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Abstract.
BACKGROUND: There is no non-invasive in vivo method to assess intervertebral kinematics. Current kinematics models are
based on in vitro bone reconstructions from computed tomography (CT)-scan imaging, fluoroscopy and MRIs, which are either
expensive or deleterious for human tissues. Musculoskeletal ultrasound is an accessible, easy to use and cost-effective device that
allows high-resolution, real-time imaging of bone structure.
OBJECTIVE: The aim of this preliminary study was to compare the concordance of 3D bone modeling of lumbar vertebrae|
between CT-scan and ultrasound imaging and to study the intra and inter-reliability of distances measured on 3D ultrasound bone
models.
METHODS: CT-scan, ultrasound, and in situ data of five lumbar vertebrae from the same human specimen were used. All
vertebrae were scanned by tomography and a new musculoskeletal ultrasound procedure. Then, 3D bone modeling was created
ffrom both CT-scan and ultrasound image data set. Distances between anatomical bones landmarks were measured on the 3D
models and compared to in sifu measurements.

*Corresponding author: Professor

5 N

S. Sobczak, Département des Forges C.P. 500, Trois-Rivieres (Québec) Canada, G8Z 4M3,
is-Rivie -mail: s ugtr.ca.

ISSNT053-81277535.00 (©) 2021 —1OS Press. All rights reserved.



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Galley Proof 10/06/2021; 14:48 File: bmr—1-bmr200259.tex; BOKCTP/xjm p. 2

2. A Forbesetal /Musculoskeletal ultrasound for 3D bone modeling

[RESULTS: We observed that all distances were included within the limit of agreement between the three methods of measurements
(3D CT-scan, 3D MSU and in situ) with a good intra- and inter-reliability of 3D ultrasound measurements of 0.97 and 0.82,
respectively. Based on the mean of mean differences between methods, we observed for all distances, ultrasound overestimated
distances of 0.44 4= 0.63 mm compared to CT-scan, ultrasound underestimated distances of 0.39 &+ 0.48 mm compared to in sity
measurements and CT-scan underestimated distances of 0.93 £ 0.55 mm compared to in situ measurements.

ICONCLUSIONS: Three-dimensional modeling from ultrasound imaging is similar in comparison to 3D bone modeling from|
CT-scan imaging with a good intra and inter reliability.

Keywords: Musculoskeletal ultrasound, computed tomography, three-dimensional reconstruction, lumbar vertebrae, bone modeling

1. Introduction

Of all musculoskeletal health problems, back pain is
one of the most prevalent as nearly 85% of the popula-
tion will experience non-specific low back pain (LBP)
in their life with important human and material costs
related [1,2]. It has been reported that a loss of interver-
tebral height will decrease the intervertebral mobility
which is the first causes of LBP, but some of the un-
derlying mechanisms remain unclear [3]. To improve
LBP assessment and to evaluate effects of LBP reha-
bilitation, clinicians need new tools to determine spine
kinematics.

Today, there is no non-invasive method to deter-
mine in vivo intervertebral spine kinematics. Lumbar
spine displacement is assessed by physical examination,
which is subjective, by optical tracking systems and
imaging studies that typically include multiple-planar
fluoroscopy, computed tomography (CT)-scan imaging,
or magnetic resonance imaging (MRI). All these meth-
ods are limited by radiation exposure, equipment size,
power requirements, and/or inaccuracies introduced by
skin motion artifacts [4]. Current kinematics models are
based on bone reconstructions from CT-scan imaging,
fluoroscopy and MRIs, which are either deleterious for
human tissues or expensive [5—13]. Concerning joint
kinematics, CT-scan bone modeling is still considered
as gold standard but the use of this method, in-vivo,
is not appropriate [14,15]. A previous study reported
that low dose computed tomography did not affect the
quality of reconstructions and the amount of radiation
did not alter patient-specific 3D bone modeling [16].
Even if the amount of radiation did not alter 3D bone
modeling, the localization of bone landmarks on this
3D models has a significant impact on joint kinemat-
ics. Improving the reliability of this localization will
improve the joint axes determination [17].

Although new medical imaging tools such as 3D ul-
trasound are appearing last decade. They are still expen-
sive and not easily accessible for use in most clinics and

research centers [18-20]. Getting 3D bone modeling is
important to describe an anatomical coordinate system
which is essential to determine both, vertebral rotations
and translations. Presently, all 3D ultrasound systems
are not implemented to determine spine kinematics.
To improve research and offer a greater possibility of
diagnostic tools, it becomes interesting to combine a
common and less expensive clinical tool as 2D muscu-
loskeletal ultrasound (MSUS) and develop easy fusion
algorithm to get a 3D environment and then define 3D
intervertebral kinematic thanks to 3D bone modelling
based on MSUS imaging.

MSUS is an accessible, easy to use and cost-effective
diagnosis device that allows high-resolution, real-time
imaging of bone structure [21-24]. It has not been used
to its full potential and the search for new applications
is still a topic of interest for many researchers [23,25].
MSUS has been previously used to determine vertebral
motion but only by describing 2D landmarks displace-
ment. There are relatively few articles reporting the use
of ultrasound for motion determination. Chleboun et
al. assessed the lumbar extension amplitudes with 2D
ultrasound by measuring distance variations between
the spinous processes [26]. Others have measured the
amplitudes of movement along the three anatomical
planes by introducing external fixator equipped with a
triple extracorporeal ultrasound sensor into the spinous
processes of healthy subjects’ vertebrae [27]. Wand et
al. reported high intra and inter-rater reliabilities and
agreements between 3D ultrasound and MRI in deter-
mining positions of vertebral rotation in the transverse
plane for scoliosis patients [18]. Sobczak et al. studied
ultrasound validity to measure the in vitro lumbar spine|
vertical displacement in comparison with caliper mea-
surements [28]. They obtained intraclass correlation co-
efficients ranged from 0.98 to 1 (intra and interobserver)
and confidence intervals within the limits of agreement
between the two measurement methods. Recently, a
new method has been reported that enables accurate
tracking of the relative motion of contiguous cervical
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vertebrae from ultrasound radio-frequency data [29].
They reported the surrounding tissue did not affect the
ultrasound radio-frequency data using B mode. How-
ever, all these studies related to the use of ultrasound
technology allow to determine 2D displacement and do
not allow to determine 3D joint kinematics.

According to the literature there is a need to develop
in a near future a kinematic tool to determine 3D lum-
bar kinematics thanks to MSUS imaging. As reported,
spinal kinematic have to be based on 3D bone model-
ing on which an anatomical coordinate system must be
created. In this case the first step is to assess if MSUS
allow to create 3D bone modeling. We hypothesize that
3D modeling from MSUS images would be similar to
those obtained by CT-scan. The aims of this study were
(1) to compare the concordance between bones dis-
tances measured on 3D modeling of phantom models
and lumbar vertebrae between CT-scan, MSUS imaging
and in situ caliper measurement and (2) to study the
intra and inter-reliability of these distances measured
on 3D bone modeling from MSUS imaging.

2. Methods
2.1. Computer-assisted mechanical frame

A computer-assisted mechanical frame (CAM)
(Fig. 1a) was custom-built for this study. The CAM
ensured the MSUS probe displacement standardiza-
tion (velocity) during MSUS data collection (Fig. 1).
/A mobile plate and a stepper motor were attached to
the CAM frame. The stepper motor was controlled by a
laptop using a configuration software (SureStep Pro™
AutomationDirect, Atlanta, GA, USA). The vertical
displacement was set as needed depending on the di-
mension of the object (phantom models or vertebrae)
to scan. The center of the mobile plate had a circular

[Fig. 1. (a) Computer-assisted mechanical frame (CAM) with the probe position on the mobile plate; (b) phantom model and (c) vertebra located in|
the CAM center after gelatin hardening.

both, phantom models and vertebrae in its center. The
MSUS probe was fixed on the mobile plate. The mo-
bile plate was able to turn around the vertical axis with
increments of 1 degree. To stabilize firmly objects to
scan, metal threaded rods were used. Concerning ver-
tebrae, vertebral foramina were filled out with epoxy|
resin. Threaded rods were screwed in their center.

2.2. Gelatin molding

Prior to each acquisition of ultrasound data, phantom
models and vertebrae were stabilized on the threaded
rods, then individually immersed in porcine gelatin
(Gelatin, Type A, Pork Skin, min. Bloom 225). Aften
gelatin hardening, objects to scan were placed in the
center of CAM. The gelatin ensures ultrasounds con-
duction (Fig. 1b and c).

2.3. Validation on phantom models

Two Plexiglas cylinders (50 x 100 mm and 38 x
100 mm) were used as phantom models to develop
and validate the US modeling method. Cylinders were|
manufactured at hundredth millimeters at our mechan-
ical department. CT-scan images from both cylinders
served as ‘gold standard’ [16] to allow comparison with)
ultrasound images.

2.4. Data acquisition

Dry vertebrae from L1 to LS from the same speci-
men (male aged 64 years) from our personal collection
were used. Prior to data collection the study was ap-
proved by the local ethics subcommittee (SCELERA-
18-045). CT-scan images were collected thanks to a So-
matom4 (Siemens, helical mode, reconstruction: slice|
thickness = 0.5 mm, inter-slice spacing = 0.5 mm, im-
age data format = DICOM) at the hospital center of|

ole with a diameter of 20 cm and allowed to place

Trois-Rivieres. Ultrasound images (NextGen LOGIQ
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Fig. 2. Ultrasound images before (a) and after images fusion (b).

e Ultrasound, GE Healthcare, USA — Mode = Muscu-
loskeletal, Frequency = 8.0 MHz, Distance = 6 cm,
Gain = 76) were collected in our anatomy laboratory.
Cylinders data imaging were obtained with a 12 cm
linear vertical displacement of the probe (displacement
velocity: 0,48 mm/s), resulting in a 383 images files.
Transversal displacement (rotation around the central
axis) consisted of 9 sets of images, which were taken at
every 40-degrees position (0 to 320 degrees). As the ver-
tebrae were more complexes than cylinders, transversal
displacement was adjusted to 12 sets of images, which
were taken at every 30-degrees from O to 330 degrees
to ensure 3D bone modeling. Vertical displacement was
reduced to 8 cm to limit the size of the files (181 im-
ages/data set).

2.5. Segmentation and three-dimensional modeling

Prior to 3D modeling, images for each vertical po-
sition were fused using a homemade script in Matlab
(Mathworks, R2017a). The result was a single file of
new 360-degrees dicom images for each vertebrae and
cylinders (Fig. 2). All new images were created thanks
to the size of MSUS images (Depth and width in px)
and both, the radius of mobile plate and the distance
between the probe and the center of the mobile plate.
3D segmentation and 3D bones and cylinders modeling
were performed using Amira software (Amira 5.2.2®,
Germany). Voxel conversion for each model was deter-
mined by using the X and Y pixel values (in millime-
ters) from the resulting planar images. MSUS data are
planar. Z (vertical) conversion was obtained using the
velocity, height and number of images per second from
the data acquisitions.

2.6. Bones landmark localisation and distance
measurements

CT-scan and MSUS distance measurements were col-

Fig. 3. Landmarks used for distance measurements. D1 = The most
lateral point of the left costiform process (the ventral root of the lum-
bar transverse process) to the most lateral point of the right costiform|
process; D2 = Anterior vertebral body limit to the most posterio;
point of the spinous process; D3 = Medial limit of the superior artic-
ular processes (left to right, anterior limit); D4 = Superior articular
process (left to right, posterior limit); DS = Body thickness of the|
anterior side; D6 = Antero-posterior vertebral body length; D7 =
Medio-lateral vertebral body length.

In-vitro CT scan MSUs

/
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(‘\ : - (
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- . ) <
Lateral View -*‘ 1 \ I |
\ ) J o
;\{ ‘

4b /

Inferior View

Fig. 4. In vitro, Ct-Scan and MSUS representation of the second|
lumbar vertebra.

= The most lateral point of the left costiform process
(the ventral root of the lumbar transverse process) to
the most lateral point of the right costiform process; D2
= Anterior vertebral body limit to the most posterior
point of the spinous process; D3 = Medial limit of the
superior articular processes (left to right, anterior limit);
D4 = Superior articular process (left to right, posterior]
limit); D5 = Body thickness of the anterior side; D6 =
Antero-posterior vertebral body length; D7 = Medio-
lateral vertebral body length. Measurements were car-
ried out on 3D models thanks to the measurement’s
tools of AMIRA. For better comparisons of CT-scan
and US 3D bone modeling, we also took measurements
directly on the vertebrae using a digital caliper (CAL)
(Mitutoyo Absolute Digital Caliper, 0.01 mm accuracy,

lected based on precise bone landmarks (Fig. 3): D1

0-100 mm measuring range, Japan). This allowed to in-
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Table 1
Mean (X), Standard deviation (SD), coefficient of variation (%) and Mean differences (MD) with Standard Error (SE) and
Confidence Interval [95% CI] values of distances (mm) collected on cylinders. Negative Mean difference values mean the

200

201

202

203

204

205
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207

208

209

210

211

212

213

214

215

216

217

218

distances measured by the compared method were higher

38 mm 50 mm
CAL CT Scan MSUS CAL CT Scan MSUS

Length X 99.97 97.81 99.47 100.03 97.76 99.94
SD 0.16 0.10 0.07 0.05 0.07 0.10
CV 0.16 0.10 0.07 0.05 0.07 0.10
CAL — Ct-Scan
MD 2.16 2.27
SE 0.13 0.04
CI [1.91 2.41] [2.20 2.35]

CAL - MSUS

MD 0.50 0.09

SE 0.09 0.05

CI [0.32 0.67] [—0.02 0.19]

Ct-Scan — MSUS

MD —1.67 —2.18

SE 0.06 0.02

CI [—1.79 —1.54] [—2.23 —2.14]

Width X 37.99 36.16 36.19 50.00 48.90 51.16
SD 0.13 0.17 0.08 0.05 0.07 0.20
(&A% 0.34 0.47 0.22 0.10 0.14 0.39

MD CAL — Ct-Scan
MD 1.83 1.10
SE 0.14 0.03
CI [1.57 2.09] [1.03 1.17]

CAL - MSUS

MD 1.80 —1.16

SE 0.05 0.11

CI [1.69 1.9] [1.37 —0.95]

Ct-Scan — MSUS

MD —0.03 —2.26

SE 0.11 0.11

CI [—0.25 0.19] [—2.48 —2.04]

tegrate a third measurement method, as control, for our
statistical analysis (Fig. 4). Concerning cylinders, di-
ameters and lengths were measured following the same
procedure.

R.7. Measurements

Concerning the reliability, each measurement was
repeated five times on both CT-scan and MSUS 3D
bone modeling, as well as on the vertebrae with the
digital caliper. To assess intra-rater reliability of dis-
tance measurements on MSUS 3D bone modeling, the
same rater performed new 3D modeling of vertebrae be-
fore assessing the measurement protocol. This measure-
ment protocol was repeated within- and between-days:
three times on the same day and on a three-day inter-
val. Concerning inter-raters reliability, three raters ap-
plied the same measurements only on one set of MSUS
modelization. Concerning methods agreement, mea-
surements on cylinders, 3D Bone modeling from CT-
scan, MSUS and in situ, one rater measured all dis-

tances five times on the fives vertebrae with two days
interval each.

2.8. Statistical analysis

Mean difference (MD), standard deviation (SD) and
coefficient of variation (CV) were assessed for each|
distance. Standard errors (SE) and 95% coefficient in-
tervals (CI) between CT-scan, MSUS and CAL mea-
surements of both cylinders were calculated, then the
same analysis were made on vertebrae data. Limits of]
agreement between methods considering all vertebrae)
as a whole sample were calculated using Bland and
Altman method [30-32]. According to the results of
SE, CI and Bland and Altman analysis, we decided to
assess the intra- and inter-rater reliability by applying
intraclass correlations coefficient (ICC — 2.1 Two-Way,
random) on distances measured only on 3D MSUS bone
reconstruction with 95% CI. All statistical analyses
were performed with SPSS software (SPSS Statistics
for Windows, version 24.0; IBM Corp., Armonk, NY,

USA)
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3. Results
3.1. Validation on cylinders

In comparisons to caliper measurements (Table 1),
mean differences for both, length and width of the
38 mm cylinder were respectively 0.50 and 1.80 mm for
MSUS measurements, 2.16 and 1.83 mm for CT-scan
measurements. Mean differences for both, length and
width of the 50 mm cylinder were respectively 0.09 and
—1.16 mm for MSUS measurements, 2.27 and 1.10 mm
for CT-scan measurements. In comparisons to CT-scan
measurements, mean differences for both, length and
width of the 38 mm cylinder were respectively —1.67
and —0.03 mm and for the 50 mm cylinder, length
and width were respectively —2.18 and —2.26 mm for
MSUS measurements. Standard errors calculated on the
mean difference were ranged from 0.04 to 0.14 mm.
Mean values, standard deviations, coefficients of varia-
tion and 95% CI are also reported in Table 1.

3.2. Concordance of distance measurements from 3D
modeling and in situ measurement

Table 2 reports all distances on lumbar vertebrae
from L1 to L5 and for all methods. Concerning CT-
scan, MSUS and CAL, coefficients of variation were
ranged from 0.15% to 2.11%, from 0.18% to 3.25% and
from 0.05 to 3.42%, respectively. Mean CV (SD) for
CT-scan, MSUS and CAL were 0.67% (0.49%), 1.11%
(0.93%) and 0.58% (0.69%), respectively.

For each comparison (CT-scan/MSUS, CAL/CT-
scan, CAL/MSUYS) and for all measurements, Table 3
reports all mean differences with 95% CI. We wanted
to observe if variations were dependent of the anatomi-
cal plans in which distances were collected (transver-
sal, antero-posterior and vertical). Concerning MSUS
measurements for antero-posterior distances (D2, 6),
Mean MD showed a slightly overestimation in com-
parison to CT-scan (MD: —0.81 £ 1.11 mm) and in
situ (—0.05 £ 0.87 mm). Concerning transversal dis-
tances (D1, 3, 4, 7), Mean MD showed a slightly over-
estimation in comparison to CT-scan (MD: —0.78 £
1.76 mm) and underestimate in situ measurements (0.13
+ 1.29 mm). Finally, about the vertical distance (D5),
Mean MD showed a slightly overestimation in compar-
ison to CT-scan (MD: —0.16 4 0.99 mm) and underes-
timate in situ measurement (0.86 + 0.91 mm). Based
on the mean MD these distances modifications are all
below 1 mm with a higher modification for MSUS in
vertical axis

Table 2
Mean (X), standard deviation (SD) and coefficient of variation (%) of|
distances (mm) collected on 3D bone modeling and in situ

Distances

D1 D2 D3 D4 D5 D6 D7

Ct-Scan
Ll X 715 883 194 281 278 351 463
SD 020 022 0.17 034 025 030 0.09
Cv 028 025 088 123 0.89 0.86 0.19
L2 X 80.2 932 252 293 28.7 380 495
SD 031 0.15 045 029 048 028 0.13
Cv 038 016 1.77 1.00 168 074 026
L3 X 943 931 207 329 289 38.0 522
SD 032 057 044 023 0.11 023 0.08
CV 034 062 211 070 037 060 0.15
L4 X 674 888 246 352 298 37.0 556
SD 0.14 0.17 034 0.10 035 033 0.19
Cv 021 020 140 027 1.16 0.88 034
L5 X 909 851 233 514 268 41.0 58.6
SD 041 024 015 0.17 0.15 030 0.25
CV 045 028 066 033 055 074 043
MSUS
L1 X 757 86.8 19.1 27.0 272 348 46.1
SD 0.15 034 040 024 006 051 0.27
CV 020 039 208 09 022 145 058
L2 X 79.6 934 248 295 298 373 494
SD 067 067 047 096 024 033 0.09
CvV 084 072 191 325 079 0.88 0.18
L3 X 969 932 200 333 286 387 521
SD 025 128 026 070 0.89 021 042
Cv 025 138 130 209 311 054 0382
L4 X 69.8 904 244 358 31.0 386 579
SD 106 045 047 0.10 009 087 0.67
CvV 152 049 194 028 028 226 1.16
L5 X 954 857 239 527 277 414 619
SD 043 027 031 0.19 102 023 0.30
CvV 045 031 130 035 370 056 048
CAL (In situ)
L1 X 72.8 88.5 195 284 283 353 465
SD 008 007 020 044 008 009 0.11
Cv 0.10 008 1.0l 156 027 026 024
L2 X 79.5 940 255 293 295 378 517
SD 026 048 025 0.04 004 0.12 0.12
Cv 032 051 098 0.13 0.15 032 024
L3 X 97.1 958 21.1 328 31.0 388 537
SD 005 035 072 0.07 010 022 0.14
CV 005 036 342 020 033 056 026
L4 X 69.6 90.0 247 355 305 375 578
SD 007 021 038 037 020 032 0.10
CvV 0.10 024 154 105 0.65 0.85 0.18
L5 X 93.0 856 238 513 278 420 612
SD 009 0.18 051 028 022 022 0.05
Cv 0.09 021 213 055 0.80 053 0.09

Considering all vertebrae as a whole sample, limits
of agreement (Table 4) and Bland and Altman plots
(Fig. 5) demonstrated comparisons were included in the|
limits of agreements excepted for D1 (costiform to cos-
tiform) at L5 especially for MSUS measurement where
distance was overestimated (Table 3 — MD: —5.79 and

—3.64). Means MD (SD) were —0.44 + 0.63 mm, 0.83
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Table 3

Mean differences (MD), Standard Error (SE) and Confidence Interval [95% CI] for all distances and vertebrae. Negative MD values mean
the distances measured by the compared method were higher. All values are in mm

Mean differences (MD) and lower and upper limits of agreements (95%/=+ 1.96 Sd) for all distances with
overall vertebrae. MD negative values mean the distances measured by the compared method were higher.

Ct-Scan vs MSUS CAL vs Ct-Scan CAL vs MSUS
MD SE CI MD SE CI MD SE CI
DI L1 —126 0.11 [—147 —1.05] 1.32 0.09 [1.15 1.49] 0.06 0.12 [—0.18 0.30]
L2 1.17 023 [0.72 1.61] —-0.71 023 [—1.16 —0.25] 046  0.02 [0.41 0.51]
L3 —274 020 [-3.14 —2.34] 2.80 0.17 [2.47 3.13] 0.06 0.15 [—0.23 0.35]
L4 —-242 0.15 [—-271 —2.12] 221 0.06 [2.09 2.33] —0.21 0.13  [—0.46 0.04]
L5 =579 0.63 [—-7.02 —4.55] 2.14 023 [1.69 2.60] —3.64 0.13 [—3.90 —3.39]
D2 L1 —-026 0.19 [-0.62 0.10] 0.18 0.11 [—0.04 0.39] —0.08 0.09 [—0.26 0.09]
L2 —-0.83 0.09 [—1.01 —0.65] 0.78 0.28 [0.23 1.33] —0.05 021 [—0.46 0.37]
L3 —-250 030 [-3.09 —1.91] 270 0.33 [2.04 3.35] 0.20 0.15 [—0.09 0.48]
L4 —-159 027 [-2.13 —1.05] 1.14  0.12 [0.90 1.38] —045 033 [—1.09 0.19]
L5 —134 020 [—1.74 —0.95] 0.56 0.18 [0.21 0.91] —-0.79 0.19 [—1.15 —0.42]
D3 LI 0.10 0.16 [-0.21 041] 0.14 0.13 [—0.11 0.39] 024 024 [-0.24 0.71]
L2 1.22 030 [0.64 1.81] 028 026 [—0.23 0.78] 1.50 0.14 [1.23 1.77]
L3 0.67 0.17 [0.33 1.00] 033 043 [-0.51 1.18] 1.00 0.37 [0.27 1.73]
L4 0.36  0.15 [0.07 0.66] 0.13 030 [—0.47 0.73] 049 0.18 [0.15 0.84]
L5 0.47 0.08 [0.32 0.63] 0.54 0.23 [0.08 0.99] 1.01 0.17 [0.68 1.34]
D4 L1 —-0.12 030 [-0.72 048] 0.32  0.08 [0.16 0.48] 0.20 0.32 [—0.44 0.83]
L2 -—-115 029 [-1.71 —0.58] 0.03 0.14 [—0.24 0.30] —1.12  0.18 [—1.48 —0.77]
L3 —-048 0.12 [-0.73 —0.24] —0.08 0.12 [-0.31 0.15] —0.56 0.06 [—0.67 —0.45]
L4 0.37 0.10 [0.17 0.57] 028 022 [—0.15 0.71] 0.65 0.25 [0.16 1.14]
L5 —-1.19 0.12 [-1.42 —0.96] —0.08 0.12 [-0.30 0.15] —1.27  0.08 [—142 —1.12]
D5 LI —-0.15 0.11 [-0.35 0.06] 047 0.11 [0.26 0.68] 0.32  0.06 [0.21 0.43]
L2 —-085 025 [-135 —0.35] 0.83 0.25 [0.34 1.32] —0.02 0.04 [—0.10 0.07]
L3 —090 0.08 [—1.06 —0.75] 2.08 0.01 [2.06 2.10] 1.18  0.08 [1.03 1.33]
L4 0.37 0.10 [0.17 0.57] 0.75 0.12 [0.51 0.99] 228 0.10 [2.08 2.48]
L5 —044 0.09 [-0.62 —0.26] 096 0.13 [0.71 1.21] 0.52  0.07 [0.38 0.66]
D6 LI —-099 0.19 [—-1.37 —0.61] 0.19 0.15 [—0.11 0.48] —0.81 0.05 [—0.91 —0.70]
L2 0.86 0.12 [0.62 1.10] —023 0.18 [—0.59 0.12] 0.63 0.15 [0.33 0.92]
L3 1.07 020 [0.68 1.46] 0.85 0.14 [0.57 1.13] 1.92  0.18 [1.57 2.26]
L4 —1.62 025 [—-2.10 —1.14] 048 0.18 [0.13 0.83] —1.14 027 [-1.67 —0.61]
L5 —-0.89 0.15 [-1.19 —0.60] 095 0.14 [0.67 1.23] 0.05 0.07 [—0.09 0.19]
D7 L1 0.23  0.07 [0.09 0.37] 0.17 0.09 [—0.01 0.36] 0.40 0.09 [0.23 0.58]
L2 0.56 0.10 [0.36 0.75] 221  0.08 [2.05 —1.89] 277 0.12 [2.54 2.99]
L3 —0.08 0.11 [—0.29 0.14] 1.53  0.09 [1.36 1.70] 145 0.09 [1.28 1.63]
L4 —-2.68 023 [-3.13 —2.22] 2.17  0.12 [1.94 2.40] —-0.51 0.16 [—0.81 —0.20]
L5 —291 026 [—342 —2.11] 2.60 0.12 [2.36 2.84] —0.31 020 [—0.71 0.09]
Table 4

All values are in mm

293

294

295

CT-scan Vs MSUS CAL vs CT-scan CAL vs MSUS
MD Limits of MD Limits of MD Limits of
agreement agreement agreement
Lower  Upper Lower  Upper Lower  Upper
D1 —1.31 —4.46 1.84 140 —1.32 4.13 0.09 —0.54 0.73
D2 —129 =318 0.59 120 —0.85 3.25 —0.09 —0.96 0.80
D3 0.59 —0.58 1.70 022 —0.388 1.32 0.80 —0.52 2.13
D4 —-035 —-1.72 1.03 0.14  —0.50 0.77 —-0.21 —1.80 1.38
D5 —0.09 =216 1.97 1.03  —0.32 2.39 094 —0.86 2.75
D6 —0.17  —=2.60 2.26 032 —0.67 1.31 0.15 —-2.38 2.68
D7 —049 =312 2.14 .52 —0.17 3.21 1.03 —1.46 3.52
Mean —0.44 0.83 0.39
SD 0.63 0.55 0.48

+ 0.55 mm and 0.39 + 0.48 mm for Ct-Scan versus
MSUS, CAL versus Ct-Scan and CAL versus MSUS
comparison, respectively. These values allow to ob-

serve small variations with ultrasound that overestimate
distances compared to CT-scan, ultrasound underesti-
mate distances compared to in situ measurements an
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A) Ct-Scan vs MSUS
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CT-scan underestimate distances compared to in situ
measurements.

3.3. MSUS Reliability measurements

Good reliability was observed between each MSUS
measurements (Table 5). Mean intra-rater reliability in-
traclass correlation coefficients for within and between
days were 0.970 £+ 0.037 and 0.972 4 0.038, respec-

[Fig. 5. Bland and Altman plots: A) Ct-Scan and MSUS comparison, B) Ct-Scan and Caliper comparison and C) Caliper and MSUS comparison,
Dotted lines refer to the mean differences and continuous lines refer to upper and lower limits of agreement. Values are reported in Table 4.

tively. Concerning the inter-rater reliability, the mean|
ICC was 0.820 £ 0.212.

4. Discussion
The purpose of this study was to compare the con-

cordance distances measured on 3D modeling of both
phantom models (cylinders) and lumbar vertebrae be-
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B) Ct-Scan vs Caliper
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Fig. 5. Continued.

tween CT-scan, MSUS imaging and in sifu caliper
measurements and to study both the intra and inter-
reliability distances measurements on 3D bone model-
ing from MSUS imaging.

Validation on cylinders was the first step. Since char-
acteristics of ultrasound images differ from those ob-
tained by CT-scan, it was necessary at first to acquire
images on standardized phantom models in order to
develop the method and to define the image reconstruc-

tion parameters. In this step, the caliper was consid-
ered as gold standard method and we observed on both
cylinders, that length and width were almost similar to
real distances. Measurements realized on MSUS 3D
cylinder modeling seem to be more accurate for cylin-
ders length in comparison to CT-scan. This CT-scan|
variability could be explained by the increment error
during the reconstruction procedure or by the fact the

first and the last slice could not be taken at the begin-
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C) Caliper vs MSUS
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ning and at the end of cylinders during the CT-scan
procedure (because of the distance between two slices)
giving a higher variation for reconstruction. Concerning
width, measurements on CT-scan 3D cylinder modeling
were underestimated. This seems to be variable with
measurements on 3D cylinder modeling from MSUS
but considering the coefficient of variation for both, the
length and width, the maximal variations were 0.16%

nd 0.47%, respectively. These values allowed us to

Fig. 5. Continued.

confirm that MSUS method allows to measure with a
great precision.

Concerning vertebrae, as the reconstruction method
was validated on cylinders, we were able to proceed
to the second step which was the application of the
same protocol on human lumbar vertebrae. In terms of]
concordance, results of distances for all vertebrae are
within limits of agreement confirming the concordance
between CT-scan, MSUS and caliper measurements
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Table 5

MSUS intra and inter rater Intraclass correlations coefficient [95% CI]

Between days

Inter-raters

0.993 [0.969-0.999]
0.981 [0.965-0.991]
0.991 [0.951-0.999]
0.999 [0.998-1.000]
0.900 [0.494-0.989]
0.940 [0.723-0.993]
0.998 [0.992-1.000]
0.972

0.038

Distances Intra rater
Within day

D1 0.991 [0.981-0.996]
D2 0.975 [0.951-0.988]
D3 0.992 [0.954-0.999]
D4 0.999 [0.998-1.000]
D5 0.901 [0.532-0.989]
D6 0.937 [0.710-0.993]
D7 0.998 [0.992-1.000]
Mean 0.970

SD 0.037

0.996 [0.993-0.998]
0.853 [0.304-0.951]
0.627 [0.063-0.845]
0.968 [0.904-0.987]
0.433 [0.390-0.696]
0.889 [0.760-0.948]
0.973 [0.947-0.986]
0.820

0.212

(Table 4). Nevertheless, D1 (costiform to costiform) at
L5 especially for MSUS measurement were overesti-
mated (Table 3 — MD: —5.79 and —3.64). Even if L5 is
the biggest lumbar vertebra it is not the widest. Indeed,
IL3 is the widest lumbar vertebra (in situ: 93 mm for
L5 and 97.1 mm for L3 — See D1 Table 2). We know
that MSUS overestimate distances and this overesti-
mation could be related to vertebrae width. It seems
it is not the case and we have no explanation why the
MD for D1 at L5 were higher. Concerning CT-scan,
MSUS and CAL, coefficients of variation were ranged
from 0.15% to 2.11%, from 0.18% to 3.25% and from
0,05 to 3.42% (Table 2), respectively with Mean CV
ffor CT-scan, MSUS and CAL of 0.67 % =+ 0.49%, 1.11
% + 0.93% and 0.58% =+ 0.69%, respectively. These
values allow to observe the low variability of measure-
ments for each method. Looking at the mean differ-
ences between methods, we observed globally, for all
distances that MSUS overestimated distances of (—)

44 + 0.63 mm compared to CT-scan, MSUS under-
estimated distances of 0.39 £ 0.48 mm compared to in
situ measurements by caliper and CT-scan underesti-
mated distances of 0.83 4 0.55 mm compared to in sifu
measurements by caliper (Table 4). These variations
were very low regarding lumbar vertebrae size and are
acceptable.

Our results seem to be consistent with those of Jia and
al. [23] who have presented a computer-aided tracking
and motion analysis with ultrasound system to describe
hip joint kinematics. They reported a great feasibility
of using MSUS in bone segmentation and registration.
Although this study differs from ours since it mainly
measured hip rotation degrees, the combination of these
results suggests that it would be possible to evaluate
lumbar kinematics using 3D MSUS modelling.

We also found a good concordance between caliper
and ultrasound measurements as previously reported
by Sobczak et al. [28], in addition to our findings re-
garding CT-scan and ultrasound concordance. Finally.

our results show a similarity between MSUS, and CT-
scan measurement as observed in other studies [33-35]
where ultrasound and CT-scan accuracy were com-
pared.

Concerning reliability, a high degree of reliability|
was observed between each MSUS measurements for]
intra and inter-rater reliability. Only two measurements
for inter-rater reliability showed poorer reliability (D3
and D5). This could be explained by the fact that raters
reported greater difficulty in reconstructing and mea-
suring the upper articular surface and the thickness of|
the vertebral body. Anterior limits of the superior artic-
ular process were more difficult to distinguish because
of the artifact generated by the fixation rod, and the|
thickness of the vertebral body was more ambiguous to
determine since the bony material was reflected in some
images above and below the vertebra. However, ver-
tebral body thickness and superior articular processes
are not variables of interest in a context of 3D motion|
analysis [36] so this measurement error will not be a
limit to the pursuit our next studies. We did not assess
reliability measurements on 3D bone modeling from
CT-scan and in situ. We decided to proceed like that
because previous study [16] reported that 3D CT-scan
modeling was a good method for patient-specific bone
modeling for kinematic determination and low-dose
computed tomography did not affect 3D bone model-
ing. In our case, the model of interest was the 3D bone
modeling from MSUS and it is why we have determined
the reliability of measurements only on this model.
Concerning the in situ measurements, bone landmarks
were well visible and there was any challenge to as-
sess intra and inter reliability on dry vertebrae thanks to
the caliper.

Concerning the visual aspect of the 3D reconstruc-
tions based on ultrasound images, the results were good
and we observed that it is possible to see small struc-
tural details. The fact that these reconstructions repre-
sent very well the real vertebra is encouraging since i
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will be necessary to determine precise bone landmarks
to assess both, discrete and later continuous kinematics.
Indeed, costiform processes and spinous processes will
be of great interest to locate the anatomical coordinate
systems. These structures appear very well on MSUS
3D bone modeling and will allow us to accurately locate
the vertebral coordinate system.

Determination of joint kinematics dependents of dif-
ferent factors. The first one will be the localizations of
bone landmarks on 3D models. An incorrect localiza-
tion will induce a mispositioning of the anatomical co-
ordinate system inducing alterations of joint displace-
ment with an increase of both, angular (rotation) and
linear (translation) displacement [37]. The second fac-
tor is the distance between two anatomical coordinate
systems. Indeed, the increase of this distance will af-
fect strongly joint translations but will not affect signif-
icantly angular displacements. Translation are highly
sensitive to the choices of coordinate systems and axes
of motion [38].

In the case of a global development of a new method,
it was important to compare both ultrasound and CT-
scan 3D bone modeling. We first hypothesized that
IMSUS images would allow a precise 3D modeling of
phantom models similar to modelization based on CT-
scan, and it would be possible to export the results to
vertebrae to open new possibilities in the study of in
vivo intervertebral motion such as intervertebral both,
hypo and hypermobility. Our findings demonstrated a
strong concordance in 3D measurements of cylinders
and lumbar vertebrae between CT-scan, MSUS imaging
and caliper measurements, and a high intra and inter-
reliability of 3D MSUS modeling.

The study of in vivo joint kinematics is still chal-
lenging today. Intracortical pins with external reflective
markers are today ethically questionable and impossible
to use in clinical practice. Clinical functional assess-
ment using passive or active markers pasted on the skin
is acceptable for bigger joints but the artifacts caused by
skin movements increase the error of measurement. For
small joints, such as intervertebral joint passive markers
pasted on the skin will not allow to assess intervertebral
displacement. With the improvement of the quality of
MSUS images, for example to detect bone fracture [39],
IMSUS seems to be a good technology to determine, in
the future, intervertebral spine displacements.

This study has some limitations. First, only one
MSUS acquisition was performed per vertebra. Al-
though the reconstructions were made several times
from these images to confirm the reliability, it would

3D reconstruction. Second, in some cases the bone ma-
terial in the center of the vertebrae (joint facets) was
more difficult to distinguish because of the artifact gen-
erated by the rod used for stabilization. Third, verte-
brae are presented in an ideal environment, as an iso-
lated object in a non-distorting environment (gelatin).
Skin, fat, and other tissue could affect the quality of]
the images, making it difficult to visualize bone limits.
The superposition of several images with different an-
gulation should limit this aspect. The next study will
have to compare 3D bone modeling from MSUS on the
same vertebrae but with and without posterior tissues
on several lumbar spine. This will allow to evaluate the
effect of the superficial tissues and then assess if tis-
sues induce an alteration of both, bone modeling, then|
the intervertebral kinematics. The 3D MSU scanning is
performed with full access to all sides of the vertebrae.
This aspect could be weird because it will be difficult
to apply this procedure on patients. First, the intra ab-
dominal fat decrease strongly the quality of MSUS im-
ages. Second, to determine spine kinematics, we do not
need complete 3D bone models to determine interverte-
bral displacement. Indeed, as mentioned previously, we
need precise localization of bone landmarks and three
landmarks are necessary to describe an anatomical co-
ordinate system. In the perspective of spine kinematics,
posterior and lateral elements are enough to locate a
coordinate system. In this context, readers will find it
weird to work on 3D bone modeling from MSUS, since|
in vivo, it will be impossible to access to ventral bone
elements but these structures will not be of interest for
next studies. The first step was to evaluate if 3D mod-
eling from MSU data set was similar to 3D modeling
from tomography. In the future, just the posterior wall
of the lumbar spine will be enough to define bone land-
marks on partial 3D modeling and define an anatomical
coordinate system using spinous processes and lumbar
costiform processes.

5. Conclusion

Three-dimensional modeling from 2D ultrasound im-
ages of lumbar vertebrae is accurate in comparison to
those obtained by CT-scan images and distances mea-
surements were concordant with small errors of mea-
surements. It would therefore be possible to use ultra-
sound in the study of joint kinematics. Pursuit of re-
search in this direction is necessary to integrate inter-
vertebral motion analysis

ave been interesting to have a new acquisition for each
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