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Abstract. The movement of individual cervical vertebrae from extension to
flexion can be deﬁned as a rotation about a certain axis point, known as the
Mean Axis of Rotation (MAR). Researchers have used the position of the MAR
to deﬁne normal and abnormal pathologies, making it an important indicator.
However, the 2–3 h required to accurately calculate the MAR manually severely
limits the usage of MAR in clinical and research environments. Multiple
attempts have been made to automate the analysis, but none have been able to
achieve the reliability of the manual method. We present here a redesigned semiautomatic MAR Analysis tool, which leverages advanced software architectures
and computer vision methods to overcome previous limitations, and faithfully
replicate the manual method. Initial testing of this MAR tool shows promise that
the desired reliability can be achieved with this tool.
Keywords: Spine
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1 Introduction
Mean Axis of Rotation (MAR) Analysis is a technique to measure the movement of the
cervical vertebra as the subject moves from full extension to full flexion position. It has
been used in many studies as a measure of spinal pathology, with some early works
connecting symptoms such as migraines with abnormally located MAR for a selected
set of data. However, in 1991 Amevo determined that the techniques used to determine
the MAR were prone to signiﬁcant interobserver errors (13–38% relative variance) [1],
compromising the MAR data. Amevo presented an optimized technique to measure
MAR, where the relative variance of interobserver data was 3–11% [2]. With the
technical accuracy of the MAR analysis deﬁned, Amevo used this technique to measure
MAR for 40 normal subjects, and formalized the normal range of MAR locations,
which can be used as a basis in subsequent studies, relating symptoms to abnormal
MAR locations.
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In 2012, Desmoulin et al. used Amevo’s optimized MAR technique to evaluate the
effectiveness of Khan Kinetic Treatment (KKT), a non-invasive treatment which
adjusts the alignment of the spine and upregulates the gene in the discs [3]. He
determined that the KKT treatment successfully adjusts abnormal MAR to normal,
which correlated with a reduction of neck pain.
While Amevo’s optimized MAR technique is reliable, it is difﬁcult to perform (2–
3 h effort/patient), and therefore has not been generally adopted. Therefore, the challenge of automating Amevo’s MAR analysis became pertinent. The existence of a tool
to calculate MAR quickly and reliably would allow MAR analysis to be performed in
clinical settings and would provide researchers with opportunities to relate various
conditions to MAR data.
In 2013, we developed a software which used computer vision techniques to
automate Amevo’s MAR technique [4]. However, our 2015 validation study of this
tool determined that the relative variance of interobserver errors was 6–26%, and
therefore less reliable than Amevo’s method [5].
In 2016, Pinheiro developed a tool in Matlab to calculate the MAR, after the user
marked 8 points on each vertebra (4 on extension x-ray and corresponding 4 on flexion
x-ray) [6]. However, this tool also did not achieve the reliability of Amevo’s manual
technique.
To achieve the goal of developing an MAR tool which can match the reliability of
Amevo’s manual method, we carefully compared each step of Amevo’s procedure with
the corresponding step in our 2013 MAR tool to determine the source of variance. We
determined that our 2013 MAR tool did not accurately replicate every maneuver and
decision of the manual method. Based on these ﬁndings, we designed a new computer
vision-based tool, with added intelligence and decision-making capabilities, revised
algorithms, and advanced software engineering architectures, to fully replicate Amevo’s manual method. This new tool represents a major improvement over previous
efforts, and initial test results show promise that MAR Analysis performed using this
tool achieves similar reliability to Amevo’s manual method.

2 Methods
The MAR analysis requires the following major steps to be performed
• Step 1 - Initial Trace of X-Rays: Initially trace of C2–C7 vertebra on extension
and flexion radiograph
• Step 2 - Trace Quality Assurance: compare each vertebra trace from the extension
x-ray to the corresponding vertebrae trace in the flexion x-ray. Continue to adjust
the extension and flexion traces until a “best ﬁt” is obtained. The average of the two
traces shall then be calculated and used for the remaining procedure.
• Step 3 - Calculate the MAR: Perform geometrical analysis to determine the
movement of C2–C7 from extension to flexion, with respect to the adjacent lower
vertebra
• Step 4 - Normalization: Impose a coordinate system on the vertebra and calculate
the normalized position of the MAR relative to the vertebra.
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To present the advances made in the 2019 MAR Tool compared to the 2013 MAR Tool
for each step in the MAR analysis, the following subsections are presented for each
step of the MAR analysis procedure:
1.
2.
3.
4.
2.1

Review of original method of Amevo (short: Amevo Manual Method)
Review of our 2013 replication of Amevo’s methods (short: 2013 Abbasi Tool)
Explanation of limitations of our 2013 tool.
2019 MAR tool implementation to overcome limitations (short: 2019 Abbasi Tool).
Step 1 - Initial Trace of X-Rays

Amevo Manual Method
The original approach for tracing the extension and flexion X-Rays involved superimposing transparent acetate ﬁlm on top of the physical X-Ray, and then using a
0.25 mm ink pen to trace the cancellous margin of the vertebra bodies. The cancellous
margin was deﬁned as the ﬁrst region where the cancellous cavities touch a continuous
line of cortical bone.
2013 Abbasi Tool
The 2013 MAR tool was developed in LabVIEW 2010 programming language. The
software ﬁrst displayed a digitized image of the extension X-Ray on the screen and
provided an interface where the user can click on points on the image to trace the
cancellous margin of the vertebra. The coordinates of these points were saved into an
array, to deﬁne the trace of the vertebra. As the user clicked on points on the image,
lines were drawn on the X-Ray image connecting the points, to show the full trace of
the vertebra. Typically, 50 clicks would be required to complete the trace around a
single vertebra. This procedure repeated for each vertebra, for the extension and flexion
X-Rays. A zoom feature was provided to assist the user in tracing the vertebra.
Limitations of 2013 Abbasi Tool
The following limitations were identiﬁed in the tracing interface, which reduced the
accuracy of the traces:
1. Due to memory limitations, the maximum resolution of the digitized X-Rays was
1024*1024 pixels.
2. Clicking a mouse multiple times along the border of the vertebra required more
effort than simply tracing the vertebrae with a pen on acetate paper. The extra effort
sometimes affected the ability of the user to precisely mark the vertebra landmarks.
3. Graphically, the average of 50 points connected with lines trace appeared to
faithfully deﬁne the vertebra. However, subsequent investigation revealed that the
resolution was not sufﬁcient to achieve the desired accuracy. Note that the original
Amevo method used 0.25 mm pen on acetate ﬁlm to ensure maximum accuracy of
the traces.
2019 Abbasi Tool
The 2019 MAR tool was developed in LabVIEW 2018. The author achieved Certiﬁed
LabVIEW Developer (CLD) certiﬁcation in 2016 and applied Object-Oriented
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Programming methods and Queued Message Handler architecture to design a new
MAR Tool. This tool provides an interface similar to the 2013 tool to trace the
extension and flexion X-Rays, with the following improvements:
1. Instead of clicking and individual points around the vertebra, the user can simply
hold the mouse button down, and then move the mouse along the border of the
vertebra, which is comparable to tracing the vertebra with a pen on acetate paper.
On touch screen computers such as the Microsoft Surface Book, the Surface pen
can be used instead of the mouse, improving the user experience even more.
2. Using the mouse movement as the tracing method, instead of mouse clicks, each
pixel that the mouse touches along the vertebra boundary is recorded and added to
the trace point array. Using this method, the point coordinate array deﬁning a single
traced vertebra consists of 500–600 pixel point coordinates, which represents a tenfold increase in trace resolution.
3. Using memory optimization methods, there is no limit to the size and resolution of
the X-Ray image used. Images with 2056*3072 pixel resolution were used for this
study. Future studies will use images with 3456*4608 pixel resolution
4. Parallel processing methods were used to maintain the CPU responsiveness while
drawing on high-resolution images (Fig. 1).

Fig. 1. Vertebra trace interface

2.2

Step 2 - Trace Quality Assurance

Amevo Manual Method
Once the initial trace of each vertebrae on the extension and flexion X-Ray is complete,
the traces are compared to ensure they are identical. To achieve this, the acetate with
the extension traces is overlaid on the acetate with the flexion traces. With the
extension vertebra trace super-imposed on the corresponding flexion trace, and the
extension trace is adjusted as needed. The similar procedure is repeated with the flexion
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acetate overlaid on the extension traces. The extension and flexion traces are continuously adjusted until a best ﬁt is achieved. The following deﬁnitions were provided:
• Ideal Best Fit: “each of the four borders of the flexion vertebra trace could be
perfectly and simultaneously super-imposed on the corresponding borders in the
extension tracing for at least 75% of their respective lengths” [2].
• Adequate ﬁt: “at least two or more orthogonal margins (preferably the posterior
and inferior) could be simultaneously superimposed for at least 75% of their lengths
with at least 50% of each of the remaining margins being fully superimposed” [2]
Vertebra traces which did not achieve the above ﬁtting criteria were excluded from
the remainder of the study.
2013 Abbasi Tool
The 2013 Tool, a Normalized Cross Correlation (NCC) based Pattern Matching
algorithm was used to determine the translation/rotation of corresponding vertebrae
from the extension to the flexion. Using this data, the flexion traces were superimposed on the extension image, and similarly the extension traces were superimposed
on the flexion image, revealing the differences in the traces. An interface was provided
to redrawing any trace if required. Finally, using edge detection algorithms, an “average” trace was drawn, by ﬁnding the mid-point between the 2 traces, as shown in
Fig. 2. The averaged trace was used for subsequent steps.

Fig. 2. (a) Flexion trace (b) flexion trace with extension trace overlaid in green (c) flexion trace
and extension trace, with average of the two traces overlaid in red

Limitations of 2013 Abbasi Tool
Achieving a “Best Fit” of the extension and corresponding flexion traces is vital to
calculating the MAR accurately, and millimeter differences in traces signiﬁcantly affect
the ﬁnal MAR value. Here, the 2013 MAR Tool did not provide the user enough
functionality to replicate Amevo’s method.
In Amevo’s technique, after superimposing the extension trace on the flexion trace
(and vice versa), areas of discrepancies between the traces were identiﬁed. Then, the
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segment of the trace in the identiﬁed areas were adjusted as needed. After completing
the adjustment, the updated extension trace was again superimposed on the flexion
trace, and remaining discrepancies were identiﬁed, and then those were corrected as
well. This procedure continued until all traces satisﬁed the best ﬁt criteria of 75% of the
borders perfectly super-imposing. After achieving the best ﬁt criteria, the traces were
redrawn on a new acetate sheet to prepare for the next step of the analysis. When
redrawing the traces, if the extension and flexion traces still didn’t correspond to each
other for any segment of the trace, then a line passing through the middle of the
extension and flexion traces was drawn to represent the ﬁnal representation of the trace.
By contrast, the 2013 MAR tool did not provide the user a method to ﬁx any
erroneous segments of any trace. Rather, after identifying trace errors by viewing the
superposition of the extension trace on the flexion trace, the only option provided to the
user was to accept the current trace or to redraw the entire trace. Practically, redrawing
the entire trace from scratch repeatedly proved time consuming for the user, and even if
some trace errors were corrected, new errors were introduced, making it difﬁcult to
achieve faithful traces.
Although the 2013 MAR tool did calculate the average of the extension and flexion
traces, without the ability to correct segments of the trace, such an average does not
ensure the ﬁnal traces are faithful to the original vertebra on the X-Ray.
2019 Abbasi Tool
The 2019 MAR tool introduced a trace adjustment interface, which displays the
extension and flexion X-Rays side by side. On the extension X-Ray, the original
extension vertebra trace is drawn in green, and the flexion trace (rotated and translated
based on the NCC Pattern matching algorithm) overlaid on the extension image is
drawn in a red dotted line.
The following tools are provided to allow the user to adjust the traces to achieve
best ﬁt.
1. Selective Trace Display: The user can show or hide either trace using the buttons,
to easily compare each trace with the original X-Ray.
2. Adjust Trace Functions: The user can select a speciﬁc segment of a trace to adjust
by clicking on the start and end of that segment. The tool then “cuts out” the
selected segment from the total trace and allows the user to redraw the speciﬁc part
of the trace only. Once the new segment is drawn, it is merged into the trace, and
then the pattern matching algorithm is again used to recalculate the extension trace
and flexion trace rotation and displacement. The updated superposition of the
flexion traces on the extension x-ray (and vice versa) is displayed on each X-Ray
image.
3. Trace Averaging: In addition to the original and rotated extension and flexion
traces, the tool also calculates the average traces for each, as well as the averaged
extension trace superimposed on the flexion X-Ray, and vice versa. The display of
the average traces can also be turned on or off.
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4. Auto-Adjust Trace Segment: The user can select a speciﬁc segment of a trace to
auto-adjust using computer vision edge detection. After selecting the trace segment,
auto-adjust will scan a 5-pixel wide region along the trace line, and slide each
original trace point onto the strongest edge (based on pixel intensity gradient) close
to it. This feature is useful to assist the user to draw the trace exactly on the border
of the cancellous cavity and the continuous cortical bone. However, the feature is
sensitive to noise in the image, and therefore should only be used on trace segments
in relatively noise free parts of the trace. Note: this feature was not implemented at
the time of the validation tests presented in this paper. However, it is ready to use in
subsequent validation studies.
5. Match Score: after every trace adjustment, the pattern matching algorithm recalculates the rotation/translation required to overlay the flexion trace on the extension
trace (and vice versa). The match score is a measure of the match of the 2 traces,
with 1000 being a perfect match.
6. MAR Intersection Errors: the technique for geometrically calculating the MAR is
explained in the following section and involves ﬁnding the intersection of multiple
bisecting lines. It is possible that the multiple lines don’t all intersect at the exact
point, in which case Amevo’s procedure instructed the user to recheck the traces to
improve the ﬁt of each vertebra. The bisector intersection errors are mainly caused
by tracing errors, so the user can continue to adjust the traces until the MAR
intersect errors are minimal (Figs. 3, 4 and 5).

Fig. 3. Adjust trace interface – initial screen
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Fig. 4. Adjust trace – cut out segment to redraw

Fig. 5. Adjust trace – new segment drawn to replace old segment

Using the trace adjusting interface, users can now easily replicate Amevo’s steps to
achieve a best ﬁt of corresponding traces.
The user can continue to adjust the extension and flexion traces until he/she achieves
the best ﬁt criteria deﬁned by Amevo.
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Step 3 - Construction of the MAR

Amevo Manual Method
As the original MAR procedure involved drawing lines on acetate paper, calculating
the MAR was also performed geometrically, using rulers and protractors to ﬁnd the
intersection point of 4 bisecting lines representing the movement of a vertebra Fig. 6.
A key indicator of successful construction of the MAR is that all 4 bisector lines
converge perfectly to a single point. If 3 out of 4 bisectors converged, then the 4th was
ignored, and the MAR was determined from the 3 lines only. In the case that even 3
bisecting lines would not intersect, then this vertebra was excluded from further study.

Fig. 6. Intersection of 4 bisecting lines determines MAR location

2013 Abbasi Tool
The 2013 Abbasi tool calculated the intersection point of the bisecting lines mathematically using linear equations.
Limitations of 2013 Abbasi Tool
Using a purely mathematical method to compute the intersection point of 4 lines, the
user does not have an indication whether all four lines converged exactly, or if one or
more lines would not converge. The ﬁnal MAR point returned was the mathematical
average of the different intersection points of the different lines, which could introduce
substantial error in the case of non-converging lines.
2019 Abbasi Tool
To faithfully replicate Amevo’s procedure, the 2019 MAR tool mathematically calculates the intersection of every combination of 2 bisecting lines (total 6 combinations),
and then checks if any 3 lines converge perfectly. The best 3 lines are selected, and
their average intersection point is calculated, along with a measure of the intersection
error (distance in pixels). As mentioned previously, this MAR intersection error is
displayed to the user as he/she performs the Trace adjustment. This allows the user to
continue to adjust the trace until the Best Fit is achieved, and the convergence of the
bisector lines is conﬁrmed.
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Step 4 - Normalization

Amevo Manual Method
The ﬁnal step of the MAR Analysis is to impose a coordinate system on the vertebra, to
represent the MAR in (x, y) coordinates. Amevo presents instructions on how to place
the X axis on the inferior margin, and the Y axis on the posterior margin, after rotating
the acetate such that the vertebra appears flat.
2013 Abbasi Tool
The 2013 MAR tool provides the user with a Normalization interface, A rotation knob
allows the user to rotate the trace of the vertebra until it appears flat. Then, the user can
use the mouse to place the X and Y axis bars as needed.
2019 Abbasi Tool
The 2019 MAR tool provides the same functionality as the 2013 MAR tool.

3 Results
The MAR Analysis was performed by 2 different observers on 10 sets of
extension/flexion X-Rays using the 2019 MAR Tool.
The following analysis was performed:
1. Compare vertebra traces from each observer.
2. Validate MAR Dataset. If the range of motion of the vertebra from extension to
flexion is 5° or less, the MAR is discarded from the dataset due to un-manageable
technical errors
3. Calculate Interobserver Differences in valid dataset
4. Calculate Relative Variance of Interobserver differences in valid dataset.
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Comparing User Traces

The traces for each X-Ray were visually compared with each other using a special
software designed for this purpose. Vertebrae traces which did not satisfy the best-ﬁt
criteria between the 2 observers were discarded from future study. It is important to
note that Amevo’s deﬁnition of a best ﬁt required most of the vertebra traces to
superimpose perfectly on each other. A difference of 3–5 pixels between trace lines is
enough to disqualify a trace from the best-ﬁt (Table 1).
Table 1. Comparison of user traces of vertebrae landmarks
C2
C3
C4
C5
C6
C7

Best ﬁt trace Not best ﬁt trace Occluded in X-Ray
3
7
0
7
3
0
8
2
0
7
3
0
4
1
5
1
0
9

We observe that substantial interobserver differences occurred in identifying the
same exact margin of the vertebra, especially in C2. The reasons for these differences
are not related to the MAR tool, but rather they are related to the skillset of the
observers. Speciﬁcally:
1. In the X-Ray set used for the validation study, many of the vertebra (especially C2)
had some indistinguishable margins (Figs. 7 and 8). For the present validation
study, only minimal training was provided to the observers. Amevo had deﬁned a
strict criterion for identifying the vertebrae landmarks, and all observers received
extensive training on understanding the criterion. Any future validation study of the
MAR Tool requires the observers to be trained on how to apply these criteria in a
common way for noisy images.
2. The second cause of interobserver differences was that while tracing vertebrae
margins with a mouse, occasionally the observers traced the margin lines with 2–3
pixels of difference between the lines. These minor trace differences can be overcome with additional practice/training of the observers. Additionally, the new
“Auto-adjust trace segment” feature, which identiﬁes the best edge based on pixel
intensity gradients, will assist testers to trace margins with optimal precision in
future validation studies.
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Fig. 7. C2 vertebra sample 1 - Superior and posterior margins difﬁcult to identify

Fig. 8. C2 vertebra sample 2 - Superior and posterior margins difﬁcult to identify
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Finally, we observe that in the dataset used in the current study, the majority of C6
and C7 vertebra were partially or completely occluded in the image, depriving the
study of data related to these vertebrae Fig. 9.

Fig. 9. C6 and C7 vertebra completely occluded in X-Ray

The resulting dataset is admittedly very small, and therefore not adequate to make
deﬁnite claims about the reliability of the MAR Tool. Additional validation studies are
planned in the future, which will use a larger dataset.
3.2

Validating MAR Datasets

After calculating the MAR for each vertebrae pair, we also calculate the total range of
motion of the upper vertebra about the lower vertebra. If a particular vertebra rotates
5% or less about its adjacent lower vertebra, then the MAR coordinate calculated based
on such small motion will be subject to signiﬁcant technical errors and cannot be
accepted as reliable. Accordingly, vertebra pair MAR based on rotation of less than 5%
were excluded from the dataset (Table 2).
Table 2. Validation of MAR dataset
C2–C3
C3–C4
C4–C5
C5–C6
C6–C7

Best ﬁt pairs Rejected, small range Total MAR pairs in dataset
2
1
1
4
1
3
4
0
4
3
1
2
1
0
1
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Interobserver Differences and Relative Variance in MAR Dataset

After removing the invalid datasets, the mean and standard deviation of the interobserver errors was calculated and are shown in Table 3.
Table 3. Interobserver differences in MAR dataset
Segment # of samples X Coordinate
Mean (pixels)
C2–C3 1
6.3
C3–C4 3
−2
C4–C5 4
3.5
C5–C6 2
7.96
C6–C7 1
10.7

Y Coordinate
sd Mean (pixels)
n/a 9.5
5.8 −1.94
3.3 0.32
2.0 5.6
n/a 15.9

sd
n/a
5.6
4.86
4.2
n/a

While the dataset is small, we see that the mean interobserver error is less than 4
pixels for C3–C4 and C4–C5 (3 & 4 samples), and less than 10 pixels for C5–C6 (2
samples). There was only one sample of C2–C3 and C6–C7, so the statistics are not
relevant. Future studies will present more meaningful statistics, as a larger dataset will
be used.
Amevo measured the signiﬁcance of the interobserver errors by calculating the
relative variance, which is determined by taking one standard deviation range of
possible interobserver errors and dividing them by the mean value of the quantity being
measured. The relative variance for the interobserver differences in using the 2019
Abbasi tool is presented in Table 4.
Table 4. Relative variance of interobserver differences
Segment Mean coordinate

C2–C3
C3–C4
C4–C5
C5–C6
C6–C7

Relative
variance
X (pixels) Y (pixels) X
Y
10.2
28.3
N/a N/a
31.26
47.72
0.18 0.11
49.61
50.52
0.06 0.09
58.95
76.82
0.03 0.05
79.45
113.6
N/a N/a

We can see that the relative variance of all the segments is between 3% and 18%.
There was only 1 sample for C2–C3 and C6–C7, so relative variance is not possible to
calculate.
The best results were achieved the C4–C5 and C5–C6 segments. It is known that
the technicians who take lateral X-Rays generally center the X-Ray beam on C4 or C5,
resulting in more distinct image features around this region, and less distinct image
features away from this region. This may also explain why the interobserver trace
errors in C4 and C5 are less than on the other vertebra.
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The statistics presented in Table 4 are based on a vary small dataset, and therefore
they cannot be relied upon for any formal conclusion. However, these initial results do
give hope that future validation studies will conﬁrm the 2019 Abbasi tool to be scientiﬁcally reliable enough to use in clinical and research applications.

4 Conclusion
We have presented a new computer-vision based tool to help perform the MAR
Analysis, faithfully replicating every step of Amevo’s manual method. The tool
leverages advanced software methods and architectures to provide functionality
equivalent to the manual procedure.
Initial testing showed that for the C4–C5 and C5–C6 pairs, relative variance was
3%–9%, while the C3–C4 relative variance was 11%–18%. Notwithstanding the small
sample size, the discrepancy of the variance between these 2 regions show that
interobserver differences are caused more by human error in tracing, rather than errors
introduced by the tool.
Human tracing errors can be overcome by additional training, as well as additional
functionality to assist the user in tracing the vertebra. Already, an automatic adjust
feature has been developed which uses pixel intensity gradients-based edge detection to
identify the exact pixels along a vertebra margin. As additional user feedback is
received, other features can also be added to the toolbox, including image processing
functionality to improve contrast and sharpen edges. An extensive validation study of
the MAR tool is planned, which will include a large data set, some new features of the
MAR Tool and proper training for the testers.
The current MAR tool is a work in progress, and we intend to continuously
improve it with additional features to improve the accuracy and facilitate the procedure
for its users. In the future, we are interested in exploring learning techniques and other
AI methods to reduce the human effort required in the analysis.
Finally, KKT Orthopedic Spine Center, a global leader in spine treatment with over
26 clinics in 13 countries, has been collecting extension and flexion X-Rays of their
patients across the world for many years. Once the reliability of the MAR tool is
conﬁrmed, the KKT team will perform MAR analysis in its clinics for their patients as
well. With the extensive MAR data collected, and the other clinical data collected from
the patients, KKT researchers can explore the connection of MAR positions with other
symptoms and conditions. As all the data is collected and stored digitally in a database,
the data-mining possibilities are vast. Furthermore, the MAR tool can be integrated
directly with the database, so that not only can the MAR tool send data to the database
for analysis, but the database can send information back to the MAR tool as well,
which may be relevant in machine learning applications. With the close collaboration
of multi-disciplinary research teams at KKT, the opportunities will continue to open.
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