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ABSTRACT ARTICLE HISTORY

The location of the instantaneous helical axis (IHA) and the impact of the facet joints (FJ) on the Received 18 January 2021
kinematics in the thoracic spine remain inconclusive. This study aimed to examine the IHA in the Accepted 28 June 2021
functional spinal unit (FSU) T4-5 during axial rotation in intact conditions and after bilateral KEYWORDS
facetectomy. Four human T4-5 FSUs were examined with an established 6D measuring apparatus Thoracic spine; axial rotation:
in intact conditions and after bilateral facetectomy. The IHA’s parameters migration, location, and kinematics; facetectomy;
direction in the horizontal plane were calculated. Defined preloads in different positions were instantaneous helical axis
applied. Under the intact conditions, the IHA migrated about 4 mm and from one to the

contralateral side according to the applied preload. The location of the IHA was observed in the

anterior part of the spinal canal. After bilateral facetectomy, the location of the IHA shifted ventrally

about 10 mm compared to the intact conditions. Under intact conditions, the direction of the IHA

was minimally dorsally reclined. After bilateral facetectomy, the IHA was significantly more ven-

trally inclined. The study determined the location of the IHA under intact conditions at the anterior

part of the spinal canal. The IHA of the FSU T4-5 is substantially influenced by the guidance of the

Fls.

1 Introduction
and posterior ligaments, FJs and their capsules account

In thoracic spine surgery, consideration of biomechani- 5/ the stability of the (thoracic) spine (Liebsch and Wilke
cal characteristics is indispensable in terms of its impact 2018). Thus, facetectomy is regularly combined with
on the surgical outcome and the risk of complications  ¢apilization since the procedure seems to be associated
after surgery (Nicholls et al. 2017; Oe et al. 2019). The  \,ith spinal instability (O'Leary et al. 2018). While the
locations of the rotational axes in the thoracic spine impact of bilateral facetectomy on the rotational axes
under axial rotation have been observed to be at the L35 heen partially examined for the cervical and lumbar
posterior end of the spinous process and at the anterior spine (Cusick et al. 1988; Zander et al. 2003), the influ-
border of the vertebral body, and all the areas in  ance of the FJs on the IHA of the thoracic spine remains
between (Molnar et al. 2006). While one previous per-  ncjear. Since the extension of a surgery in terms of
spective assumed the locations of the instantaneous 5 gtabilization requires the insertion of screws and pro-
helical axis (IHA) of rotation at the anterior part of the longs the operation time, thus increasing the risk for
spinal canal (Liebsch and Wilke 2018), a recently pub-  ¢gical complications (Gautschi et al. 2011; Schoenfeld
lished study found the IHA locations to be slightly more ot . 2011), it is important that it be well justified based
anterior at the posterior part of the vertebral body 5., hiomechanical and clinical observations.
(Liebsch et al. 2020). Given this background, the present study aimed to
Facetectomy is a procedure that can be performed in examine the IHA locations in intact conditions and to
cases of facet joint (F)) hypertrophy and osteophytes, if  3n31yze the impact of bilateral facetectomy on IHA kine-
conservative treatment fails (O'Leary et al. 2018).  matics. Therefore, the study used a well-established 6D
Together with the ligamentum flavum and the anterior measuring apparatus to examine the kinematics during

CONTACT Paul Jonathan Roch Email @ pauljonathan.roch@gmail.com @ Department of Trauma Surgery, Orthopaedics and Plastic Surgery, University of
Gottingen, Robert-Koch-Str. 40 37075, Goéttingen, Germany

Lukas Weiser, Martin Michael Wachowski, These authors contributed equally

List of abbreviationsCTComputer tomographyFJFacet jointFHAFinite helical axisFSUFunctional spinal unitiHAInstantaneous helical axis

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0002-4357-4886
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/23335432.2021.1958059&domain=pdf&date_stamp=2021-08-03

axial rotation in the functional spinal unit (FSU) T4-5
before and after bilateral facetectomy (Mansour et al.
2004; Wachowski et al. 2017; Roch et al. 2020a, 2020b).
The reasons for analyzing the FSU kinematics with the
6D apparatus are its high spatial-temporal resolution
and its motion-analyzing outcome parameter IHA. In
contrast to parameters such as range of motion or stiff-
ness, the IHA and its migration enable the comprehen-
sion of the complex motion properties of an FSU.
Although the IHA has been analyzed by different
approaches, including sequential radiography, optical
systems, and finite element studies (Rousseau et al.
2006, 2008; Dugailly et al. 2010; Park et al. 2011;
Crawford et al. 2012; Anderst et al. 2013, 2016), the 6D
apparatus used in this study offers a comparably very
high spatial-temporal resolution. The authors hypothe-
sized that: (1) the location of the IHA is placed some-
where near the posterior part or even at the border of
the vertebral body in the horizontal plane and (2) the
resection of both FJs leads to an instability of the FSUs
and a ventral shift in the locations of the IHA.

2 Methods
Functional spinal units

Four T3-5 FSUs were used for the study (69.0 [SD 19.1]
years, 2 females, 2 males). Interfering pathologies, such
as osteochondrosis, spondylarthrosis, or other injuries,
were excluded via computed tomography scans. The
FSUs were imbedded in a formalin-containing solution.
The limitations of formalin are discussed in the limitation
section (Wilke et al. 1996; Holewijn et al. 2017). Soft and
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muscular tissues, ribs (through the costotransverse
joint), vessels, and neural structures were removed,
while vertebrae, ligaments, and capsules were retained.
The FSUs were anchored to their fixtures with screws,
then imbedded in brackets. To ensure sufficient freedom
of movement, the T3 and T4 vertebrae were fixed to
each other with screws, and T3 was embedded in the
bracket serving as an elongation. After imbedding and
fixation, computed tomography scans of each of the
FSUs were repeated for later analyses. The positioning
of the vertebrae in the brackets is crucial for the experi-
ment. The vertebrae were centered in the brackets.
Therefore, the sagittal orientation was defined by a line
running through two points in the middle of the spinous
process in the horizontal plane. The coronal position was
determined by the posterior border of the vertebral
body. The transition between the pedicle and posterior
border of the vertebral body (the anterior end of the
intervertebral foramen) of T4 was positioned in the cor-
onal center of the brackets. The endplates of the seg-
ment of interest were aligned to the horizontal plane in
the middle of the intervertebral disc (Figure 1).

Experimental setup

A well-established 6D measuring apparatus was used for
the experiments (Mansour et al. 2004; Wachowski et al.
2013, 2017; Roch et al. 2020a, 2020b). A water pump
system was used to apply an axial rotation with
a cyclically varying torque-time function Tz(t) (frequency
:ﬂ%Hz). The torque was applied on the mobile super-
jacent vertebra, T3/4, while the subjacent vertebra, T5,
remained fixed as a reference. When the system was at

Figure 1. Imbedding of the Specimens. The figure shows the X-rays of an imbedded specimen in sagittal (A) and coronal (B) views and
a horizontal view of the computer tomography scan (C). The green lines mark the virtual planes for the alignment of the vertebrae.
They allowed centering of the vertebrae with the sagittal, coronal, and horizontal planes, respectively. A line running through two
points in the middle of the spinous process in the horizontal plane defined the sagittal orientation, while the posterior border of the
vertebral body determined the coronal orientation. The horizontal orientation was defined by the endplates. The blue framing in the

horizontal view mark the frame of the bracket.
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rest (T, = 0), the forces were balanced. When water
(6000 mL) was pumped from reservoir A to reservoir
B and vice versa, the apparatus performed an axial rota-
tion. Physiological interplay was simulated by defined
preloads on the Y-/X-axis. The weight of the head and
the upper thorax were simulated by preloads, which
varied in position. There were five preload positions:
One preload was positioned at the center and four pre-
load positions in each direction, 30 mm from the center
(dorsal, ventral, right, and left). Each preload was defined
at 200 N (Figure 2).

Six inductive displacement sensors (Millimar 1310
inductive probe, Mahr GmbH, Gottingen, Germany
[Mansour et al. 2004]) were mounted to the lower
bracket and their tips touched the upper bracket with
three orthogonally orientated glass plates. They were
arranged in three orthogonal planes in a 3-2-1 config-
uration to record the spatial movements of the mobile
superjacent vertebra (Figure 2B). The displacement of
the sensors by impression and release of the tips allows
the registration of the upper bracket’s spatial positions
(T4). Equal amplitudes of the six displacement sensors
under an applied torque signified the stable and con-
stant movement necessary for data collection. The appa-
ratus captures at least 400 positions in one cycle of Tz(t)
with a spatial resolution of < 2.4 um for axial rotation and
< 1072 degrees for rotation. Data from the displacement

la] [b]

balancing
| weight (1)

Part of the apparatus, where the vertebrae
are imbedded in the brackets

balancing
weight (1) ’

sensors was used to calculate the IHA (position, direc-
tion) and its migration rate as functions of the rotational
angle a (Mansour et al. 2004).

For each FSU the center of resistance was determined
as the point of the least sensor displacement during axial
rotation. The axes of the device were defined as follows:
The Z-axis ran vertically through the center of resistance.
The X-axis was defined as normal to the sagittal, and
Y-axis as normal to the coronal plane, both running
through the Z-axis. The experiments began with the
intact segments for all preload conditions, resulting in
five runs (sequence: central, dorsal, ventral, right, left).
Thereafter, bilateral facetectomy of T4-5 was performed
by an experienced spine surgeon. The operative proce-
dure was performed while the specimen remained in the
apparatus, though the calibration was not affected.
Then, the experiment was repeated for all five preload
conditions, again resulting in five runs (sequence: cen-
tral, dorsal, ventral, right, left).

Data processing

The algorithm that was used to calculate the IHA is
a modified version of the direct approach used to deter-
mine the IHA, and it was recently critically discussed
(Kinzel et al. 1972; Roch et al. 2020a, 2020b). As in pre-
vious studies, the data refers to a small range of axial
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Figure 2. Experimental Setup. A Photograph of the 6D measuring apparatus. B The plan of the 6D measuring apparatus is depicted.
The superjacent vertebrae (T3 and T4) are embedded in the mobile upper bracket, and the subjacent vertebra (T5) is embedded in the
fixed lower bracket. The balancing weights are used to neutralize the weights of the upper bracket and the turnstile (1) and of the
water pumps (2). The turnstile allows the application of the force system (F,, T,(t)). Preloads (200 N) were placed at five different
positions: centric, dorsal, ventral, right, and left (each non-centric preload was 30 mm from the center). Six inductive displacement

sensors (red) were mounted to the lower bracket.



rotations to reflect physiological motions
(=1.0° <a < +41.0°) (Wachowski et al. 2017; Roch
et al. 2020a, 2020b). For the analyses, the mean values
from the two rotational directions (right, left) were used.
Two parameters were calculated: 1) The IHA direction,
which is the inclination of the IHA in each dimensional
plane and 2) the IHA migration in the axial plane. This
migration was visualized as a path in the axial plane at
Z = 0 cm. Mean IHA locations were defined as the IHA
positions at a = 0° of axial rotation and were used for
calculations (Wachowski et al. 2017; Roch et al. 2020a,
2020b). Spatial relationships were analyzed based on the
IHA positions (Mansour et al. 2004). CT scans allowed for
visualization of the IHA migration path.

Coordinate system

Calculation of the IHA is based on the displacement of
one coordinate system in relation to another (Roch et al.
2020a, 2020b). The center of the initial coordinate sys-
tem was set in the right caudal posterior corner of the
lower bracket (reference) and was gauged by the 6 dis-
placement sensors. For further calculations, the center
was re-adjusted to the center of the coordinate system
as defined by the positioning of the FSUs as described
above (X-/Y-/Z-axes): The axial plane was set through the
middle of the intervertebral disc, the coronal plane was
set at the posterior border of the vertebral body, and the
sagittal plane through the X- and Z-axis. For the analyses
and visualizations, the CT scans were adjusted using
standardized brackets that enclosed the vertebrae;
thus, they could be used as a reference. The points at
which the IHA intersected with the axial plane in the
vertical middle of the intervertebral disc determined the
IHA positions.

Statistics

Differences between IHA direction, position, and migra-
tion for each preload positions were calculated. The
Wilcoxon test and Friedman test for paired observations
were used due to the presence of nonparametric data.
Post hoc tests and corrections for multiple testing were
performed with the Bonferroni approach. SPSS Statistics
software version 26.0 (IBM SPSS Inc., Chicago, IL, USA)
and GraphPad Prism 8.2.1 (GraphPad Software, San
Diego, CA, USA) were used. Values of p < 0.05 were
considered to be statistically significant. The results in
the tables are shown as median and quartiles (nonpara-
metric data). For a better readability, data in the text is
depicted as mean and SD. Statistical analyses were
supervised by the Department of Medical Statistics,
University of Gottingen.
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The study was approved by the ethics committee of
the University of Gottingen (No. 17/12/09).

3 Results
Instantaneous helical axis position

Under intact conditions, the location of the IHA (IHA
positions at a = 0° of axial rotation) and under a central
preload condition was at X = 6.1 (SD 7.3) mm and
Y = —1.1 (SD 2.2) mm in the axial plane. Dorsal and left
preload positioning led to an IHA location that was
located significantly more dorsally compared to the cen-
tral preload position (p = 0.010, Friedman test).
Furthermore, the IHA location was significantly more
rightwards under the dorsal preloading condition than
under a ventral or right preloading condition (p = 0.010,
Friedman test) (Table 1, Figure 3).

After bilateral facetectomy, the location of the IHA
was at X = 18.7 (SD 4.0) mm and Y = 1.4 (SD 3.6) mm
under the central preloading condition (Table 2,
Figure 4). In comparison to the intact conditions, the
IHA location after bilateral facetectomy shifted signifi-
cantly more ventrally under all the preload positions and
significantly more leftwards for the ventral and left pre-
load positions (Figure 5A, B).

Instantaneous helical axis migration

Under intact conditions, the IHA under the central, dor-
sal, right, and left preloading conditions migrated from
dorsal to ventral. The ventral preload position led to
a movement from the left to the right, according to the
axial rotation. The IHA migration path length was 4.4 (SD
2.9) mm for all the preload positions (Table 1, Figure 3).

After bilateral facetectomy, the IHA migration under
the central preload condition was very low and on
a punctual area. The ventral preload positioning showed
a migration from the left to the right, according to the
direction of the axial rotation. Lateral and dorsal pre-
loads led to a migration from dorsal to ventral, and
vice versa. On average, for all the preload positions, the
IHA migration path length was 3.3 (SD 1.6) mm (Table 2,
Figure 4). Bilateral facetectomy did not significantly
change the IHA migration path compared to intact con-
ditions (Figure 5C).

Instantaneous helical axis direction

The direction of the IHA in the sagittal plane was nearly
parallel to the coronal plane. A dorsal reclination was
observed for axial rotations to the right and left side for
certain preload conditions (Table 1, Figure 3). After
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Table 1. IHA direction, migration path length, and positions under the intact conditions.

IHA direction (deg) [median (q1, q3)]

Preload
Rotation central dorsal ventral right left p
Sagittal plane —1° (left) —2.3 (-3.8,2.4) -2.9(-10.1, 1.6) -19(-52,18 1 5 0(1.1,5.7) I —-9.2(-14.1,-1.8) vr <0.001
0° —-0.7 (-3.5,0.7) -2.0(=10,1.4) -2.5(-5.3,03) 0(-3.9, 1.6) —4.7 (-10.5, —0.6) 0.052
+1° (right) —0.6 (-3.9, 0.9) -2.8(-54,26) —32( —5.5,-0.3) —64( 7.9, -2) -1.1(-5.1, 2.1) 0.153
Coronal plane —1° (left) -0.4 (-1.9, -0.1) -6.2 (-9.6, —2.8) vr 3 (0.8, 4.5) d 4 (0.8, 3.3) d -56(-74,-1.0) 0.001
0° 15(-13,1.7) -2.9(-48,-04) vr 0(1.4,2.7) d 2 (2.5,4.8) dl -48(-56,-05) r 0.002
+1° (right) 3.4 (0.9, 4.2) 1.9 (1.4, 2.4) ( 0.4, 2.6) (2 4, 6.5) I -18(-3.2,14) r 0.018
IHA migration
path
Length 3.6 (2.0,7.5) 3.5(1.6,5.6) 32(2,47) 2.7 (2.1, 4.5) 4.8 (2.5,8.7) 0.260
(cm)
IHA positions
(0°)
X (cm) 54(-0.7,13.1) dl 12(-29,63) ¢ 48(-09 11.7) 3.1(-5.5,10.2) 19 (-1.7,5.2) c 0.010
Y (cm) -0.7 (-3.2,0.8) -3.0(-5.1,-1.1) vr —04(-34,24) d -15(-64,09 d 05(-1.5 2.0) 0.010

c/d/v/r/l: p < 0.05 versus central/dorsal/ventral/right/left
IHA direction:

Sagittal plane: > 0 indicates ventral inclination, < 0 indicates dorsal reclination
Coronal plane: > 0 indicates inclination to the left, < 0 indicates inclination to the right

IHA positions:

X: > 0 indicates ventral position, < 0 indicates dorsal position referring to the coordinates system'’s origin
Y: > 0 indicates left position, < 0 indicates right position referring to the coordinates system'’s origin

Due to the presence of nonparametric data, median and quartiles (q1, g3) are shown:
q1: the first quartile, which separates the lowest 25% of the data from the highest 75%.
g3: the third quartile, which separates the highest 25% of the data from the lowest 75%.

The IHA direction, migration path length, and positions for the intact conditions are displayed for the different preloads. Significant differences between the
preload positions are marked with the corresponding letters: c: central, d: dorsal, v: ventral, r: right, I: left. Deviations in the IHA directions in the sagittal and
coronal planes were mostly observed for the ventral and lateral preloads (left, right) in comparison to the dorsal preloads. While the IHA migration path
length did not differ between the preload positions, the IHA positions were different between the dorsal and lateral preloads.

bilateral facetectomy, the IHA direction in the sagittal
plane showed a ventral inclination (Table 2, Figure 4). In
comparison to the intact conditions, it was significantly
more ventrally inclined under the dorsal, right, and left
preload positionings during 0°, —1°, and +1° of axial
rotation and under the central preload positioning at
0° and +1° (right) of axial rotation (Figure 6A).

The direction of the IHA in the coronal plane ran nearly
parallelly to the sagittal plane under central preloading
(Table 1, Figure 3). Under intact conditions an axial rotation
to theright rather led to an IHA direction to the left, and vice
versa. After bilateral facetectomy, an axial rotation to one
side rather led to an IHA direction to the same side (Table 2,
Figure 4). In comparison to the intact conditions, the IHA
direction in the coronal plane was significantly more
inclined rightwards, if a right preload and an axial rotation
of 0° or —1° (left) was applied (Figure 6B).

Individual analysis of one of the four specimens

The individual analysis of one of the four specimens reflects
the key findings of the entire analysis (Figure 7). Under
intact conditions, the IHA position was located at the pos-
terior border of the vertebral body. After bilateral facetect-
omy, the IHA positions shifted ventrally by approximately
10 mm. While under intact conditions, the IHA migration
path rather showed a movement from left to the right and

vice versa under the central, dorsal and ventral preloads.
Under the left or the right preload, the IHA rather migrated
from dorsal to ventral and vice versa. Furthermore, after
bilateral facetectomy, the IHA migration path was shorter
compared to the distinctly longer IHA migration path under
intact conditions, except for under the ventral preload
where a longer IHA migration path length was observed
for the intact conditions than after bilateral facetectomy.
This might be a result of unloaded facet joints resulting in
less guidance. In regard to the IHA direction in the sagittal
plane, a dorsal reclination was observed under intact con-
ditions. After bilateral facetectomy, this changed to a ventral
inclination. The IHA direction in the coronal plane did not
show a strong tendency to be inclined to one side. The
entire analysis showed that, under intact conditions, an
axial rotation to the right rather led to an IHA direction to
the left and vice versa, while after bilateral facetectomy, an
axial rotation to one side rather led to an IHA direction to
the same side. This observation is only slightly indicated in
the individual analysis.

4 Discussion

This study determined the direction and locations of the
IHA in FSU T4-5 in axial rotation under intact conditions
and after bilateral facetectomy. For the intact conditions,
the results are in line with some recent studies that have
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Figure 3. IHA under Intact Conditions. The IHA direction and migration under intact conditions are displayed for axial rotations of —1°,
0° and +1° and IHA direction. Colors and styles of lines are used to define different preloads. In the coronal view, the IHA directionis
depicted only under lateral preloading (right and left) using colors with different tones (—1° with a light color, 0° with a medium color,
and +1° with a dark color). The horizontal plane shows the average IHA migration paths (different colors without specific line styles are
used to define the preloads).

Table 2. IHA direction, migration path length, and positions after bilateral facetectomy.
IHA direction (deg) [median (q1, q3)]

Preload
Rotation central dorsal ventral right left p
Sagittal plane —=1° (left) 6.1 (4.9, 6.3) 11.3(10.3,18.3) v 02(0.1,19) dl  10.5(10.1, 10.9) 53(1.7,6.1) v 0.006
0° 49 (41,87) 9.4 (93, 16.4) v 0.2(0.1,1.3) dr 8.0(7.5,8.5) v 59(4.1,6.1) <0.001
+1° (right) 4.2 (2.6, 10.2) 9.4 (8.5, 14.8) 0.2 (0.2,1.2) 58(5.2,6.3) 6.7 (6.3, 7.1) 0.163
Coronal plane —1°(left) —-2.9(-7.9,-1.6) —-48(-11.8,-3.8) v 3.6(2, 10.5) dl -3.3(-9.3,-04) -39 (-5.1,-3.1) v 0.004
0° -2.0(-4.0,-03) -35(-11.502) vl 25(1.7,79) dr -1.9(-7.0,06) v -1.0(-4.1,-02) d <0.001
+1° (right) —0.1 (0.5, 0.8) —1.2(-2.9, 2.9) 14(1.2,3.2) I -1.0(-4,1.6) 2.0(=3.1,22) v 0.021
IHA migration path
Length (cm) 3.0 (2.1, 4.0) 3.5(1.5,6.5) 30.0 (2.6, 3.6) 24 (2.0, 4.0 3.0(0.7,3.9) 0.920
IHA positions (0°)
X (cm) 20.2 (15.6,21.9) 17.4(15.0, 19.1) 19.4 (17.8, 20.9) 19.9 (14.0, 22.0) 18.3 (13.0, 19.4) 0.040
Y (cm) 27 (-27,4) 4.7 (-4.2,5.7) 6.6 (1.1,7.9) -14(-3.9,1.9) 7.7 (2.1, 104) <0.001
c/d/v/r/l: p < 0.05 versus central/dorsal/ventral/right/left
IHA direction:

Sagittal plane: > 0 indicates ventral inclination, < 0 indicates dorsal reclination

Coronal plane: > 0 indicates inclination to the left, < 0 indicates inclination to the right

IHA positions:

X: > 0 indicates ventral position, < 0 indicates dorsal position referring to the coordinates system'’s origin
Y: > 0 indicates left position, < 0 indicates right position referring to the coordinates system'’s origin

Due to the presence of nonparametric data, median and quartiles (q1, g3) are shown:
q1: the first quartile, which separates the lowest 25% of the data from the highest 75%.
g3: the third quartile, which separates the highest 25% of the data from the lowest 75%.

The IHA direction, migration path length, and positions after bilateral facetectomy are displayed for the different preloads. Significant differences between the
preload positions are marked with corresponding letters: c: central, d: dorsal, v: ventral, r: right, I: left. Deviations in the IHA directions in the sagittal and

coronal planes were mostly observed for the ventral and lateral preloads (left, right). The IHA migration path length and positions did not differ between the
preload positions.
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observed the locations of the IHA in the anterior part of
the spinal canal with a nearly vertical direction (Molnar
et al. 2006; Liebsch and Wilke 2018). The bilateral face-
tectomy led to a ventral shift of the IHA locations and
a ventral inclination of the IHA direction, indicating
a substantial impact of FJs. The ‘absence’ of facet joints,
physiologically contributing to the guidance of vertebral
rotation, appears to show an interesting confirmation of
a shift towards a purely discal mechanism of axial rota-
tion after bilateral facetectomy. The results show that
bilateral facetectomy leads to a ventral shift in the IHA
locations of about 10 mm (intact conditions: 6.1 [SD
7.3] mm, after bilateral facetectomy: 18.7 [SD 4.0] mm).
This considerable shift emphasizes the critical role of the
FJs for the kinematics and FSU stability. The finding is
strengthened by the dimensional size of the ventral shift
in relation to the other results of the study. While the I[HA
direction and migration path length merely changed,
the shift of the IHA locations was distinct (about
10 mm) after bilateral facetectomy.

Despite the recent results from Molnar et al. (2006) and
Liebsch and Wilke (2018), who observed the locations of the
IHA in the anterior portion of the spinal canal, a more

holistic view including older references shows an inconsis-
tency on IHA locations. IHA locations were observed at the
dorsal end of the spinous process, the lateral end of the
transverse process, and in between the anterior and poster-
ior border of the vertebral body (Broc et al. 1997; Haher et al.
1992; Molnar et al. 2006). Molnar et al. (2006) combined
three experimental designs (geometric calculation, analysis
of changing volume of the spinal canal, and radiographic
analysis) and concluded that the IHA locations are most
likely in the anterior part of the spinal canal, as also noted by
Liebsch and Wilke (2018). The results of the present study
also determined the locations of the IHA very precisely in
the anterior part of the spinal canal. Recently, Liebsch et al.
(2020) analyzed the axis of rotation of eight thoracic FSUs of
different segmental levels with an optical motion tracking
system. In contrast to the previously assumed axis locations
at the anterior part of the spinal canal (Molnar et al. 2006;
Liebsch and Wilke 2018), in their study the average location
was found in the vertebral body’s center (Liebsch et al.
2020). This axis location had been doubted because of the
so-called ‘cigar cutting effect’ that would imply that the
spinal cord was sheared off (Molnar et al. 2006; Liebsch
and Wilke 2018). In light of the past contradictory results,
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Figure 5. Differences in the IHA Migration Path Length and
Positions. The IHA positions at 0° of axial rotation (A, B) and the
IHA migration path length (C) under intact conditions and after
bilateral facetectomy are depicted. The IHA, position X shifted
ventrally after bilateral facetectomy. Wilcoxon test, Dunn-
Bonferroni correction for multiple testing, *: p < 0.05, **: p < 0.001.

the axis locations seem to be narrowed down and placed
between the center of the vertebral body and the anterior
part of the spinal canal.

In regard to preload positions the results show, that the
dorsal preload position resulted in a more dorsal IHA loca-
tion in comparison to the central preload position. It could
be hypothesized that dorsal preloading creates more pres-
sure on the FJs of the FSU, resulting in a continuous distinct
contact of the joints shifting the IHA locations backwards
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(Wachowski et al. 2011). Conversely, under ventral preload-
ing, the FJs no longer function properly due to less pressure
on the surface of the joints. This unloading of FJ results in
a rotation with less joint guidance and shifts the IHA loca-
tion ventrally, that is line with the current literature of FJ
biomechanics (Jaumard et al. 2011). Under the ventral pre-
load position, the IHA migration formed a curve from one
side to the other; under all other preloads, the IHA migrated
on a curve from dorsal to ventral. This observation supports
the thesis of a loss of FJ guidance under ventral preloading.
Furthermore, the results showed an IHA location more
toward the right under the dorsal preloading condition
than under a ventral or right preloading condition. This
asymmetrical effect might be the result of an FJ's tropism
(Jaumard et al. 2011). Pal et al. (2001) analyzed 30 speci-
mens and could not observe statistical differences between
the facet joint angles in the cervical and upper thoracic
spine. Thus, with a larger study sample, this effect might
have disappeared. Interestingly, Kuo et al. (2010) con-
structed a finite element lumbar spine model from
a cadaveric specimen and analyzed the FJs’ contact beha-
vior under different postures. They also observed a greater
asymmetry of stress and strain distribution in the right FJs
than in the left FJs.

In our study, the IHA ran nearly vertical with just
a slight dynamic deviation within the sagittal and cor-
onal planes; this finding is in line with the results
reported by Liebsch et al. (2020). Under lateral preload-
ing during intact conditions, the IHA inclination in the
coronal plane was inclined in the opposite direction in
relation to the applied preload (a right preload leads to
a leftwards inclined IHA, and vice versa). Intriguingly,
after bilateral facetectomy, the IHA inclination corre-
sponds to the applied preload (the right preload leads
to a rightwards inclined IHA). This strengthens the role of
the FJs in guidance (Wachowski et al. 2009, 2017).

To conclude, the study determined precisely the loca-
tion of the IHA under intact conditions at the anterior part
of the spinal canal. The ventral shift of the IHA location and
the alterations of the IHA direction after bilateral facetect-
omy show the substantial influence of the FJs on the kine-
matics of the FSU T4-5. Particularly, the distinct ventral shift
of the IHA location after bilateral facetectomy indicates an
impact of FJs and their capsules on the spinal sagittal
stability. Regarding the clinical impact of this biomechanical
study, the results have to be interpreted with caution.
However, the observation supports the assumption that
a sole bilateral facetectomy might result in spinal instability;
therefore, combining a bilateral facetectomy with dorsal
stabilization seems reasonable (Cusick et al. 1988; Zander
et al. 2003).

This study observed the IHA characteristics in a very
small range of rotation. It is noteworthy that each



50 (&) P.J.ROCH ET AL.

a yentral
ok * *k *k *k *k Aok *ok * K Kok
304 — —|— —— —— —— - =
jg‘: 20—
S,
é 10 ' # P
- o I s qa.°
g |l| I T hd
©
|
& -10- H
n
dorsal 20T T T T T T T T T T T T T T 1
_10 00 +1° _10 00 +1° _10 OO +1° _10 00 +1O _10 00 +1°
central dorsal ventral right left
Preload
b eft .
20 —
g 10—
g i | $
® 0
& oA il -l
2 I j
©
S 104
©
-
. -20
riecht T T T T 1T T T/17T T T[T T 1
g -10 00 +1° _10 00 +1° -10 00 +1° _10 00 +1° _10 00 +1°
central dorsal ventral right left
Preload

[ 1 Intact Conditions

Il Bilateral Facetectomy

Figure 6. Differences in the IHA Direction. Differences in the HA direction in the sagittal (A) and coronal (B) planes between the intact
conditions and after bilateral facetectomy are shown. The IHA direction in the sagittal plane is more ventrally inclined after bilateral
facetectomy. Wilcoxon test, Dunn-Bonferroni correction for multiple testing, *: p < 0.05, **: p < 0.001.

approach to analyzing the IHA has its own advantages
and disadvantages. While the triad or the singular value
decomposition seems better at describing the axis and
the angle of rotation, the direct method seems more
accurate at determining the intersection point of the
helical axis with a plane of interest (Metzger et al.

2010). An optimized approach to gain more accuracy
would be a hybrid method, i.e. a combination of the
singular value decomposition and the direct approach
as proposed by Metzger et al. (2010). In this study,
a modified version of the direct approach to the deter-
mination of the IHA was used since the focus was the
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IHA migration in the horizontal plane (Mansour et al.
2004). Furthermore, as observed by Cescon et al.
(2014), input noise can lead to error-prone calculations
of position and direction of the IHA, in cases where very
small IHA intervals are examined. The results of the
present study base on IHA differences between very
small intervals and might be affected by input noise.
Thus, in this study, the exact values of IHA direction

and orientation should be treated with caution to
some extent. Nevertheless, the measurement of the dif-
ferences between the intact conditions and the condi-
tions after bilateral facetectomy are reliable since, under
both conditions, the calculations were performed in the
same manner.

This study has several limitations. First, a formalin-
containing stabilizing solution was used. It has to be
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considered, that the use of formalin is supposed to have an
impact on the stiffness of the intervertebral disc, ligaments,
and FJ capsules (Wilke et al. 1996; Holewijn et al. 2017).
Second, the specimens from younger donors might have
altered the results. Facetectomies are performed in patients
with neurological symptoms (O’Leary et al. 2018). Because
sole nerve root impingements in the thoracic spine do not
lead to motor deficits or disabilities resulting in dysfunction,
the reason for such an operation is radicular pain irrespon-
sive to conservative treatment (O’Leary et al. 2018). There is
no specific statistical data on facetectomies in the thoracic
spine. However, since age and comorbidities are risk factors
for spinal surgery (Lee et al. 2012), the indication for
a facetectomy in the thoracic spine seems less likely in
older patients than in younger. Third, while the experiments
were performed as quickly as possible, minimal damage to
the specimen by the forces applied might have altered their
kinematics. For better comparability, the same sequence of
preload positions was used on each specimen and for both
conditions. Nevertheless, the specimens might have had
altered kinematics between the first and last preload posi-
tions. A randomization of preload positions in a larger sam-
ple could potentially solve this problem. Fourth, since the
anterior and posterior longitudinal ligaments are long and
attached semirigidly at each vertebra, the transection of
these ligaments close to the studied FSU might alter the
results if they are compared with the results of longer FSUs.
Fifth, the removal of muscular tissue might have changed
the results (Jaumard et al. 2011). Finally, using more speci-
mens would have strengthened the results.
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