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Abstract

:

The posture-analyzing and virtual reconstructing device (PAViR) used a Red Green Blue-Depth camera as a sensor and skeleton reconstruction images were produced. This PAViR quickly analyzed the whole posture from multiple repetitive shots without radiation exposure in clothes and provided a virtual skeleton within seconds. This study aims to evaluate the reliability when shooting repeatedly and to assess the validity compared to parameters of full-body, low-dose X-rays (EOSs) when applied as diagnostic imaging. As a prospective and observational study, 100 patients with musculoskeletal pain underwent an EOS to obtain whole body coronal and sagittal images. The outcome measures were human posture parameters, which were divided by the standing plane in both EOSs and PAViRs as follows: (1) a coronal view (asymmetric clavicle height, pelvic oblique, bilateral Q angles of the knee, and center of seventh cervical vertebra-central sacral line (C7-CSL)) and (2) a sagittal view (forward head posture). A validation of the PAViR compared to the EOSs revealed that C7-CSL showed a moderate positive correlation with that of the EOS (r = 0.42, p < 0.01). The forward head posture (r = 0.39, p < 0.01), asymmetric clavicle height (r = 0.37, p < 0.01), and pelvic oblique (r = 0.32, p < 0.01) compared to those of the EOS had slightly positive correlations. The PAViR has excellent intra-rater reliability in people with somatic dysfunction. Except for both Q angles, the PAViR has fair-to-moderate validation when compared to EOS diagnostic imaging in the parameter representing coronal and sagittal imbalance. Although the PAViR system is not yet available in the medical field, it has the potential to become a radiation-free, accessible, and cost-effective postural analysis diagnostic tool after the EOS era.
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1. Introduction


Posture is defined as the alignment or orientation of the body in an upright position [1]. Posture is related to the muscle length of the muscle activation rather than force [2]. Clinically, posture is evaluated through the ideal gravitational line or vertical line that constitutes anatomical landmarks of the anterior, posterior, and lateral sides of the body [3]. “Good” posture is considered to be a symmetrical alignment, upright, as well as effective at conserving energy [4]; it is important to reduce the risk of injury, certain prolonged static and awkward postures [5], and various cumulative traumatic disorders [6].



Somatic dysfunction is a group of diseases of the musculoskeletal system and connective tissues, defined as an impaired or altered function of the related components of the somatic (body framework) system [7,8,9]. Somatic dysfunction is aggravated by poor posture or results in an abnormal posture that leads to dysfunctional mechanics. It is the target of treatment in manual medicine [10], both chiropractic and osteopathic medicine, and has been classified as International Classification of Diseases 10th Revision, Clinical Modification (ICD-10-CM) Diagnosis Code M99.0 since 2016. Somatic dysfunction is usually assessed via palpatory investigation to evaluate four features: asymmetry (A), range of motion changes (R), tenderness (T), and tissue texture changes (T) [8]. Among them, the evaluation of asymmetry is mainly made up of subjective inspections. If an objective evaluation can be made using quantitative equipment, a more accurate diagnosis will be possible. In addition, if the entire framework were to be imaged rather than a part of the body, it would be more helpful, biomechanically, to understand a patient’s illness.



Several studies have highlighted the importance of quantifying posture with radiographic or non-radiographic methods [11]. Patients with musculoskeletal pain have a strong desire for diagnosis via imaging tests [12]. Although radiographs using X-rays are the current gold standard protocol for diagnostic images, exposure to ionizing radiation may induce cancer [13]. Therefore, these methods have limited use in sensitive populations, such as adolescents or pregnant women. Non-radiographic methods are available to monitor patient progress without repetitive radiation exposure [14]. Biophotogrammetry, infra-red motion analysis, plumbline, spinal mouse, surface topography, and three-point ultrasound methods have been presented as viable alternatives; however, these methods are directly dependent on both mathematical methods and collection procedures, and few studies have systematically evaluated these methods [14,15].



The EOS imaging system (EOS imaging, Paris, France) is a full-body, low-dose X-ray (EOS) that is used on patients in a weight-bearing position and is based on the X-ray detection technology of Charpak’s chamber, which was awarded the 1992 Nobel Prize in Physics [16,17,18]. Among the current radiographic methods, the EOS has relatively high accuracy. The dose of an EOS single micro-dose X-ray, 2.6 μSv, is much lower than the daily dose of natural background radiation [19], the global average of which is about 2.4 mSv annually from natural sources of radiation [20,21]. Therefore, EOS has previously been used to diagnose abnormalities and malpositions of the spine, pelvis, and lower extremities using numerous parameters [16]. However, high maintenance and labor costs make it less accessible for clinical applications [16]. Additionally, patients are asked to assume an unnatural posture with both hands on the shoulder or zygomatic bones in a confined space that is usually present with the EOS. All of the previously proposed diagnostic imaging approaches, including the EOS, need one person to measure or derive parameters.



Technologies using real-time, three-dimensional (3D) depth cameras have emerged with recent developments in camera and image processing technology. It is possible to repeatedly evaluate and obtain indices for body shape in real time and reconstruct the shape of the spine and skeleton with a specially designed human pose estimation algorithm [22,23,24]. These processes can be performed with no radiation exposure, less space for equipment installation, and relatively lower costs. Additionally, it automatically shows the results without measuring by a physician.



In this study, we propose a new device to evaluate human posture using a Red Green Blue-Depth (RGB-D) camera and an algorithm to reconstruct the virtual skeleton. This posture analyzing and virtual reconstructing device (PAViR) allows for a quick analysis of the person’s whole posture from multiple repetitive shots without radiation exposure and provides a virtual skeleton within seconds.



Therefore, the research sought to answer the following questions:




	
In people with somatic dysfunction, is PAViR reliable when shooting repeatedly?



	
When applied as diagnostic imaging, is PAViR valid compared to the parameters of EOS?









2. Materials and Methods


2.1. Participants


Between January 2020 and June 2020, a prospective study was conducted on patients with somatic dysfunction who had been diagnosed with ICD-10 at the department of rehabilitation medicine in a tertiary hospital. Exclusion criteria included patients who were <19 years old; had a body mass index (BMI) > 35 kg/m2; had a history of metallic fixation devices after any spine surgery; or who were pregnant or could potentially be pregnant. Demographic data were shown in Table 1. A total of 100 patients (44 males and 56 females) with a mean age of 47.2 years were included in the study. The mean BMI was 23.1 ± 3.5 kg/m2. Informed consent for the publication of identifying information/images in an online open access publication was obtained from all subjects. This study was approved by the Institutional Review Board for Clinical Studies at our institution (3-2019-0305). This research was performed in accordance with the relevant guidelines and regulations. In addition, the study was certainly carried out in accordance with the Declaration of Helsinki.




2.2. EOS


The full-body, low-dose EOS was performed on each patient. Participants were instructed to stand in the functionally loaded standing position (shoulders flexed to 45° and hands resting on the zygomatic bones) [25,26,27,28] and to stare forward. Standing positions were carefully monitored by a skilled operator who ensured that spinal segments did not compensate for movement while adapting the arms in a confined place. Whole-body coronal and sagittal images were obtained.




2.3. PAViR


The PAViR (Moti Physio, MG solutions, Seoul, Republic of Korea) assessment was performed on each participant in clothes and was performed twice within 2 min by an experienced physician to determine the intra-rater reliability. When commanded by the PAViR system, a participant stands at the front, side, and back as if taking a picture. The physician only needs to ensure that the subject is standing in the position indicated by the laser.



2.3.1. RGB-D Camera


Moti Physio systems use a real-time 3D RGB-D camera (Astra Pro, Orbbec 3D Technology International, Inc. Troy, MI, USA) as a sensor [29,30]. To capture human motion, markerless approaches, convenient and accessible, typically use an RGB-D camera [29]. The PAViR hardware system consists of a display unit, an input unit, an operation unit, and a positioning unit. The display unit serves to visually inform whether the subject is in the correct posture during measurement and to display the final result. The RGB-D camera of the input unit receives the data, and the operation unit processes the data received from the input unit to calculate the image to be displayed on the display unit. Finally, the positioning unit consists of a laser indicator and a floor mat, which illuminates a cross-laser line on the floor at a specified distance from the PAViR and fixes the position of the floor mat relative to the line. Thus, a specific distance and standard position are maintained for the real-time 3D RGB-D camera.




2.3.2. Support Vector Machine


The RGB-D camera captures data in the front, side, and back while the subject stands in a comfortable position for 2–3 s without moving. The system produces a human silhouette from the depth frame data of the camera using the background subtraction method [11,31]. Subsequently, as a processing algorithm, Simple Linear Iterative Clustering performs superpixel segmentation, and the parts are identified using the Support Vector Machine (SVM, Figure 1) [22,23,30,32].




2.3.3. Geometric Method


The coordinates of the user depth data are (x, y, z) in mm (Figure 2A). It is necessary to adjust for sensitive clothing or hair and relatively unconcerned skeletal bones. To overcome this problem, we make some assumptions and use the geometric method. This operation is calculated every frame for 2–3 s, and the 28 points are used as the final calculated value based on the last average body part bone point (3D skeleton) and applied to the 3D model (Figure 2). The results derived from this algorithm are presented as an interactive virtual 3D model via a Liquid Crystal Display (LCD) screen, and the coronal and sagittal images are presented as print versions and email-based Portable Network Graphic (PNG) files.





2.4. Outcome Measures


The primary outcome was human posture parameters, which were divided by the standing plane in both the EOS and PAViR as follows: (1) a coronal view (asymmetric clavicle height, the pelvic oblique, bilateral Q angles of the knee, and center of 7th cervical vertebra-central sacral line (C7-CSL)) and (2) a sagittal view (forward head posture). In the EOS, a physician measured the above values directly. Six outcomes were measured on each image: ① the angle between the horizontal line and a line connecting the highest clavicle bones, ② the horizontal distance between the midpoints of bilateral iliac crests, ③ and ④ the angle formed between the patella tendon and anterior superior iliac spine, ⑤ the vertical distance between the center of C7 and central sacral line, and ⑥ the angle between the center of C7 and audial canal in Figure 3.



The unit of the asymmetric clavicle height, bilateral Q angles, and forward head posture is degrees, and the units of the pelvic oblique and C7-CSL are millimeters. However, with the PAViR, the device showed data in degrees immediately after shooting. Secondary outcomes included a data comparison between the PAViR and EOS for validation.




2.5. Data Analysis


All statistical analyses were performed using SPSS for Windows, Version 25 (IBM Corp., Armonk, NY, USA). Intraclass correlation coefficients (ICCs) and their 95% confidence intervals were used to determine the intra-rater reliability for PAViR. ICC values > 0.75 represent excellent reliability, values between 0.4 and 0.75 represent fair-to-good reliability, and values < 0.4 represent poor reliability [33]. The relationships between the PAViR measurements and EOS measurements were compared via a paired t-test and correlation analysis (Pearson correlation coefficient). Pearson correlation coefficients and the ICC were characterized as poor (0.00 to 0.20), fair (0.21 to 0.40), moderate (0.41 to 0.60), good (0.61 to 0.80), or excellent (0.81 to 1.00) [34]. The level of significance was set at <0.05 for all statistical tests.





3. Results


3.1. Outcomes of Measuring with EOS and PAViR


The descriptive outcomes of the coronal and sagittal parameters measured are shown in Table 2. Negative values mean that the left is raised or that the posture is tilted to the left. There is a significant difference between the two devices in pelvic oblique, bilateral Q angle, and C7-CSL. In the EOS, most participants had a position with their torso tilted to the left and head tilted forward. For the Q angle, only one patient had a negative value on the right knee.




3.2. Intra-Rater Reliability of PAViR


All intra-rater correlation coefficients for the coronal (asymmetric clavicle height, pelvic oblique, bilateral Q angle of the knee, C7-CSL) and sagittal view (forward head posture) parameters were > 0.69, and the highest parameter of the PAViR was the C7-CSL (ICC= 0.84) (Table 3).




3.3. Validation of PAViR Compared to Parameters of EOS


Primary outcomes were compared to validate the PAViR for each parameter. An analysis adjusted for age, height, weight, and BMI was calculated. Of the PAViR parameters, C7-CSL showed a moderate positive correlation (r = 0.42, p < 0.001) with that of the EOS. Forward head posture (r = 0.39, p < 0.002), asymmetric clavicle height (r = 0.37, p < 0.002), and pelvic oblique (r = 0.32, p < 0.002), compared to the results with the EOS, were fair positive correlations, as shown in Table 4. However, there was no significant correlation for the bilateral Q angles of the knee between PAViR and EOS.





4. Discussion


To serve as a pilot study, among the asymmetry that is evaluated to diagnose somatic dysfunction, the PAViR values in the coronal (asymmetric clavicle height, the pelvic oblique, Q angles of the knee, C7-CSL) and sagittal views (forward head posture) were compared with the values obtained using the EOS. Intra-rater reliability was good-to-excellent in the newly developed PAViR system. In PAViR values compared to the EOS, all measured values except the Q angle showed fair-to-moderate correlation. Although we adjusted for sensitive clothing or hair and relatively unconcerned skeletal bones via the geometric method, the C7-CSL value, which is simple to capture the midline for the body frame, is thought to be the most consistent, rather than the Q angle with various knee creases. To clarify the validity, further study will be necessary to and should undertake analyses with different clothing or undressed participants. Additionally, there is a need for technological development.



Somatic dysfunction is the impaired or altered function of related components of the somatic (body framework) system [9]. Dysfunction is not defined by localization but by the result of the interplay of a whole chain of different structures. Clinically, patients may complain of pain after an awkward movement, prolonged posture, or overuse of muscles. Somatic dysfunction is aggravated by poor posture or results in an abnormal posture that leads to dysfunctional mechanics [35]. Among features of somatic dysfunction, the evaluation of asymmetry is mainly made up of subjective inspections. If an objective evaluation can be made using quantitative equipment, a more accurate diagnosis will be possible. To evaluate the correlation of its links, it would be more helpful to understand a patient’s condition if the whole body were imaged rather than a part of the body. Therefore, the EOS system is an outstanding equipment for measuring imbalances within current medical field [17,36]. However, the EOS has also several limitations [16,19]



X-rays and EOS are highly accurate and essential for initial evaluation but are not suitable for routine continuous evaluations every few days or weeks due to radiation overexposure or cost concerns. In whole spine X-rays, the amount of radiation can exceed the annual amount of natural background radiation by 2.4 mSv annually. Therefore, given the risk–benefit analysis, it is difficult to recommend a whole spine X-ray to determine the effectiveness of treatment rather than for initial diagnostic purposes. In contrast, an effective dose of an EOS single micro-dose X-ray (2.6 μSv) is less than the amount from one day of natural background radiation [19]. Nonetheless, the EOS is very expensive and can be difficult to access and maintain. Considering the cost-benefit ratio, the EOS may also not be suitable as a routine assessment tool for the follow-up of treatment effectiveness. However, with the PAViR, patients are not exposed to radiation, and the tests can be performed repeatedly without the risk of radiation, even in growing adolescents and young adults of a childbearing age. Since it is extremely cheaper, indeed, of a 100 times difference, there is no burden of regular multiple patient evaluations. Additionally, the installation and test area is less than 3 m2; therefore, there is almost no space limitation, and since it is possible to use without disrobing, there is no need for a separate changing space. Since the device automatically derives the measurements without supervision, the physiotherapist can immediately apply it to treatment without going through a doctor. Therefore, the PAViR can be used not only for medical purposes such as manual, chiropractic, and osteopathic therapy, but also for post-exercise performance analysis such as Pilates, yoga, and general workouts.



The repeatability of thew measurement results is critical when using a simple evaluation tool such as the PAViR. The lack of repeatability would make it difficult to evaluate the effectiveness of manual, chiropractic, osteopathic, or exercise therapy. Other non-radiographic instruments, such as biophotogrammetry, infra-red motion analysis, plumbline, spinal mouse, surface topography, and free point ultrasound, rely on both mathematical methods and collection procedures [14,15]. The PAViR intra-rater reliability results in this study were good-to-excellent for all parameters [37].



Computed tomography (CT) scans and biplanar X-ray 3D reconstructions can be measured relatively accurately, but a reconstruction time of 10 min or more is required, and a skilled person is required for reconstruction. In addition, the risk of radiation exposure cannot be excluded [38,39]. Optical methods such as Moiré–Fringe topography, structured light techniques, the Integrated Shape Imaging System, Quantec system, and Orteliuss scanner can be used to detect spinal deformities [40,41,42]. Some clinics have applied these tools to monitor scoliosis, but they are currently difficult to obtain due to the complicated manipulation of the equipment and the inconvenience of patients having to completely disrobe. Since these devices have been designed primarily to evaluate spinal deformities such as scoliosis, only the back view is taken; therefore, shoulder height asymmetry, pelvic obliques, Q angles of the knee, and forward head posture cannot be obtained. Conversely, the PAViR uses a 3D depth camera to collect body surface data, calibrates using human pose estimation (HPE), defines key specific points, and then reproduces the shape of the spine and skeletal system. The subjects can undergo the test without disrobing, and the results are received on screen or via e-mail within 1 min. It can be used conveniently without human effort like the previously mentioned technologies since all processes are automated.



Therefore, the PAViR system could grant the potential to assess the skeletal posture of clothed participants without radiation exposure. Unlike conventional non-radiography, it is a technology that can analyze the whole body in real-time without taking off clothes via the markerless approach of the RGB-D camera. In addition, participants can stand in front of the device and follow the guide without a measurer, and it might be easily transmitted to the medical staff for an application. Further studies are needed to test whether our findings apply to patients with other musculoskeletal disorders, such as cobb angle of scoliosis, degenerative lumbar kyphosis, abnormal pelvic rotation, bowlegs, and knock knees.



Study Limitations


This study has some limitations. First, although power analysis revealed the statistical significance of our data; assuming a power of 80%, 29 curves were required for each subgroup according to the sample size calculator for the G-power 3.1.9.4 program; including greater numbers of subjects could further increase the power of our study. Second, the algorithm has not been perfected thus far; it is necessary to constantly update the algorithm through comparison with EOS and big data technology. Accumulated data will be helpful to increase the accuracy and correlation by using big data, thus increasing the prediction of risk for musculoskeletal disorders. Third, different positions may result in a variation in the value itself. Although the observed trend would be maintained, more research would be required to compare them in the same position in order to improve accuracy.





5. Conclusions


The PAViR has excellent intra-rater reliability in people with somatic dysfunction. Except for both Q angles, the PAViR has fair to moderate validation when compared to EOS diagnostic imaging in the parameter representing coronal and sagittal imbalance. Although the PAViR system is not yet available in the medical field, it has the potential to become a radiation-free, accessible, and cost-effective postural analysis diagnostic tool after the EOS era. This study provides valuable insights to researchers interested in digital healthcare. Based on this technology, more research into improving algorithm accuracy using big data is required, and it will be necessary to apply to patients with musculoskeletal pain.







Author Contributions


Conceptualization: J.H.P., H.J.L.; Methodology: M.K., S.Y.C., H.E.C.; Formal analysis and investigation: H.J.L.; Writing: J.H.P., H.J.L., H.E.C.; Supervision: J.H.P. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by a faculty research grant of Yonsei University College of Medicine (6-2021-0090).




Institutional Review Board Statement


This study was approved by the Institutional Review Board of Gangnam Severance Hospital, Seoul, Republic of Korea (Identifier: 3-2019-0305).




Informed Consent Statement


Informed consent for the publication of identifying information/images in an online open-access publication was obtained from all subjects.




Data Availability Statement


All data analyzed in this study are available from the corresponding author upon reasonable request.




Acknowledgments


We would like to thank MG solutions for assisting with the figures and technical works.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Raine, S.; Twomey, L. Attributes and qualities of human posture and their relationship to dysfunction or musculoskeletal pain. Crit. Rev. Phys. Rehabil. Med. 1994, 6, 409. [Google Scholar]

	



Kamper, D.G.; Fischer, H.C.; Cruz, E.G. Impact of finger posture on mapping from muscle activation to joint torque. Clin. Biomech. (Bristol Avon.) 2006, 21, 361–369. [Google Scholar] [CrossRef]

	



Magee, D.J. Orthopedic Physical Assessment (Musculoskeletal Rehabilitation); Saunders: Toronto, Canada, 2014. [Google Scholar]

	



Pope, P.M. Severe and Complex Neurological Disability: Management of the Physical Condition; Butterworth-Heinemann: Oxford, UK, 2007. [Google Scholar]

	



Läubli, T.; Karpilow, C. Global Occupational Health; Oxford university press: Oxford, UK, 2011; pp. 277–299. [Google Scholar]

	



Takasaki, H.; May, S. Mechanical diagnosis and therapy has similar effects on pain and disability as ‘wait and see’ and other approaches in people with neck pain: A systematic review. J. Physiother. 2014, 60, 78–84. [Google Scholar] [CrossRef] [PubMed]

	



Rey-Matias, R.R. 16—Manipulation, Traction, and Massage. In Braddom’s Rehabilitation Care: A Clinical Handbook; Cifu, D.X., Lew, H.L., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 111–118.e8. [Google Scholar]

	



Chaitow, L. Chapter 6—Osteopathic Assessment and Treatment of Thoracic and Respiratory Dysfunction. In Multidisciplinary Approaches to Breathing Pattern Disorders; Chaitow, L., Bradley, D., Gilbert, C., Ley, R., Eds.; Churchill Livingstone: Edinburgh, Scotland, 2002; pp. 131–172. [Google Scholar]

	



Williams, N. Managing back pain in general practice is osteopathy the new paradigm? Br. J. Gen. Pract. 1997, 47, 653–655. [Google Scholar]

	



Muller, R.; Linz, W.; Buchmann, J. Manual medicine--a powerful “hands on” facility to treat somatic and segmental dysfunction with musculosceletal pain, increased muscule tension, restrictions of fascia and posture asymmetries. MMW Fortschr. Med. 2011, 153, 27–30. [Google Scholar]

	



Fortin, C.; Ehrmann Feldman, D.; Cheriet, F.; Labelle, H. Clinical methods for quantifying body segment posture: A literature review. Disabil. Rehabil. 2011, 33, 367–383. [Google Scholar] [CrossRef] [PubMed]

	



Lim, Y.Z.; Chou, L.; Au, R.T.M.; Seneviwickrama, K.L.M.D.; Cicuttini, F.M.; Briggs, A.M.; Sullivan, K.; Urquhart, D.M.; Wluka, A.E. People with low back pain want clear, consistent and personalised information on prognosis, treatment options and self-management strategies: A systematic review. J. Physiother. 2019, 65, 124–135. [Google Scholar] [CrossRef]

	



Legaye, J. Follow-up of the sagittal spine by optical technique. Ann Phys Rehabil Med 2012, 55, 76–92. [Google Scholar] [CrossRef]

	



Cohen, L.; Kobayashi, S.; Simic, M.; Dennis, S.; Refshauge, K.; Pappas, E. Non-radiographic methods of measuring global sagittal balance: A systematic review. Scoliosis Spinal Disord. 2017, 12, 30. [Google Scholar] [CrossRef]

	



Furlanetto, T.S.; Sedrez, J.A.; Candotti, C.T.; Loss, J.F. Photogrammetry as a tool for the postural evaluation of the spine: A systematic review. World J. Orthop. 2016, 7, 136–148. [Google Scholar] [CrossRef]

	



Dubousset, J.; Charpak, G.; Dorion, I.; Skalli, W.; Lavaste, F.; Deguise, J.; 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. De L’academie Natl. De Med. 2005, 189, 287–297; discussion 297. [Google Scholar]

	



Somoskeöy, S.; Tunyogi-Csapó, M.; Bogyó, 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. [Google Scholar] [CrossRef] [PubMed]

	



Deschenes, S.; Charron, G.; Beaudoin, G.; Labelle, H.; Dubois, J.; Miron, M.C.; Parent, S. Diagnostic imaging of spinal deformities: Reducing patients radiation dose with a new slot-scanning X-ray imager. Spine (Phila Pa 1976) 2010, 35, 989–994. [Google Scholar] [CrossRef] [PubMed]

	



Hui, S.C.N.; Pialasse, J.-P.; Wong, J.Y.H.; Lam, T.-p.; Ng, B.K.W.; Cheng, J.C.Y.; Chu, W.C.W. Radiation dose of digital radiography (DR) versus micro-dose x-ray (EOS) on patients with adolescent idiopathic scoliosis: 2016 SOSORT- IRSSD “John Sevastic Award” Winner in Imaging Research. Scoliosis Spinal Disord. 2016, 11, 46. [Google Scholar] [CrossRef]

	



Wall, B.F. Ionising Radiation Exposure of the Population of the United States: NCRP Report no. 160; Oxford University Press: Oxford, UK, 2009. [Google Scholar]

	



Metaxas, V.I.; Messaris, G.A.; Lekatou, A.N.; Petsas, T.G.; Panayiotakis, G.S. Patient Doses in Common Diagnostic X-ray Examinations. Radiat. Prot. Dosim. 2019, 184, 12–27. [Google Scholar] [CrossRef]

	



Kim, H.; Lee, S.; Lee, D.; Choi, S.; Ju, J.; Myung, H. Real-time human pose estimation and gesture recognition from depth images using superpixels and SVM classifier. Sensors 2015, 15, 12410–12427. [Google Scholar] [CrossRef]

	



Straka, M.; Hauswiesner, S.; Rüther, M.; Bischof, H. Skeletal Graph Based Human Pose Estimation in Real-Time. In Proceedings of the British Machine Vision Conference, Dundee, UK, 29 August–2 September 2011; pp. 1–12. [Google Scholar]

	



Achilles, F.; Ichim, A.-E.; Coskun, H.; Tombari, F.; Noachtar, S.; Navab, N. Patient MoCap: Human Pose Estimation under Blanket Occlusion for Hospital Monitoring Applications; Springer International Publishing: Cham, Switzerland, 2016; pp. 491–499. [Google Scholar]

	



Faro, F.D.; Marks, M.C.; Pawelek, J.; Newton, P.O. Evaluation of a functional position for lateral radiograph acquisition in adolescent idiopathic scoliosis. Spine (Phila Pa 1976) 2004, 29, 2284–2289. [Google Scholar] [CrossRef]

	



Garg, B.; Mehta, N.; Bansal, T.; Malhotra, R. EOS(R) imaging: Concept and current applications in spinal disorders. J. Clin. Orthop. Trauma 2020, 11, 786–793. [Google Scholar] [CrossRef]

	



Pumberger, M.; Schmidt, H.; Putzier, M. Spinal Deformity Surgery: A Critical Review of Alignment and Balance. Asian Spine J. 2018, 12, 775–783. [Google Scholar] [CrossRef]

	



Vergari, C.; Skalli, W.; Clavel, L.; Demuynck, M.; Valentin, R.; Sandoz, B.; Similowski, T.; Attali, V. Functional analysis of the human rib cage over the vital capacity range in standing position using biplanar X-ray imaging. Comput. Biol. Med. 2022, 144, 105343. [Google Scholar] [CrossRef]

	



Vinod Gutta, E.D.L. Natalie Baddour, Pascal Fallavollita, A Comparison of Depth Sensors for 3D Object Surface Reconstruction. In The Canadian Medical and Biological Engineering Society; CMBES/SCGB: Ottawa, ON, Canada, 2019; Volume 42. [Google Scholar]

	



Jang, C.W.; Park, J.; Cho, H.E.; Park, J.H. Appraisal of the new posture analyzing and virtual reconstruction device (PAViR) for assessing sagittal posture parameters: A prospective observational study. Int. J. Env. Res. Public Health 2022, 19, 11109. [Google Scholar] [CrossRef] [PubMed]

	



Camplani, M.; Salgado, L. Background foreground segmentation with RGB-D Kinect data: An efficient combination of classifiers. J. Vis. Commun. Image Represent. 2014, 25, 122–136. [Google Scholar] [CrossRef]

	



Achanta, R.; Shaji, A.; Smith, K.; Lucchi, A.; Fua, P.; Susstrunk, S. SLIC superpixels compared to state-of-the-art superpixel methods. IEEE Trans. Pattern Anal. Mach. Intell. 2012, 34, 2274–2282. [Google Scholar] [CrossRef] [PubMed]

	



Fleiss, J.L.; Levin, B.; Paik, M.C. Statistical Methods for Rates and Proportions; John Wiley & Sons: Hoboken, NJ, USA, 2013. [Google Scholar]

	



Campos, S.; Zhang, L.; Sinclair, E.; Tsao, M.; Barnes, E.A.; Danjoux, C.; Sahgal, A.; Goh, P.; Culleton, S.; Mitera, G. The palliative performance scale: Examining its inter-rater reliability in an outpatient palliative radiation oncology clinic. Support. Care Cancer 2009, 17, 685–690. [Google Scholar] [CrossRef] [PubMed]

	



Kasten, K.M.; Lewis, D.D. High-Velocity, Low-Amplitude Management of Posterior Rib Somatic Dysfunction. J. Am. Osteopath. Assoc. 2020, 120, e1–e2. [Google Scholar] [CrossRef] [PubMed]

	



Rousseau, M.-A.; Brusson, A.; Lazennec, J.-Y. Assessment of the axial rotation of the pelvis with the EOS® imaging system: Intra-and inter-observer reproducibility and accuracy study. Eur. J. Orthop. Surg. Traumatol. 2014, 24, 891–895. [Google Scholar] [CrossRef] [PubMed]

	



Cicchetti, D.V. Guidelines, criteria, and rules of thumb for evaluating normed and standardized assessment instruments in psychology. Psychol. Assess. 1994, 6, 284. [Google Scholar] [CrossRef]

	



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. 2009, 31, 681–687. [Google Scholar] [CrossRef] [PubMed]

	



Kösling, S.; Dietrich, K.; Steinecke, R.; Klöppel, R.; Schulz, H.-G. Diagnostic value of 3 D CT surface reconstruction in spinal fractures. Eur. Radiol. 1997, 7, 61–64. [Google Scholar] [CrossRef]

	



Hocquelet, A.; Cornelis, F.; Jirot, A.; Castaings, L.; de Sèze, M.; Hauger, O. Patient-specific 3D models created by 3D imaging system or bi-planar imaging coupled with Moiré–Fringe projections: A comparative study of accuracy and reliability on spinal curvatures and vertebral rotation data. Eur. Spine J. 2016, 25, 3154–3161. [Google Scholar] [CrossRef]

	



Daruwalla, J.; Balasubramaniam, P. Moiré topography in scoliosis. Its accuracy in detecting the site and size of the curve. J. Bone Joint Surg. Br. Vol. 1985, 67, 211–213. [Google Scholar]

	



Berryman, F.; Pynsent, P.; Fairbank, J.; Disney, S. A new system for measuring three-dimensional back shape in scoliosis. Eur. Spine J. 2008, 17, 663–672. [Google Scholar] [CrossRef] [PubMed]








[image: Healthcare 11 00686 g001 550] 





Figure 1. An example of the measurement in the side (A). The flow of the human skeletal pose estimation method from the depth camera. After producing a human silhouette using the background-subtraction method (B), the human finally becomes normalized (C). The classification of body parts with various colors shows an already trained processing algorithm for segmentation via Simple Linear Iterative Clustering (D,E). Results of the skeletal point estimation on a human body are extracted by using an image processing algorithm. In a markerless object (E), white markers are created via a series of processes (F). Illustration provided by MG solutions. 
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Figure 2. An example of a ‘calibrated skeletal point of side shoulder’ from the side. (A) Side user depth points with side shoulder (x, y, z) in the XY plane. (B) The set ‘S’ is defined as the depth point clouds on the shoulder line in the XZ plane; these points form a graph of quadratic equations. (C) The calibrated point of the shoulder was generated in the XY plane. Illustration provided by MG solutions. 
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Figure 3. (A) The EOS and (B) PAViR data in the same subject: ① Asymmetric clavicle height, ② pelvic oblique, ③ right Q angles of the knee, ④ left Q angles of the knee, ⑤ the center of 7th cervical vertebra-central sacral line (C7-CSL), ⑥ forward head posture. All parameters are in degrees except when representing ② and ⑤ in EOS, indicated instead as distance, millimeter. Negative values mean that the left is raised or that the posture is tilted to the left. Illustration provided by MG solutions. PAViR posture analyzing and virtual reconstructing device. 
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Table 1. Demographic characteristics of participants.
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	Variables (n = 100)
	Values
	Range





	Gender, n male/female
	44/56
	



	Age (y), (mean ± SD)
	47.2 ± 16.5
	19~81



	Weight (kg), (mean ± SD)
	63.3 ± 13.1
	37.4~89.3



	Body height (cm), (mean ± SD)
	163.4 ± 19.3
	143.0~183.0



	Body mass index (kg/m2), (mean ± SD)
	23.1 ± 3.5
	15.6~30.8







SD standard deviation.
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Table 2. Descriptive statistics of coronal and sagittal parameters obtained via the EOS and PAViR.
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EOS

	
PAViR




	

	
Parameters

	
Mean ± SD

	
Range

	
Mean ± SD

	
Range






	
Coronal view

	
Asymmetric clavicle height (°)

	
0.1 ± 2.8

	
−8.0 a~16.0

	
−1.0 ± 1.6

	
−5.0~3.8




	
Pelvic oblique (mm, °) b

	
−0.3 ± 5.0

	
−12.0~14.0

	
0.7 ± 1.6 *

	
−2.6~6.4




	
Right Q angle (°)

	
6.1± 1.7

	
−1.8~10.4

	
0.9 ± 7.9 *

	
−8.0~14.0




	
Left Q angle (°)

	
5.6 ± 1.6

	
0.9~9.8

	
−3.1 ± 4.0 *

	
−7.9~13.5




	
C7-CSL (mm, °) b

	
−3.0 ± 13.3

	
−59.0~36.0

	
−1.3 ± 2.2 *

	
−8.1~4.3




	
Sagittal view

	
Forward head posture (°)

	
7.0 ± 6.9

	
−5.1~29.4

	
7.9 ± 6.3

	
−5.0~29.0








PAViR posture-analyzing and virtual reconstructing device, SD standard deviation, C7-CSL center of 7th cervical vertebra-central sacral line; a Negative values mean that the left is raised or that the posture is tilted to the left; b All parameters are in degrees except for the pelvic oblique and C7-CSL in the EOS, indicated as distance, millimeter; * p < 0.05.
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Table 3. Intra-rater reliability of PAViR.
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	Parameters
	Coefficient Value
	p-Value





	Asymmetric clavicle height
	0.69
	0.005



	Pelvic oblique
	0.72
	0.002



	Right Q angle of knee
	0.72
	0.001



	Left Q angle of knee
	0.79
	0.001



	C7-CSL
	0.84
	0.002



	Forward head posture
	0.76
	0.001







PAViR posture-analyzing and virtual reconstructing device, C7-CSL center of 7th cervical vertebra-central sacral line.
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Table 4. The Pearson correlation coefficient (r) for validity between PAViR and EOS.
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	Parameters
	Correlation Coefficient
	p-Value





	Asymmetric clavicle height
	0.37
	<0.002



	Pelvic oblique
	0.32
	<0.002



	Right Q angle of knee
	−0.47
	0.14



	Left Q angle of knee
	−0.15
	0.15



	C7-CSL
	0.42
	<0.001



	Forward head posture
	0.39
	<0.002







PAViR posture analyzing and virtual reconstructing device, C7-CSL center of 7th cervical vertebra-central sacral line.
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