

Suzuki, S.; Yamamuro, T.; Shikata, J.; Shimizu, K.; Ilida, H. Ultrasound measurement of vertebral rotation in idiopathic scoliosis. J.
Bone Jt. Surgery. Br. Vol. 1989, 71-B, 252-255. [CrossRef] [PubMed]

Chen, W.; Lou, EH.M.; Zhang, P.Q.; Le, L.H.; Hill, D. Reliability of assessing the coronal curvature of children with scoliosis by
using ultrasound images. J. Child. Orthop. 2013, 7, 521-529. [CrossRef]

Brink, R.C.; Wijdicks, S.P.; Tromp, I.N.; Schlosser, T.P.; Kruyt, M.C.; Beek, E]J.; Castelein, R.M. A reliability and validity study
for different coronal angles using ultrasound imaging in adolescent idiopathic scoliosis. Spine J. 2018, 18, 979-985. [CrossRef]
[PubMed]

Young, M.; Hill, D.L.; Zheng, R.; Lou, E. Reliability and accuracy of ultrasound measurements with and without the aid of
previous radiographs in adolescent idiopathic scoliosis (AIS). Eur. Spine J. 2015, 24, 1427-1433. [CrossRef]

Zheng, Y.-P; Lee, T.T.-Y.; Lai, K.K.-L.; Yip, B.H.-K.; Zhou, G.-Q.; Jiang, W.-W.; Cheung, J.C.-W.; Wong, M.-S.; Ng, B.K.-W.; Cheng,
J.C.-Y,; et al. A reliability and validity study for Scolioscan: A radiation-free scoliosis assessment system using 3D ultrasound
imaging. Scoliosis 2016, 11, 13. [CrossRef] [PubMed]

Nguyen, D.V.; Vo, Q.N.; Le, L. H.; Lou, E.H. Validation of 3D surface reconstruction of vertebrae and spinal column using 3D
ultrasound data—A pilot study. Med Eng. Phys. 2015, 37, 239-244. [CrossRef]

Lee, T.Y,; Yang, D.; Lai, K.K; Castelein, R.M.; Schlosser, T.P.C.; Chu, W.; Lam, T.; Zheng, Y. Three-dimensional ultrasonography
could be a potential non-ionizing tool to evaluate vertebral rotation of subjects with adolescent idiopathic scoliosis. JOR Spine
2023, 6, €1259. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/TBME.2004.827537
https://www.ncbi.nlm.nih.gov/pubmed/15376511
https://doi.org/10.1302/0301-620X.71B2.2647754
https://www.ncbi.nlm.nih.gov/pubmed/2647754
https://doi.org/10.1007/s11832-013-0539-y
https://doi.org/10.1016/j.spinee.2017.10.012
https://www.ncbi.nlm.nih.gov/pubmed/29056566
https://doi.org/10.1007/s00586-015-3855-8
https://doi.org/10.1186/s13013-016-0074-y
https://www.ncbi.nlm.nih.gov/pubmed/27299162
https://doi.org/10.1016/j.medengphy.2014.11.007
https://doi.org/10.1002/jsp2.1259

	Introduction 
	3D Reconstruction from Multiplanar Radiographs 
	3D Reconstruction from Biplanar Radiographs 
	Stereo-Corresponding Point (SCP)-Based Methods 
	Non Stereo-Corresponding Point-Based (NSCP) Methods 
	Hybrid Methods 

	3D Reconstruction from a Single Radiograph 
	Surface Topography 
	Low-Dose Radiography 
	Ultrasonography 
	Discussion and Conclusions 
	References

