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Abstract  

The importance of three-dimensional (3D) assessment of scoliosis has been increasingly recognized. The 

plane of maximum curvature (PMC), end-apical-end vertebrae plane (EAEP) and best-fit plane (BFP) could 

assist in reviewing the 3D features of spinal deformities. However, some questions related to PMC, EAEP & 

BFP have not been thoroughly studied such as (1) any potential differences among them; (2) techniques for 

obtaining them; (3) and their applications in scoliosis. Therefore, this paper aimed to systematically review 

the relevant articles to provide useful information for exploring the applications of these 3D descriptors in 

the clinical assessment and management of scoliosis. This study revealed that BFP could be superior to EAEP 

and PMC orderly in describing 3D features of a curve segment while it was unknown if the superiority would 
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be changed or not when BFP or EAEP was simplified in orientation. In addition, the 3D model of the spine 

or spinal curve reconstructed from the calibrated radiographs or EOS images was the base for the assessment 

of PMC, EAEP & BFP while the relevant measurements were not studied specifically. Ultrasound technique 

has also been proposed for the PMC assessment while its measurements are needed to be further investigated. 

These descriptors have been applied to the 3D assessment, progression monitoring and classification of 

scoliosis as well as correction evaluation of orthotic and surgical treatments. It is also worthwhile to further 

explore their clinical applications to better guide the orthotic and surgical strategy making in the future. 

 

Key words: Scoliosis; Maximum deformity; Plane of maximum curvature; End-apical-end vertebrae plane; 

Best-fit plane 
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1 Introduction 

Scoliosis is complicated three-dimensional (3D) deformity of the spine characterized by lateral curve and 

axial vertebral rotation (AVR), in which the spine may be shifted/rotated from the sagittal plane to the other 

anatomical planes.  

 

The coronal Cobb angle measured from the posteroanterior (PA) radiograph is commonly used to assess 

scoliosis [1-3], however, it may underestimate the severity of spinal curve and could not fully reflect the 

curve type [4-7]. Therefore, some 3D descriptors were proposed to illustrate the maximum spinal deformity, 

including the plane of maximum curvature (PMC), end-apical-end vertebrae plane (EAEP) and best-fit plane 

(BFP), which have been considered to be important in the 3D assessment of scoliosis [8] and increasingly 

recognized in the orthopedic operation of the spine [9]. However, the difference among these 3D descriptors 

and which one being superior to the others in describing 3D features of spinal deformity have not been studied. 

Some techniques have been developed for acquiring these descriptors but no systematic investigation has 

been done. Although, these 3D descriptors have been applied in assessment [10-14] and 3D classification [8] 

of scoliosis, their specific role in management of scoliosis was unclear. Thus, this study aimed to 

systematically review: (1) definitions of PMC, EAEP & BFP; (2) techniques used for obtaining PMC, EAEP 

& BFP; (3) clinical applications of PMC, EAEP & BFP in scoliosis. 

 

2 Definitions of PMC, EAEP and BFP 

As shown in Fig. 1, the PMC is defined as a vertical plane, where a specific region of scoliotic spine (usually 

bounded by two end vertebrae) is projected onto, presents the maximum spinal curvature by a specified 

method (e.g. Cobb method) [15]; the EAEP is a plane passing through the centroids of the two end and apical 

vertebrae of a specific curve [16]; the BFP refers to a plane that best accommodates the vertebrae within a 

specific curve segment [12,15]. According to the definitions, the orientation of PMC varies along the z axis 

of the global axis system of the human body [17], recording as PMC-orientation with a corresponding Cobb 

angle (PMC-Cobb), while the orientation of EAEP and BFP would change along all the x, y and z axes, 

including EAEP(x)/BFP(x)-, EAEP(y)/BFP(y)- and EAEP(z)/BFP(z)-orientation with corresponding Cobb 

angles (EAEP(z)/BFP(z)-, EAEP(x)/BFP(x)- and EAEP(y)/BFP(y)-Cobb), respectively. Generally, a “C” 
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shape curve has a single PMC, EAEP and BFP (Fig. 2) while a “S” shape curve contains two different 

regional PMCs, EAEPs and BFPs (Fig. 3). 

 

3 Techniques 

3.1 Techniques for obtaining PMC 

Two main techniques were found to be used for obtaining the PMC, including radiographic and ultrasound 

techniques. Based on 3D model of the spine or spinal curve reconstructed from the calibrated PA and lateral 

radiographs or EOS images, the PMC was obtained by rotating a vertical plane along the vertical axis with a 

certain increment (such as 2.5° [18]) until the maximum spinal curvature was found by the conventional 

Cobb method [19,20] or computerized Cobb method [5,6,13,14,18,21-29] using automated mathematical 

techniques [18,21]. Kumar et al. [19] identified the PMC via locating a vertical plane in an orientation 

matching to the maximum AVR of the specific curve. The sagittal plane served as the reference plane for the 

PMC-orientation in most studies [5,6,13,18,22,25-27,29]. 

 

For the ultrasound technique, the PMC was identified by rotating a vertical plane along the vertical axis to 

the maximum AVR and confirmed by locating that vertical plane in orientation matching the maximum 

AVR±2° [30], ±4° [30] and/or ±5° [31] by using the center of laminae (COL) method [32]. The PMC 

measurements showed high reliability (ICC>0.92 for the PMC-Cobb), and were strongly correlated to those 

obtained from the EOS system (R2=0.88 for the PMC-orientation) [30]. The coronal plane was employed as 

the reference plane for the PMC-orientation [30,31]. 

 

3.2 Techniques for obtaining EAEP 

Radiographic technique was the main technique for acquiring the EAEP. Based on the 3D reconstruction of 

the spine or spinal curve, the EAEP could be determined by a triangle plane formed by the connecting lines 

between the centroids of two end and apical vertebrae of a specific curve (or the end limits and apex of a 

curve) [7,11,10,33,34].  
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The da Vinci representation was a useful method to present the EAEP in the top view [7,8] by projecting the 

centroids of the end and apical vertebrae (or the end limits and apex) of a specific curve onto the transverse 

plane, and the track of the EAEP appeared in a triangle. By contrast, the simplified da Vinci representation, 

which replaced the triangle with an arrow emitting originally from the central hip vertical axis (CHVA) to 

the track of apex on the transverse plane [7,8]. The direction of the arrow represented the EAEP(z)-orientation, 

and the length of the arrow was proportional to the EAEP(z)-Cobb. For ensuring reasonable variables for 

analysis, only the EAEP(z)-orientation was considered in most studies [7,8,11,35,36]. 

 

3.3 Techniques for obtaining BFP 

Based on the 3D reconstruction of the spine or spinal curve using the radiographic technique, BFP could be 

determined by minimizing the sum of square linear distances [14] or linear distances [12,33] from the 

centroids of the vertebrae within the spinal curve to that unknown plane. The number of BFP existing in a 

scoliotic spine could be determined by linear fitting coefficient, the maximum normal distance from the 

centroids of the vertebrae to that plane [12]. If the coefficient is smaller than or equal to a certain value such 

as10mm, one unique global BFP is determined; otherwise, regional BFPs exist [12]. Some studies identified 

the BFP by isolating vertebrae within the curve and establishing a plane in which the isolated vertebrae 

showed unique flexion [37-39]. For ensuring reasonable variables, the BFP-orientation was simplified in 

some studies, keeping only BFP(z)-orientation [12] or BFP(z)/BFP(x)-orientation [14,33]. 

 

4 Applications of PMC, EAEP and BFP in scoliosis 

4.1 Applications in 3D assessment, progression monitoring and classification of scoliosis 

There are interdependent relationships between these 3D descriptors and the Cobb angle in the coronal and 

sagittal planes. The PMC/BFP(z)-Cobb was generally 1°-6° greater than the coronal Cobb angle [29-

31,37,40-42] as shown in Table 1, but no significant correlation was observed [11].  
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Table 1 Comparison of average coronal Cobb and PMC/BFP(z)-Cobb 

 Coronal Cobb angle (°) PMC/BFP(z)-Cobb (°) Difference (°) 

Sawatzky et al. [37] 57 58^ 1 

Delorme et al. [40] 51 55# 4 

Villemure et al. [41] 35 39# 4 

Vo et al. [31] 23 27# 4 

Trac et al. [30] 25 26# 1 

Labelle et al. [29] 35 40# 5 

Carpineta et al. [42] 48 54# 6 

Difference = PMC/BFP(z)-Cobb – coronal Cobb 

#: PMC-Cobb 

^: BFP(z)-Cobb 

 

The PMC-orientation was found to have progression in 71% subjects with adolescent idiopathic scoliosis 

(AIS) during an observation period of 22.8±10.8 months [5]. It was significantly higher in the progressive 

than in the non-progressive AIS at the initial visit (mean difference (MD)=12.1°) [20] and could increase 

with the severity of spinal deformities [5,20]. 

 

The PMC, EAEP & BFP have been proposed for the 3D classification of scoliosis. The Lenke type-1 could 

be split into different sub-types based on the PMC [13,14], EAEP [7,11,36,43] or BFP [14]. The EAEP(z)-

orientation had superiority to other clinical indices (e.g. kyphosis, lordosis, corona Cobb angle and AVR) in 

differentiating sub-types within all the Lenk types [36,43]. Furthermore, the BFP(z)/(x)-orientation [14] and 

EAEP(z)-orientation [43] could be superior to the PMC-orientation in subclassifying the Lenke type-1. 

Additionally, it was worthwhile to note that the clustering algorithm could be applied when refining the 

Lenke types using the PMC [13,14] or EAEP [7,36,44,43]. 

 

4.2 Applications in effectiveness evaluation of surgical and orthotic treatments 

The correction of surgical treatment was 24%-51% in PMC-Cobb [6,23], and 19%-73% but mostly 25%-41% 

in PMC-orientation [6,23,26,27]. By contrast, the correction in coronal Cobb angle was slightly higher (50% 

versus 24% [23] and 49%-65% versus 32%-51% [6]). The correction in BFP(z)-orientation was 57%-62% 
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[37,38]. However, a loss of 30% and 25% in correction was observed in the PMC-orientation and coronal 

Cobb angle respectively in a follow-up study of 2.5 years [26]. 

 

Two studies referred to the application of the PMC in 3D correction evaluation of Boston orthosis for patients 

with AIS. Similar correlation in the PMC-Cobb and coronal Cobb angle was found, with 17%-39% and 17%-

33%, respectively. However, significant correction of the PMC-orientation (38%) was only observed for 

lumbar curves provided by orthosis designed and adjusted with a computer-assisted tool [29]. Within the 

orthosis, the PMC-orientation of the thoracic curves tended not to change or even increased [24,29]. 

 

5 Discussion 

5.1 Definitions of PMC, EAEP and BFP 

In a normal spine, as all the spinal curves (physiological curves) lie in the sagittal plane, there is usually one 

unique global PMC, EAEP & BFP, which all overlap with the sagittal plane. However, in a scoliotic spine, 

there might be one unique global but mostly several regional PMCs, EAEPs & BFPs connected at their 

adjacent zones [8,12,33], presenting notably different Cobb angles and/or orientations. The PMC, EAEP & 

BFP take two end-vertebrae, two end-vertebrae and an apical vertebra, and all the vertebrae within the curve 

into account correspondingly. Thus, the BFP may have more potential to reflect the 3D feature of a curve 

segment and followed by the EAEP and PMC orderly. From a practical and reasonable point of view, most 

studies only took EAEP(z)/BFP(z)-orientation [7,11,12,35,36] or BFP(z)/(x)-orientation [14,33] into 

consideration. The BFP(z)- [14] and EAEP(z)-orientation [43] were reported to be superior to the PMC-

orientation in subcategorizing the Lenk type-1, but further studies were needed to have a comprehensive 

understanding of their superiority in classification of scoliosis. 

 

5.2 Techniques for obtaining PMC, EAEP and BFP 

The 3D reconstruction of spine or spinal curve was the base for the assessment of PMC, EAEP & BFP. The 

accuracy and reproducibility of the 3D reconstruction were demonstrated in most studies [28,37,45-50]. 

However, the reliability and validity of the PMC, EAEP & BFP measurements were rarely investigated 

specially, except a few reports related to the variability of PMC measurements (MD=0.7°-1.6° for the PMC-
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Cobb, and MD=1.5°-2.7° and root-mean-square=6.0°-14.0°/9.3°-20.4° for the PMC-orientation [28,49]). 

This could be lacking a gold standard. Computed tomography (CT) and magnetic resonance imaging (MRI) 

are commonly used for 3D assessment of scoliosis but not commonly applied to the assessment of the PMC, 

EAEP & BFP. Besides, the recumbent position used in CT/MRI limits their use for validating these 

descriptors’ measurements acquired in standing position. There existed relationships between the 3 

descriptors and the Cobb angle (in the coronal and sagittal planes) [7,18,43], and between the coronal and 

sagittal Cobb angles (in the standing and recumbent positions) [51]. These relationships may provide a link 

to validate the standing PMC, EAEP & BFP measurements with those obtained from CT/MRI in the 

recumbent position indirectly.  

 

Several points should be noted. Firstly, the da Vinci representation [7,8] provides a very intuitional vision 

for the orientation of EAEP from the top view, but it, especially after being simplified, remains only 

EAEP(z)-orientation while missing EAEP(x)/(y)-orientation. Thus, the EAEP presented in the simplified da 

Vinci representation could be interpreted as a vertical plane passing though the CHVA and the apical vertebra. 

Secondly, the computerized Cobb method used for the PMC/EAEP/BFP-Cobb measurement was found 

slightly overestimated the coronal Cobb angle by 11%-12% as compared to the conventional Cobb method 

[52] while the difference between the PMC/EAEP/BFP-Cobbs acquired using the computerized and 

conventional Cobb methods needed further investigation. This difference may be due to that the computerized 

was based on the two lines perpendicular to the spinal curve at its inflection points [18,21] while the 

conventional was based on the two lines parallel to the endplates of the two end vertebrae. Additionally, the 

sagittal plane served as the reference of the PMC/EAEP(z)/BFP(z)-orientation in most studies 

[5,6,13,18,22,25-27,29]. The possible reason could be the original PMC/EAEP(z)/BFP(z) lies in the sagittal 

plane with an orientation of 0° in a normal spine and with a certain orientation in a scoliotic spine. 

 

The ultrasound technique is characterized by radiation-free and user-friendly. It has been demonstrated to be 

reliable and accurate for the assessment of spinal lateral curvature [53-57] and AVR [58-60], and used for 

assessing the spinal flexibility [61-64] and curve progression [65] as well as the spinal orthosis casting [66] 

and fitting [67].  In a study of Trac et al. [30], the PMC measurements obtained using the ultrasound technique 
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were very reliable (ICC>0.92), and also strongly correlated to those obtained from the EOS system (R2=0.88). 

Besides, it allows the patients to lie in a recumbent position [57] which makes it possible to compare with 

the CT/MRI in PMC acquisition. With these advantages, ultrasound technique may be a promising tool for 

the 3D assessment of scoliosis.  

 

5.3 Applications 

The PMC/EAEP/BFP-Cobb and -orientation reveal the “true” curvature and the degree of a curve segment 

being shifted/rotated towards the coronal plane, respectively. There are interdependent relationships between 

the PMC, EAEP & BFP and Cobb angles in the coronal and sagittal planes [7,10-12,18,22,43], and the latters 

can be considered as the components of the formers. For the same PMC/EAEP/BFP-orientation, a greater (or 

smaller) PMC/EAEP(z)/BFP(z)-Cobb could result in greater (or smaller) coronal and sagittal Cobb angles, 

and for the same PMC/EAEP/BFP-Cobb, a greater (or smaller) PMC/EAEP(z)/BFP(z)-orientation with 

respect to the sagittal plane could cause a greater (or smaller) Cobb angle in the coronal plane but a smaller 

(or greater) Cobb angle in the sagittal plane. The coronal Cobb angle was found 1°-6° lower in magnitude as 

compared to the PMC/BFP(z)-Cobb [29-31,37,40-42]. This may imply that a patient who has progression 

≤5° or curve ≤45° based on the coronal Cobb angle may have progression ≥6° or curve＞45° when using the 

PMC/BFP(z)-Cobb. As progression≤5° or curve≤45° is a crucial standard to assess the success of treatments 

[68], thus, in this case, the treatment may be misjudged as success and the clinicians may miss an optimal 

time to review the relevant treatment strategy. From this point of view, PMC/EAEP/BFP may provide 

clinically significant information for the assessment and management of scoliosis. 

 

Because of the interdependent relationships, any progression in the coronal and sagittal Cobb angles could 

result the progression in the PMC [5,69]. The finding that PMC-orientation was higher in the progressive 

AIS could be employed as a factor for differentiating the progressive and nonprogressive AIS [5,20]. 

 

The first classification system of scoliosis, which was known as King’s system, was presented in 1950s but 

only for thoracic scoliosis [70], and several classification systems were proposed subsequently. In 1997, the 

Lenke classification system was introduced with both the thoracic and (thoraco)lumbar scoliosis taken into 
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consideration [71]. However, in these systems, there is a common limitation that only the coronal (and sagittal) 

radiograph(s) was(were) considered. In a normal spine, the spinal curve lies in the sagittal plane but in a 

scoliotic spine, it may shift/rotate towards the coronal plane. The coronal and sagittal curvature may be the 

components of and may not always be corresponding to the “true” spinal curvature, as exemplified previously 

that two remarkably different curves could have the same coronal Cobb angle value [7,8]. The Lenke types, 

which are usually used in orthotic and surgical planning, could be subclassified into different sub-types, such 

as the Lenke type-1 curves based on the PMC [13,14], EAEP [7,8,11,36,43] or BFP [14]. Different curve 

sub-types may require different orthotic or surgical strategies; hence, it may be necessary to take the PMC, 

EAEP or EFP as a useful reference when differentiating the curve types. Regarding to the superiority of PMC, 

EAEP & BFP in identifying curve types, both the BFP(z)/(x)-orientation [14] and  EAEP(z)-orientation [43] 

appeared to be superior to the PMC-orientation for the Lenke type-1 while further investigation is needed to 

understand whether the superiority exists in other Lenke types to facilitate a comprehensive classification of 

scoliosis. In additional, when refining the 3D classification of scoliosis, the cluster analysis of 3D shape of 

spine was applied [7,13,14,36,43], which allowed automatic classification and could also identify the 

differences between patients not evident in two-dimensional radiographs. Thus, the cluster analysis could be 

an option when differentiating the curve types of scoliosis. 

     

The 3D correction of scoliosis via surgical treatment has been demonstrated, including correction in the curve 

magnitude (PMC-Cobb and coronal Cobb angle) [6,23] and rotation of curve segment (PMC/BFP(z)-

orientation) [6,23,26,27,37,38]. It is generally noted that the correction in the coronal Cobb angle was higher 

than the PMC-Cobb and its possible reason may be the correction in the coronal Cobb angle resulted from a 

combined effect of reduction in the “true” curve magnitude and rotation of the curve segment. Additionally, 

there was a degree of loss in correction within a period of average 2.5 years [26], thus, the effectiveness of 

surgical treatment should be followed up at a long-term basis.  

 

Only two studies referred to the 3D correction evaluation of orthotic treatment (Boston orthosis) based on 

the PMC. Significant correction in the PMC-Cobb and coronal Cobb angle were observed for both the 

thoracic and lumbar curves, however, only the correction of PMC-orientation of the lumbar curves was 
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documented for the Boston orthosis designed and adjusted via computer-assisted tool [29]. For the thoracic 

curves, the PMC-orientation tended not to change or even increased after wearing orthosis [24,29], indicating 

that the thoracic curves stayed in the deformed position or shifted/rotated towards the coronal plane even 

more after orthosis application. In this case, the coronal Cobb angle alone may not be comprehensive enough 

to reflect the “true” correction of scoliosis, and it may be necessary to include PMC, EAEP and BFP as useful 

references. 

 

6 Conclusion 

This review suggested that the BFP would be superior to the EAEP and PMC in the description of maximum 

spinal deformity, however, the priority of application among these 3D descriptors should be further explored. 

These 3D descriptors could be obtained using radiographic technique, while the reliability and/or validity of 

the relevant measurements need further investigation. Besides, ultrasound technique is another option for 

acquiring the PMC but its properties (reliability & validity) require more evaluation. The importance of the 

PMC, EAEP & BFP for scoliosis in 3D assessment, classification, monitoring and evaluation of surgical and 

orthotic treatments has been demonstrated. It is also worthwhile to gather the information of these 3D 

descriptors to better guide the formation of strategy for orthotic and surgical interventions in the future. 
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Captions 

Fig. 1 Scoliotic curve:  a) plane of maximum curvature, b) end-apical-end vertebrae plane and c) best-fit 

plane 
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Fig. 2 In a “C” shape curve, there is one plane of maximum curvature, end-apical-end vertebrae plane, and 

best-fit plane 
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Fig. 3 In a “S” shape curve, there are two different regional planes of maximum curvature, end-apical-end 

vertebrae planes, and best-fit planes 
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