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"When you can measure what you are speaking about, and 

express it in numbers, you know something about it, when 

you cannot express it in numbers, your knowledge is of a 

meager and unsatisfactory kind; it may be the beginning of 

knowledge, but you have scarely, in your thoughts advanced 

to the stage of science." 

 

William Thomson Kelvin 
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Nomenclature 

 

2D  two-dimensional 

3D  three-dimensional 

ADH  anterior disc height 

AFJ   articular facet joints 

AP  anterior-posterior  

CT  computed tomography 

CV  coefficient of variation 

EPDI   end-plate depth inferior     

EPDS end-plate depth superior     

EPII  end-plate inclination inferior   

EPIS  end-plate inclination superior      

EPWI  end-plate width inferior   

EPWS  end-plate width superior    

FE   finite element 

FHIL  facet height inferior left    

FHIR  facet height inferior right    

FHSL   facet height superior left    

FHSR  facet height superior right   

FWIL  facet height inferior left   

FWIR  facet height inferior right   

FWSL  facet width superior left    

FWSR  facet height superior right    

IFHL   interfacet height left     

IFHR  interfacet height right    

IFWI  interfacet width inferior    

IFWS  interfacet width superior    

L1  1st lumbar vertebra 

L2  2sd lumbar vertebra 

L3  3th lumbar vertebra 

L4  4th lumbar vertebra 

L5  5th lumbar vertebra 

MDH  middle disc height 
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mm  millimetres 

MRI   magnetic resonance imaging 

P   statistical significance level 

PDH  posterior disc height 

PHL   pedicle height left     

PHR   pedicle height right     

PSIL   pedicle sagittal inclination left   

PSIR  pedicle sagittal inclination right    

PTIL   pedicle transverse inclination left   

PTIR   pedicle transverse inclination right  

PWL   pedicle width left     

PWR  sagittal width right    

R2
   correlation coefficient  

SAIL   sagittal angle inferior left   

SAIR  sagittal angle inferior right   

SASL   sagittal angle superior left 

SASR  sagittal angle superior right  

SCD  sagittal canal depth        

SCW   spinal canal width    

SD  standard deviation  

SE   standard error  

SPL  spinous process length     

T1  1st thoracal vertebra 

T2  2sd thoracal vertebra 

T3  3th thoracal vertebra 

T4  4th thoracal vertebra 

T5  5th thoracal vertebra 

T6  6th thoracal vertebra 

T7  7th thoracal vertebra 

T8  8th thoracal vertebra 

T9  9th thoracal vertebra 

T10  10th thoracal vertebra 

T11  11th thoracal vertebra 

T12  12th thoracal vertebra 
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TAIL  transverse angle inferior left   

TAIR   transverse angle superior right   

TASL   transverse angle superior left   

TASR  transverse angle inferior right   

TIVD  thoracic intervertebral disc 

TPD  transverse process depth    

TPW  transverse process width     

VBD  vertebral body depth 

VBHA  vertebral body height anterior   

VBHP  vertebral body height posterior 

VBW  vertebral body width    
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1 1. Introduction 

During the last decade there have been considerable developments in new 

techniques of surgical treatments to stabilize and correct the human spine. Many 

approaches have been proposed for patient-specific modeling of the human spine 

to explore the correction of spinal deformities, such as scoliosis, by spinal 

instrumentation. The current increased interest in biomechanical models of the 

spine and spinal implants calls for a detailed knowledge of spine morphometry and 

relationships between geometrical dimensions of the vertebrae and the 

intervertebral discs. The malfunction of these structures due to spinal pathologies 

or accidents represents worldwide a high-cost for medical care (Hansson & 

Hansson 2000, Wenig et al. 2009). Accurate anatomical descriptions of the size, 

shape and orientation of the main structures of the human vertebrae and 

intervertebral discs are necessary for a variety of approaches and objectives: 

(1) The identification of clinical situations that are related to the 

morphometry of the spine structures, such as the incidence of low-back pain 

related to the spinal canal size (Porter et al 1980); the incidence of disc herniation 

dependent on the shape of the lumbar vertebrae (Frederick et al. 2001); rotational 

coupling in the spine or disc failure due to the orientation of the articular facets 

(Farfan & Sullivan 1967; Adams & Hutton 1983; Duncan & Ahmed 1989; Abumi et 

al. 1990). (2) The development of anthropological and forensic approaches for the 

identification of human remains where precise information about quantitative 

aspects of vertebral and intervertebral disc morphometry is required (Jason & 

Taylor 1995; Kósa & Castellana 2005; Yu & Lee 2008). (3) The understanding of 

both the normal and abnormal morphology of the spine in cases of spine disorders 

such as scoliosis and kyphosis (Manns et al 1996; Parent et al. 2004). (4) The 

development and use of implantable devices for spinal instrumentation, e.g. 

design of transpedicular fixation devices based on the size and orientation of the 

pedicles (Krag et al 1986, 1988; Berry et al. 1987; Zindrick et al 1987; Scoles et al. 

1988; Abuzayed et al. 2010); analysis of the vertebral morphometry in idiopathic 

scoliosis treated by pedicle screw instrumentation (Lilijenqvist et al. 2000; Parent 

et al. 2004); development of artificial intervertebral discs (Aharinejad  et al. 1990). 

(5) To compare morphometric similarities and differences of spinal structures of 

animals which are used as experimental models relative to the humane spine, e.g. 

vertebrae (Wilke et al. 1996, 1997a, 1997b; McLain & Yerby, 2002) and 
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intervertebral discs (O’Connell et al. 2007). (6) To build a base of anatomical data 

for the construction of accurate parameterized mathematical models of the human 

spine (Nissan & Gilad, 1984). 

Several quantitative studies have investigated the external geometry of the 

vertebrae and intervertebral discs of different regions of the human spine. 

Morphometric measurements with cadaveric vertebrae have been taken directly 

from bony specimens or have been obtained from medical images (e.g. plain 

radiographs, computed tomography (CT) or magnetic resonance imaging (MRI)). 

However, these in vitro studies have focused on only a specific anatomical 

structure such as the vertebral body (Larsen 1985a, 1985b; Hall et al. 1998), 

spinal canal (Huizinga et al. 1952; Jones 1978; Eisenstein 1976, 1977, 1983; 

Postacchini et al. 1983), pedicle (Zindrick et al. 1987; Krag et al. 1988; Marchesi et 

al. 1988; Moran et al. 1989; Olsewski et al. 1990) and articular facet joints (van 

Schaik et al. 1985a; Cotterill et al. 1986; Berry et al. 1987; Scoles et al. 1988; 

Ahmed et al. 1990; Boszczyk 1997; Ebraheim et al. 1997; Laporte et al. 2000; 

Masharawi et al. 2004, 2005, 2007a, 2007b; Wang & Yang 2009), in a limited set 

of structures (Berry et al. 1987), in a limited segment of the spine such as thoracic 

(Cotterill et al. 1986; Scole et al. 1988; Aharinejad et al. 1990) or lumbar (Berry et 

al. 1987; Boszczyk 1997; Semaan et al. 2001), or in a specific population group 

such as South African negroes (Eisenstein, 1977), Italians (Postacchini et al. 

1983), Japanese (Nojiri et al. 1990), Koreans (Lee et al. 1995) and Indians (Singh 

et al. 2011). The most complete collection of quantitative three-dimensional (3D) 

surface anatomy of the main vertebral parameters of the entire human spine was 

provided in Panjabi et al. (1991; 1992; 1993) (Figure 1). Since this dataset has 

been used in the current research, a detailed description of the measured 

parameters will be provided in the Chapters 2 and 3. 

In vivo, accurate assessment of the geometry of the vertebrae has been 

typically obtained through segmentation and 3D reconstruction of CT data (e.g. 

van Schaik et al. 1985b) or MRI (e.g. Dai 2001). These techniques provide 

accurate geometrical assessment, but since this process cannot be totally 

automated, a long processing time and considerable computational power is 

required for the manual or semi-automatic segmentation of the images. Moreover, 

as well as besides being an expensive method, for CT imaging the subject has to 

be submitted to relatively high doses of ionizing radiation, and since it is performed 
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with the patient in a supine position, changing in the spine posture should be 

considered (Yazici et al. 2001).  
 

 
 

Figure 1: Schematic representation of anatomical dimensions of the human thoracic vertebra. 
Tree orthogonal views, front (A), side (B), top (C), and an isometric view showing 
the coordinate system used to define these dimensions (D). (Panjabi et al. 1991). 

 

Geometrical dimensions of the human lumbar intervertebral discs are found 

in several studies (e.g. Farfan et al. 1972; Nissan & Gilad, 1986; Amonno-Kuofi 

1991; Eijkelkamp 2002; Shao et al. 2002; van der Houwen et al. 2010). However, 

the morphometry of the thoracic discs has received limited attention despite the 

thoracic spine being the most common site for spinal deformities such as kyphosis, 

lordosis and scoliosis. For example, accurate anatomical data on the disc heights 

including all levels of the thoracic spine of a representative adult population are 

very scarce. Few ex vivo studies have been carried out on the thoracic disc due to 

the difficulty in obtaining intact human specimens. Previous studies showed 

limitations either in accuracy, study population, parameters recorded, or disc level. 

Todd & Pyle (1928) measured only anterior heights of discs of male cadavers. 

Pooni et al. (1986) used only a few elderly cadavers, and the data were published 
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only as a percentage of the total spine height. Radiographic measurements by 

Goh et al. (1999) and Giles & Singer (2000) were performed for the investigation 

of thoracic kyphosis, but the anterior and posterior heights of the disc were not 

provided and only a segmental trend was reported. The measurements of thoracic 

disc heights by Pooni et al. (1986), Goh et al. (1999) and Giles & Singer (2000) 

were performed on plain radiographs. The repeatability of these measurements 

have been questioned due to a lack of the requisites needed to perform geometric 

measurements with relative accuracy such as the use of a standard vertebral 

position, control of the film-specimen-focus distances and optimal visualization of 

the bony landmarks (Pope et al. 1977; Andersson et al. 1981). Furthermore, in 

some of these investigations, errors due to radiographic magnification bias or 

inter- and intraobserver reliability of the radiographic measurements were not 

taken into account (Hurxthal 1968; Manns et al. 1986; Pooni et al. 1986). For 

example, Hurxthal (1968) and Manns et al. (1986) measured anterior disc height 

using radiographs of female patients but only a limited number of thoracic levels 

(from T5-6 to T11-12) were investigated.  

Planar radiography is the technique frequently used in clinical diagnosis and 

for evaluation of spinal deformities (Dupuis et al. 1985; Carman et al. 1990). Due 

to this fact, some approaches were proposed in recent decades to extract 

geometrical information of the spine from radiographs (Gilad & Nissan, 1986). The 

main advantage of these approaches is that radiography enables capture of the 

entire bony structures of the spine while being much less invasive and expensive 

than CT. The disadvantage is that radiographs are two-dimensional (2D) 

projections and do not allow direct assessment of 3D information of the spine’s 

structures. Therefore, the main problem that arises is in determining the real 

dimensions of the structures captured by X-rays as well as to identify their shape, 

position and orientation in all planes. The stereo-radiographic approach is an 

alternative procedure that has been proposed for 3D reconstruction of the spinal 

structures (e.g. Dansereau & Stokes, 1988). In this case, one film plane is used, 

and two exposures are made with different positions of the X-ray source (Aubin et 

al. 1997; Petit et al. 1998; Cheriet et al. 1999a, 1999b; Dumas et al. 2003, 2004; 

Kadoury et al. 2007a, 2007b). It provides good parameterized information about 

the vertebrae, but it is also time-consuming (due to the long process of 

identification of numerous anatomical landmarks) and resource-consuming 

requiring specific software and hardware. The most accurate methods to provide 
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vertebral parameters using radiographs are still the semi-automatic approaches 

(Pomero et al. 2004; Dumas et al. 2008). Benameur et al. (2005) proposed an 

automatic approach but it was limited to the lower lumbar spine. 

 

Statistical approaches for prediction of the human spine morphometry 
 

Several alternative approaches have been used to provide accurate anatomical 

data related to the morphometry of the human spine. Previous studies have 

investigated whether vertebral relationships could be used to predict vertebral 

morphometry using the statistical correlations between anatomical dimensions of 

the human vertebral structures. A statistical approach based on these 

relationships could eliminate the need for preliminary processing of medical 

images such as CT to provide anatomical data on the human spine. However, 

statistical analyses performed using simple linear regressions between the main 

parameters of the vertebrae and intervertebral discs (e.g. Gilad & Nissan (1986); 

Scoles et al. (1988); Skalli et al. (1993); Maurel et al. (1997); Breglia (2006)) found 

low or no correlations for some important parameters, such as the dimensions of 

pedicles. Scoles et al. (1988) for example, described the posterior structures of the 

vertebrae as being highly variable and largely unpredictable. Some studies used 

multiple linear regression analyses (e.g. Lavaste et al. 1992; Laport et al. 2000) to 

provide methods for the reconstruction of the human vertebrae from two 

radiographs (anterior-posterior (AP) and lateral). They used statistical relationships 

between vertebral dimensions to generate vertebral data for parameterized 

models of the spine. However, the models based on the generated parameters 

have a very simplified geometry and the ability to predict vertebral parameters with 

this approach has been questioned because no validation using a second set of 

experimental measurements was provided (Lavaste et al. 1992; Laport et al. 

2000).  

In all the studies described above, linear regressions were used to find the 

correlation between the vertebral or intervertebral disc parameters. No study was 

conducted to investigate whether a non-linear regression (e.g. exponential, 

logarithmic or polynomial) could provide better results. Furthermore, the 

relationships between anatomical dimensions of the vertebrae and intervertebral 

discs including the thoracic and lumbar spine have never been investigated. To 

the author’s knowledge, to date no report has presented a statistical approach for 
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useful predictors of intervertebral disc dimensions based on the size of the 

vertebral bodies. Such quantitative analysis could provide anatomical data for 

patient-specific modelling of the spine from only one or a few initial vertebral 

dimensions.  

Numerous studies have reported the impact of the use of the finite element 

(FE) method in conjunction with experimental studies to investigate the 

mechanical behaviour of the normal and pathological human spine (e.g. Gilbertson 

et al. 1995; Goel & Gilbertson, 1995). In FE modelling, an anatomical structure is 

divided into a finite number of elements that can interact with one another through 

their points of attachment. The important geometrical and material properties of 

this structure may be incorporated into the FE model and different types of 

structural analyses (e.g. static, dynamic) can be carried out by simulating a variety 

of clinical situations.  

 During the last decade, many biomechanical models have been proposed 

in order to simulate surgical correction of scoliosis supported by spinal 

instrumentation (Lafage et al. (2002, 2004); Duke et al. (2004); Dumas et al. 

(2005)). Scoliosis is a complex 3D structural deformity of the spine that involves 

morphological deformation of the vertebrae (e.g. asymmetrical pedicle length, 

spinous process deviation, facet joint asymmetry and intervertebral discs (Stokes, 

1994)). Such biomechanical models have been considered as a way to overcome 

the limitation of the clinical investigations and laboratory experiments with 

cadavers and animals. Since the accuracy and reliability of the mathematical 

modelling of the human spine depends directly on the geometry of the spinal 

structures, reliable biomechanical simulations of the behaviour of the human spine 

require 3D modelling of the complex anatomy of the vertebrae and intervertebral 

discs (Robin, 1994).  

Consider the articular facet joints, which are vertebral structures that play 

an important role in the biomechanics of the spine, because they transmit a 

significant percentage of the spinal loading, and provide translational, rotational 

and axial spinal stability (Lorenz et al. 1983; Adams & Hutton, 1993; Onan et al. 

1998). The physiological motion of the spine is thus strongly dependent on the 

shape, position and orientation of the AFJ (Taylor & Twomey, 1986; White & 

Panjabi, 1990). This issue has been investigated in normal and pathological 

conditions through FE models of the spine created from 3D reconstruction of CT 

images (Shirazi-Adl 1991, 1994; Zander et al. 2003; Schmidt et al. 2008a, 2008b, 
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2009). However, in cases of simulations of spinal deformities such as scoliosis, 

morphological changes in the anatomy of the AFJ such as facet height and width, 

and facet angles should be implemented in the computer models (Millner & 

Dickson, 1996; Maurel et al. 1997; Parent et al. 2002; Aebi, 2005). Since it is 

difficult to appropriately to modify the geometry obtained from CT reconstructions, 

FE models with a simple but parameterized geometry could be an alternative to 

these complex models. In parameterized models of the spine, different vertebral 

and disc geometries may be created merely by changing the input data or 

parameters that represent the anatomical dimensions (Maurel et al. 1997).  

Using an adequate statistical approach, the initial measurements of only a 

few dimensions on radiographs of patients (e.g. vertebral body height) could be 

enough for a rapid prediction of other dimensions (e.g. articular facet size or 

orientation) by using the relationships between them. Most surgical procedures for 

spinal deformity corrections are based on the average values of vertebral 

dimensions of a healthy spine, without taking into account the fact that each 

patient has a specific morphometry. A statistical approach allowing rapid 

acquisition of geometrical parameters specific to a given subject could be used 

both for clinical evaluation and for parameterized subject-specific modelling of the 

spine for biomechanical research.  

The objective of this cumulative PhD-thesis was to develop a statistical 

approach for the acquisition of subject-specific morphometry of the main thoracic 

and lumbar spinal dimensions from radiographic images. Some research 

questions related to spine morphometry that have not been sufficiently addressed 

in the previous studies have been formulated as hypotheses:  

(i.) The main vertebral and intervertebral disc dimensions can be measured on 

lateral radiographs with ease and accuracy.  

(ii.) There are unique vertebral dimensions that show good correlation between all 

other vertebral and intervertebral disc dimensions.  

(iii.) The result of these correlations depends on the inclusion or exclusion of given 

spinal levels (e.g. the transition regions) or the consideration of only a 

particular region of the spine (e.g. thoracic or lumbar).  

(iv.) A nonlinear regression would be able to better describe these correlations 

than a linear regression by means of an equation.  

(v.) It is possible to predict accurately vertebral and disc morphometry of the 

thoracic and lumbar spine from only one initial dimension  
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(vi.) It is possible to predict linear and angular dimensions of the vertebrae and 

intervertebral discs that are not visible on lateral radiographs.  

(vii.) It is possible to make specific predictions of the morphometry of the vertebrae 

and intervertebral discs for an individual using these equations.  

(viii.) It is possible to validate these prediction equations.  

In order to test these hypotheses, three studies concerned with the 

morphometry of the vertebrae and intervertebral discs of the thoracic and lumbar 

spine were carried out using a linear and nonlinear statistical approach. The 

results of these studies were published in three peer reviewed articles in the 

Journal of Anatomy being summarised in the following sections of this cumulative 

PhD-thesis (see the articles attached). In Chapter 2, a morphometric analysis 

performed with experimental vertebral data is described. Prediction equations 

were generated to estimate the main anatomical dimensions of the thoracic and 

lumbar vertebrae from the unique radiographic measurement of heights the 

vertebral bodies. A similar approach is presented in Chapter 3 to predict the 

articular facet joints morphometry taking into consideration the anatomical 

variation between the thoracic and lumbar vertebrae. Chapter 4 describes an ex 

vivo study for direct and radiographic measurements of the human thoracic 

intervertebral disc height. The radiological measurement error was calculated. 

Equations were generated for the prediction of the intervertebral disc height from 

measurement of the heights of vertebral bodies using a similar statistical 

approach.  

 

2 2. Prediction equations for human thoracic and lumbar 

vertebral morphometry  

Published in: Kunkel ME, Schmidt H, Wilke H-J (2010) Prediction equations for human 

thoracic and lumbar vertebral morphometry. J Anat 216, 320-328.  

 

Statistical correlations between anatomical dimensions of vertebral structures 

have indicated a potential that could be applied to provide geometric data for the 

development of simplified geometrical models of the spine while excluding the 

need for preliminary processing of medical images (e.g. Scoles et al. 1988; 

Lavaste et al. 1992; Laporte et al. 2000; Breglia, 2006). In this study, linear and 
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nonlinear regressions were performed for the generation of prediction equations 

for 20 vertebral parameters of the human thoracic and lumbar spine as a function 

of only one given vertebral parameter that could be measured from radiographs.  

The complex geometry of the thoracic and lumbar vertebrae from the level 

T1 to L4 was simplified as 21 vertebral parameters related to the end-plate, 

vertebral body, pedicle, spinal canal, and spinous and transverse processes 

(Figure 2). The vertebral data were obtained from the cadaveric studies of Panjabi 

et al. (1991; 1992; 1993). This data set represents an average of a non 

pathological adult population including the means values of 15 linear and 6 

angular parameters of 12 human cadavers. The mean age of the subjects was 

46.3 years (range: 19 – 59 years), weight was 67.8 kg (range: 54 – 85 kg), height 

was 167.8 cm (range: 157 – 178 cm), and the male / female ratio was 8:4.  

 

 

 
Figure 2: Schematic representation of the 21 vertebral parameters that were considered 

for linear and nonlinear regression analyses. 
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Each of these 21 vertebral parameter was considered and tested 

individually as a predictor variable. The parameters were individually regressed 

against the possible predictor variable by a least-squares estimation process. 

Based on the level of correlation with the other parameters and ease of 

measurement on lateral radiographs, the parameter VBHP was chosen and the 

statistical analyses described in this study are related to this parameter. Linear 

and nonlinear regression analyses were employed to find the best functions to fit 

each parameter in a prediction equation. The following hypotheses were tested: (i) 

a function could not fit the data significantly better than a horizontal line; (ii) a 

second-order equation could not fit the data significantly better than a linear 

equation; (iii) a third-order equation could not fit the data significantly better than a 

second-order equation, and so on. 

The statistical procedure performed on each parameter corresponds to four-

steps: Consider the parameters EPWS and VBHP (Figure 3): (1) Least-squares 

estimation was used to find equations to describe the relationship between EPWS 

and VBHP. Initially, a linear regression was performed, fitting an equation of the 

form y = C1 + C2x to the data. The variance of the EPWS was determined by the 

R2 value. A logarithmic and an exponential curve with equations of the form y = C1 

+ C2ln(x) and y = C1e
C

2
x, respectively, were then used to test the increase in R2. 

Next, polynomial equations including more coefficients (C1, C2, C3, C4, etc.) were 

used to find the best fit. This was continued until adding another higher-order term 

did not significantly increase R2. (2) An analysis of variance was performed to 

select the best prediction equation. High values of R2 associated with a P-value < 

0.01 indicated the third-order polynomial as the best-fitting equation. (3) It was 

evaluated how the selected nonlinear equation fits the EPWS data significantly 

better than a linear equation by superimposing experimental values. (4) The 

predictability of the best-fitting equation was evaluated using experimental data 

from two further datasets (Berry et al. (1987); Scoles et al. (1988)). 
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Figure 3:  Description of the statistical procedure for the parameters EPWS and VBHP of the 
thoracic and lumbar spine. Set of prediction equations generated from linear, 
logarithmic, exponential and polynomial regression analyses (y is the value of 
EPWS and x is the VBHP on each vertebral level).  

 

 

 

 

The linear, exponential and logarithmic regressions provided significant 

predictions of parameters related to the anterior vertebral structures from the 

values of VBHP. However, third-order polynomial prediction equations allowed an 

improvement on these predictions (P-values < 0.001), e.g., end-plates and spinal 

canal (R2; 0.970-0.995) as well as pedicle heights and the spinous process (R2; 

0.811-0.882), in addition to a reasonable prediction of the parameters of the 

posterior vertebral structures which have shown a low or no correlation with VBHP 

in previous studies, e.g., pedicles inclination and transverse process (R2; 0.514-

0.693) (ANOVA). The inclusion of more than four coefficients increased the R2 

values but the obtained correlations did not significantly improve the parameter 

predictions. The polynomial predictions were generally within or close to the 

regions of the 95% confidence intervals of the experimental data of Panjabi et al. 

(1991; 1992) (Figure 4). Comparisons of the theoretical predictions with two sets 

of experimental data indicated that the predictions generally agree well with these 

data (Figure 5).   
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Figure 4: Linear and polynomial predictions of two selected vertebral parameters (EPDS and 

EPIS) superimposed on experimental data of Panjabi et al. (1991a, 1992)*. Dotted 
curve indicates standard deviation of the experimental data. 

 

       
       

 
 
 
 
 
 
 
 
 
 
 
Figure 5: Comparison of two predicted vertebral parameters (PHL and EPWS) with corres-

ponding experimental data in selected vertebrae. The means and 95% confidence 

intervals (dotted lines) of the experimental and predicted values are shown. 

 

The present study provided a time efficient approach for the prediction of 

morphometry of the human thoracic and lumbar vertebrae. It allows a better 

understanding of statistical correlations between these vertebral dimensions and 

could be used to provide data for geometrical modeling of the human vertebrae. It 

requires the measurement of only one parameter per vertebra (VBHP) from a 

lateral radiograph, and the set of developed prediction equations. Vertebral 

models based on this type of parameterized geometry could be used in 

biomechanical studies which require variation of the geometry, such as in spinal 

deformations, including scoliosis. All correlation coefficients found in the current 

study were considerably better than the values obtained in previous studies. 

Scoles et al. (1988) reported the impossibility to establish useful predictors for 

pedicle dimensions based on the size of the vertebral body; Lavaste et al. (1992) 

developed a method to reconstruct lumbar vertebral geometry from radiographs 
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using multiple-linear regression analysis, requiring six given parameters per 

vertebra to predict the vertebral geometry with a digitalization process that showed 

a relative error of approximately 15%; Laporte et al. (2000) required the 

measurement of 15 parameters per thoracic vertebra from radiographs in order to 

predict each other parameter; Breglia (2006) used only linear regressions with the 

same data from Panjab as used in the current study and could not predict the 

parameters related to posterior structures.  

The differential in the current study in relation to these previous studies is 

based on two facts that were considered in the statistical analyses: (1) The data 

corresponding to the vertebral level L5 were not included in the regressions. 

Several studies reporting the remarkable morphological differences found in the 

structures of this vertebral level when compared with the neighbouring vertebrae 

as due to L5 to being in a transition zone, from lumbar to sacral region (Berry et al. 

1987; Zindrick et al. 1987; Scoles et al. 1988; Panjabi et al. 1989; 1992). (2) Linear 

and nonlinear regressions were tested and compared. The relationships between 

the vertebral variables follow a curved line, not a straight line. Fitting a nonlinear 

equation such as polynomial regression provides better results because 

polynomial equations can be used to create a generic curve through the data 

points; more coefficients better fit the data.  

There are three advantages to the use of the developed approach to predict 

20 vertebral parameters per vertebral level (T1-L4) with radiographic 

measurement of the VBHP. This reduces by approximately 94% the need for 

individual measurement of 20 parameters per vertebral level; it provides 

information about the angular parameters that were not measurable in 

radiographs; and since this statistical approach is based on the geometrical 

relationships between the vertebrae, the measurement of the VBHP of a subject 

provides parameters taking into account geometric characteristics specific of the 

subject.  
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3. Prediction of the human thoracic and lumbar 

articular facet joint morphometry from radiographic 

images  

Published in: Kunkel ME, Schmidt H, Wilke H-J (2011) Prediction of the human thoracic 

and lumbar articular facet joint morphometry from radiographic images. J Anat 218, 191-

201.  

 

Although it is well known that some dimensions of the articular facet joints (AFJ) 

(e.g. facet height / width or facet angles) play a major role in spinal deformities 

such as scoliosis, little is known about statistical correlations between these 

dimensions and the size of the vertebral bodies. Breglia (2006) investigated only 

two AFJ parameters and a poor correlation between them and the VBHP was 

found. Other studies that investigated statistical correlations between AFJ 

parameters and many other parameters reported that a unique parameter could 

not provide an accurate prediction (Lavaste et al. 1992; Skalli et al. 1993; Maurel 

et al. 1997; Laport et al. 2000). It would be of clinical interest to use such 

relationships for subject-specific predictions of AFJ parameters for mathematical 

modelling of the spine from a single dimensions measurable from radiographs. 

The aim of this study was to generate prediction equations for 20 parameters of 

the human thoracic and lumbar AFJ from T1 to L4 as a function of only one given 

parameter, the VBHP.  

In order to carry out statistical analyses, the anatomical measurement of the 

VBHP and 20 anatomical measurements related to the size and orientation of the 

human thoracic (T1-12) and lumbar (L1-4) AFJ were selected from the data of 

Panjabi et al. (1991; 1992; 1993) (Figure 6). To perform linear and nonlinear 

regression with these data, the same methodology used in the Chapter 2 (Kunkel 

et al. (2010)) was adopted with the parameter VBHP as the predictor variable. 

However, due to the existence of a considerable difference between the 

morphometry of the AFJ in the thoracic and lumbar regions, a modification was 

introduced in order to achieve a better prediction of the AFJ parameters. It refers 

to separate regressions using thoracic (T1-12) and lumbar (L1-4) data together, 

thoracic data alone, and lumbar data alone. (1) The identification of the best 

prediction equations was based on values of R2 > 0.5 associated with a probability 
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level of P-value < 0.05 and a standard error of the estimate (SE) < 30% of the 

standard deviations of the experimental data of Panjabi et al (1993). For validation, 

the theoretical predictions were plotted against the experimental data of Panjabi et 

al. (1993) and Cotterill et al. (1986).  

 

Figure 6: Schematic representation of the anatomical parameters that were considered for  
linear and nonlinear regression analyses: Vertebral body height posterior and 
dimensions of the articular facet joints linear and angular.  

 
Third-order polynomial regressions in contrast to the linear, exponential, 

logarithmic and polynomial regressions with other orders provided the best results 

with significant correlations between each of the AFJ parameters and VBHP. The 

polynomial regressions using the thoracic and lumbar data together showed 

variable correlations with VBHP (R2, from 0.516 to 0.950) providing significant 

prediction equations for all selected AFJ parameters from VBHP (an exception 

was FWSL). When considering the polynomial regressions for only the thoracic 

data (T1-12), this resulted in improvements for predictions of 70% of the thoracic 

AFJ parameters such as an increase of R2 (from 0.650 to 0.973), an increase in 
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the significance and a decrease of SE. Polynomial regressions considering only 

lumbar data (L1-4) did not reach the minimum criteria required for the selection of 

the prediction equations and  the polynomial coefficients obtained from the 

regressions using the thoracic and lumbar data together were used. Third-order 

polynomial regressions provided moderate to high correlations between the AFJ 

parameters and VBHP (e.g. facet height superior and interfacet width (R2, 0.605-

0.880); facet height inferior, interfacet height and sagittal / transverse angle 

superior (R2, 0.875 - 0.973)). Different correlations were found for facet width and 

transverse angle inferior in the thoracic (R2, 0.703 - 0.930) and lumbar (R2, 0.457 - 

0.892) regions.  

Comparisons with experimental data of Panjabi et al. (1993) showed that 

the best predictions were found for FHIR with a mean percent error of 

approximately 14% in T12 and a maximal error of 7% in all other levels. The 

largest error of approximately -17% was found for FHSL predictions in the lumbar 

level (Figure 7). High correlations were found for TASL with VBHP for all levels 

(R2, 0.785–0.938). TAIR displayed a poor correlation (R2 = 0.526) for the lumbar 

levels (Figure 7). The predictions with the data of Panjabi et al. (1993) showed the 

largest mean percent error of approximately 10%. Comparison of the predictions 

of the interfacet heights and width with experimental data of Cotterill et al. (1986) 

indicated mean percent errors < 16%, with the exception of the thoracolumbar 

junction (T12 - L1).  

The best predictions of facet orientations were found for the transverse 

angles, probably because these parameters show very little variability within the 

vertebrae from T1 to L4. Notably in the midthoracic region (i.e. T3-8) excellent 

predictions with errors < 10% could be achieved for most parameters of the AFJ. 

In contrast, in the thoracolumbar junction (T12-L1) were found predictions with 

errors of up to -15% for all sagittal angles. This was due to the large variability of 

this region within individuals being the AFJ either frontally oriented as in the 

thoracic vertebrae or sagittally oriented as in the lumbar vertebrae. This is in 

accordance with Goel & Weinstein (1990) and Masharavi et al. (2004) who 

showed that the morphology of the first lumbar vertebra is distinct from the other 

vertebrae with a transition from the typically thoracic to the lumbar vertebra. 
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Figure 7: Polynomial predictions of some linear (FHIR and FHSL) and angular (TASL and 

TAIR) parameters of the thoracic and lumbar articular facet joints from VBHP, 
superimposed on experimental data of Panjabi et al. (1993)*. Dotted curves indicate 
standard deviation of both the predictions and experimental data. R2 is provided for 
thoracic and for lumbar levels. Only mean percent errors > 5% for all vertebral 
levels are shown.  

 

Due to the superposition of several anatomical structures, specifically in the 

sagittal thoracic region of the spine, the direct measurement of the main AFJ 

parameters considering each vertebral level cannot be performed using lateral 

radiographs. Moreover, the lumbar AFJ are difficult to image with radiographs 

because they are both curved and oblique to the sagittal plane. The advantage of 

using the generated set of prediction equations is the capability to obtain size and 
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orientations of the AFJ considering individual variability from only a single 

parameter per vertebra (VBHP) measurable on a lateral X-ray. It could be used to 

provide data for parameterized finite element modelling considering patient-

specific AFJ morphometry (Figure 8).  

 

 
Figure 8: Geometrical model of the thoracic spine including the articular facet joints. The 

VBHP obtained from lateral radiographs allowed generation of AFJ data using the 
set of prediction equations. 

 

This study showed that it was possible to establish useful predictors for 

human thoracic and lumbar AFJ parameters based on the size of the vertebral 

body. The generated set of prediction equations enables fast acquisition of 20 

geometrical parameters of the AFJ as a function of a single parameter (VBHP) 

which is measurable in lateral radiographs. Since the vertebral body height is 

unique for each person and vertebral level, the predicted AFJ parameters are also 

specific to an individual. This approach could be used for parameterized patient-

specific modelling of the spine to explore the clinically important mechanical roles 

of the articular facets in pathological conditions, such as scoliosis. 
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4. Morphometric analysis of the relationships between 

intervertebral disc and vertebral body heights: An 

anatomical and radiographic study of the human 

thoracic spine  

Published in:  Kunkel ME, Herkommer A, Reinehr M, Böckers TM, Wilke H-J (2011) 

Morphometric analysis of the relationships between intervertebral disc and vertebral body 

heights: An anatomical and radiographic study of the human thoracic spine. J Anat 219, 

375-387.  

 

Morphometric studies on the human intervertebral discs have focused on the 

cervical and lumbar regions, resulting in limited data on the thoracic region. 

Intervertebral disc height is an important dimension often used as a diagnostic tool 

in orthopaedics as well as in mathematical modeling of the human spine. The main 

aim of this study was to measure the human thoracic intervertebral discs heights 

by direct and radiographic measurements. Additionally, the heights of the vertebral 

bodies were measured, and the prediction of the disc heights based on the 

vertebral bodies was investigated. 

 Five different heights of the intervertebral discs and vertebral bodies were 

measured directly and on radiographs of 72 cadaveric spine segments of 15 

females (mean age of 58.67 ± 10.74 years, range: 43-80 years) and 15 males 

(mean age of 56.20 ± 11.65 years, range: 37-79 years) (Figure  9). Six segments 

were available for each spinal level from C7-T1 to T11-12. A grading system 

indicated that only mild to moderate degenerative changes were found in the discs 

and end-plates. Three adimensional morphometric indices were calculated based 

on studies for lumbar intervertebral discs (Twomey & Taylor 1987; Amonoo-Kuofi 

1991).  

Lateral radiographs of each spine segment were made using a Faxitron 

automatic X-ray (Hewlett Packard, Mc Minnville, USA). For the radiographic 

measurements, individual radiographs were placed on a viewing table and eight 

anatomical landmarks were identified using Farfan’s method (1973) (Figure 9). 

The disc and vertebral heights were measured using an electronic digital caliper 

with an accuracy of ± 0.05 mm. Frozen spinal segments were sectioned in the 

horizontal plane through each of the upper and lower vertebral bodies. A saw 
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microtome was used to produce sagittal sections of the discs (Leica SP4000, 

Leica Microsystems, Wetzlar, Germany). A sliding vernier caliper was used for the 

measurement of the disc heights (Mitutoyo, Absolute Digimatic, Tokyo, Japan).  

Each set of radiographic and anatomical measurements was carried out by 

two observers. Inter- and intra-observer errors were examined and expressed as a 

coefficient of variation (CV). Linear regression was used to examine the correlation 

between the radiographic and anatomical measurements, and to calculate the 

accuracy of the radiographic one. The heights of the discs and the vertebral 

bodies were individually regressed by a least-square estimation process based on 

Kunkel et al. (2010). Linear and nonlinear regression analyses were employed to 

find the best functions to fit each of these parameters in a prediction equation.   

     

     
 
Figure 9: Morphometric parameters and indices of the thoracic intervertebral disc. The 

anatomical landmarks used are indicated by white arrowheads. In the lateral 
conventional radiographs of the spinal segments (a) and in the sagittal sections of 
the specimens (b). The images are from a thoracic segment (T9-10) of a 57 year 
old female donor. 
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The parameters ADH, VBHA and VBHP were chosen as predictor variables 

because they could be measured on the radiographs with an acceptable accuracy. 

An ANOVA was performed to define the significance of the prediction equations 

(P-value < 0.05) that were evaluated using experimental data of Todd & Pyle 

(1928). Radiographic measurements of the disc heights displayed lower 

repeatability and were shorter than the anatomical ones (approximately 9% for 

anterior and 37% for posterior heights). The disc height measurements were better 

repeated when obtained directly from the discs (CV = 0.79 - 0.93) than from the 

radiographs (CV = 0.49 - 0.82). A lower repeatability was found for radiographic 

measurement of the PDH (CV= 0.49). Anatomical measurements were reproduced 

with errors ranging from 1.7% to 6.1% for ADH, 17% to 26.1% for PDH, and 1.7% 

to 5.1% for VBHA and VBHP. The thickness of the discs varied from 4.5 to 7.2 

mm, with the middle heights approximately 22.7% greater. There was a constant 

relationship between the disc thickness and the vertebral bodies’ heights at all 

levels (ratio disc : body of approximately 1:4.1).  

 In general, the disc heights showed good correlations with the vertebral 

body heights (R2, 0.659-0.835, P-values <0.005) (ANOVA). An exception was the 

MDH, for which no significant correlations were found (R2 < 0.6, P-value > 0.05). A 

set of 10 polynomial equations was generated for the prediction of thoracic disc 

heights from parameters that could be accurately measured on the radiographs 

(ADH, VBHA and VBHP). The polynomial predictions were generally within or 

close to the region of the 95% confidence intervals of the experimental data 

measured in the current study (Figure 10).  
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Figure 10: Radiographic values of the VBHP were used for predictions of the parameters 

ADH, PDH and VBHA at all levels of the thoracic spine. The predicted values 
were superimposed on experimentally measured anatomical data. Dotted and 
continuous curves indicate SD. Mean percent errors of the predictions larger than 
10% are indicated. Po, posterior; an, anterior; cr, cranial; ca, caudal. 

 

The evaluation of the predictability of the regression equations using VBHA 

and VBHP of the dataset of the radiographic measurements showed that good 

results could be obtained. Using the dataset of Todd & Pyle (1928), a comparison 

of predicted PDH from radiographic ADH showed a greatest error of approximately 

-13% in the upper and -17% in the lower regions of the thoracic spine. 

In the current study, the two main sources of ambiguity found in 

radiographic measurements of disc heights (the disc orientation with respect to the 

central X-ray beam, and the estimation of differences among different observers) 
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were minimized using the recommendations of Pope et al. (1977) and Andersson 

et al. (1981). The difficulty in identifying the bony landmarks was overcome by 

strictly controlling the vertebral position, and preserving the relationships between 

the intervertebral discs and the vertebral bodies. The radiographic ADH and PDH 

measurements were shorter than the anatomical ones probably because the 

anatomical measurements included the cartilaginous end plates that cannot be 

readily identified on radiographs. Comparison of these direct and radiographic 

measurements with other studies was difficult due to the fact that there are few 

comparative data in the literature (e.g. no published data related to MDH was 

found). For ADH, a good agreement was found with anatomical values of Todd & 

Pyle (1928), and radiographic values of Manns et al. (1986) and Giles & Singer 

(2000), although the same was not found for the radiographic PDH values 

compared with Giles & Singer (2000). 

As expected, the radiographic measurements of the thoracic VBHA and 

VBHP showed very good agreement with the literature (Todd & Pyle, 1928; 

Cotterill et al. 1986; Berry et al 1987; Scoles et al. 1988; Panjabi et al. 1991; 

1992). The generated set of regression equations allowed prediction of the 

thoracic disc heights from radiographic measurement of the VBHP. ADH could be 

predicted, with a largest error of approximately 26% and MDH could only be 

predicted from ADH (largest error of approximately 15%). For estimation of PDH, 

both ADH and vertebral heights provided good predictions. From the 

measurement of the vertebral height were predicted values of PDH with 

approximately 26% error; which was less than the radiographic measurement. For 

the creation of parameterized models of the human thoracic discs, the use of 

these prediction equations could eliminate the need for direct measurement on 

intervertebral discs reducing the error produced by radiographic measurements for 

the posterior disc heights (Figure 11). 

 

I 
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Figure 11: Example of a geometrical model of the thoracic intervertebral discs. The VBHP 

obtained from lateral radiographs allowed generation of the disc data using the 
prediction equations. 

  

 This study provided an accurate database for the thoracic intervertebral disc 

heights besides of a statistical approach to predict these parameters from 

radiographic measurements of the VBHP. This may serve as an anthropometric 

reference for mathematical modelling as well as for anatomical and biomechanical 

studies of the human spine.  

 

PDH ADH MDH 
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3 5. Conclusion 

In this PhD-thesis, the morphometric relationships between anatomical data of the 

human thoracic and lumbar vertebrae and thoracic intervertebral discs were 

described by linear and nonlinear regression analyses. It allowed the generation 

and validation of a set of regression equations for the prediction of 40 vertebral 

and 3 intervertebral disc dimensions per spinal level from the unique measurement 

of the vertebral body height posterior (VBHP) on lateral radiographs. As the VBHP 

is unique for each person and vertebral level, the predicted parameters are also 

specific to an individual. This statistical approach for the acquisition of subject-

specific morphometry of the main thoracic and lumbar spinal dimensions from 

radiographic images may be applied to the construction of parameterized subject-

specific models of the spine based on X-ray images alone. Such models allow the 

performance of studies based on variation of geometry without the need for 

expensive, invasive and time-consuming data collection, such as direct 

measurement or reconstruction of medical images.  

The hypotheses that were formulated at the beginning of this manuscript 

were tested and the results showed that: (1) There are only some vertebral 

dimensions that are measurable on lateral radiographs with ease and accuracy 

(EPDS, EPDI, VBHA, VBHP and SPL) (Figure 2). No AFJ dimension can be 

measured on lateral radiographs with ease and accuracy (Figure 6). The 

intervertebral disc heights cannot be accurately measured on lateral radiographs, 

the lower repeatability was found for the posterior heights (Figure 9). (2) It was 

possible to find moderate (e.g. pedicles inclination and transverse process) to high 

(e.g. the dimensions related to end-plates, spinal canal, heights of pedicles and 

spinous process) correlation between the investigated dimensions and only one 

dimension measurable on radiographs, the VBHP. In relation to AFJ parameters, a 

good correlation was found for the linear dimensions (heights, widths and 

interfacet distances) and orientations (transverse and sagittal angle) with vertebral 

body heights. With the exception of the middle disc height, it was possible to find 

moderate to good correlations for the thoracic intervertebral disc heights and the 

VBHP. (3) The exclusion of the vertebral dimensions related to the level L5 

improved all the correlations. With the exception of the AFJ dimensions, there was 

not found better correlations between the vertebral dimensions considering only 

the thoracic or only the lumbar spine. It was found better correlations between the 
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linear and angular AFJ dimensions considering only the thoracic levels. 

Correlations considering only lumbar data on AFJ did not satisfy the criteria 

required and for this reason correlations using the combined thoracic and lumbar 

data together were used. (4) The analysis of covariance indicated that nonlinear 

regressions (third order polynomial) were able to describe these correlations better 

than linear regressions. (5) Using the measurement of only the VBHP and the 

generated set of prediction equations, it was possible to predict vertebral 

morphometry of the thoracic and lumbar spine with the exception of the level L5 . 

For AFJ dimensions, the best predictions were achieved for the thoracic levels that 

showed a mean error of approximately 10%, while the lumbar level displayed a 

mean error of approximately 16% (ANOVA). Using the measurement of only the 

VBHP and the generated set of prediction equations, it was possible to predict 

thoracic intervertebral disc heights with an error less than the error of direct 

measurement. (6) Many vertebral dimensions that are not visible and that cannot 

be measured on lateral radiographs could be predicted with this statistical 

approach (e.g. EPWS, EPWI, PWL, PWRPSI, PSIL, SCW, SCD and TPW). All the 

selected AFJ dimensions that are not visible and that cannot be measured on 

lateral radiographs could also be predicted. The middle intervertebral disc height 

of the thoracic spine that does not show a good visibility on lateral radiographs 

could also be predicted. (7) The radiographic measurement of the VBHP in the 

thoracic and lumbar levels of the spine of a subject allowed specific predictions for 

this subject. (8) The regression equations could be validated for some vertebral 

dimensions by comparisons of predictions with experimental data. For the thoracic 

intervertebral discs, the regression equations could only be validated for the 

posterior disc heights by comparisons of predictions with experimental data.  
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4 6. Summary 

Adolescent idiopathic scoliosis is the most common form of scoliotic deformations 

of the human spine. Severe cases of scoliosis are treated surgically using rigid 

implants. However, there is a lack of consensus on the choice of surgical 

approach and instrumentation to correct the scoliotic spine. Therefore, the 

morphometric aspects of the scoliotic spine and the effects of different types of 

implants should be more investigated. Such investigation requires the 

development of mathematical models with patient-specific and modifiable 

geometry. Statistical correlations between anatomical dimensions of human 

vertebral structures indicate a potential for the prediction of vertebral 

morphometry. This approach could allow prediction of vertebral and intervertebral 

disc morphometry from a unique initial dimension.  

The aim of this research was to perform linear and nonlinear regression 

analyses with published and measured anatomical data to generate prediction 

equations for vertebral and intervertebral disc dimensions of the human thoracic 

and lumbar spine as a function of only one given dimension measurable by X-ray. 

Each vertebral parameter was considered individually as a potential predictor 

variable in terms of its correlation with all of the other parameters, together with 

the ease of measurement in lateral radiographs. The parameter vertebral body 

height posterior was chosen and the statistical analyses described in this research 

are related to this parameter.  

Third-order polynomial regressions, in contrast to the linear, exponential 

and logarithmic regressions provided moderate to high correlation between the 

thoracic and lumbar vertebral body heights and the vertebral anterior and posterior 

structures (endplates and spinal canal (R2, 0.970–0.995); pedicle heights and the 

spinous process (R2, 0.811–0.882)), in addition to a reasonable correlation of the 

posterior vertebral structures, which have shown a low or no correlation in 

previous studies (pedicle inclination and transverse process (R2, 0.514–0.693); 

facet height superior and interfacet width (R2, 0.605–0.880); facet height inferior, 

interfacet height and sagittal ⁄ transverse angle superior (R2, 0.875–0.973)). 

Different correlations were found for facet width and transverse angle inferior in 

the thoracic (R2, 0.703–0.930) and lumbar (R2, 0.457–0.892) regions. (P-values < 

0.001, ANOVA). The anterior, middle and posterior heights of the thoracic 

intervertebral discs were measured directly and on radiographs of 72 spine 
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segments from 30 donors (age 57.43 ±11.27 years) for all levels of the thoracic 

spine. The thickness of the discs varied from 4.5 to 7.2 mm, with the middle 

heights approximately 22.7% greater. Radiographic measurements displayed 

lower repeatability and were shorter than the anatomical ones (approximately 9% 

for anterior and 37% for posterior disc heights). The disc heights showed good 

correlations with the vertebral body heights (R2, 0.659-0.835, P-values < 0.005) 

(ANOVA). A set of 50 equations was generated for the prediction of the vertebral 

and intervertebral discs dimensions based on the radiographic measurement of 

the vertebral body height posterior. It was possible to establish useful predictions 

for all investigated dimensions based on the size of the vertebral bodies. 

Comparisons of the theoretical predictions with other sets of experimental data 

indicated that the predictions generally agree well with the experimental data. 

 New data on thoracic disc morphometry was provided in this study. A time-

efficient approach for obtaining anatomical data for the description of human 

thoracic and lumbar vertebral and disc geometry was provided by this method, 

which requires the measurement of only one parameter per vertebra (vertebral 

body height posterior, which is readily performed on lateral radiographs) and the 

set of developed prediction equations. As the vertebral body height is unique for 

each person and vertebral level, the predicted dimensions are also specific to an 

individual. This approach eliminates the need for direct measurement or 3D 

reconstructions from medical images for creation of parameterized patient-specific 

modelling of the scoliotic spine. 
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