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New method to apply the lumbar 
lordosis of standing radiographs 
to supine CT‑based virtual 3D 
lumbar spine models
Benjamin Hajnal 1,2,6, Peter Endre Eltes 1,3,6*, Ferenc Bereczki 1,2, Mate Turbucz 1,2, 
Jennifer Fayad 1,4, Agoston Jakab Pokorni 1,2 & Aron Lazary 3,5

Standing radiographs play an important role in the characterization of spinal sagittal alignment, as 
they depict the spine under physiologic loading conditions. However, there is no commonly available 
method to apply the lumbar lordosis of standing radiographs to supine CT-based virtual 3D models of 
the lumbar spine. We aimed to develop a method for the sagittal rigid-body registration of vertebrae 
to standing radiographs, using the exact geometry reconstructed from CT-data. In a cohort of 50 
patients with monosegmental spinal degeneration, segmentation and registration of the lumbar 
vertebrae and sacrum were performed by two independent investigators. Intersegmental angles and 
lumbar lordosis were measured both in CT scans and radiographs. Vertebrae were registered using the 
X-ray module of Materialise Mimics software. Postregistrational midsagittal sections were constructed 
of the sagittal midplane sections of the registered 3D lumbar spine geometries. Mean Hausdorff 
distance was measured between corresponding registered vertebral geometries. The registration 
process minimized the difference between the X-rays’ and postregistrational midsagittal sections’ 
lordoses. Intra- and inter-rater reliability was excellent based on angle and mean Hausdorff distance 
measurements. We propose an accessible, accurate, and reproducible method for creating patient-
specific 3D geometries of the lumbar spine that accurately represent spinal sagittal alignment in the 
standing position.

There are a growing number of in silico studies that use finite element modeling (FEM) to address spinal 
physiology and pathology1–4. Various aspects that have been studied include behavior under different loading 
conditions5, effects of spinal pathologies, and surgical solutions6,7. One of the limitations of these studies is 
that the used patient-specific 3D spine geometries are usually obtained by the segmentation of CT (computed 
tomography) scans. These usually depict the spine in the supine position, as opposed to the upright position of 
radiographs which reflect spinal alignment under physiologic loading conditions and are routinely used to meas-
ure pelvic parameters. Pelvic parameters and especially lumbar lordosis (LL) have great significance in clinical 
evaluation, surgical planning, and post-operative outcome of spinal disorders6,8. Naserkhaki9 and his collegues 
in 2016 demonstrated in a finite element method-based study that the curvatures of the lumbar spine strongly 
influenced the magnitude and location of loads on the spinal components and also altered the kinematics and 
load-sharing, particularly in extension. Based on his study results, Naserkhaki concluded that subject-specific 
geometry and sagittal curvature should be an integral part of the mechanical analysis of the lumbar spine.

The sagittal geometry of the spine depends on the position of the patient, therefore radiographic measure-
ments cannot be equated between different imaging modalities10–14. The differences between the supine and 
upright positions of the spine have been studied in several patient groups, including patients with spinal trauma 
and spinal deformity14–19. These studies also highlight the clinical relevance of using standing spine radiographs 
in addition to supine imaging.
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Several methods have been proposed both for 3D-2D registration of the spine (manual and automatic)20,21 
as well as inference-based models for the reconstruction of 3D spinal anatomy from standing biplanar 
radiographs22–24. Published registration and reconstruction-based methods can take into account the sagittal as 
well as coronal alignment of the spine and are able to accurately reproduce patient-specific vertebral geometry. 
Some of these leverage EOS® imaging which is shown to be highly accurate25 but has limited clinical availability 
due to its high cost. None of these methods directly uses CT-derived vertebral geometry, which has the benefit 
of exceptional geometric fidelity and potential for QCT-based (quantitative CT) material property assignment, 
from which FEM-based simulations could benefit. A common limitation of most published methods is that 
they employ in-house scripts and other software that are not publicly available and require a great amount of 
technical knowledge to use.

Based on these observations, we aimed to develop an accessible, accurate, and reproducible method, using a 
commercially available software solution, which has published uses in the field of orthopedics, for the rigid-body 
registration of the exact 3D vertebral geometries obtained by the segmentation of CT scans, to the corresponding 
biplanar standing spine radiographs for further use in in silico clinical studies and to facilitate the deep learning-
based automation of the same process by building a suitable database from the resulting geometries. Segmenta-
tion and registration of these data allows for the creation of a highly accurate and patient-specific, standing 3D 
model of the spine which can be used in in silico clinical studies. Our focus is on the sagittal alignment of the 
lumbar spine, due to its clinical relevance and the high availability of CT imaging data of this region.

Materials and methods
Cohort.  Retrospective CT and radiographic data from a cohort of 50 patients were used for this study. The 
original database was created by the National Center for Spinal Disorders in the scope of the MySpine (FP7 
HEALTH-F2-2008–269,909) international research project, involving 250 patients with monosegmental spi-
nal degeneration as an inclusion criterion. Out of these, 50 was selected showing no signs of severe coronal 
plane malalignment of the lumbar spine. Biplanar X-ray images were taken with the ddRAura™ OTC- Swissray, 
direct digital X-Ray system, while the CT-scans were made with a Hitachi Presto CT machine with a voltage of 
120 kV and intensity of 225 mA (protocol was defined in the MySpine project). Reconstruction was done with 
a voxel size of 0.6 × 0.6 × 0.6 mm3. The study involving human participants were reviewed and approved by the 
National Ethics Committee of Hungary and the National Institute of Pharmacy and Nutrition (reference num-
ber: OGYÉI/163–4/2019). Informed consent was obtained from the participants. The participants provided their 
written informed consent to participate in this study. All methods were carried out in accordance with relevant 
guidelines and regulations.

The data were exported from the hospital’s PACS into DICOM file format. To comply with the ethical approval 
and the patient data protection, anonymization of the DICOM data was performed using the freely available 
Clinical Trial Processor software (Radiological Society of North America, https://​www.​rsna.​org/​ctp.​aspx)​26. 
The study was approved by the National Ethics Committee of Hungary, the National Institute of Pharmacy and 
Nutrition (reference number: OGYÉI/163–4/2019).

Segmentation and creation of 3D vertebral geometries.  3D geometries of the lumbar vertebrae 
(L1-L5) and the sacrum (S) were acquired by segmenting the CT scans with Mimics® (Mimics Research, Mim-
ics Innovation Suite 21.0, Materialise, Leuven, Belgium) software. The segmentation process was performed by 
two independent investigators (I1, I2), for the evaluation of segmentation accuracy. The results of the two sets of 
segmentations were compared using the Dice similarity index ( DSI = 2×|X∩Y |

|X|+|Y |  , where X and Y are the compared 
sets, DSI can range between 0 and 1, higher values indicating more overlap between sets).

Surface triangle meshes were generated from the resulting masks, which were uniformly remeshed and 
smoothed (Fig. 1). See Supplementary Method 1 for the used post-processing protocol.

Intersegmental and LL angle measurement.  The LL (between the cranial endplate of L1 and the cra-
nial endplate of S1) and intersegmental angles were digitally measured in the sagittal radiographs and CT scans 
between each segment using Surgimap® software (Nemaris Inc, New York, NY, USA) (Fig. 2). All measurements 
were performed by two independent investigators (I1, I2) at two points in time (T1, T2). For CT scans, the sagittal 
midplane between the left and right vertebral margins was used for measurement.

Registration.  The rigid registration of 3D vertebral geometries to the respective standing spine radiographs 
was done by two investigators (I1, I2) independently at two points in time (T1, T2), using the X-ray module of 
Mimics® software. The software allows the user to align 3D geometries to planar images based on projected 
contours, which are generated based on a simulated 3D environment that includes the 3D geometries, planar 
images and radiation sources (Fig. 3a). Our method for registration consists of four distinct steps. These are the 
following: 1) manual registration of X-rays, 2) manual registration of vertebrae, 3) contour selection, and 4) 
automatic contour-based registration.

Following the import of X-ray images from a DICOM file, the X-rays are placed in the simulated environ-
ment, orthogonal to each other, with correctly simulated radiation sources for contour projection and correct 
orientation and scale respective to the 3D geometries as these data are embedded in the DICOM file (if not, 
manual adjustments can be made). However, they still need to be adjusted with translational operations mostly 
along the z-axis. This is done by manual X-ray registration, based on projected contours in both planes (Fig. 3b). 
This step was only done once for each case (at I1T1) to ensure that the geometries resulting from independent 
registrations are in the same coordinate system for the calculation of Hausdorff distances (see later).

https://www.rsna.org/ctp.aspx)26
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Manual registration of vertebrae is also based on projected contours. Individual vertebrae are aligned to the 
X-ray images in both planes, which can be simultaneously monitored through separate viewports. Translational 
and rotational operations are both permitted during this step. All vertebrae and the sacrum are aligned in this 
way (Fig. 3c and d).

Contours are selected in both X-ray images for each vertebra and the sacrum. The contouring tool for this 
purpose allows the creation of contours based on control points. Between the control points, the contour line is 
‘attracted’ to gradients in its neighborhood, thus facilitating quick and precise contour selection. If the edge is 
not detected automatically, straight lines and splines can also be drawn (Fig. 3e). Several contour sections can 
be added to a contour object, which ought to consist of well-defined edges of the vertebrae on the radiograph. 
In the case of lumbar vertebrae these are usually the projected edges of the corpus and the proximal aspects of 
the transverse processes in the frontal plane, as well as the projected edges of the corpus, proximal aspects of 

Figure 1.   Creation of CT-based 3D geometry. (a) CT scan (b) segmentation masks (c) automatically generated 
triangle-based surface mesh (d) triangle mesh after uniform remeshing and smoothing.

Figure 2.   Measurement of intersegmental and LL angles in a (a) CT-scan and (b) radiograph.
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articular processes and dorsal ridge of the spinous process in the sagittal plane (Fig. 3f). In the case of the sacrum 
this is usually the projected edge of the sacral wing in the frontal plane and the projected edge of promontory 
in the sagittal plane (Fig. 3g). These are the regions mainly used for contouring during the registration process.

Figure 3.   Registration of 3D lumbar spine geometry to standing radiographs. (a) simulated 3D environment 
with 3D lumbar spine geometry, radiographs, and radiation sources. (b.I, II) manual registration of X-rays, 
before and after. (c) manual registration of vertebrae, 3D viewfinder with manual registration toolbar present. 
(d.I, II) manual registration of vertebrae, before and after (e) contour selection, using the contouring tool. (f) 
automatic contour-based registration of a vertebra in the (f.I, II) frontal and (f.III, IV) sagittal planes before and 
after. (g) contours used for the registration of the sacrum. (Mimics® 21.0, materialise.com).
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Contours selected in the previous step allow for automatic contour-based registration of the individual 3D 
vertebral geometries. During contour-based registration, the projected contours of 3D geometries are automati-
cally aligned to the selected target contour objects by the slight adjustment of the 3D object’s position (Fig. 3f).

After these steps, the correctly aligned vertebral geometries were exported as STL files.
See Supplementary Method 2 for the used registration protocol.

Postregistrational midsagittal sections.  By making a sagittal mid-plane section between the left and 
right vertebral edges of the registered geometry, postregistrational midsagittal sections have been made for each 
patient within Mimics® software (Fig. 4). These postregistrational midsagittal sections are analogous to the sec-
tions made from the scans for angle measurement, thus suitable for comparison with other modalities regarding 
intersegmental and LL angles.

Accuracy and reproducibility.  Registration accuracy has been quantified by comparing postregistrational 
midsagittal sections with the respective standing radiographs, based on intersegmental and LL angle measure-
ments.

Every major step in the presented method has been tested for reproducibility by being carried out by the two 
independent investigators.

The results of the two sets of registrations were compared twofold. Once based on intersegmental and LL 
angle measurements and once based on the MeshLab27 implementation of the Metro algorithm28 for comparing 
3D surface meshes (Fig. 5). The mean distance was used to measure the difference between the surface meshes 
of the corresponding segments, which is defined as the surface integral of the distance divided by the area 
( Em(S1, S2) = 1

|S1|
∫
S1

e
(

p, S2
)

ds ., where S1 and S2 are the surfaces being compared, p is a point of S1 and e is the 

distance of a point and a surface).
The results of the two sets of angle measurements were compared using intraclass correlation coefficients.
See Fig. 6 for a concise overview of the methods in flowchart format.

Statistical analysis.  All statistical tests were performed with SPSS® Statistics 25.0 (IBM® Corp., Armonk, 
NY, USA).

Inter-rater (I1 vs I2) reliability was determined by Intraclass Correlation Coefficient (ICC) estimates and 
their 95% confidence intervals (CI) were calculated based on a mean-rating (k = 2), absolute-agreement, 2-way 
mixed-effects model. Intra-rater (I1T1 vs I1T2, I2T1 vs I2T2) reliability was determined by ICC estimates and their 
95% confidence intervals were calculated based on a single measurement, absolute-agreement, 2-way mixed-
effects model.

Figure 4.   Creation of postregistrational midsagittal sections. (a) registered 3D lumbar spine geometry. (b) mid-
plane used for sectioning. (c) resulting postregistrational midsagittal section image. (d) intersegmental and LL 
angle measurements in the postregistrational midsagittal section.



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:20382  | https://doi.org/10.1038/s41598-022-24570-2

www.nature.com/scientificreports/

Results
Segmentation accuracy.  The calculated DSIs were > 0.9 in every case, which denotes a high overlap 
between the segmentations of the two investigators, meaning excellent segmentation accuracy. See Supplemen-
tary Table 1 for measurements.

Angle measurement accuracy.  ICCs for each intersegmental angle and LL were > 0.8 measured on CT 
scan, X-ray and postregistrational midsagittal section, which means excellent reliability for the intra- and inter-
rater tests29. See Supplementary Table 2, 3, and 4 for intra-class correlations of X-ray, CT, and postregistrational 
midsagittal section measurements, respectively and Supplementary Dataset 1 for measurements.

Angle differences between supine and upright alignments.  Intersegmental and LL angles were 
compared for every segment between CT scans and standing spine radiographs, which showed an average abso-
lute difference of 2–3.4° between corresponding segments, and 5.6° between LLs. The average signed differences 
found, were similar to the findings of Benditz et al30.

Registration accuracy.  The average absolute difference between corresponding intersegmental and LL 
angles measured in postregistrational midsagittal sections and standing radiographs were < 1.3° and 1.9° respec-
tively (Fig. 7).

In intra-rater and inter-rater comparisons, the mean distance of the surface meshes was < 1 mm for ~ 96% 
and ~ 93% of the cases, respectively (Fig. 8). See Supplementary Dataset 2 for measurements.

Figure 5.   Spatial distribution of the distance of identical meshes between independent registrations. (a 
and c) 3D views of lumbar spine geometry registered by I1 and I2 respectively. (b) 3D heatmap of the spatial 
distribution of distances between the two meshes.
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Discussion
In the present study we investigated the accuracy and viability of a novel method to apply the lumbar lordosis of 
standing radiographs to supine CT-based virtual 3D lumbar spine models. The method leverages the capabilities 
of the commercially available X-ray module of Materialise Mimics® software for the rigid registration of lumbar 
vertebral 3D geometries to biplanar standing radiographs. In their 2019 paper31, Pieroh et al. successfully used 
the same software package for the evaluation of sacroiliac screw loosening as well as several others in different 
orthopedic use cases32–35.

Although there are examples of both manual20 and automatic10,21,24 registration-based methods, a common 
limitation of those is that they employ in-house scripts and other software that are not publicly available and 
require a great amount of technical knowledge to use. Our method utilises commercially available software which 
allows the accurate 3D-2D registration of vertebrae. We aimed to show that the developed method is reasonably 
accurate (registration error is within the limits of variation within a person’s standing posture) and therefore 
has the potential to improve the accuracy of finite element analyses, used both in in silico clinical studies and 
certain clinical settings. To this end, we chose several different ways of measuring segmentation and registration 
accuracy in a cohort of 50 patients with monosegmental degeneration and without severe coronal malalign-
ment of the lumbar spine. The cohort inclusion criteria were chosen in order to somewhat isolate the effect of 
upright position on lumbar lordosis which was the main focus of our study and covers most clinical cases, hence 
we have only investigated separately the accuracy of sagittal alignment. However, the mean Hausdorff distance 
measurements indirectly show that the registration is accurate in all planes. Segmentation, registration, and 
manual angle measurement were each done by two independent investigators, the latter two at two different time 
points. This allowed the calculation of both intra- and inter-rater agreements. Based on these measurements, the 
new method is reasonably accurate for in silico studies to benefit from the resulting geometries9. Whereas other 
published methods are based on parametric 3D-2D registration or inference based, our method is the first to 
combine the highly accurate 3D geometries derived from CT imaging with the spatial information that can be 
aqcuired by biplanar radiography.

We would like to highlight the limitations of our study. A minor limitation of our method is the time needed 
for registration, which can take up to an hour depending on the experience of the user, spinal geometry, and 
quality of the available radiographs. The most time-consuming parts being the manual registration and selection 
of contours. Using less control points and rougher manual registration can speed up the process, by sacrific-
ing some of the accuracy. The manual segmentation of the lumbar spine, which is needed for the presented 
technique, is also labor intensive. This underlines the need for a similar but, ideally, fully automated method to 
increase the viability of 3D alignment correction in clinical practice. Another limitation is due to the technique 
of X-ray acquisition. If the radiographs are not taken simultaneously (e.g. by an EOS® device), small differences 
in posture between the frontal and sagittal radiographs can occur. If present, these differences can cause some 
degree of ambiguity during the registration process. Although limited discrepancies which are consistent with 
the physiological standing position should result in intermediary, biomechanically valid models of the standing 
spine, care should be taken to keep the patient’s position during the acquisition of radiographs.

Figure 7.   Average absolute value differences in degrees between intersegmental and LL angles measured in 
postregistrational midsagittal sections and standing radiographs, compared to the previous measurement 
(between X-rays and CTs). Error bars indicate 95% confidence intervals.
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Conclusions
The proposed method offers an accessible, accurate and reproducible way of producing patient-specific 3D lum-
bar spine geometries that represent the standing alignment of the spine. A notable advantage of this technique 
is the utilization of commercially available software which may also be used in a clinical setting.

Possible future applications.  The results acquired in the process of making this paper led to the accu-
mulation of new data that can be used for the development of deep learning-based algorithms to automate 
the registration process. This could be integrated in a third-party software solution, especially Mimics, due to 
its capability for workflow automation by scripting (Python)36–38. Additionally, the proposed method can be 
improved upon by implementing currently published but commercially unavailable automation techniques for 
spine segmentation39 and inferring the 3D geometry of the spine from standing biplanar radiographs24.

The presented method could have potential use cases in personalized medicine, complementing the currently 
used FEM-based techniques of surgical planning40–42. Our method can be used with already available radiologic 
data and has a steep learning curve.

Figure 8.   Registration accuracy measurements based on the distance between identical meshes from different 
registrations. The diagrams show the cumulative probabilities of mean distances between meshes for each 
comparison. (a) and (b) shows the intra-rater comparison of I1 (I1T1 vs I1T2) and I2 (I2T1 vs I2T2) respectively. (c) 
shows the inter-rater comparisons.
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Another potential use case after further research and validation could be in in silico studies to leverage the 
information in retrospective patient data by combining data from CT images with data from X-ray images.

Data availability
The original contributions presented in the study are included in the article/Supplementary Material; further 
inquiries can be directed to the corresponding author.
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References
	 1.	 La Barbera, L., Larson, A. N., Rawlinson, J. & Aubin, C.-E. In silico patient-specific optimization of correction strategies for thoracic 

adolescent idiopathic scoliosis. Clin. Biomech. 81, 105200 (2021).
	 2.	 Agarwal, A., Agarwal, A. K., Jayaswal, A. & Goel, V. K. Outcomes of optimal distraction forces and frequencies in growth rod 

surgery for different types of scoliotic curves: An in silico and in vitro study. Spine Deform. 5, 18–26 (2017).
	 3.	 Vergari, C., Gaume, M., Persohn, S., Miladi, L. & Skalli, W. From in vitro evaluation of a finite element model of the spine to in 

silico comparison of spine instrumentations. J. Mech. Behav. Biomed. Mater. 123, 104797 (2021).
	 4.	 Jazini, E. et al. Comprehensive In Silico evaluation of accessory rod position, rod material and diameter, use of cross-connectors, 

and anterior column support in a pedicle subtraction osteotomy model: part II: Effects on lumbosacral rod and screw strain. 
Spine(Phila. Pa. 1976) 46, E12–E22 (2021).

	 5.	 Dreischarf, M. et al. Comparison of eight published static finite element models of the intact lumbar spine: Predictive power of 
models improves when combined together. J. Biomech. 47, 1757–1766 (2014).

	 6.	 Srinivas, G. R., Deb, A., Kumar, M. N. & Kurnool, G. Long-term effects of segmental lumbar spinal fusion on adjacent healthy 
discs: A finite element study. Asian Spine J. 10, 205–214 (2016).

	 7.	 Nikkhoo, M. et al. Development of a novel geometrically-parametric patient-specific finite element model to investigate the effects 
of the lumbar lordosis angle on fusion surgery. J. Biomech. 102, 109722 (2020).

	 8.	 Barrey, C. & Darnis, A. Current strategies for the restoration of adequate lordosis during lumbar fusion. World J. Orthop. 6, 117–126 
(2015).

	 9.	 Naserkhaki, S., Jaremko, J. L. & El-Rich, M. Effects of inter-individual lumbar spine geometry variation on load-sharing: Geo-
metrically personalized finite element study. J. Biomech. 49, 2909–2917 (2016).

	10.	 Mauch, F., Jung, C., Huth, J. & Bauer, G. Changes in the lumbar spine of athletes from supine to the true-standing position in 
magnetic resonance imaging. Spine (Phila Pa 1976) 35, 1002–1007 (2010).

	11.	 Wood, K. B., Kos, P., Schendel, M. & Persson, K. Effect of patient position on the sagittal-plane profile of the thoracolumbar spine. 
J. Spinal Disord. 9, 165–169 (1996).

	12.	 Andreasen, M. L., Langhoff, L., Jensen, T. S. & Albert, H. B. Reproduction of the lumbar lordosis: A comparison of standing 
radiographs versus supine magnetic resonance imaging obtained with straightened lower extremities. J. Manipulative Physiol. 
Ther. 30, 26–30 (2007).

	13.	 Peterson, M. D., Nelson, L. M., McManus, A. C. & Jackson, R. P. The effect of operative position on lumbar lordosis: A radiographic 
study of patients under anesthesia in the prone and 90–90 positions. Spine (Phila Pa 1976) 20, 1419–1424 (1995).

	14.	 Bouaicha, S., Lamanna, C., Jentzsch, T., Simmen, H. P. & Werner, C. M. L. Comparison of the sagittal spine lordosis by supine 
computed tomography and upright conventional radiographs in patients with spinal trauma. Biomed Res. Int. 2014, 1–5 (2014).

	15.	 Hasegawa, K., Okamoto, M., Hatsushikano, S., Caseiro, G. & Watanabe, K. Difference in whole spinal alignment between supine and 
standing positions in patients with adult spinal deformity using a new comparison method with slot-scanning three-dimensional 
X-ray imager and computed tomography through digital reconstructed radiog. BMC Musculoskelet. Disord. 19, 437 (2018).

	16.	 Keenan, B. E. et al. Supine to standing cobb angle change in idiopathic scoliosis: The effect of endplate pre-selection. Scoliosis 9, 
16 (2014).

	17.	 Lee, M. C., Solomito, M. & Patel, A. Supine magnetic resonance imaging cobb measurements for idiopathic scoliosis are linearly 
related to measurements from standing plain radiographs. Spine (Phila Pa 1976) 38, E656 (2013).

	18.	 Torell, G., Nachemson, A., Haderspeck-Grib, K. & Schultz, A. Standing and supine cobb measures in girls with idiopathic scoliosis. 
Spine (Phila Pa 1976) 10, 425–427 (1985).

	19.	 Wessberg, P., Danielson, B. I. & Willén, J. Comparison of cobb angles in idiopathic scoliosis on standing radiographs and supine 
axially loaded MRI. Spine (Phila Pa 1976) 31, 3039–3044 (2006).

	20.	 Eskandari, A. H., Arjmand, N., Shirazi-Adl, A. & Farahmand, F. Subject-specific 2D/3D image registration and kinematics-driven 
musculoskeletal model of the spine. J. Biomech. 57, 18–26 (2017).

	21.	 Ketcha, M. D. et al. Multi-stage 3D–2D registration for correction of anatomical deformation in image-guided spine surgery. Phys. 
Med. Biol. 62, 4604 (2017).

	22.	 Humbert, L., De Guise, J. A., Aubert, B., Godbout, B. & Skalli, W. 3D reconstruction of the spine from biplanar X-rays using 
parametric models based on transversal and longitudinal inferences. Med. Eng. Phys. 31, 681–687 (2009).

	23.	 Aubert, B., Vazquez, C., Cresson, T., Parent, S. & De Guise, J. A. Toward automated 3D spine reconstruction from biplanar radio-
graphs Using CNN for statistical spine model fitting. IEEE Trans. Med. Imaging 38, 2796–2806 (2019).

	24.	 Bayat, A. et al. (2022) Anatomy-aware inference of the 3D standing spine posture from 2D radiographs. Tomogr. 8, 479–496 (2022).
	25.	 Glaser, D. A., Doan, J. & Newton, P. O. Comparison of 3-dimensional spinal reconstruction accuracy: Biplanar radiographs with 

EOS versus computed tomography. Spine (Phila Pa 1976) 37, 1391–1397 (2012).
	26.	 Aryanto, K. Y. E., Oudkerk, M. & van Ooijen, P. M. A. Free DICOM de-identification tools in clinical research: Functioning and 

safety of patient privacy. Eur. Radiol. 25, 3685 (2015).
	27.	 Cignoni, P. et al. MeshLab: An open-source mesh processing tool. 6th Eurographics Italian chapter conference 2008-proceedings 

(The Eurographics Association, 2008).
	28.	 Cignoni, P., Rocchini, C. & Scopigno, R. Metro: Measuring error on simplified surfaces. Comput. Graph. Forum 17, 167–174 (1998).
	29.	 Koo, T. K. & Li, M. Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr. 

Med. 15, 155–163 (2016).
	30.	 Benditz, A. et al. Comparison of lumbar lordosis in lateral radiographs in standing position with supine MR imaging in considera-

tion of the sacral slope. RoFo fortschritte auf dem gebiet der rontgenstrahlen und der bildgeb. Verfahren 189, 233–239 (2017).
	31.	 Pieroh, P. et al. Intra- and interrater reliabilities and a method comparison of 2D and 3D techniques in cadavers to determine 

sacroiliac screw loosening. Sci. Rep. 9, 3141 (2019).
	32.	 Van Haver, A., Kolk, S., DeBoodt, S., Valkering, K. & Verdonk, P. Accuracy of total knee implant position assessment based on 

post-operative X-rays registered to pre-operative CT-based 3D models. Orthop. Proc. 99-B, 80 (2017).
	33.	 Lipman, J. & Esposito, C. Assessing acetabular component orientation from conventional post-op radiographs. Orthop. Proc. 98-B, 

3 (2016).



10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:20382  | https://doi.org/10.1038/s41598-022-24570-2

www.nature.com/scientificreports/

	34.	 Theodore, W. et al. A novel method for defining ligament characteristics in subject-specific dynamic surgical planning. Orthop. 
Proc. 99-B, 59 (2017).

	35.	 Verstraete, M., Van Onsem, S. & Victor, J. Accuracy evaluation of post-operative 3D implant position based on BI-planar X-rays. 
17th Annu. meet. Int. Soc. Comput. Assis. Orthop. Surg. 1, 363–356 (2018).

	36.	 Holte, M. B., Diaconu, A., Ingerslev, J., Thorn, J. J. & Pinholt, E. M. Virtual analysis of segmental bimaxillary surgery: A validation 
study. J. Oral Maxillofac. Surg. 79, 2320–2333 (2021).

	37.	 Sas, A. et al. Effect of anatomical variability on stress-shielding induced by short calcar-guided stems: Automated finite element 
analysis of 90 femora. J. Orthop. Res. 37, 681–688 (2019).

	38.	 Beltran Diaz, S. et al. A new pipeline to automatically segment and semi-automatically measure bone length on 3D models obtained 
by computed tomography. Front. Cell Dev. Biol. https://​doi.​org/​10.​3389/​fcell.​2021.​736574 (2021).

	39.	 Lessmann, N., van Ginneken, B., de Jong, P. A. & Išgum, I. Iterative fully convolutional neural networks for automatic vertebra 
segmentation and identification. Med. Image Anal. 53, 142–155 (2019).

	40.	 Cobetto, N., Aubin, C. E. & Parent, S. Surgical planning and follow-up of anterior vertebral body growth modulation in pediatric 
idiopathic scoliosis using a patient-specific finite element model integrating growth modulation. Spine Deform. 6, 344–350 (2018).

	41.	 Wang, T. et al. Development of a three-dimensional finite element model of thoracolumbar kyphotic deformity following vertebral 
column decancellation. Appl Bion. Biomech. 2019(1), 9 (2019).

	42.	 Eltes, P. E. et al. Development of a computer-aided design and finite element analysis combined method for affordable spine surgical 
navigation with 3D-printed customized template. Front. Surg. 7, 583386 (2021).

Acknowledgements
The project leading to the scientific results was supported by the Hungarian Scientific Research Fund grant 
Budapest, Hungary, (award number: OTKA FK123884), the Doctoral Student Scholarship Program of the Co-
operative Doctoral Program of the Ministry of Innovation and Technology, Hungary, financed from the National 
Research, Development and Innovation Fund, the János Bolyai Research Scholarship of the Hungarian Academy 
of Sciences, the European Commission (766012-SPINNER-H2020-MSCAITN-2017), and the ÚNKP-21-5 New 
National Excellence Program of the Ministry for Innovation and Technology from the source of the National 
Research, Development and Innovation Fund. The financial support from these funding bodies are gratefully 
acknowledged.

Author contributions
P.E.E., B.H., and A.L: research design; T.M., J.F., F.B., B.H., P.E.E., A.J.P: acquisition of data. Allwere involved 
in the analysis and/or interpretation of data and drafting the article or revising it critically. All approved the 
submitted and final version.

Funding
Open access funding provided by Semmelweis University.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​24570-2.

Correspondence and requests for materials should be addressed to P.E.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.3389/fcell.2021.736574
https://doi.org/10.1038/s41598-022-24570-2
https://doi.org/10.1038/s41598-022-24570-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	New method to apply the lumbar lordosis of standing radiographs to supine CT-based virtual 3D lumbar spine models
	Materials and methods
	Cohort. 
	Segmentation and creation of 3D vertebral geometries. 
	Intersegmental and LL angle measurement. 
	Registration. 
	Postregistrational midsagittal sections. 
	Accuracy and reproducibility. 
	Statistical analysis. 

	Results
	Segmentation accuracy. 
	Angle measurement accuracy. 
	Angle differences between supine and upright alignments. 
	Registration accuracy. 

	Discussion
	Conclusions
	Possible future applications. 

	References
	Acknowledgements


