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Abstract

Background: The electrical properties of biological tissues differ depending on their physical properties. This study
aimed to explore if bioelectrical impedance (modulus and phase) would discriminate tissues relevant to resection of
the posterior longitudinal ligament (PLL) in anterior cervical decompression surgery.

Methods: PLL resection via an anterior approach was performed on the C4/5 segments in six mini-pigs. The
bioelectrical impedance measurements were performed for two tissue groups (annulus fibrosus, endplate
cartilage, sub-endplate cortical bone, and PLL; PLL, dura mater, spinal cord, and nerve root) using a novel
probe and a precision inductance-capacitance-resistance meter. For each group, impedance was analyzed in
terms of modulus and phase along a broad spectrum of frequencies (200-3000 kHz) using a nonparametric
statistical analysis (Kruskal-Wallis).

Results: The analysis showed a clear difference among the tissues. The modulus and phase show the same
changing trend with frequency and present lower values at higher frequencies. Among annulus fibrosus,
endplate cartilage, sub-endplate cortical bone, and PLL, it was possible to discriminate each tissue at every
frequency point, considering the phase (p < 0.05), while this was not always the case (i.e., annulus fibrosus vs
PLL at frequency of 200 kHz, 400 kHz, and 3000 kHz, p > 0.05) for modulus. Among PLL, dura mater, spinal
cord, and nerve root, for every comparison, a statistically significant difference was reported in the modulus,
phase, or both (p < 0.05).

Conclusions: The results indicated the potential of bioelectrical impedance to provide real-time tissue
differentiation and enhance safe PLL resection in anterior cervical decompression surgery, particularly in robot-
assisted minimally invasive surgery (RMIS).
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Background

Cervical spondylotic myelopathy (CSM) is the common-
est type of spinal cord dysfunction among patients older
than 55years and the commonest cause of acquired
spastic paraparesis in the middle and later years of life,
causing threat to human health [1-4]. Anterior cervical
decompression is one of the most common surgical pro-
cedures adopted in the treatment of CSM [5, 6].

Disc removal followed by posterior longitudinal liga-
ment (PLL) resection has been advocated for removing
the hypertrophic PLL and achieving an increase in diam-
eter of the spinal cord during anterior decompression in
the cervical spine [7-9]. However, PLL resection is a
technical challenge owing to the potential risks of com-
plications such as dual defects, cerebrospinal fluid leak-
age, and injury to the spinal cord or nerve root [10-13].
It is therefore important to establish a suitable method
for discriminating the PLL and dura during the conven-
tional decompression surgery. Tissue discrimination by
impedance would provide real-time values and offer a
simple auxiliary feedback system for PLL resection in
anterior cervical decompression surgery, particularly in
robot-assisted minimally invasive anterior cervical disc-
ectomy and fusion (ACDF) surgery.

Bioelectrical impedance analysis is a technique that
exploits the electrical properties of biological organs and
tissues to indicate their physical properties. Bioelectrical
impedance measurement is non-invasive, simple, and
shows adequate repeatability at a relatively low cost [14].
Tissue discrimination based on bioelectrical impedance
has been frequently reported in different clinical settings
[14—16]. However, there are few reports on tissue dis-
crimination using bioelectrical impedance during resec-
tion of PLL in ACDF surgery for CSM.

In this study, we measured bioelectrical impedance of
different tissues in vivo relevant to PLL resection during
ACDF surgery and offered a potentially auxiliary tissue
discrimination system for use in robot-assisted minim-
ally invasive ACDF surgery.

Materials and methods

Animals

Experiments were performed at the Department of Anat-
omy of Tianjin Medical University and in accordance with
the guidelines for animal care. All animal experimental
procedures were approved by the Animal Ethics Commit-
tee of Tianjin Medical University.

Six mini-pigs that were obtained from the Experimen-
tal Animal Center of Tianjin Medical University under-
went PLL resection via the anterior approach in the
cervical spine. The general characteristics of the animals
are shown in Table 1. Animals were acclimatized at the
Animal Research Facility for a period of 48h before
experimentation and fed a regular diet ad libitum.
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Table 1 The general characteristics of the animals

Total number of mini-pigs 6
Sex
Male 3
Female 3

Age (month, range, mean + SD) 8.0-90,84+034

Weight (kg, range, mean + SD) 27-33,29.7+23

SD standard deviation

Surgical procedures

Under general anesthesia by intravenous infusion of 3%
sodium pentobarbital (30 mg/kg), the animals were fixed
on an animal operating table in the supine position with
the neck slightly extended. A midline longitudinal skin
incision was made in the submandibular region. The
incision was extended vertically to provide adequate ex-
posure if necessary. After necessary discectomies, the
C4/5 intervertebral disc and endplate cartilage were re-
moved using appropriate curette or vessel forceps until
the PLL and sub-endplate cortical bone was exposed.
Thereafter, the PLL was resected to expose the dura
mater. Part of the dura mater was removed for measure-
ment of the bioelectrical impedance of the spinal cord
and nerve root (Fig. 1).

Biolectrical impedance measurement

The bioelectrical impedance measurement apparatus con-
sisted of a custom probe and an inductance-capacitance-
resistance (LCR) meter (4285A; Agilent, Santa Clara, CA).
The probe (Fig. 2a) was 100 mm long, 3 mm wide, 1 mm
thick, and completely covered with insulating material
except for the tip. The recording sites were two electrodes,
each with an area of 1 mm x 1 mm and a distance of 1 mm
between the electrodes. By applying a known current (0.1
mA) between the two electrodes, the voltage between the
electrodes was measured and the electrical impedance was
calculated. The LCR meter (Fig. 2b) with a sampling fre-
quency of 1 Hz and a general purpose interface bus inter-
face were applied to measure the complex impedance
(modulus and phase) of the tissue under examination. Be-
cause of polarization impedance, a frequency range of 200
kHz to 3000kHz was selected and the frequency points
were 200 kHz, 400 kHz, 600 kHz, 800 kHz, 1000 kHz, 2000
kHz, and 3000 kHz.

The frequency range belongs to the beta dispersion
region, which contains information about both the extra-
and intracellular environments, making it well suited for
discriminating different tissues.

The bioelectrical impedance of all relevant tissues in-
cluding annulus fibrosus, endplate cartilage, sub-endplate
cortical bone, PLL, dura mater, spinal cord, and nerve root
was measured. Impedance reproducibility using the same
probe was assessed for each tissue with five measurements
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Fig. 1 PLL resection via anterior approach on the C4/5 segment and bioelectrical impedance measurement of annulus fibrosus, endplate
cartilage, sub-endplate cortical bone, posterior longitudinal ligament, dura mater, spinal cord, and nerve root
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Fig. 2 The bioelectrical impedance measurements apparatus. a The structure drawing of the custom probe. b The
inductance-capacitance-resistance meter
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in two different locations, thus obtaining 10 measure-
ments (expressed in terms of modulus and phase). After
each measurement, the probe was washed with saline
solution (0.9% sodium chloride) and wiped with a piece of
gauze. During the measurements, the probe was kept in
contact with the tissue surface by a constant force and
removed after completing each measurement. The bio-
electrical impedance measurements were also repeated by
three experienced surgeons at a room temperature of
25 °C to minimize the measurement error.

Analysis

The bioelectrical impedance values were downloaded
into a Microsoft Excel spreadsheet and transferred to
IBM SPSS Statistics version 22 (SPSS, Inc., Chicago, IL,
USA) for statistical analyses. Data were shown as mean +
standard deviation (SD). As impedance data were not
normally distributed, nonparametric statistical analyses
were performed on modulus and phase to investigate
the significance of the differences among the tissues.
The comparison was performed along the entire fre-
quency spectrum on the in vivo data by dividing it into
two groups: annulus fibrosus, endplate cartilage, sub-
endplate cortical bone, and PLL; PLL, dura mater, spinal
cord, and nerve root. Statistical Kruskal-Wallis one-way
analysis of variance was performed as post hoc tests.
The level of significance was set at p< 0.05 for all statis-
tical analyses.

Results

The global behavior of the measurements on the six
mini-pigs was managed and analyzed. The following
graphs (Figs. 3 and 4) show the mean value of each tissue
group, considering the 60 sets of measurement values,
with the respective SD of modulus and phase along the
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whole frequency spectrum. Tables 2 and 3 show this in
more detail.

In general, a marked demarcation among the values of
the different tissues was found, although modulus and
phase did not present the same rate of variation with fre-
quency. The behavior of the tissues in modulus and
phase was different within the first group. For example,
for the former, the values varied between sub-endplate
cortical bone and annulus fibrosus, while, in the latter,
variations were seen between sub-endplate cortical bone
and PLL. Nevertheless, within the second group, for
both modulus and phase, the bioelectrical impedance
values varied between the spinal cord and nerve root.
Additionally, the same changing trend that the modulus
and phase values decreased with increasing frequency
was repeated in every tissue.

Differences in bioelectrical impedance were statistically
significant in 42 tissue pairs (p < 0.05 for either modulus
or phase or both) within the former group (Fig. 5) and
42 (p <0.05 for either modulus or phase or both) within
the latter group (Fig. 6). For the first group, 42 compari-
sons were statistically significant in phase, 39 in modu-
lus, and 39 in both. There were no cases where a tissue
could not be discriminated either in modulus or in
phase. For the second group, 37 comparisons were sta-
tistically significant in modulus, 41 in phase, and 36 in
both. In general, within each group, over the frequency
range of 200-3000 kHz, the two tissues can be distin-
guished using either the modulus, phase, or both.

Discussion

To the best of our knowledge, this is the first study to
explore if bioelectrical impedance (modulus and phase)
would be helpful in discriminating PLL and dura tissues
in ACDF surgery. Our data suggest that, within each
group, it is always possible to discriminate one tissue
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Fig. 3 Bioelectrical impedance at different frequencies of modulus and phase: mean + standard deviation data of annulus fibrosus, endplate
cartilage, sub-endplate cortical bone, and posterior longitudinal ligament
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Fig. 4 Bioelectrical impedance at different frequencies of modulus and phase: mean + standard deviation data of posterior longitudinal ligament,
dura mater, spinal cord, and nerve root

with respect to another at a certain frequency based on
modulus, phase, or both.

More and more authors now recommended that de-
generative or hypertrophic PLL should also be removed
after resection of the herniated disc [7]. A recent clinical
study conducted by Bai et al. described the benefit of re-
moval of degenerative PLL in ACDF procedures for
CSM [17]. Wang et al. also reported that more decom-
pression of the spinal cord was obtained after conven-
tional removal of the PLL. According to the MR study,
the diameter of the spinal cord in PLL removed group
was greater than that of the PLL preserved group [7].
However, the exposure during PLL removal process was
restricted and was associated with high risk of iatrogenic
trauma to surrounding tissues, including the spinal cord,
nerve roots, dura, and dura mater [18, 19]. These intra-
operative adverse events are partly caused by the inabil-
ity to discriminate PLL, dura mater, spinal cord, and

nerve root. In the present study, the results suggested that,
among PLL, dura mater, spinal cord, and nerve root, for
every comparison, a statistically significant difference was
reported in modulus, phase, or both at every frequency
point. The bioelectrical impedance signal obtained during
PLL resection procedure could help the surgeons judge
the surgical state and enhance safe decompression.

Cage subsidence has been frequently reported after
ACDF surgery, which could lead to loss of foraminal
height, graft extrusion, kyphotic deformity, pseudarthro-
sis, and recurring nerve root compression [20, 21]. In a
recent systematic review, Noordhoek et al. reported that
the overall incidence of subsidence was about 21%
among patients undergoing ACDF using a cage [20].
According to Lim’s biomechanical study, the mechanical
strength of the graft-endplate interface was significantly
relevant to the integrity of the endplate condition, and
sub-endplate cortical bone must be preserved from

Table 2 Modulus and phase of tissues in the first group at different frequencies (mean + SD)

Tissues Frequency (kHz)
200 400 600 800 1000 2000 3000

AF, modulus, Q@ 1633.14 + 125.19 14693 + 12042 134854 £ 111.07 126577 £83.75 118474+ 7102  881.82 + 2861 70324 + 1242
AF, phase, ° — 2455 £ 044 —2734 £ 042 —3147 £043 —3599 £ 044 —4037 £ 045 —5634 £ 04 — 6551 £047
EC, modulus, Q 515727 £ 2787 357347 £ 15234 271278 £9209  2190.76 + 7336  1835.17 + 60.89 1053.72 £ 19.08 76921 + 9.54

EC, phase, ° — 2765 £ 2.56 —49.34 + 248 —-612+225 —69.04 £ 201 —749 £ 2.56 —79.72 £ 207 —-81.18 £ 197
SC, modulus, Q 897401 £459.7 510827 + 147.23 353845 + 95.82 270501 £ 69.12 219367 +51.13 1156.27 £ 2365 81401 + 16.15
SC, phase, © —4887 £ 043 —66.84 £ 045 - 7433 £ 046 —7812 £ 045 —-8023£05 —-854 £ 046 —88.23 £ 046
PLL, modulus, O 1605.88 + 100.73 151569 + 101.56 1463.82 + 108.16 14122 + 11824 1344.05 + 10608 9322 + 44.16 688.25 + 28.12
PLL, phase, ° —17.1 £ 046 -216 £ 044 —2681 £ 042 —31.83 £043 —36.75 £ 045 —5553 £047 — 6495 £ 042

SD standard deviation, AF annulus fibrosus, EC endplate cartilage, SC sub-endplate cortical bone, PLL posterior longitudinal ligament
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Table 3 Modulus and phase of tissues in second group at different frequencies (mean + SD)
Tissues Frequency (kHz)

200 400 600 800 1000 2000 3000
PLL, modulus, Q  1605.88 + 100.73 151569 £ 101.56  1463.82 £ 108.16 14122 + 11824  1344.05 + 10608 9322 £44.16 68825 + 28.12
PLL, phase, ° —-171+£046 —-216+044 — 2681 £ 042 -3183£043 —36.75 £ 045 —5553+£047 —6495 =+ 042
DM, modulus, QO 1002.52 + 6746~ 9419 + 52 909.5 + 47.42 892.12 + 5552 873.33 £ 6533 73849 £ 4906 604.13 + 298
DM, phase, ° —-1292 £ 0.84 - 1515 £ 0.94 —-1801 £ 1.01 —-2133£13 -2556+£19 —4447 £293 —572+242
SC, modulus, Q 221813 £ 111.28  2095.76 £ 12404 1949.27 £ 11522 178506 + 6881 159892 + 51.92 94754 + 3692 68131 £ 31.54
SC, phase, © — 1423 £ 069 —2357 £ 201 —33.98 £ 381 —4273 £ 345 -513+£662 —-6756 £ 151 —7512£139
NR, modulus, Q@ 931.24 £ 29.83 89247 + 31.69 872.75 + 2852 85547 + 3442 814.67 + 24.62 766.68 = 30.79  645.17 £ 19.78
NR, phase, © -10.82 £ 0.82 —12.26 £ 0.98 — 1423 £092 —16.86 £ 096 —2212 £ 097 —-412+ 166 —-5709 £1.79

SD standard deviation, PLL posterior longitudinal ligament, DM dura mater, SC spinal cord, NR nerve root

penetration to avoid graft subsidence [21]. Therefore, it
is crucial to discriminate tissues clearly during disc
removal process. In this study, the data suggested that a
statistically significant difference could be found between
endplate cartilage and sub-endplate cortical bone in both
modulus and phase, at every frequency point. Therefore,
the real-time feedback system based on bioelectrical im-
pedance could provide useful information for surgeons
while resecting the disc.

Accordingly, robot-assisted minimally invasive surgery
(RMIS) has gained momentum in spine surgery as spine
surgeons attempt to harness the potential benefits of
RMIS. RMIS techniques for the management of spinal
disorders are beneficial in preserving muscle mass, redu-
cing soft-tissue dissection, decreasing intraoperative blood
loss, and decreasing the physiological stress associated
with surgery and duration of hospital stay [22]. RMIS may
hold great promise for improving the accuracy and

dexterity of a surgeon, but it has some critical limitations
which include but are not limited to the complex anatomy
and proximity to important neurovascular structures (es-
pecially in the cervical spine), registration error, and overly
burdened visual channels [23]. During RMIS, surgeons
mostly operate relying on their experience and the visual
display with no other feedback. The notion of coupling
multiple feedback systems and surgical robotics is intuitive
for allowing clear tissue discrimination and accurate ma-
nipulation, especially when the visual feedback is deterio-
rated in RMIS, for example when the camera’s view is
clouded by fluids or by the smoke generated from the elec-
trosurgical hook operations [23]. In these circumstances,
despite the advanced technologies mentioned above, there is
a need for an auxiliary sensory channel in addition to the
visual channels that will enhance safe PLL resection during
robot-assisted minimally invasive ACDF surgery. The advan-
tages of bioelectrical impedance measurement and spindly
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knife-type structure make it suitable to be integrated with
the surgical robot or minimally invasive devices and work in
a limited surgical field during PLL resection. The bioelec-
trical impedance information acquired from the sensor can
be an auxiliary channel for the surgeons to discriminate tis-
sue types without any previous knowledge of the tissue
properties, which is valuable not only in traditional open
surgery but also in RMIS.

Several limitations of this study should be mentioned.
Although the contact force of electrodes had been kept
as constant and gentle as possible, an appropriate range
of force was needed to prevent the tissue from damage.
In the future, this problem can be solved by integrating
with the specially designed mechanism that can produce
a constant output force. Additionally, tissue discrimin-
ation based on bioelectrical impedance had been verified
within the frequency range of 200-3000 kHz; however,
whether it is feasible along other frequency range needs

further investigation. Finally, experiments on other
animal species, cadavers, or in a clinical scenario are
warranted.

Conclusions

At certain frequency points, the modulus and phase of tis-
sues relevant to disc removal and PLL resection in ACDF
surgery are significantly different. The system used in this
study has the potential to provide additional feedback via
biomedical impedance to facilitate safe decompression in
ACDEF surgery, especially in RMIS.
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