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Introduction. Low back pain and disc degeneration could be linked to global spinal geometry. Our study aimed to develop a
reliable new mathematical method to assess the local distribution of total lumbar lordosis with a single numeric parameter and
compare it with lumbar intervertebral disc degeneration using routine MRI scans. Methods. An online, open access, easy-to-use
platform for measurements was developed based on a novel mathematical approach using MRIs of 60 patients. Our Spinalyze
Software can be used online with uploaded MRIs. Several new parameters were introduced and assessed to describe variation in
segmental lordosis distribution with a single numerical value. The Pfirrmann grading system was used for the classification of
lumbar intervertebral disc degeneration. Relationships were investigated between the grade categories of L1-S1 lumbar discs and
the MRI morphological parameters with correlation analysis. Results. Results confirm that the determination of measurement
points and calculated parameters are reliable (ICCs and Pearson r values>0.90), and these parameters were independent of
gender. The digression percentage (K%), one of our new parameters, did not show a statistical relationship with the Cobb-angle.
According to our results, the maximum deflection breaking-point of lumbar lordosis and its location can be different with the
same Cobb-angle and the distribution of global lordosis is uneven because the shape of the lumbar lordosis is shifted downward
and centered around the L4 lumbar vertebra. The interobserver reliability of the Pfirrmann grades reading was in the excellent
agreement category (88.33% agreement percentage, 0.84 kappa), and digression percentage (K%) showed a significant negative
correlation with all L1-S1 disc grades with increasing r correlation values. This means that the smaller the value of digression
percentage (K%), the more the number of worn discs in the lower lumbar sections. Conclusions. Spinalyze Software based on a
novel mathematical approach provides a free, easy-to-use, reliable, and online measurement tool using standard MRIs to ap-
proximate the curvature of lumbar lordosis. The new reliable K% (digression percentage) is one single quantitative parameter to
assess the local distribution of total lumbar lordosis. The results indicate that digression percentage (K%) may possibly be
associated with the development of lumbar intervertebral disc degeneration. Further evaluation is needed to assess its behavior
and advantage.

surgical planning. However, special imaging is required for
the assessment of each factor, and standard, daily practice
clinical MRI (magnetic resonance imaging) measures only
lumbar lordosis. Total lordosis has not been linked to de-

1. Introduction

Low back pain is a major socioeconomic health issue [1, 2]
affecting at least once up to 80% of the entire population

[3, 4]. Therapy is complex, no single method has been
proven effective [5], and prediction of outcome is not fea-
sible [6, 7]. Factors of sagittal balance, including lumbar
lordosis, have been well documented [8-11] and used for

generative changes or pain in a review by Been and
Kalichman [12]. In contrast, segmental (local) lumbar spine
degenerative changes were linked to pain [13]. One factor
might explain this controversy. Lordosis is not evenly
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distributed and nearly 75% of total lordosis can be accounted
for through the lower two (L4-L5 and L5-S1) segments
[10, 14] where most disc herniations are observed (up to
95%) [15, 16]. There might be a link between the segmental
(local) distribution of overall (global) lordosis and disc
degenerative changes.

In the literature, many methods are used to measure and
approximate the curvature of lumbar lordosis. There are
advantages and disadvantages to each method. The Cobb
method (or modified Cobb method) has become the gold
standard in the measurement of lumbar lordosis. The Cobb
method was one of the first methods used for the mea-
surement of the sagittal spinal curvature. The modified Cobb
method was used to evaluate lumbar lordosis as well. In the
modified Cobb method, the spine was approximated with an
arc. There are also methods to approximate the spine with an
ellipse which is a more precise approximation of the spine.
Several studies attempted to measure the spinal curvature
with mathematical methods; e.g., different functions were
used for modelling such as trigonometric functions, splines,
and polynomials. The good attributions of the functions
were used to give information about the spine, e.g., the area
under the curve. There are two thorough reviews of lumbar
lordosis and methods for quantitative evaluation of spinal
curvature [12, 17].

Distribution and positional change of lumbar lordosis in
the normal healthy spine were investigated using an active
shape model with MRIs and revealed wide intersubject
variation in lumbar spine shape and partial preservation of
this shape between postures and movements [18-20].
However, their parameter of segmental distribution of
lordosis (mode 2) was only partially able to describe where
the curve is uneven without quantifying the location of the
apex and only healthy subjects were included. Recently,
quantitative fluoroscopy provided detailed information on
lumbar segmental motion characteristics (MSI=motion
sharing inequality) in recumbent passive flexion [21].
However, the use of special setup and ionizing radiation
limits its use in daily clinical practice. Lordosis distribution
index (LDI), introduced by Yilgor et al. [22], defines the
magnitude of lower arc lordosis relative to the total lordosis.
The LDI is described as the 1L4-S1 lordosis divided by the L1-S1
lordosis and multiplied by 100. However, it has limited use in
describing variation in upper lumbar and L4-L5 and L5-S1
lordosis. Frobin et al. [23] published a detailed and well-
documented article on spinal geometry. They proposed an
alternative method using lateral lumbar spine X-ray precision
measurement of the disc and vertebral body height and sagittal
plane displacement (antero- and retrolisthesis). The extensive
dataset on normal, age-adjusted values of the abovementioned
parameters can be used to compare individual case quantitative
assessment. However, in our study, we used MRI scans and
selected different parameters of interest.

The MRI is the most widely used technique of evaluating
lumbar intervertebral disc degeneration. The normal in-
tervertebral discs show sharp borders between nucleus
pulposus and annulus fibrosus on T2-weighted MRIs be-
cause of the signal brightness. Furthermore, intervertebral
disc degeneration shows a reduction in signal. In the
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literature, many grading systems are used to classify the
intervertebral disc degeneration, e.g., the grading system of
Pfirrmann et al. [24] or the modified Pfirrmann grading
system by Griffith et al. [25]. Pfirrmann grading system
classifies disc degeneration using criteria of disc structure,
the distinction of nucleus and annulus, signal intensity, and
disc height into 5 grades. Modified Pfirrmann grading
system uses 8 grades for categorization in the older pop-
ulation. There is a thorough review of recommended grading
systems for lumbar disc degeneration [26].

The aim of this study was to develop a method to assess
the local distribution of total lumbar lordosis selecting an
optimal, single quantitative parameter which is reliable and
it can be calculated easily with a free computer software in
the everyday clinical practice. Furthermore, this parameter
was linked to lumbar intervertebral disc degeneration using
standard MRIs.

2. Materials and Methods

2.1. Lagrange Polynomial Approximation for Lumbar Lor-
dosis Curvature. On each image, the outermost upper and
lower corners of the five lumbar and the T12 vertebrae and
also the upper corners of the S1 vertebral bodies were se-
lected. The selected points defined five vertebral centers (i.e.,
centroids) and one upper-middle point for the sacrum
(Figure 1).

The shape of the spine was investigated with a mathe-
matical approximation method where the unknown values
of a function were approximated based on known values.
Lagrange interpolation was used to investigate the line
because this method was found to be the most appropriate
one and easy to interpret among professionals. The steps of
our method are as follows:

(1) Let P, (0, 0) be the measured center of the T12
thoracic vertebra.

(2) Let P; (x;, y;) be the measured center of Li lumbar
vertebrae (i=1, 2, 3, 4, 5).

(3) Let Py (x¢, ¥s) = P¢ (x4, 0) be the measured point of
sacrum, where the second coordinate is zero (the x-
axis is P, (0, 0) and Py (x4, 0)).

(4) The spine is located above the x-axis.

(5) Let the interpolation polynomial in the interval [xo,
x6] be as follows:

6
p(x) =) yLi(x), (1)
i=0
where the function of Lagrange interpolation is
6
X — X
Li(x) = .
] @
k#i

The essence of the procedure is to use the measured
centers of the vertebrae to approach the line of the spine with
a polynomial that provides a much finer approximation than
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Figure 1: Mark of the vertebrae corners with the Spinalyze
Software.

a simple arc or ellipse. With Lagrange interpolation, just one
such interpolation polynomial can be aligned on the spine
line; that is, the polynomial is unique. In addition, the
polynomial is a continuous, differentiable, and integrable
function, and at the examined interval, the function takes up
the maximum and the minimum (Figure 2).

2.2. New Parameters for Characterizing the Lumbar Lordosis
Distribution. Based on the polynomial, new parameters
were defined to discover the local behavior of lumbar lor-
dosis. The aim of the parameters is that they describe the
deflection, the location of the maximum deflection, and the
expansion of the lumbar spine. These parameters are as
follows:

(a) Rho-angle (p angle): let S (xs, ys) be the maximum of
the p(x) polynomial on the [x, x¢] interval. Let Z
(xs, 0) be the orthogonal projection of the S point
onto the x-axis. Let Rho-angle (p angle) be the ZP,S
angle in the P,SZ right-angled triangle. Graphically,
the Rho-angle gives, in this section, the maximum
deflection angle of the lumbar lordosis from the x-
axis (T12—sacrum) (Figure 3).

(b) Digression percentage (K%): let digression per-
centage (K%) be

K =%5100
=100 3)

Graphically, the digression percentage gives the lo-
cation of the maximum deflection in this section
(T12—sacrum) (Figure 3).

(c) Expansion percentages (Aj, Aj, Az, Ay, As, Ag %s): let
expansion percentages be

A =

1

> (l = 1) 2) 3) 4) 5) 6)> (4)

~|H

where

T, = r" p(x)dx
o (5)
T= Jxo p(x)dx.

Graphically, the expansion percentages give, in this
section, the proportion of the local expansion (between the

FiGure 2: The Lagrange interpolation polynomial to approximate
the curvature of lumbar lordosis.

FIGURE 3: Determination of Rho-angle and digression percentage.

middles of two vertebrae) and the global expansion (between
middles of T12 and sacrum) (Figure 4).

2.3. Software Availability and Functions. MRIs were ana-
lysed with a personal computer and our software which is
based on GeoGebra software. GeoGebra (https://www.
geogebra.org/) is a dynamic mathematics software pack-
age for all levels of education that brings together geometry,
algebra, spreadsheets, graphing, statistics, and calculus in
one easy-to-use package.

Thanks to the development of technology, the demand
for IT tools has increased and there are many articles where
the researchers use smartphones and applications for global
spine measurement [27]. Therefore, we wanted to develop
software that is free and easy to use on a daily basis. The
name of our method is the SRD-method. (Sandor-
Rathonyi-Dinya method) and the name of our computer
program is Spinalyze Software. Spinalyze Software is
browser based (anyone can use it with a web browser) and
available for free worldwide: http://www.spinalyzesoftware.
com. There is a website on GeoGebraTube which contains
introduction information, the Spinalyze Software (with
anonymous sample MRI pictures), a user’s guide (in YouTube
video), and a feedback form (in Google Form) (Figure 5). The
Spinalyze Software calculates the approximating polynomial,
the Cobb-angle, and the new parameters.

2.4. Subject Data. Patients were randomly sampled and
received outpatient care for low back pain. In our research,
the MRIs of 60 patients (21 male and 39 female persons with
different lumbar problems) were analysed with our software.
All subjects with major spinal deformities, chronic in-
flammatory conditions, previous history of a spinal tumor,
infection, trauma, or surgery were excluded, and all patients
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FIGURE 4: Determination of expansion percentages.

Spinalyze Seftware

FIGURE 5: Spinalyze Software on GeoGebraTube.

had chronic mechanical local low back pain treated with
nonoperative measures. Approval from the local Research
Ethics Committee had been obtained and all anonymised
images used in this study had been taken for clinical di-
agnosis previously at our institution. MRIs were taken with
various scans. However, in each case, only one T2-weighted
FSE midsagittal image was included by selecting the one with
the widest spinal canal and spinal process of the sagittal
series.

2.5. Statistical Analysis. The p value <0.05 was considered
statistically significant, and a two-sided test was applied. The
analyses were done with IBM SPSS Statistics 25.0 (SPSS,
Chicago, IL).

2.5.1. Reliability Analysis and Measurement Error of the
Spinalyze Software. The first step is loading the MRIs into
the software, followed by manually selecting the measure-
ment points. Designating the measurement points is an
essential aspect because it determines the quality of our
metric. Each one of two independent observers marked the
measurement points twice with an interval of 5 days. The
coordinates of the points provided by the software were
recorded in an MS Excel database, and the consistency and
reliability of the two readings were evaluated with SPSS. In
the reliability analysis, intraclass correlation coeflicients
(ICCs) were calculated to determine the intraobserver re-
liabilities. ICC(2, 1) estimates and their 95% confidence
intervals were calculated based on a single rater/measure-
ment, absolute-agreement, 2-way random effects model
[28, 29]. According to Winer [30], the ICC was rated as
follows: 0 to 0.24, weak; 0.25 to 0.49, low; 0.50 to 0.69,
average; 0.70 to 0.89, good; and 0.90 to 1, excellent. The
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consistency of the two readings of the observers was in-
vestigated by interclass correlation (by Pearson’s r coefhi-
cients). There are many rules that suggest the correlation for
the absolute value of r, among which the rule by Evans is
widely used [31]: 0 to 0.19, very weak; 0.20 to 0.39, weaker;
0.40 to 0.59, significant; 0.60 to 0.79, strong; and 0.80 to 1,
very strong correlation. The measurement error (or re-
peatability) was calculated as 2.77 times the within-subject
standard deviation [32] as determined using a one-way
analysis of variance.

2.5.2. Descriptive Statistics of Sample and the New Param-
eters per Gender. The data of patients (age, body height,
body weight, and body mass index (BMI)) were evaluated
and their major parameters were determined. The normality
distribution of the variables was checked by the Shapir-
o-Wilk W test. For comparison between gender groups, an
independent two-sample t-test was used, and Cohen’s d
value was calculated to express the effect size. Where nor-
mality was not met, the nonparametric version of the in-
dependent two-sample t-test, the Mann-Whitney U test, was
used. For the new parameters, each of the 60 images was
measured twice by two observers and the measured four
values were averaged. Cobb-angle was calculated between L1
superior endplate and L5 inferior endplate.

2.5.3. Reliability Analysis of the Grading by Pfirrmann
Grading System. Two observers, with different levels of
experience analysing spinal MRIs, independently graded the
300 lumbar intervertebral discs (from the 60 patients), using
the 5-level Pfirrmann grading system [24]. The system was
devised from asymptomatic subject cohort with a mean age
of 40 years (range, 10-83 years), and the modified Pfirrmann
grading system was improved to an older population with a
mean age of 73 years (range, 67-83 years) [25]. The reasons
for choosing the Pfirrmann grading system were that this
useful grading system has been accepted and applied clin-
ically [33-35], and our population was with a mean age of
44.22 years (range, 15-78 years). All discs were graded in a
single session. The reliability of the MRI evaluations was
estimated using agreement percentage and Cohen’s kappa
statistics between observers (interobserver reliability) [36].
According to Landis and Koch [37], the agreement was rated
as follows: kappa 0 to 0.20 indicated slight agreement; 0.21
to 0.40, fair agreement; 0.41 to 0.60, moderate agreement;
0.61 to 0.80, substantial agreement; and 0.81 upward, ex-
cellent agreement. With this rating, the absolute agreement
would be 1.

2.5.4. Relationships Analysis. In the correlation analysis,
Pearson’s r value was used to express the intensity of the
relationship between the variables. Where the normality
criterion was not met, the nonparametric Spearman’s cor-
relation value procedure was used. In the first analysis, the
relationships were examined between the MRI morpho-
logical parameters (gold standard Cobb-angle, our new
parameters). In the second analysis, the relationships were
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investigated between the Pfirrmann grading system cate-
gories of L1-S1 lumbar discs and the MRI morphological
parameters. Observer 1 reading results were used in the
calculation, as he was the most experienced investigator.

3. Results

3.1. Reliability Analysis and Measurement Error of the
Spinalyze Software. The intraobserver reliability for all
measurement points was found in the excellent category
(ICCs>0.90). In the interobserver reliability, the Pearson r
values were significant for each measurement point and they
were in the very strong correlation category (values were
r>0.90). The average within-subject standard deviation on
the model was 0.07 SD for the first observer and 0.20 SD for
the second observer. The average measurement error on the
model was 0.19 for the first observer and 0.57 for the second
observer.

3.2. Descriptive Statistics of Sample. Significance of males
and females with mean + standard deviation was as follows:
age (41.7 years+10.9; 45.6 years+15.8; p =0.273), body
height (179.6cm+6.8; 166.3cm+8.5; p<0.001, Cohen’s
d=1.73), body weight (84.9kg+9.8; 67.6kg+12.6; p < 0.001,
Cohen’s d=1.53), and BMI (26.3 £2.8; 24.6 £4.9; p = 0.092).
Significant differences were found only in body height and
body weight, while there was no significant gender difference in
age and BML

3.3. Investigation of MRI Morphological Parameters

3.3.1. Descriptive Statistics of the New Parameters per Gender.
Table 1 shows the descriptive statistics of the new mor-
phological parameters for gender. Among them, Cobb-angle
and the A5 segment have the largest variability, and the Rho-
angle and A4 segment are the least variables. The variables
were compared among genders and no significant difference
was found.

3.3.2. Relationships of Parameters. Only the Cobb-angle and
A6 were normally distributed. The correlation values are in
Table 2.

The main results of Table 2 are as follows. (1) With the
Cobb-angle: (i) there is a strong linear relationship with the
Rho-angle (r0=0.9374), (ii) digression % does not show a
statistical relationship, and (iii) relationships with A;-A,-A;
have a positive correlation. (2) Examining the correlation of
the other variables one by one: (i) Rho-angle has a medium
positive relationship with A; and is negatively related to As,
and (ii) digression % has a strong negative relation with A,-
A; and good positive relation with As.

3.3.3. Reliability Analysis of the Grading by Pfirrmann
Grading System. Applying the Pfirrmann grading system,
the number of disc degeneration grades assessed by each
observer is summarized in Table 3. The interobserver reli-
ability of grading yielded 88.33% agreement percentage and

kappa value of 0.84 (with SE of kappa=0.025, 95% confi-
dence interval: from 0.791 to 0.890), which was in the ex-
cellent agreement category. The weighted kappa was 0.896.

3.3.4. Relationship between Pfirrmann Grades and MRI
Morphological Parameters. We found that for Cobb- and
Rho-angles only L4-L5 disc grade values showed a significant
relationship with both angles (r¢ of 0.2825 and 0.3876, re-
spectively), whereas digression percentage (K%) showed a
significant negative correlation with all L1-S1 disc grades
with increasing r values (rgo,=-0.2880, ro,=-0.2814,
ro3=-0.3534, rg,=-0.4395, and rgs=-0.4582). Figure 6
illustrates the relationship between lumbar disc grades
and digression percentage (K%). The expansion percentages
did not show relationships.

4. Discussion

The aim of this study was to develop a reliable new method to
assess the local distribution of total lumbar lordosis with a
single numeric parameter using standard MRIs and find a
correlation with lumbar intervertebral disc degeneration.

In our research, we analysed MRIs of 60 lumbar patients
(21 male and 39 female persons) with our new Spinalyze
Software based on a novel mathematical approach. The
intra- and interobserver reliability (expressed as the ICC and
the Pearson r value) and measurement error analysis used in
our study were similar to those found by other studies
[18, 38-40]. The ICCs were in the excellent category
(ICCs>0.90) and the Pearson r values were in the very
strong correlation category (r>0.90). The results confirm
that the consistency between the two readings of each ob-
server is maximized, similar to the safety of reading between
two observers [41]. Determining the measurement points
can be done easily and safely, so the parameters obtained by
turther calculations will be reliable.

To describe the segmental distribution of lumbar lor-
dosis, we developed new parameters: Rho-angle, digression
percentage (K%), and expansion percentages. The param-
eters were compared among genders, and we did not find
any significant difference. Based on our results, these pa-
rameters were independent of gender. The correlations were
investigated between MRI morphological parameters.
According to our findings, there was a strong linear rela-
tionship between the Cobb-angle and the Rho-angle (rg
=0.9374). The K%, the digression percentage, gives the
location of the maximum deflection in this section (T12 and
sacrum). Based on our results, the K% was with a mean value
of 62.68% (with +4.36% std. Dev.) which is away from the
50% middle position; moreover, the digression percentage
did not show a statistical relationship with the Cobb-angle.
In Figure 7, we can see two spines with similar Cobb-angles
but big difference digression percentages. The Cobb-angle
describes the spine with a single, even arc, but it is not a
precise approximation of the spine. According to our results,
the maximum deflection breaking point of lumbar lordosis
and its location can be different with the same Cobb-angle.
Consequently, there are spines with the same Cobb-angle
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TaBLE 1: Descriptive statistics of the morphological parameters.
Gender total
Variables Gender N Mean Std. deviation o
N Mean Std. deviation
Female 39 33.44 12.19
Cobb-angle Male 21 33.4] 12.27 60 33.43 12.12
Female 39 7.74 3.11
Rho-angle Male o1 7 90 276 60 7.80 2.97
. . Female 39 63.15 4.11
0,
Digression % Male 21 61.80 477 60 62.68 4.36
Female 39 3.07 6.68
M Male 21 3.93 1.95 60 337 220
Female 39 13.86 6.65
Az Male 21 14.13 4.50 60 1395 >4
Female 39 23.36 5.44
As Male 21 24.88 3.24 60 23.89 481
Female 39 29.99 3.92
As Male 21 29.94 2.21 60 2997 340
Female 39 24.86 10.25
As Male 21 22.36 5.61 60 2399 893
Female 39 4.87 2.14
As Male 21 4.76 2.24 60 483 215
TaBLE 2: Correlation values among parameters.
. Spearman correlations
Variables . .
Cobb-angle  Rho-angle  Digression (%) A A, As Ay As Ag
Cobb-angle 1.0000
Rho-angle 0.9374* 1.0000
Digression % —-0.1817 -0.3153" 1.0000
A 0.2717* 0.3398* -0.6051* 1.0000
A, 0.3484* 0.4457* —-0.7130* 0.7106* 1.0000
Aj 0.4748* 0.5722*% —0.6898" 0.7293* 0.7862" 1.0000
Ay —-0.0785 -0.1571 0.5859* -0.5700*  -0.6027*  —0.3497" 1.0000
As —0.4254* —-0.5298* 0.6742* —-0.8252* —-0.8318" —-0.9537* 0.3673* 1.0000
Ag -0.4302* —0.4898" 0.4868* -0.6297*  -0.7623*  -0.8397* 0.1356 0.8523* 1.0000

Notes. The correlation matrix is symmetrical to the main diagonal, so it is sufficient to display the values of the lower triangle. * Correlations are significant at

p<0.05.

TaBLE 3: The number of disc degeneration grades assessed by each
observer (Gi: Pfirrmann’s grades).

Observer 2
Total
G1 G2 G3 G4 G5
G1 6 1 0 0 0 7
G2 0 83 12 0 0 95
G3 0 6 84 5 0 95
Observer 1 0 0 1 66 7 74
G5 0 0 0 3 26 29
Total 6 90 97 74 33 300

but different local lumbar lordosis shapes (i.e., different
segmental-local distribution of overall-global lordosis). This
is in line with the great variability of segmental lordosis
described by Meakin et al. [18]. The expansion percentages
give the quantities (in percentages) of the lumbar lordosis
expansion between the middles of two vertebrae. The sum of
the A,-As-Ag means, which is 58.79%, shows that the lumbar

lordosis expansion focused between L3 center and sacrum.
The Cobb-angle has a positive correlation with A;-A,-A;, no
statistical relationship with A4, and a negative correlation with
As-Ag. Therefore, it seems that the turning point is by A,.
Consequently, the distribution of global lordosis is uneven
because the shape of the lumbar lordosis is shifted downward
and centered around the L4 lumbar vertebra, which is in line
with other studies [10, 14]. Similar findings were published by
Meakin et al. [18] using an active shape model.

The Pfirrmann grading system was used for the classi-
fication of lumbar intervertebral disc degeneration. The
interobserver reliability (expressed as agreement percentage
and kappa value) was investigated with two independent
observers. The results in our study presented that the in-
terobserver reliability was in the excellent agreement cate-
gory (88.33% agreement percentage and kappa value of
0.84). Consequently, no obvious differences were seen be-
tween the two readers despite their different backgrounds
and levels of experience. This is in line with the interobserver
reliability analysis described by Pfirrmann et al. [24].
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FIGURE 6: The relationship between lumbar disc grades and digression percentage (K%).

In the second correlation analysis, the relationships
were investigated between the Pfirrmann grading system
categories of L1-S1 lumbar discs and the MRI morphological
parameters. According to our findings, only L4-L5 disc
grade values showed a significant relationship with the
Cobb-angle (ro =0.2825) and Rho-angle (g = 0.3876). Based

on our results, digression percentage (K%) showed a sig-
nificant negative correlation with all L1-S1 disc grades
with increasing r values (rg;=-0.2880, rg,=-0.2814,
ro3=—0.3534, ro,=—0.4395, and rg5 = —0.4582). This means
that the smaller the value of digression percentage (K%), the
more the number of worn discs in the lower lumbar sections



K=70%

Cobb =29°

Cobb =33°

Figure 7: Different digression percentages (K%s) with similar
Cobb-angles.

(Figure 6). These results indicate that the more the total
lordosis is concentrated in the lower segments, the fewer the
number of the degenerated discs is in the lumbar spine. It
was also true that digression percentage (K%) is a more sen-
sitive parameter at Cobb- and Rho-angles to express the degree
of degeneration. Consequently, based on our results, our new
digression percentage (K%) parameter was linked to lumbar
intervertebral disc degeneration using standard MRIs.

Our study has some limitations. First, other software
programs exist for spinal examination (e.g., Surgimap)
but we wanted to implement our SRD-method with new
morphological parameters and to develop a free, reliable,
easy-to-use, online, open-source software for daily
clinical use. Furthermore, our study includes a somewhat
limited sample size. However, similar studies worked
with comparable or lower (24 or 37) samples
[18, 21, 24, 25]. Moreover, limited number of mea-
surement points selected manually (i.e., 4 corners) could
adversely affect precision [18]. We plan to overcome this
problem later by using AI (artificial intelligence) image
processing. We would like to improve the Spinalyze
Software with new modules and to create a database
where we can save and analyse anonymous medical
images from all over the world. Second, we are aware that
other studies using the standing position could give
different geometry but we chose supine scans as they used
in everyday clinical practice. The extension of this study
to larger case numbers in a multicentric setting seems
only possible using regular MRI scans and the degree of
disc degeneration does not depend on the MRI scan
position. Furthermore, all MRIs were acquired for
clinical diagnosis with different scans at various insti-
tutions. However, this will be the case when our new
method will be used online with multicentric input for
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further connection investigations among local distri-
butions of global lordosis and disc degenerative changes
and symptoms (pain, dysfunctions, etc.). The impact of
information regarding the connection between spinal
geometry and pathology is substantial not only in sur-
gical reconstruction but also in postural-based physical
rehabilitation.

5. Conclusion

In conclusion, the new Spinalyze Software based on a
novel mathematical approach provides a free, easy-to-use,
reliable, and online measurement tool using standard
MRIs to approximate the curvature of lumbar lordosis.
The new reliable K% (digression percentage) is one single
quantitative parameter to assess the local distribution of
total lumbar lordosis. Based on our results, the smaller the
value of K%, the more the number of worn discs in the
lower lumbar sections. These results indicate that di-
gression percentage (K%) may possibly be associated with
the development of lumbar intervertebral disc degener-
ation. Further evaluation is needed to assess its behavior
and advantage.

Abbreviations

MRI:

Magnetic resonance imaging

T12: 12th thoracic vertebra

L1, L2, L3, L4, 1st, 2nd, 3rd, 4th, 5th lumbar vertebra
L5:

SI: Sacrum first segment

Py: Measured center of the T12 thoracic

P,,P,,P;,P,, Ps:

vertebra
Measured center of Li lumbar vertebrae
(i=1,..,5)

Py: Measured upper middle point of sacrum

p(x): Interpolation polynomial

Li(x): Function of Lagrange interpolation

S: Maximum of the p (x) polynomial on [x,
X¢] interval

Z: Orthogonal projection of the S point onto
the x-axis

p: Rho-angle (degree)

K: Digression percentage (%)

Ay, Ay As Ay, Expansion percentages (%)

As, AGZ

ICC: Intraclass correlation coefficient

BML: Body mass index

r: Pearson’s correlation coefficient

ro: Spearman’s correlation coefficient

Gl1, G2, G3, G4, Pfirrmann’s grades

G5:

L1-L2 disc: Disc between L1 and L2 lumbar
vertebrae.

Data Availability

The MRI data used to support the findings of this study are
available from the corresponding author upon request.



Computational and Mathematical Methods in Medicine

Disclosure

We confirm that we have given due consideration to the
protection of intellectual property associated with this work
and that there are no impediments to publication, including
the timing of publication, with respect to intellectual
property. In so doing, we confirm that we have followed the
regulations of our institutions concerning intellectual
property. This work was performed as part of the em-
ployment of the authors Zoltan Sandor and Elek Dinya,
Semmelweis University, and Gabor Kristof Rathonyi,
Budavari Local Government.

Conflicts of Interest

The authors disclose that they have no financial or personal
relationships with other people or organizations that could
inappropriately influence their work. The authors declare
that they have no conflicts of interest.

Authors’ Contributions

All authors have read and approved the content of the
manuscript. All authors were fully involved in the study and
preparation of the manuscript.

References

[1] S.Dagenais, J. Caro, and S. Haldeman, “A systematic review of
low back pain cost of illness studies in the United States and
internationally,” The Spine Journal, vol. 8, no. 1, pp. 8-20,
2008.

[2] D. Hoy, L. March, P. Brooks et al., “The global burden of low
back pain: estimates from the global burden of disease 2010
study,” Annals of the Rheumatic Diseases, vol. 73, no. 6,
pp. 968-974, 2014.

[3] N. Maniadakis and A. Gray, “The economic burden of back
pain in the UK,” Pain, vol. 84, no. 1, pp. 95-103, 2000.

[4] B. F. Walker, “The prevalence of low back pain: a systematic
review of the literature from 1966 to 1998,” Journal of Spinal
Disorders, vol. 13, no. 3, pp. 205-217, 2000.

[5] M. W. Van Tulder, B. Koes, and A. Malmivaara, “Outcome of
non-invasive treatment modalities on back pain: an evidence-
based review,” European Spine Journal, vol. 15, no. Suppl 1,
pp. S64-S81, 2006.

[6] L. Klenerman, P. D. Slade, I. M. Stanley et al., “The prediction
of chronicity in patients with an acute attack of low back pain
in a general practice setting,” Spine (Phila Pa 1976), vol. 20,
no. 4, pp. 478-484, 1995.

[7] L. H. M. Pengel, R. D. Herbert, C. G. Maher, and
K. M. Refshauge, “Acute low back pain: systematic review of
its prognosis,” British Medical Journal, vol. 327, no. 7410,
p. 323, 2003.

[8] D.Levine and M. W. Whittle, “The effects of pelvic movement
on lumbar lordosis in the standing position,” Journal of
Orthopaedic ¢ Sports Physical Therapy, vol. 24, no. 3,
pp. 130135, 1996.

[9] R. J. Gardocki, R. G. Watkins, and L. A. Williams, “Mea-
surements of lumbopelvic lordosis using the pelvic radius
technique as it correlates with sagittal spinal balance and
sacral translation,” The Spine Journal, vol. 2, no. 6,
pp. 421-429, 2002.

[10] F. Schwab, V. Lafage, A. Patel, and J. P. Farcy, “Sagittal plane
considerations and the pelvis in the adult patient,” Spine
(Phila Pa 1976), vol. 34, no. 17, pp. 1828-1833, 2009.

[11] P. Roussouly and C. Nnadi, “Sagittal plane deformity: an
overview of interpretation and management,” European Spine
Journal, vol. 19, no. 11, pp. 1824-1836, 2010.

[12] E. Been and L. Kalichman, “Lumbar lordosis,” The Spine
Journal, vol. 14, no. 1, pp. 87-97, 2014.

[13] H. Yang, H. Liu, Z Li et al., “Low back pain associated with
lumbar disc herniation: role of moderately degenerative disc
and annulus fibrous tears,” International Journal of Clinical
and Experimental Medicine, vol. 8, no. 2, pp. 1634-1644, 2015.

[14] P. Roussouly, S. Gollogly, E. Berthonnaud, and J. Dimnet,
“Classification of the normal variation in the sagittal align-
ment of the human lumbar spine and pelvis in the standing
position,” Spine (Phila Pa 1976), vol. 30, no. 3, pp. 346-353, 2005.

[15] D. Ma, Y. Liang, D. Wang et al., “Irend of the incidence of
lumbar disc herniation: decreasing with aging in the elderly,”
Clinical Interventions in Aging, vol. 8, no. 8, pp. 1047-1050,
2013.

[16] M. Sedighi and A. Haghnegahdar, “Lumbar disk herniation
surgery: outcome and predictors,” Global Spine Journal, vol. 4,
no. 4, pp. 233-243, 2014.

[17] T. Vrtovec, F. Pernus, and B. Likar, “A review of methods for
quantitative evaluation of spinal curvature,” European Spine
Journal, vol. 18, no. 5, pp. 593-607, 2009.

[18] J. R. Meakin, J. S. Gregory, F. W. Smith, F. J. Gilbert, and
R. M. Aspden, “Characterizing the shape of the lumbar spine
using an active shape model,” Spine, vol. 33, no. 7, pp. 807-
813, 2008.

[19] J. R. Meakin, J. S. Gregory, R. M. Aspden, F. W. Smith, and
F.J. Gilbert, “The intrinsic shape of the human lumbar spine
in the supine, standing and sitting postures: characterization
using an active shape model,” Journal of Anatomy, vol. 215,
no. 2, pp. 206-211, 2009.

[20] A. V. Pavlova, J. R. Meakin, K. Cooper, R. J. Barr, and
R. M. Aspden, “The lumbar spine has an intrinsic shape
specific to each individual that remains a characteristic
throughout flexion and extension,” European Spine Journal,
vol. 23, no. Suppl 1, pp. 26-32, 2014.

[21] A. Breen, F. Mellor, and A. Breen, “Aberrant intervertebral
motion in patients with treatment-resistant nonspecific low
back pain: a retrospective cohort study and control com-
parison,” European Spine Journal, vol. 27, no. 11,
pp. 2831-2839, 2018.

[22] C. Yilgor, N. Sogunmez, Y. Yavuz et al., “Relative lumbar
lordosis and lordosis distribution index: individualized pelvic
incidence-based proportional parameters that quantify lum-
bar lordosis more precisely than the concept of pelvic inci-
dence minus lumbar lordosis,” Neurosurgical Focus, vol. 43,
no. 6, p. E5, 2017.

[23] W. Frobin, P. Brinckmann, M. Biggemann, M. Tillotson, and
K. Burton, “Precision measurement of disc height, vertebral
height and sagittal plane displacement from lateral radio-
graphic views of the lumbar spine,” Clinical Biomechanics,
vol. 12, no. Suppl 1, pp. S1-S63, 1997.

[24] C. W. A. Pfirrmann, A. Metzdorf, M. Zanetti, J]. Hodler, and
N. Boos, “Magnetic resonance classification of lumbar in-
tervertebral disc degeneration,” Spine, vol. 26, no. 17,
pp. 1873-1878, 2001.

[25] J. F. Griffith, Y. X. Wang, G. E. Antonio et al.,, “Modified
Pfirrmann grading system for lumbar intervertebral disc
degeneration,” Spine (Phila Pa 1976), vol. 32, no. 24,
pp. E708-E712, 2007.



10

[26] A. Kettler and H.-J. Wilke, “Review of existing grading sys-
tems for cervical or lumbar disc and facet joint degeneration,”
European Spine Journal, vol. 15, no. 6, pp. 705-718, 2006.

[27] M. Shaw, C.J. Adam, M. T. Izatt, P. Licina, and G. N. Askin,
“Use of the iPhone for Cobb angle measurement in scoliosis,”
European Spine Journal, vol. 21, no. 6, pp. 1062-1068, 2012.

[28] K. O. McGraw and S. P. Wong, “Forming inferences about
some intraclass correlation coefficients,” Psychological
Methods, vol. 1, no. 1, pp. 30-46, 1996.

[29] P. E. Shrout and J. L. Fleiss, “Intraclass correlations: uses in
assessing rater reliability,” Psychological Bulletin, vol. 86, no. 2,
pp. 420-428, 1979.

[30] B. J. Winer, Statistical Principles in Experimental Design,
McGraw-Hill, New York, NY, USA, 2nd edition, 1971.

[31] J. D. Evans, Straightforward Statistics for the Behavioral Sci-
ences, Brooks/Cole Publishing, Pacific Grove, CA, USA, 1996.

[32] J. M. Bland and D. G. Altman, “Statistics notes: measurement
error,” British Medical Journal, vol. 312, no. 7047, p. 1654,
1996.

[33] T.Korhonen, J. Karppinen, L. Paimela et al., “The treatment of
disc herniation-induced sciatica with infliximab,” Spine,
vol. 31, no. 24, pp. 2759-2766, 2006.

[34] P. Schenk, T. Laubli, J. Hodler, and A. Klipstein, “Magnetic
resonance imaging of the lumbar spine,” Spine, vol. 31, no. 23,
pp. 2701-2706, 2006.

[35] F. Kleinstiick, J. Dvorak, and A. F. Mannion, “Are “structural
abnormalities” on magnetic resonance imaging a contrain-
dication to the successful conservative treatment of chronic
nonspecific low back pain?” Spine, vol. 31, no. 19, pp. 2250-
2257, 2006.

[36] J. Cohen, “A coefficient of agreement for nominal scales,”
Educational and Psychological Measurement, vol. 20, no. 1,
pp. 37-46, 1960.

[37] J. R. Landis and G. G. Koch, “The measurement of observer
agreement for categorical data,” Biometrics, vol. 33, no. 1,
pp. 159-174, 1977.

[38] D. W. Polly Jr., F. X. Kilkelly, K. A. McHale, L. M. Asplund,
M. Mulligan, and A. S. Chang, “Measurement of lumbar
lordosis, evaluation of intraobserver, interobserver, and
technique variability,” Spine (Phila Pa 1976), vol. 21, no. 13,
pp. 1530-1535, 1996.

[39] G. E. Hicks, S. Z. George, M. A. Nevitt, J. A. Cauley, and
M. T. Vogt, “Measurement of lumbar lordosis: inter-rater
reliability, minimum detectable change and longitudinal
variation,” Journal of Spinal Disorders ¢ Techniques, vol. 19,
no. 7, pp. 501-506, 2006.

[40] F.-M. Pinel-Giroux, J.-M. Mac-Thiong, J. A. De Guise,
R. Berthonnaud, and H. Labelle, “Computerized assessment
of sagittal curvatures of the spine,” Journal of Spinal Disorders
& Techniques, vol. 19, no. 7, pp. 507-512, 2006.

[41] K. Li Gwet, Handbook of Inter-Rater Reliability, Advanced
Analytics, LLC, Gaithersburg, MD, USA, Fourth edition,
2014.

Computational and Mathematical Methods in Medicine



