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A digital spine geometry database to inform computational modeling
Gregory G. Knapika, Ehud Mendelb, Eric Bourekasc and William S. Marrasa
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cDepartment of Radiology, The Ohio State University, Columbus, OH, USA

ABSTRACT
Accurate representation of spinal geometry is necessary in biomechanical modelling to properly under-
stand the function of the spine. The objective of this study was to create a large database of image- 
derived digital spine surface models for geometric studies and computational biomechanics investiga-
tion. Computed tomography scan data was acquired from 60 asymptomatic subjects (30 males and 30 
females). Subjects ranged in age from 20 to 68 with equal numbers selected in each 10-year age bracket. 
Three-dimensional geometric surface models were generated for each subject’s spine. A series of distance 
measures were also computed for each vertebral body to assess variation in the population. Geometric 
measures were able to show the significant variation in vertebrae size and shape within the subject 
population and as a function of vertebral level, gender, and age. This database enables the biomechanical 
evaluation of the variation in spinal loads that occurs within the population due to geometry.
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1. Introduction

The geometry of the spine’s vertebral bodies is quite complex. 
The anterior portion consists of a cylindrical-shaped block, 
while the posterior consists of a ring from which numerous 
bony processes extend. This multifaceted shape provides pro-
tection for the neural elements, allows for the attachment of 
intervertebral discs and various ligaments, and permits 
mechanical articulation in the facet joints. With such 
a complex shape and range of functions, an accurate represen-
tation is necessary to faithfully evaluate the biomechanics of 
the spine, particularly in computational spine modelling.

Early biomechanical models relied on anatomy texts and 
in vitro measurements to represent vertebral bodies (Sharma 
et al. 1995). Geometry data derived from biomedical imaging 
became available in more recent years (Shirazi-Adl et al. 2002). 
Most current spine models rely on computed tomography (CT) 
scan data (Kumaran et al. 2021), though some have used mag-
netic resonance imaging (MRI) (Zanjani-Pour et al. 2016). 
Creating three-dimensional geometric models from imaging 
data usually requires either manual tracing/digitisation or 
a combination of image processing procedures to segment 
out the structures of interest. Manual tracing requires expert 
knowledge of the spine’s anatomy and can be very time con-
suming. This method was acceptable with earlier models 
derived from relatively coarse CT scans that consisted of 
a small number of image slices. This is much more difficult 
with recent imaging data as the large number of slices make 
manual tracing time prohibitive. Thus, most models are now 
created using image processing techniques that operate on the 
properties of the individual image voxels. Thresholding or 
region growing techniques are frequently used, but others 
employ more advanced methods like active contour 

segmentation or level set methods. Each of these can be com-
bined with various morphological and image filtering pro-
cesses. Interestingly, most models that do include geometry 
from imaging data give very little description about the seg-
mentation process employed or justification for the threshold 
values selected.

Unfortunately, even with these advanced methods, the crea-
tion of spine geometry from imaging data for biomechanical 
modelling is still very difficult and as a result, often requires 
several simplifications. Vertebrae are often assumed to have 
sagittally-symmetric geometry, the same basic vertebral shape 
is often reused for multiple vertebral levels, and other simplifica-
tions performed to further idealise the models to facilitate com-
putation (Lo et al. 2019). One of the most common 
simplifications happens in the facet joints owing to the extreme 
difficulty in modelling them in the segmentation process. Instead 
of including geometry from imaging data, the facet surfaces are 
often derived from literature data and the mating surfaces repre-
sented as flat planes (Abouhossein et al. 2011). Facet simplifica-
tion can have a strong influence on displacements, forces, and 
stress distributions (Holzapfel and Stadler 2006). Even with these 
simplifications, most detailed spine studies still only include 
a model developed from a single specimen (Knapik et al. 2022). 
Thus, they do not include the influence of the variation in size 
and shape that occurs in the population.

Unfortunately, all these simplifications result in far less accu-
rate and realistic vertebral body models, and in the case of 
single-subject models, they do not account for variations from 
subject to subject. When used in biomechanical models, these 
inadequacies could lead to inaccurate spinal load data and an 
incomplete understanding of how loads vary in the population. 
Many simplified biomechanical models have shown that manu-
ally manipulating different aspects of the spine’s geometry can 
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have a significant impact on spine loading (Lavaste et al. 1992; 
Robin et al. 1994; Natarajan and Andersson 1999; Meijer et al.  
2010, 2011; Niemeyer et al. 2012; Kim et al. 2013; Bashkuev et al.  
2018, 2020). In addition, other cadaveric studies have found 
relationships between various geometric measures and differ-
ent disorders such as degenerative spondylolisthesis, isthmic 
spondylolysis, disc herniation, osteoarthritis in the facets, and 
spinal stenosis (Panjabi et al. 1993; Grobler et al. 1993; Kim and 
Lee 1995; Boden et al. 1996; Berlemann et al. 1998; Love et al.  
1999; Fujiwara et al. 2001; Kalichman et al. 2009). Furthermore, 
both two-dimensional (Meakin et al. 2009; Pavlova et al. 2017) 
and three-dimensional (Hollenbeck et al. 2018; Sciortino et al.  
2022; Tang et al. 2022) statistical shape models developed from 
imaging data have shown shape modes of variation associated 
with patient stature, age, gender, disc herniation, and spondy-
lolisthesis. One study developed 35 synthetic spines using 
statistical shape modelling and found variation in spinal loads 
with geometry as a function of the various mode shapes 
(Campbell et al. 2016).

Given these current limitations in the spine biomechanical 
modelling literature and the significant expected impact of 
patient spine geometry, this research was undertaken to create 
a large database of image-derived digital spine surface models. 
In addition to permitting a multitude of geometric studies, this 
database could also be used to understand the impact of 
geometric variation on spinal loads using computational mod-
elling. A series of geometric measures were also computed to 
evaluate variation in the population and the impact of vertebral 
level, gender, and age.

2. Materials and methods

2.1. Subjects

This retrospective study developed highly detailed three- 
dimensional vertebral body models from radiology archive 
imaging data. Sixty subjects (30 males and 30 females) were 
selected from the Ohio State University Wexner Medical Center 
Radiology archive. To ensure that subjects would have imaging 
with relatively small slice thickness and high image quality but 
had healthy spines with no prior history of low back pain, 
certain diagnoses were targeted. Patients that had imaging 
for diagnoses of aortic aneurysms, aneurysm repair, mesenteric 
ischaemia, abdominal pain, iliac aneurysm, iliac aneurysm 
repair, endoleak, IVC thrombosis, venous thrombosis, renal 
artery stenosis, hypertension, aortic injury, trauma, aortic dis-
section, or vasculitis as part of standard medical care were 
included. Other studies have used similar methods to obtain 
imaging of asymptomatic patients (Belfi et al. 2006; Kalichman 
et al. 2009). The images were reviewed by a radiologist and 
subjects demonstrating lumbar spines that were beyond the 
normal limits for age were excluded (including but not limited 
to congenital anomalies of the spine, fractures, prior lumbar 
surgery, neoplasm, severe degenerative disease, discitis, or 
osteomyelitis). Images were also inspected to ensure the entire 
lumbar section was present in the field of view (S1 to T12), 
subjects were lying in a supine posture without significant 
lateral or axial rotation, and image quality. Given the mixture 
of scanner types and large variety of source imaging in the 

radiology archive, scan parameters varied between subjects. 
The in-plane CT pixel size ranged from .56 mm to .98 mm and 
the slice thickness ranged from .625 mm to 1.25 mm. Medical 
records were accessed to exclude subjects with a prior history 
of back pain or radiculopathy. The subject’s age, gender, 
height, and weight were also recorded from the medical record 
(age: 44.8 (14.6) years, mass: 85.9 (18.9) kg, and height: 170.9 
(11.2) cm). Subjects ranged in age from 20 to 68 with equal 
numbers selected in each 10-year age bracket. Each age 
bracket had six males and six females. The study was approved 
by the University Institutional Review Board.

2.2. Model development

A series of processes were required in order to convert the 
acquired imaging data into three-dimensional geometric mod-
els for each subject’s spine. The makeup of the spine necessi-
tates different techniques for different portions of the spine. 
The anterior portion of the vertebral body is a thick mass 
composed primarily of blood rich cancellous bone with 
a relatively thin shell of dense cortical bone covering the out-
side. The posterior portion is composed primarily of cortical 
bone and the bony processes are in close proximity to adjacent 
vertebral bodies. This overall structural makeup can result in 
relatively dark returns in the anterior portion and very bright 
returns in the posterior portion. The close proximity of the 
posterior elements often results in erroneous connections 
between adjacent vertebral bodies. In addition, the proportions 
of cortical and cancellous bone changes from level to level. 
Most studies only employ a single threshold for the entire spine 
when creating geometric models (Rasoulian et al. 2013), which 
does not account for all these complexities. In fact, the use of 
multi-threshold methods has been found to create significantly 
more accurate geometric models from CT data (Rathnayaka 
et al. 2011). In this study, for each subject, separate processes 
were employed for the anterior and posterior portions of each 
vertebral body and unique thresholds were selected for each 
vertebral level.

First, the CT image sets were imported into Analyze 12.0 
(Mayo Clinic, Rochester, MN, USA), a software package for 
biomedical image processing, visualisation, and analysis. Next, 
a Median Spatial Filter was used to remove some of the base-
line noise and smooth the dataset, while still preserving much 
of the edge data. From here the appropriate voxel greyscale 
ranges for thresholding were determined separately for each 
vertebral body, in each spine. Three-dimensional regions of 
interest within the bony elements of each vertebral body as 
well as regions from the surrounding tissue were selected and 
then analysed to quantify the variation of greyscale values in 
the voxels. Each of these values were then used to determine 
suitable threshold ranges for each individual vertebral body. 
From here, for the anterior portion of the spine, the determined 
threshold values were applied in a region growing operation to 
select the representative voxels to be included in the model. 
A seed point was manually placed in the anterior portion of 
each vertebral body. All voxels connected to the seed point and 
within the desired threshold range were included. Next a series 
of morphological operations (erosion, dilation, opening, clos-
ing) and hole filling were applied to refine the segmentation. 
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From here, surface models were fit to each individual segmen-
tation using Analyze 12.0’s Adapt Deform surface fitting algo-
rithm. This adaptive model iteratively adjusts the position and 
density of the surface mesh to balance reconstruction accuracy, 
surface smoothness, and polygon count (Analyze User Guide). 
For the posterior portion of each vertebral body, the CT image 
sets were imported into Mimics 23.0 (Materialise, Leuven, 
Belgium) medical imaging processing software. Mimics’ 
advanced CT bone algorithm was used to semi-automatically 
create unique segmentations for the posterior of each vertebral 
body. The mating surfaces in each facet joint pair were then 
adjusted manually on each CT image slice with a Cintiq pen 
display (Wacom, Toyonodai, Kazo-shi, Saitama, Japan). From 
here, surface models were fit to each individual segmentation 
using custom parameters. The separate surfaces for the anterior 
and posterior portions of each vertebral body were then com-
bined into a single surface mesh in Geomagic DesignX (3D 
Systems, Rock Hill, SC, USA) and optimised for downstream 
computational modelling. This segmentation workflow was 
found to yield very accurate surface models with mean devia-
tions below CT scan resolution in canine cervical spines (Bertran 
et al. 2012). In this study, CT scans were obtained from canine 
specimens which were then dissected and stripped of all soft 
tissue. Each vertebral body was scanned with a high accuracy 
laser scanner. The resulting surface models then acted as the 
ground truth to which the CT-derived models could be com-
pared to assess accuracy of the model development process. 
Figure 1 shows each step of the model development process 
and the associated software employed.

Full lumbar spine models were created for each of the 60 
subjects. Six subjects exhibited partial or fully bony fusion at 
the L5/S1 level or had an extra lumbar vertebrae (L6) present 
that was fused to the sacrum. These levels were excluded 

from the following geometric analysis. In certain spines, small 
portions of the T12 and S1 models were cut-off due to the 
limits of the imaging field of view. In those cases, the 
impacted geometric measures were excluded from the geo-
metric analysis. Figure 2 shows the entire database of spine 
models formatted specifically for further biomechanical ana-
lysis and simulation.

2.3. Geometric output measures

A series of distance measures were computed for each verteb-
ral body to assess the impact of subject age, gender, and level 
of the spine on vertebral dimensions and symmetry. These 
measures could then also be compared to analogous anatomic 
studies in the literature.

In order to create accurate distance measures from each 
vertebral body model, in Geomagic DesignX, virtual datum 
points were automatically extracted from relevant geometry 
landmarks and least squares fitting algorithms were used to 
calculate feature centroids or other values (e.g. facet surface 
centroids, maximum lateral extent of transverse processes). 
Similarly, virtual datum planes were also extracted from the 
vertebral body surfaces (e.g. plane best fit through the verteb-
ral endplates, cardinal planes use to establish the local coordi-
nate system for each vertebral body). An example virtual datum 
plane extracted from a vertebrae model is displayed in Figure 3. 
This automated process removed any errors or bias related to 
selecting datum points for distance measures by hand. All 
length and distance measures were calculated in custom code 
written in MATLAB (MathWorks Inc., Natick, MA, UA). Each of 
the measures are displayed in Figure 4. These measures were 
not meant to be an exhaustive quantitative description of the 
entire anatomy of the vertebral body, rather they were meant 

Figure 1. Model pipeline showing each step in the development process. The software used in each step is shown in parentheses.
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to succinctly describe the natural variability present in the 
established normative database. The ultimate goal for this 
database was the exploration of the impact of subject-specific 
geometry on various biomechanical measures. Future studies 
could measure and assess other vertebral body dimensions 
from the database.

2.4. Statistical analysis

Each of the dependent geometric measures was tested for 
normality prior to statistical analysis. Patient gender, age 
(grouped by decade), vertebral level, and all interactions on 

the dependent measures were input into a generalised linear 
mixed model with subject, and interaction effects involving 
subject as random effects. Paired T-tests were used to compare 
between measures on the left and right side of each vertebral 
body to assess bilateral symmetry in the geometry. Post-hoc 
analyses were performed using Tukey HSD and Student’s 
T-Tests where appropriate. All data were interpreted relative 
to a significance level of α = 0.05. All statistical analyses were 
performed using JMP Pro 15 software (SAS Institute, Cary, NC, 
USA). JMP is a statistical analysis package designed for explora-
tory data investigation and visualisation with automated script-
ing to ensure reproducible models and analyses.

Figure 2. Spine geometry database. The label above each spine identifies the subject age and gender.

Figure 3. Example showing the creation of a datum plane representing the superior vertebral endplate extracted from surface data.
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3. Results

Statistically significant main and interaction effects for each of 
the measures are shown in Table 1. The subject random effect 
was statistically significant for all measures and showed the 
large variation between individual subjects. The vertebral 
level and gender main effects were also significant for all 
measures. Age was significant for just a few measures. Many 
interactions were significant, but these were mainly indicative 
of the overall variability and some crossover between groups.

3.1. Vertebral body lengths and heights

Vertebral body length and height measures are shown in 
Figure 5. Overall, vertebral body and inferior and superior end-
plate length measures as a function of vertebral level increased 
from T12 to L3 and then decreased from L4 to L5. Males were 
larger than females for each of the length measures. The age 
main effect also had a significant impact on the lengths. Each of 
the length measures increased in a somewhat linear fashion with 
age peaking in the 60s age group. There was a significant 

vertebral level*gender interaction for the inferior endplate 
length. Male lengths did not change with level while female 
lengths increased from T12 to L3 and then decreased from L4 
to L5. The vertebral level main effect had a significant and unique 
impact on each of the height measures. Anterior height 
increased from T12 to L2 in a linear fashion and then remained 
about the same to L5. The centre height was similar from L1 to 
L4, while both T12 and L5 were significantly smaller. The poster-
ior height increased from T12 to L2 and then decreased down to 
L5. The net effect of the changes in these three measures 
throughout the spine was a change in the overall shape of the 
anterior portion of the vertebrae over the vertebral levels. As 
with most of the other measures, males were larger than females.

3.2. Interpedicular, interfacet, and transverse process 
widths

Figure 6 shows the interpedicular, interfacet, and transverse 
process width measures. Interpedicular width as a function of 
vertebral level decreased from T12 to L1 and then increased to 

Figure 4. Vertebral body geometric measures.
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L5. Each of the transverse process measures increased in the 
caudal direction in a generally linear pattern except for the L4 
level that was slightly less than the L3 level. The gender main 
effect was significant for each of these measures with males 
once again being significantly larger. There were very few 
differences between the left and right width measures. The 
paired T-tests comparing the left and right superior and inferior 

facets widths did not show significant asymmetry. One excep-
tion were the left and right-side transverse process widths that 
did show a significant difference (t < .0079), demonstrating 
some left/right asymmetry. The vertebral level main effect 
had a significant impact on each of the interfacet width mea-
sures. Each of the superior width measures increased in a linear 
fashion in the caudal direction, peaking at S1. Each of the 

Figure 5. Vertebral body height and length measures as a function of vertebral level.

Table 1. Statistically significant main and interaction effects for each of the geometric measures. Bold elements denote a statistically significant result (p < 0.05). See 
figure 4 for a description and visual representation of each measure in the table.

Vertebral Body

VBL EPLs EPLi VBHa VBHc VBHp

Subject (Random) <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Vertebral Level <.0001 <.0001 0.0006 <.0001 <.0001 <.0001
Gender <.0001 <.0001 <.0001 0.0253 0.0004 <.0001
Vertebral Level*Gender 0.1318 0.1310 0.0028 0.4586 0.6979 0.4534
Age 0.0008 0.0019 0.0093 0.2654 0.6445 0.6651
Vertebral Level*Age 0.5666 0.8234 0.4441 0.2280 0.9098 0.7013
Gender*Age 0.3269 0.6845 0.5000 0.8347 0.5397 0.8850
Vertebral Level*Gender*Age 0.9105 0.9753 0.9164 0.5686 0.8523 0.2294

Articular and Transverse Processes

PW TPW TPWl TPWr FWs FWsr FWsl FWi FWir FWil

Subject (Random) <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Vertebral Level <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Gender <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0035 0.0031 0.0050
Vertebral Level*Gender 0.2927 0.1570 0.4930 0.0957 0.2440 0.0522 0.7608 0.0443 0.0612 0.0986
Age 0.4659 0.5751 0.6149 0.5523 0.9051 0.9343 0.8469 0.8957 0.8303 0.9132
Vertebral Level*Age 0.5512 0.0070 0.0195 0.0316 0.0756 0.3064 0.0620 0.1714 0.2851 0.2053
Gender*Age 0.8100 0.2176 0.3139 0.1704 0.6589 0.7001 0.6034 0.8939 0.9537 0.8074
Vertebral Level*Gender*Age 0.3113 0.0170 0.0218 0.0221 0.4468 0.4743 0.5531 0.6698 0.4101 0.8909
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inferior width measures also increased caudally, but in a more 
exponential shape. Males were significantly larger than females 
for all the facet width measures, though the differences were 
greater in the superior facets.

4. Discussion

This work was able to create a highly detailed digital database 
of asymptomatic subject-specific, image-derived lumbar spine 
models. Special care was taken to maximise accuracy and 
minimise partial volume and other errors by selecting unique 
threshold values for every single vertebral body modelled and 
using separate techniques for the anterior and posterior por-
tions of the vertebrae. The equal numbers of subjects for each 
gender and in each age bracket were selected to approximate 
a normative population. The end result was a detailed lumbar 
spine digital database. While many other spine geometry data-
bases have been created in the past, those often consisted of 
a series of discrete measures. This study is unique in that it 
created a large database of digital geometric models. Several 
measurements are presented for each vertebral body here for 
initial analysis, but since this created actual three-dimensional 
surface models, many other measurements could be extracted 
in the future. In addition, these models can be used for a variety 
of biomechanical investigations. Given that most modelling 
studies in the literature rely on only a few or just one spine 
model, this database provides a unique and comprehensive 
resource to study biomechanical responses throughout 
a large population and assess individual variability.

As expected, the subject random effect was significant for 
every measure and demonstrates the variability in spine size 
and shape in the population. The values in this study are 
generally consistent with other studies (Table 2). Though, 
there are some differences between studies which could be 
the result of several different factors. Differences in the subject 
population could be one factor. This study included an even 
distribution of ages and equal numbers of males and females, 
while others were not so evenly distributed. The way each 
measure was defined and calculated could also have resulted 
in variations. For example, in this study the endplate length 
measures were calculated by finding the outermost anterior 
and posterior margins of each endplate. Most other studies 
measured the endplate length only in the midsagittal plane, 
which generally results in a smaller measure and is the reason 
for the slightly larger values in this study. The differences in 
interfacet distances could also be attributed to the methodol-
ogy employed. In this study, centroids were calculated from the 
surface profile of each facet. The distance between these cen-
troids was then defined as the interfacet distance. Other studies 
may have calculated their centroids differently or selected 
a larger or smaller extent of the facet surface for the calculation. 
These differences could have caused the contrast in values. The 
vertebral body height and length and transverse process width 
measures match the other studies very closely. Collectively, 
these measures show that the overall size of the vertebrae in 
this study are comparable to others in the literature.

The overall variability shifted from one measure to another. The 
coefficient of variation was largest for the interfacet width measures 
(18.36–28.99%). This broadly matches various shape analysis studies 

Figure 6. Interfacet, interpedicular, and transverse process width measures as a function of vertebral level.
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that have found variation in different geometric aspects of the 
vertebrae within specific mode shapes. The magnitude of variation 
is especially significant when considering its impact on biomecha-
nical modelling. Numerous studies have found that relatively small 
variation in model inputs can create a very large range of outputs 
(Espino et al. 2003; Noailly et al. 2007; Campbell et al. 2016). The 
large variation present in the interfacet measures in particular could 
have a considerable impact on spinal loads. Previous parametric 
modelling studies have found facet position measures to be among 
the most influential parameters on spinal loads (Niemeyer et al.  
2012). Thus, the geometric variability present in this database may 
result in a large range of biomechanical outcomes.

The significant variation in measures with vertebral level 
demonstrates the changing shape and function of the 

vertebrae throughout the spine. The pattern of the level-to- 
level variation is generally consistent with other studies, even 
allowing for differences in methodology. These patterns did 
differ between measures, indicating that each vertebral body 
is not uniformly scaled from level to level, but instead changes 
in shape. These changes in shape reflect the variation in loads 
throughout the spine and differing role each vertebral body 
plays in the spine system.

The main effect of gender was also found to have 
a significant impact on all the measures. As expected, male 
vertebrae were generally larger than those of females (Zhou 
et al. 2000; Pavlova et al. 2017; Tang et al. 2022). The difference 
in measures between males and females was not uniform, so 
not only were male vertebrae generally larger, but the 

Table 2. Vertebrae measurement comparison with previous geometry studies (mm). See figure 4 for a description and visual representation of each measure 
in the table.

Measure Level
Current Study 

Mean
Range of Literature Mean 

Values References

EPLs T12 37.26 31.70 (Berry et al. 1987)
L1 37.77 31.90-34.80 (Gilad and Nissan 1986; Berry et al. 1987; Panjabi et al. 1992, 1993; Wang et al. 2012)
L2 38.62 33.30-35.70
L3 39.16 33.90-35.70
L4 38.69 34.30-35.80
L5 37.48 34.20-35.50
S1 34.43 33.80 (Wang et al. 2012)

EPLi T12 36.72 31.20 (Berry et al. 1987)
L1 37.21 32.30-35.50 (Gilad and Nissan 1986; Berry et al. 1987; Panjabi et al. 1992, 1993; Wang et al. 2012)
L2 37.59 33.40-36.20
L3 37.40 34.20-35.60
L4 36.53 33.90-36.10
L5 36.54 33.20-34.70
S1 - -

VBHp T12 27.10 24.80 (Berry et al. 1987)
L1 28.71 23.80-27.10 (Gilad and Nissan 1986; Berry et al. 1987; Panjabi et al. 1992, 1993)
L2 29.41 24.30-28.00
L3 29.28 23.80-29.60 (Gilad and Nissan 1986; Berry et al. 1987; Panjabi et al. 1992, 1993; Zhou et al. 2000)
L4 27.96 24.10-28.70
L5 24.93 22.90-25.90
S1 - -

FWs T12 27.96 25.90-26.13

(Panjabi et al. 1992, 1993; Masharawi et al. 2005)

L1 31.48 26.20-26.84
L2 33.00 26.40-27.32
L3 35.41 28.60-29.07
L4 37.83 31.40-31.98
L5 43.99 35.00-35.27
S1 45.55 -

FWi T12 18.93 24.90-24.96

(Panjabi et al. 1992, 1993; Masharawi et al. 2005)

L1 18.96 24.80-24.99
L2 20.38 26.28-26.60
L3 22.99 29.10-32.12
L4 28.31 34.69-34.80
L5 36.95 40.60-43.82
S1 - -

TPW T12 - -
L1 74.62 71.20 (Panjabi et al. 1992, 1993)
L2 82.02 76.10
L3 90.32 85.70-89.70 (Panjabi et al. 1992, 1993; Zhou et al. 2000)
L4 88.45 79.40-88.30
L5 93.56 92.50
S1 - -

VBL T12 76.61 73.40

(Berry et al. 1987)

L1 81.88 79.90
L2 85.95 85.00
L3 87.37 85.60
L4 85.12 83.40
L5 79.08 74.10
S1 - -
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proportions were also different as well. Consequently, female 
vertebrae are not simply a scaled version of males’ but require 
specific consideration as well, especially in biomechanical 
modelling.

There were relatively few significant effects in regard to 
age. This generally matches the size measures of others 
(Masharawi et al. 2005; Wang et al. 2012), though several 
of the statistical shape model studies did find age-related 
shape changes (Tang et al. 2022; Clouthier et al. 2023). The 
only exceptions were the vertebral body and endplate 
length measures that increased with age, most likely from 
bone remodelling and osteophyte growth. All the measures 
considered in this study were gross dimensions of vertebrae 
size and did not capture smaller details that might change 
with age and could play an important role in spine biome-
chanics. One study found various specific facet measures 
that increased with age which could have a large impact on 
spinal loads in the facets and other structures (Otsuka et al.  
2010). Thus, while many of the global measures were not 
sensitive to age, there is still evidence to support the 
important shape differences with ageing that should be 
considered in biomechanical modelling.

As with any study, several limitations should be dis-
cussed. This study created a normative database of highly 
detailed lumbar spine models from CT images. To obtain 
high-resolution images of the low back from subjects with-
out a history of spinal disorders, subjects with CT angio-
grams or similar scans were targeted. As a result, it is 
possible that this group of subjects may not generalise to 
the population given the possible presence of other, non- 
spine related issues. Though, the risk of these specific 
pathologies having an impact on the structure of the 
spine was expected to be low. Furthermore, a radiologist 
reviewed each of the image sets to exclude spines demon-
strating evidence of disorders.

In order to remove subjectivity and human error, the model 
development process was highly structured, systematic, and 
automated where possible. Though, the final steps in the pro-
cess did include some manual cleanup that could be subject to 
human error. Fortunately, even this was carefully controlled as 
threshold filters were applied in the manual markup process to 
ensure only voxels within the calculated threshold ranges were 
modified. Thus, this would have a small impact on the overall 
model.

This study developed a large, highly detailed collection of 
digital lumbar spine models from CT images of asymptomatic 
subjects using advanced segmentation techniques. Geometric 
measures were able to show the significant variation in verteb-
rae size and shape within the subject population and as 
a function of vertebral level, gender, and age. The creation of 
digital models, rather than just simple measures, enables future 
studies to evaluate other geometric measures as well as statis-
tical shape modelling to evaluate other spine characteristics, to 
create virtual subjects for analysis, and to aid with future image 
segmentation. This database will also play an important role in 
future biomechanical studies. Follow-on studies from this work 
propose to create computational spine models from each spine 
in this database to investigate the impact subject-specific spine 
geometry has on dynamic biomechanical loading in the 

intervertebral discs, facets joints, and spinal ligaments. Most 
studies in the literature only develop a detailed model of 
a single subject or create a range of simplified models. This 
database will hopefully provide unique insight by examining 
the behaviour of the spine as a function of its detailed geome-
try and its variation across a large range of different subjects.
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