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Structured Abstract 

Study Design 

Analysis of positional magnetic resonance images of normal volunteers. 

Objectives 

To compare the reliability and precision of an active shape model to that of conventional 

lordosis measurements/ 

Summary of Background Data 

Characterisation of lumbar lordosis commonly relies on measurement of angles; these have 

been found to have errors of around 10
o
. 

Methods 

T2 weighted sagittal images of the lumbar spines of 24 male volunteers in the standing 

posture were acquired using a positional MR scanner. An active shape model of the vertebral 

bodies from S1 to L1 was created. Lumbar lordosis was also determined by measuring the 

angles of the superior end-plates. All measurements were performed twice by one observer 

and once by a second observer. 

Results 

The shape model identified two modes of variation to describe the shape of the lumbar spine 

(mode 1 described curvature and mode 2 described evenness of curvature). Significant 

correlations were found between mode 1 and total lordosis (R = 0.97, P < 0.001) and between 

mode 2 and mean absolute deviation of segmental lordosis (R = 0.80, P < 0.001). Intra- and 

inter-observer reliability was higher for the shape model (ICCs 0.98 – 1.00) than for the 
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lordosis angle measurements (ICCs 0.68 – 0.99). The relative error of the shape model (mode 

1 = 4 %; mode 2 = 9 %) was lower than the conventional measurements (total lordosis = 10 

%). 

Conclusions 

The shape of the lumbar spine in the sagittal plane can be comprehensively characterised 

using a shape model. The results are more reliable and precise than measurements of lordosis 

calculated from end-plate angles. 
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Mini Abstract 

An active shape model was used to characterize the shape of the lumbar spine from positional 

MRI images of 24 male volunteers in the standing posture. The results of the model were 

more reliable and precise than the conventional method that uses end-plate angle 

measurements to characterize the lumbar lordosis. 
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Introduction 

Characterising the natural curvature of the lumbar spine in the sagittal plane (the lumbar 

lordosis) is of interest for a variety of clinical, biomechanical and ergonomic reasons. The 

spinal shape influences design of seating in the workplace, in transport and in assessing 

posture in an attempt to prevent low back pain. A variety of methods have been proposed for 

characterising the internal curved shape from radiographs and MR images (1-4). The ones that 

are most commonly used involve determining the angles between lines placed tangentially to 

the vertebral body end-plates. A measure of the total lordosis, for example, may be 

determined from the angle of the superior end-plate of the most cephalad lumbar vertebra 

(L1) with respect to that of the superior end-plate of the sacrum (S1). A measure of how the 

total lordosis is distributed may be estimated from the superior end-plate angle of the other 

lumbar vertebrae (L2 – L5) with respect to S1 or with respect to the superior end-plate of 

neighbouring vertebrae (Figure 1). Variations on this method involve determining the angles 

made by lines connecting the vertebral body centroids (4) or placed tangentially to the lateral 

surfaces of the vertebral bodies (3). A number of studies have assessed the methods that 

involve angle measurements and found them all to have good inter- and intra-observer 

reliability (5-8). The precision has also been investigated, suggesting that the measurement 

error is up to 10
o
 (5-8). Although this may be acceptable when measuring the total lordosis, it 

is large compared to the changes in segmental lordosis observed when, for example, changing 

posture (9). The magnitude of the error stems from the fact that the methods rely on a 

relatively small amount of information to measure lordosis. A line placed tangentially to the 

end-plate, for example, utilises only two points. The uncertainty in selecting these points is 

further increased when the normal end-plate architecture is disrupted or obscured (5-6). 
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One way of avoiding this, and utilising much more of the information in the image, is to use a 

method of describing morphology that does not depend on measurement of angles, such as 

Active Shape Modelling (ASM). ASM and, more recently, Active Appearance Modelling 

(AAM), are image processing methods used to locate and characterise particular objects in a 

set of images (10). Each image in the set is marked with a number of landmark points, placed 

around the object of interest. The points are then aligned into a common co-ordinate frame by 

scaling, translating and rotating; this means that size differences and rigid body translations 

are removed. Principal component analysis is then used to determine how the position of the 

points varies; separating the overall variation in the shape of the object into distinct, 

statistically independent, ‘modes of variation’. Once the model has been created it can be used 

to characterise the shape of the object in each image in terms of these modes. The images are 

assigned a score for each mode describing how many standard deviations they lie from the 

mean of all the images. The model may also be used to locate and characterise similar objects 

in new images (11-12). The purpose of the current study was to create a shape model of the 

lumbar spine in the sagittal plane to characterize the lordosis and to compare the reliability 

and precision of the model with that of conventional lordosis measurements. 
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Materials and Methods 

Subjects 

Magnetic resonance (MR) images of the lumbar spine from 24 male volunteers in a standing 

posture were used for this study. The images were part of a dataset that had been acquired for 

a previous study (13). Approval from a local Research Ethics Committee had been obtained 

and all subjects had given their informed consent. None of the subjects reported any 

symptoms of low back pain and had only minor or no degenerative changes in their lumbar 

discs. The median age of the subjects was 26 years (range 20 – 55 years). 

MR imaging 

The subjects were imaged using a Fonar 0.6 T Upright 
TM

 positional MRI scanner (Fonar 

Corporation, Melville, New York). T2 weighted para-sagittal images were acquired using the 

following parameters: TR = 3262 ms, TE = 140 ms, N = 2. Eleven slices were obtained; each 

with a thickness of 4.5 mm and a gap of 0.5 mm. A 30 cm field of view was used with an 

acquisition matrix of 256 x 200. The data were subsequently reformatted onto a 256 x 256 

matrix for image processing. The MRI slice closest to the mid-sagittal plane of the spine (as 

defined by observing the spinal canal to be wider than in adjacent slices) was selected and 

converted to JPG format. 

Shape modelling 

An active shape model of the lumbar spine was created using the Active Appearance 

Modelling software tools from the University of Manchester UK (14). The model first 

requires the user to identify landmark points describing the object of interest and these 
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comprised 28 points placed around the periphery of each vertebral body from S1 to L1 

(Figure 2). The same number of landmark points (168 in total) was used for each image and 

each point always referred to the same feature (e.g. the mid-point of the superior end-plate of 

a given vertebral body). Three sets of points were created for each image; two sets by one 

observer and one set by a second observer. Both observers were experienced in annotating 

images for the purposes of shape modelling. The points were then used by the software to 

create the model for the shape of the lumbar spine. The total amount of variation to be 

accounted for by the model was set at 90 %. After the first few images were input the model 

was able to semi-automatically place the landmark points with correction by the observer if 

necessary. When all the images had been input, the model determined the modes of variation 

and assigned values for each mode to each of the images. 

End-plate angles 

The total and inter-segmental lordosis angles were determined from the images using ImageJ 

software (version 1.34s, NIH, USA). The images were magnified by 300 % and contrast 

enhanced using histogram equalization and normalization. The angle of the superior end-plate 

of the vertebral bodies from S1 to L1 was measured. The angles were used to calculate the 

total lordosis (L1-S1) and the segmental lordosis angles (L1-L2, L2-L3, L3-L4, L4-L5, L5-

S1). The mean absolute deviation of the segmental lordosis angles was also calculated for 

each spine (this is the average absolute deviation from the mean segmental angle and is a 

measure of the statistical dispersion). All the measurements were performed twice by one 

observer and once by a second observer. 
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Statistical analysis 

Intra-class correlation coefficients (ICCs) were calculated to determine the intra- and inter-

observer reliabilities. Relationships between variables were assessed using the Pearson 

correlation coefficient. The measurement error was calculated as 2.77 times the within-subject 

standard deviation (15) as determined using one-way analysis of variance. 
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Results 

Shape model 

Five modes of variation were identified which together accounted for 91 % of the total 

variance in the model. Individually, each mode accounted for 74 % (mode 1), 8 % (mode 2), 4 

% (mode 3), 3 % (mode 4), and 2 % (mode 5). Figure 3 shows the shapes described by 

varying each mode by ± 2 standard deviations (sd) about the mean shape from all the images. 

To assist in interpreting these five modes, the centroids of the vertebral bodies shown in 

Figure 3 were determined and used to calculate the angle made between lines connecting the 

centroids (the vertebral body centroid angles (4)). The vertebral body centroid angles of the 

mean shape, and the shapes produced by each mode by ± 2 sd, are given in Table 1. This 

demonstrated that mode 1 described the variation in the total curvature of the lumbar spine 

and mode 2 described the variation in how evenly the lumbar curvature was distributed. A 2 

sd reduction in mode 1 denotes a 25
o
 increase in total curvature (with respect to the mean 

shape) where the increase at each level is fairly equal. For mode 2, a 2 sd reduction denotes 

that the curvature is reduced at the lower lumbar levels and increased at the upper levels; this 

results in a more even distribution to the total curvature but with very little change in its 

magnitude. The effect of the other three modes on the curvature was found to be minimal and 

may reflect variation in, for example, the aspect ratio or wedging of the vertebral bodies. 

End-plate angles 

The total and segmental lordosis angles, calculated from the measurements of the end-plates, 

are shown in Table 2. The total lordosis angle was highly correlated (R = 0.97, P < 0.001) 

with the mode 1 values from the shape model (Figure 4). The mean absolute deviation of the 
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segmental lordosis angles was found to be highly correlated (R = 0.80, P < 0.001) with the 

mode 2 values (Figure 5). 

Reliability and measurement error 

The intra-observer reliability (Figure 6) of both methods was found to be excellent (ICC > 

0.75). This was also true for the inter-observer reliability, with the exception of the lordosis 

angle measurement at L1-L2. In comparing the two methods, the results from the shape model 

were more reliable than the lordosis measurements; the difference was marginal for the mode 

1 value compared with the total lordosis measurement, but more pronounced for the mode 2 

value compared with the segmental lordosis measurements. 

The measurement error on the shape model (calculated from the three sets of observations) 

was 0.17 sd for mode 1 and 0.34 sd for mode 2. The measurement error on the lordosis angles 

(pooled for the segmental and total measurements) was 5
o
. The relative errors (error expressed 

as a percentage of full range) were 4 % (mode 1), 9 % (mode 2), 10 % (total lordosis angle). 
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Discussion 

A shape model of the lumbar spine was created using MR images of 24 male volunteers in the 

upright standing posture. The model identified two modes of variation which were associated 

with the curvature of the spine; the first described the variation in the total curvature, and the 

second described the variation in how evenly the curvature was distributed. The images were 

also analysed using a conventional method where the total and segmental lordosis angles were 

calculated from measurements of the end-plate angles. 

The results from the two methods for the total curvature of the lumbar spine (mode 1 and total 

lordosis angle) were found to be in good agreement. Comparing the results for the distribution 

of the curvature was more difficult since the conventional method uses five variables (the 

lordosis at each lumbar level) whereas the shape model uses one. However, the mean absolute 

deviation of the segmental lordosis angles was found to be in agreement with mode 2. Mean 

absolute deviation provides an indication of whether the curvature is even or not (with a value 

of zero corresponding to the five segmental angles being identical) but is not able to describe 

where the curve is uneven. 

The intra- and inter-observer reliability (expressed as the intra-class correlation coefficient) 

and precision of the conventional method used in our study were similar to those found by 

other studies (5,7-8). When comparing the two methods for total lumbar curvature, we found 

that the shape model was more reliable and had less measurement error (4 % compared to 10 

%) than the conventional method. Again, it was difficult to compare the methods for the 

evenness of curvature. However, the reliability of mode 2 was better than that of any of the 

segmental lordosis angles measured using the conventional method. 
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The better reliability and lower measurement error in the shape model may be, in part, due to 

the fact that substantially more information from the image is used to develop the shape 

model, and errors induced in the position of a few points are filtered out to the less important 

modes of variation. This is means that the model is less likely to be affected by things such as 

differences in end-plate architecture (5) or where part of an image has been obscured (6). 

The reliability investigated in our study essentially looked at the consistency between 

measurements made either by one observer on two different occasions or by two different 

observers. This is an important measure of reliability since observer subjectivity is a major 

cause of error in analyses of image data. Another issue for the reliability of spinal shape 

measurement is the consistency of the lumbar spine shape of an individual on two different 

occasions. There may be a number of factors that affect this, such as time of day or muscle 

fatigue. The extent to which this will affect the reliability it not clear; repeated measurements 

of lordosis using end-plate angles have concluded that longitudinal variation is small (16), but 

it would be interesting to investigate if similar results were found using shape modelling. 

 

For certain applications, conventional end-plate measurements are very useful. If a simple 

measure of total lumbar lordosis is required, for example, then measuring just two end-plate 

angles provides a quick and easy method; using a more sophisticated method such as an active 

shape model in this case is unlikely to be beneficial. However, existing methods may not be 

adequate for all applications. Investigations on the effects of posture, load-bearing, or surgery, 

for example, deal with changes in segmental lordosis that are less than the typical 

measurement error of an end-plate angle. This suggests that, for some applications, it is worth 

pursuing new methods that provide greater measurement reliability and precision. 
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In addition to the better reliability and precision, an advantage of shape modelling is its ability 

to classify spinal shape in a comprehensive and quantifiable manner with just a small number 

of independent variables. Achieving this using measurements of segmental lordosis can be 

much more difficult since the amount of data required to fully describe the spinal curvature (5 

angles for the lumbar spine, more when higher levels are included), combined with the large 

variation in spinal shape in the normal population, makes it difficult to see consistent 

similarities or differences between individuals. Researchers investigating the association of 

pathology to spinal shape, for example, have resorted to defining their own classification 

schemes but comment that it can be difficult to assign everyone into a class (17). Using a 

shape model should make it easier to evaluate differences in spinal shape between subjects 

(due to pathology, age etc.) and within subjects (due to posture, disease progression etc); we 

have recently used such a model to investigate the subtle effects of load-carriage on the spine 

(18). In the hip, active shape modelling has been found to provide a method for predicting 

fracture risk which is as good as bone mineral density measurements, and better than 

geometric measurements (19); applying the method to the spine may therefore help to throw 

new light on how spinal shape is related to pathology and back pain. 

The statistical nature of the shape model should also facilitate the development of 

biomechanical models that aim to incorporate the effects of natural subject variability into 

their analyses (20-21). This is important since the results of such models can be more 

sensitive to differences in geometry than other factors (22). 

Another advantage of the shape model is its potential time saving for analysing large numbers 

of images. Although the main focus of our study was to characterise shape, a trained active 

shape model may be used to automatically locate an object in an image (11-12). This would 

be particularly beneficial for analysing a time series of images, such as obtained using 
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dynamic magnetic resonance imaging or fluoroscopy, where measuring all the end-plate 

angles would be very labour intensive. As yet, the method has not been used to analyse the 

dynamic behaviour of the spine, but it has been successfully applied to cardiac motion (23). 

One of the limitations of using a shape model is that the results (i.e. the values assigned to the 

modes) are not directly comparable with the existing conventional measurements reported in 

the literature (i.e. angles). Furthermore, the results from one model can not be directly 

compared to those from another model generated using a different set of images. This is 

because the values assigned to each mode refer to variation about the mean of that particular 

set of images. This limitation may be overcome by determining the end-plate angles or, as in 

the current study, the vertebral body centroid angles of the shapes described by each mode. In 

practice, however, for many of the applications described above, this would not be necessary 

since the purpose of the model would be to characterise the shape of the spine, and the effects 

of various factors, in a given set of subjects. 

A further limitation is that shape model requires medical imaging to be performed to visualise 

the internal shape of the lumbar spine. Although other studies have sought to relate the 

position of the vertebral bodies to the surface of the back, there is likely to be considerable 

differences between individuals which would render these relationships inaccurate. However, 

this drawback is not unique to the shape modeling method, but to all methods that aim to 

investigate internal lumbar shape. 

In conclusion, a shape model may be used to characterise the shape of the lumbar spine in the 

sagittal plane using just two variables. The results of the shape model are more reliable and 

precise than conventional measurements of lordosis which utilise end-plate angles. 
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Key points 

 Active shape modelling provides a method for comprehensively describing the shape 

of the lumbar spine in the sagittal plane. 

 The shape of the lumbar spine can be described by the total curvature and the evenness 

of curvature. 

 The results from the shape model are more reliable and precise than measurements of 

the angles between the end-plates from the lumbar vertebrae. 

 



Modelling the lumbar spine shape 

 16 

References 

1. Chernukha KV, Daffner RH, Reigel DH. Lumbar lordosis measurement, a new 

method versus Cobb technique. Spine 1998;23(1):74-79. 

2. Janik TJ, Harrison DD, Cailliet R, Troyanovich SJ, Harrison DE. Can the sagittal 

lumbar curvature be closely approximated by an ellipse? J Orthop Res 1998;16(6):766-

770. 

3. Troyanovich SJ, Harrison DE, Harrison DD, Holland B, Janik TJ. A further analysis 

of the reliability of the posterior tangent lateral lumbar radiographic mensuration 

procedure: concurrent validity of computer aided X-ray digitization. J Manipulative 

Physiol Ther 1998;21(7):460–467. 

4. Chen YL. Vertebral centroid measurement of lumbar lordosis compared with the Cobb 

technique. Spine 1999;24(17):1786–1790. 

5. Polly DW, Kilkelly FX, McHale KA, Asplund LM, Mulligan M, Chang AS. 

Measurement of lumbar lordosis, evaluation of intraobserver, interobserver, and technique 

variability. Spine 1996;21(13):1530-1535. 

6. Schuler TC, Subach BR, Branch CL, Foley KT, Burkus JK, and the Lumbar Spine 

Study Group. Segmental lumbar lordosis, manual versus computer-assisted measurement 

using seven different techniques. J Spinal Disord Tech 2004;17(5):372–379. 

7. Hicks GE, George SZ, Nevitt MA, Cauley JA, Vogt MT. Measurement of lumbar 

lordosis: inter-rater reliability, minimum detectable change and longitudinal variation. J 

Spinal Disord Tech 2006;19(7):501–506. 



Modelling the lumbar spine shape 

 17 

8. Pinel-Giroux FM, Mac-Thiong JM, de Guise JA, Berthonnaud E, Labelle H. 

Computerized assessment of sagittal curvatures of the spine, comparison between Cobb 

and tangent circles techniques. J Spinal Disord Tech 2006;19(7):507–512. 

9. Wood KB, Kos P, Schendel M, Persson K. Effect of patient position on the sagittal-

plane profile of the thoracolumbar spine. J Spinal Disord 1996;9(2):165-169. 

10. Cootes TF, Taylor CJ. Anatomical statistical models and their role in feature 

extraction. Br J Radiol 2004;77:S133-S139. 

11. Smyth PP, Taylor CJ, Adams JE. Vertebral shape: automatic measurement with active 

shape models. Radiology 1999;211(2):571-578. 

12. Roberts M, Cootes TF, Adams JE. Vertebral morphometry, semiautomatic 

determination of detailed shape from dual-energy x-ray absorptiometry images using 

active appearance models. Invest Radiol 2006;41(12):849-859. 

13. Hirasawa Y, Bashir WA, Smith FW, Magnusson ML, Pope MH, Takahashi K. 

Postural changes of the dural sac in the lumbar spines of symptomatic individuals using 

positional stand-up magnetic resonance imaging. Spine 2007;32(4):E136-E140. 

14. Cootes TF. Modelling and search software. University of Manchester website. 

http://www.isbe.man.ac.uk/~bim/software/am_tools_doc/index.html. Accessed March 

2007. 

15. Bland JM, Altman DG. Measurement error. BMJ 1996;313(7059):744. 

16. Jackson RP, Kanemura T, Kawakami N, Hales C. Lumbopelvic Lordosis and Pelvic 

Balance on Repeated Standing Lateral Radiographs of Adult Volunteers and Untreated 

Patients With Constant Low Back Pain. Spine, 2000;25(5):575-586. 



Modelling the lumbar spine shape 

 18 

17. Roussouly P, Gollogly S, Berthonnaud E, Dimnet J. Classification of the normal 

variation in the sagittal alignment of the human lumbar spine and pelvis in the standing 

postion. Spine 2005;30(3):346-353. 

18. Meakin JR, Aspden RM, Smith FW, Gilbert FJ. The effect of load on the shape of the 

lumbar spine. J Biomech, 2007;40(suppl 2):S270. 

19. Gregory JS, Stewart A, Undrill PE, Reid DM, Aspden RM. Bone shape, structure, and 

density as determinants of osteoporotic hip fracture: a pilot study investigating the 

combination of risk factors. Invest Radiol 2005;40(9):591-597. 

20. Dar FH, Meakin JR, Aspden RM. Statistical methods in finite element analysis. J 

Biomech 2002;35(9):1155–1161. 

21. Espino DM, Meakin JR, Hukins DWL, Reid JE. Stochastic finite element analysis of 

biological systems: comparison of a simple intervertebral disc model with experimental 

results. Comput Methods Biomech Biomed Engin 2003;6(4):243–248. 

22. Meakin JR, Shrive NG, Frank CB, Hart DA Finite element analysis of the meniscus: 

the influence of geometry and material properties on its behaviour. Knee 2003;10(1):33-

41. 

23. van der Geest RJ, Lelieveldt BPF, Anglié E, Danilouchkine M, Swingen C, Sonka M, 

Reiber JHC. Evaluation of a new method for automated detection of left vertricular 

boundaries in time series of magnetic resonance images using an active appearance motion 

model. J Cardiovasc Magn Reson, 2004;6(3):609-617. 

 

 

 

 



Modelling the lumbar spine shape 

 19 

 

Figure 1. Determination of the total and segmental lordosis via end-plate angles. Total 

lordosis is calculated as 1-S. Segmental lordosis may be determined with respect to the 

sacrum (i-S) or the neighbouring vertebrae (i-i+1). 
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Figure 2. Shape model of the lumbar spine. A total of 168 landmark points were placed 

around the periphery of the vertebral bodies from S1 to L1. 
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Figure 3. The mean lumbar spine shape and the first five modes of variation identified by the 

shape model. Each mode was varied by ± 2 sd about the mean whilst keeping the other modes 

at zero. 
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Figure 4. Scatter plot comparing mode 1 scores with the total lordosis angle. 
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Figure 5. Scatter plot comparing mode 2 scores with the mean absolute deviation of the 

segmental lordosis angles. 
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Figure 6. Intra-class correlation coefficients within and between observers for the shape 

model modes of variation and the total (LS) and segmental lordosis angles. 

 


