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Simple Summary: The recurrence rate after lumbar spine disc surgeries is estimated to be 5-15%.
Lumbar spine flexion of more than 10° is mentioned in the literature as the most harmful load to
the operated disc level that could lead to recurrence during the first six postoperative weeks. The
purpose of this study is to quantify flexions during daily living following such surgeries, for six weeks
postoperatively, using wearable sensors technology. These data determine the patients” kinematic
pattern, reflecting a high-risk factor for pathology recurrence. The operated patients were measured
to have 30% normal lumbar motion after the first postoperative week, while they were restored to
almost 75% at the end of the sixth, respectively. Further in vitro studies should be carried out using
these data to identify if such kinematic patterns could lead to pathology recurrence.

Abstract: Background: The recurrence rate of lumbar spine microdiscectomies (rLSMs) is estimated
to be 5-15%. Lumbar spine flexion (LSF) of more than 10° is mentioned as the most harmful load
to the intervertebral disc that could lead to recurrence during the first six postoperative weeks. The
purpose of this study is to quantify LSFs, following LSM, at the period of six weeks postoperatively.
Methods: LSFs were recorded during the daily activities of 69 subjects for 24 h twice per week, using
Inertial Measurement Units (IMU). Results: The mean number of more than 10 degrees of LSFs per
hour were: 41.3/h during the 1st postoperative week (P.W.) (29.9% healthy subjects-H.S.), 2nd P.W.
60.1/h (43.5% H.S.), 3rd PW. 74.2/h (53.7% H.S.), 4th PW. 82.9/h (60% H.S.), 5th PW. 97.3/h (70.4%
H.S.) and 6th PW. 105.5/h (76.4% H.S.). Conclusions: LSFs constitute important risk factors for rLDH.
Our study records the lumbar spine kinematic pattern of such patients for the first time during their
daily activities. Patients” data report less sagittal plane movements than healthy subjects. In vitro
studies should be carried out, replicating our results to identify if such a kinematic pattern could
cause rLDH. Furthermore, IMU biofeedback capabilities could protect patients from such harmful
movements.

Keywords: lumbar spine biomechanics; wearable sensors; IMU technology; lumbar microdiscectomy;

spine biomechanics
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1. Introduction

Lower back pain is a common cause of disability worldwide, affecting more than
500 million people at any given time. Conservative treatment approaches typically involve
combining medication with physical rehabilitation. Unfortunately, this option, in many
cases, may not provide satisfactory treatment for patients, so surgery is an absolute indi-
cator and the treatment option of choice. It is a fact that as high as 90% of lumbar spine
microdiscectomies (LSMs) achieve good results during the first year postoperatively [1,2].

However, the reappearance of intervertebral disc herniation at the same level (recur-
rence lumbar disc herniation-rLDH) is among the most common causes of unsuccessful
outcomes after lumbar microdissection surgery. The literature reports a recurrence rate of
5-15% [3-7]. The overall incidence of unsatisfactory results after primary lumbar microdis-
section is 5% to 20%, making recurrent hernia a significant cause of pain, disability, and in
many cases, surgical repetition [8-10].

As a first step in reducing the recurrence rate, many studies have been conducted to
identify the factors that may increase the risk. The literature reports age, gender, type of
lumbar disc herniation, number of fragments removed, smoking, alcohol consumption,
range of daily activities postoperative, and biomechanical factors [11]. There is essential
evidence that postoperative lumbar spine flexion is an important risk factor for disc hernia-
tion, particularly when it exceeds 10° of sagittal plane range of motion. [11,12]. Patients
with a sagittal plane range of motion (ROM) higher than 10° suffered from a recurrence
rate of 26.5%, while those with less than 10° presented a rate of 4.1% [11].

Nowadays, kinematics of the spine is quantified mainly using optoelectronic cameras,
fluoroscopic methods, video motion analysis, RGB cameras, and RGB-D sensors. [13-15].
The main disadvantage of such methods is that all data are collected in a laboratory envi-
ronment, not reflecting the actual biomechanical behavior. As a result, much information is
missing regarding the lumbar spine kinematic pattern during daily life where the patients
are at risk of recurrence.

Facing the absence of such essential data, for a detailed biomechanical understanding
of rLDH, researchers suggest using the latest wearable technological innovations to provide
closer, better, and more precise monitoring of patients undergoing such surgery.

The introduction of miniaturized sensors allows measuring lumbar spine kinematic
patterns during daily activities by monitoring and recording patients’ movements for a
prolonged time. Such measurements are critical for identifying and quantifying the possible
effects of biomechanical factors on rLDH.

Moreover, existing wearable sensors solutions integrate biofeedback functions apart
from measuring kinematics. An example is a vibrating ring in MetaMotionR+/Mbientlab
sensors that could alert patients by applying vibration when they exceed ROMs, which can
potentially be harmful to rLDH; as a result, this can protect them from risky movements [16].

Despite being a significant risk factor of rLDH, lumbar spine kinematics have not yet
been measured in patients’ daily activities postoperatively. Therefore, the current study’s
purpose is to quantify lumbar spine flexions, following microdiscectomy (microsurgical
discectomy), during the everyday life of the subjects and observe the actual kinematic
progress they present during the high-risk postoperative period by comparing these data
to the measurements of normal subjects.

Such data combined with in vitro confirmation of dissected disc kinematics would
allow the development of a strategy to control this risk by implementing the enhanced
capabilities of wearable sensors technology.

2. Materials and Methods

The current is an observational study aiming to quantify lumbar spine kinematics
during daily activities in patients subjected to microdiscectomy at the level of the fifth
Lumbar-first Sacral vertebrae (L5-51) until the sixth postoperative week.
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2.1. Subjects

Sixty-nine patients (43 male and 26 female) (Group B) that were subjected to lumbar
microdiscectomy (Level-Lumbar 5th vertebrae to 1st sacral) because of sciatic pain and
score 3+ (1) of manual muscle test according to Medical Research Council scale (MRC) [17]
included in the research. The mean age was 52.3 = 13.2 years, and the mean body mass
index (BMI) was 23.2 £ 2.6.

Normal kinematic behavior during daily activities was measured at 43 healthy subjects
(Group A) who presented no symptoms of low back pain or neurological signs and showed
similar characteristics in terms of age and BMI to the operated subjects (Table 1).

Table 1. Demographic characteristics of healthy and operated subjects.

Item Average (+Standard Deviation)
Healthy Operated
Total number 43 69
Male 24 43
Gender
Female 19 26
MRC test 5 3(£1)
Age 49.1£117 523 +£132
BMI 22+21 232 +£26
Level L5-51
Preoperative 143 +28
JOA Score
Postoperative 258 £4.2

2.2. Clinical Examination following Microdiscectomy

Evaluating an intervention’s effectiveness and a patient’s condition before and after
treatment is quantified using various scales that measure physical disability. The most
frequently used scale to assess the functional status of patients with low back pain is the
JOA score, developed by the Japanese Orthopaedic Association in 1975 (Table 2) [18]. Our
research evaluated all patients with a JOA score preoperatively and at the end of the 6th
postoperative week.

Table 2. The Japanese Orthopaedic Association Score.

Item Evaluated Score Range

Subjective Symptoms (9 points)

> Low back pain > 3,2,1,0
> Leg pain and/or tingling sensation > 3,2,1,0
> Walking ability > 3210
Objective symptoms (6 points)
> Straight leg raising test > 3,2,1,0
> Sensory disturbance in the lower extremities > 3,2,1,0
> Muscle weakness in the lower extremities > 3,2,1,0
Restriction of daily activities (14 points)
> Turning over while lying > 210
>  Keeping standing > 210
> Face-washing > 2,1,0
> Kneeling position > 210
> Lifting or holding heavy object > 2,1,0
> Walking > 2,1,0
Urinary bladder function

> 0,-3,—6

Total Score > 29 to —6
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2.3. Instrumentation and Procedure

Ranges of motion (ROMs) were recorded during the daily activities of subjects for
24 h twice per week from the first till the sixth postoperative week. Two MetaMotionR+,
Inertial Measurement Units (IMUs) (CE-approved device for ROM measurements) were
used to measure lumbar spine kinematics. MetaMotionR+ (MMR) is suitable for logging
and streaming sensor data. Record raw sensor data were applied via Bluetooth at up to
400 Hz and stream raw sensor data at up to 100 Hz. Data were downloaded and accessed
as a CSV file on the researcher’s computer.

The sensor fusion combines the measurements from a 3-axis gyroscope, a 3-axis
geomagnetic sensor, and a 3-axis accelerometer to provide a robust absolute orientation
vector in the form of Quaternion or Euler angles. In addition, algorithms intelligently
fuse the raw sensor data to improve the output of each sensor. This procedure includes
algorithms for offset calibration of each sensor, monitoring the calibration status, and
Kalman filter fusion to provide distortion-free and refined orientation vectors.

MMR+ is a wearable device widely used for capturing continuous activity data motion
and gesture tracking and includes the following sensors and technical characteristics:

BMI160 6-axis Accelerometer + Gyroscope

BMP280 Temperature

BMP280 Barometer/Pressure/ Altimeter

LTR-329ALS Luminosity / Ambient Light

BMM150 3-axis Magnetometer

BOSCH 9-axis Sensor Fusion

8 MB Memory

Lithium-ion rechargeable battery

Vibrating Coin motor

Bluetooth Low Energy, CPU, button, LED, and GPIOs

A Bluetooth radio attached to each IMU wirelessly transmits data to a patients” smart-
phone. The IMUs and Bluetooth radios are powered with 3.6 Volt batteries.
The whole procedure of data collection consists of six steps.

2.3.1. 1st Step—Calibration

The sensor frame and the body axis frame correlation must be identified to perform
human motion analysis with inertial sensor technology [18]. Before powering and wearing
the sensors, the IMUs were calibrated on a flat surface parallel to the ground to ensure that
both sensors had the same zero reference coordinator. Therefore, the assumption that the
5th lumbar vertebrae and the sacral segments are in the same plane was considered correct.
This allows for recording sensor data while the lumbar segment is aligned with one of
the defined global frame axes. Following a solid calibration methodology is essential to
collect reliable data for motion assessment. The calibration procedure took place using the
Metawear, mbientlab INC application (software version: 2.0.1.) running on a smartphone.

2.3.2. 2nd Step—Sensors Positioning

The sensors were mounted as stable as possible to ensure the relative position and
orientation between the sensor frame and axis of body movement were correctly deter-
mined [19,20]. The first IMU was placed just above the 1st sacral vertebra, and the second
at the spinous process of the 5th lumbar vertebra. Both IMUs were attached to the skin
using double-sided hypoallergic tape (Figure 1)
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Figure 1. Wearable sensors application at the lumbar spine. Software reproduction-kinematic
data recording.

2.3.3. 3rd Step—Bluetooth Protocol and Data Transmission

These IMU sensors communicate with a smartphone through Bluetooth protocol.
Metawear, mbientlab INC application (software version: 2.0.1.) was installed to collect
and store data in the smartphone. The application communicates and transmits recorded
data via Bluetooth with a PC for further analysis after each session. Data streams in the
local sensor coordinate system included in the analyses were: three-dimensional (3D)
acceleration before and after filtering, magnetic sensing and orientation (roll, pitch, and
yaw), and 3D angular velocity.

2.3.4. 4th Step—Control of Test Measurements Trial Acquisition

To ensure the reproducibility of the procedure and that both wearable sensors func-
tioned as intended and recorded a range of motion data, a stand and walk test was per-
formed before collecting daily activities data. These data were saved on a CSV file and
shared directly in the local drive -PC (one for each sensor). All subjects were prepared
and given instructions about the procedure above. Next, they stood up from the chair and
performed ten steps at a comfortable gait velocity. This trial was repeated three times to
collect representative motion data. (Figure 2).
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Figure 2. Biomechanical behavior of lumbar spine in the sagittal plane during stand up followed by
ten steps walking in the calibration procedure.

2.3.5. 5th Step—Initial Data Interpretation

Even if the accuracy of the used sensor is good and it uses root mean square error
(RMS), a virtual human model allows the user to see if motion representation and data
collection are being implemented correctly. When the sit and walk trial was completed,
measured data were examined for unmeaningful results while the participants were still
present. If errors or incorrect movements were found due to magnetic field interference,
subjects did not leave the laboratory environment, and the calibration was checked to
eliminate the disturbance.

2.3.6. 6th Step—Daily Activities Acquisition

Upon satisfactory test trial, the patients were instructed to move at pain-free levels
around the surgery area during daily life activities. In addition, they were asked to carry
their smartphone close to their body during the “measurement day” to avoid Bluetooth
signal connectivity issues during data transmission from the sensor to their smartphones.
The following day (24 h of recording time), the patients visited the laboratory to disconnect
the attached IMUs and transfer the measured data from the patients’ smartphones to the
scientist’s computer. The whole procedure from the 1st to 6th step was performed and
supervised by the same biomechanist.

2.4. Data Collection—Data Analysis

Two 9-axis IMU sensors were utilized to assess the number of lumbar spine flexions
above 10 degrees. The sensors, placed on the patient’s spine can wirelessly transmit, via
BLE, a three-axis tensor of the gyroscope component, containing the angle speed (deg/s) in
axes x, y, and z. Similarly, a three-axis tensor of the accelerometer component, containing the
acceleration (m/s?) in axes X, y, z, and a three-axis tensor of the magnetometer component,
containing the magnetic field measurements in the same coordinate system.

Body segment orientation and corresponding Euler angles can be estimated accurately
by fusing signals from gyroscopes, accelerometers, and magnetometers, which minimizes
possible error sources [8].

MMR+ NDoF fusion algorithm performed automatic background calibration of the
sensor. This is a 9 degrees of freedom mode, where the fused absolute orientation data
is obtained from the accelerometer, gyroscope, and magnetometer. The advantage of
combining all three sensors is a fast calculation, resulting in high output data rate, and
increased robustness from magnetic field distortions. The fast magnetometer calibration



Biology 2022, 11, 398

7 of 17

option was turned ON in this mode, resulting in the rapid magnetometer calibration and
increased output data accuracy. NDoF mode used the following frequencies for each
component:

Mode Accelerometer Gyroscope Magnetometer

NDoF 100 Hz 100 Hz 25 Hz

The fusion algorithm uses the sensor’s accelerometer data to compensate for the
gyroscope noise and signal drift over time. When the body segment of interest moves, the
fusion instantaneously ignores the accelerometer data and relies on the gyroscope for pitch
and roll. If the accelerometer data cannot be used for an extended period (due to constant
movement or vibration), then this may cause the pitch and roll values to drift. Similarly, if
the distortion affects the magnetometer data, the algorithm will automatically ignore it.

Let X =[a_x,a_y,a_z,g_X,g y,g_Xx,m_x,m_ym_z] be a single measurement of the IMU
sensor. The first step is to estimate the Euler angles by utilizing the X measurements.
Accelerometer, gyroscope, and magnetometer data are used to calculate the pointing vector
of the L5 and the S1. Thus, the data a X, g X, and m x are translated to Euler angles of Pitch
plane as they correspond to lumbar spine flexion angles [21].

For this, the methodology proposed by Qifan Zhou et al. 2021 [22] was applied,
enabling a Kalman filter to estimate the absolute orientation of the sensing device. The
Kalman filter is a closed-loop system used to model nonlinear systems, which deal with
cases governed by nonlinear differential equations. It consists of four steps: Prediction,
Kalman gain, Update, and Quaternion normalization. The IMU sensor input is provided
during the update step, and after each of the four steps is executed, the output is provided
as an orientation estimation [21,23].

Finally, standard Euler angles were [23] used to define the lumbar spine flexion angle
in relation to the sacral coordinate system using sampling rates of the IMUs system at 5 Hz.

Based on the Euler angles estimated by the approach mentioned above, a model
for assessing the 10 degrees flexions is employed. First, a zeroing pre-processing step is
applied, assuming that the most frequent angle in the pitch plane refers to the body’s
upright position. Based on this outcome, after relatively translating all the collected values,
the number of instances a difference of more than 10 degrees occurs is calculated. Finally,
a sliding window post-processing algorithm parses the output results and eliminates
measurements closer than 5 s.

3. Results
3.1. Clinical Examination following Microdiscectomy:
The Japanese Orthopaedic Association (JOA) Score

The JOA score evaluated the patients’ leg pain, low back pain, and daily activities.
In this system, the maximum score is 29 points, and higher JOA scores refer to better
results regarding the parameters evaluated [24]. The average preoperative JOA score was
14.3 (Standard Deviation (SD) = 2.8) (Group B). Six weeks postoperatively JOA score was
evaluated at 25.8 (SD = 4.2) for the same group (Figure 3).
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Figure 3. The Japanese Orthopaedic Association (JOA) scores pre and postoperatively.

3.2. Wearable Sensors—IMU Data

The mean number of more than 10 degrees of Lumbar Spine Flexions (LSFs) per hour
was 138.16 for healthy subjects (H.S.) (Figure 4) (Group A).

Respectively, the mean number of more than 10 degrees of LSFs per hour for Group
B were:

41.3/h during the 1st postoperative week (P.W.) (29.9% healthy subjects-H.S.) (Figure 5);
2nd PW. 60.1/h (43.5% H.S.) (Figure 6);

3rd PW. 74.2/h (53.7% H.S.) (Figure 7);

4th PW. 82.9/h (60% H.S.) (Figure 8);

5th PW. 97.3/h (70.4% H.S.) (Figure 9);

6th PW. 105.5/h (76.4% H.S.) (Figure 10).

Healthy subjects

Lumbar Spine Flexion ROMs/hour
60

50

Flexion ROM (degrees)

-20 -
1 hour Time - (sec)

Figure 4. The number of more than 10 degrees of Lumbar Spine Flexions (LSFs) per hour for
healthy subjects.
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Figure 5. The number of more than 10 degrees of Lumbar Spine Flexions (LSFs) per hour for operated
subjects at the 1st postoperative week.
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Figure 6. The number of more than 10 degrees of Lumbar Spine Flexions (LSFs) per hour for operated
subjects at the 2nd postoperative week.
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Figure 7. The number of more than 10 degrees of Lumbar Spine Flexions (LSFs) per hour for operated
subjects at the 3rd postoperative week.
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Figure 8. The number of more than 10 degrees of Lumbar Spine Flexions (LSFs) per hour for operated
subjects at the 4th postoperative week.
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Figure 9. The number of more than 10 degrees of Lumbar Spine Flexions (LSFs) per hour for operated
subjects at the 5th postoperative week.
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Figure 10. The number of more than 10 degrees of Lumbar Spine Flexions (LSFs) per hour for
operated subjects at the 6th postoperative week.

Figure 11 shows cumulatively the number of more than 10 degrees of Lumbar Spine
Flexions (LSFs) per hour for operated and healthy subjects.
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Figure 11. Results presenting the number of lumbar spine flexions (more than 10 degrees) for healthy
subjects (blue line) and operated patients (orange bars).

The results show that the number of lumbar spine flexions more than 10 degrees
present a linear increase from the 1st to the 6th postoperative week. Nevertheless, at the
end of the 6th postoperative week, the patients restored close to 75% of the normal spine
kinematic behavior (Figure 12).
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Progress curve of lumbar spine kinematics

postoperatively compared to healthy vs. PW.
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Figure 12. Percentage evolution of lumbar spine kinematics postoperatively compared to healthy, in
relation to postoperative week.

4. Discussion

Quantitative data on vertebral motion is critical to understanding spinal pathology, im-
proving current surgical treatments of spinal diseases, and controlling rLDH [25]. The essen-
tial biomechanical factor for (LDH mentioned in the literature is sagittal plane ROMs [11,26].
More than 10° of lumbar spine flexion postoperatively was responsible for a recurrence
rate of 26.5%. Patients with less than 10° had a rate of 4.1% [11]. Even if the rate of
sagittal ROMs has been identified, the actual number (frequency) that occurs during daily
activities postoperatively has not been measured. In our study, lumbar spine kinematics
following microdiscectomy was recorded during everyday activities for 24 h till the sixth
postoperative week. Such kinematics quantification due to exposure to repetitive loads
was recorded for the first time to our knowledge. The subjects were limited to 44% of the
normal (healthy subjects) flexion kinematics (more than 10 degrees) at the 1st postoperative
week and improved to 76.9% at the sixth postoperative week.

Until the writing of this manuscript, only one study investigated the monitoring of
patients following lumbar spine surgery, to our knowledge. Mijailovic and his colleagues
in 2012 [27] proposed a method to calculate ROM values of lumbar spine motions of
patients who had undergone spine surgery by using wireless three-dimensional acceler-
ation measurements. A possible weakness of such a study concerns the error value and
measurement uncertainty. The authors identified the potential sources of errors as the
measuring sensor’s final resolution and the error resulting from signal filtering averaging.
Considering the devices’ characteristics and the mean average deviation for all performed
measurements, they found that the total error was limited to the range of 1.5°. This study
indicates how sensors technology could accurately monitor kinematic patterns following
lumbar disc microdiscectomy.

As a first step in reducing the recurrence rate, many studies have been conducted
to identify the factors that may increase the risk. The main factors mentioned in the
literature are age, gender, type of lumbar disc herniation, number of fragments removed,
smoking, alcohol consumption, range of daily activities postoperative, and biomechanical
factors [28]. A significant biomechanical factor that can cause a disc herniation to recur after
discectomy is when the fibrous ring at the point of hernia removal has not healed completely,
thereby allowing this attenuated load-bearing point to continue to be mechanically exposed.
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Biomechanical risk factors for recurrent intervertebral disc herniation reported in the
literature include reduced resistance to fibrous ring loads and exposure to repetitive loads
caused by weightlifting or vibration [29-34]. In addition, the literature review provides
essential evidence that lumbar spine flexion represents a significant risk factor for disc
herniation [11,12].

Wade et al. conducted a study of the microstructural investigation of the disruption
caused by bending lumbar disc compression. The study’s conclusions indicate that hernia-
tion can be induced when compressed loads are exerted on the bent disk. The injury begins
with ruptures in the middle and outer layers of the fibrous rings as a possible consequence
of the aforementioned change [35]. Other studies report that patients with intervertebral
disc herniation exhibited greater compression forces across all lumbar intervertebral discs
during trunk flexion, which increased with higher flexion angles [36]. Although these
results correlate with the previous study demonstrating the harmful effect of kinematics
(lumbar spine flexion- bending) on these patients, they did not quantify the actual number
of flexions needed for such a result. Our study measured these risk factors in real-life
activities in an effort to provide the data missing to predict rLDH.

In a recent study, Costi and colleagues [37] found that when repeated loads are applied
to degenerated intervertebral discs in combination with compression and bending or
bending and axial rotation, which is the most typical way we lift weights, maximum
shear stress is developed. That can subsequently cause rupture of the fibrous rings and
detachment of the gel from the kinetic plate. Therefore, researchers suggest the above
may indicate possible intervertebral disc herniation. These results agree with those of
Eun Sang Soo et al., who identified intervertebral instability and a greater than 10-degree
change of flexion angle as a possible factor for rLDH [38]. Cadaveric studies have simply
measured lumbar segment motion by applying flexion—extension, bending, and axial
rotational torques, with or without a compressive load [25,39] without involving the actual
daily life kinematic pattern. On the other hand, in vivo motion of the lumbar segments has
often been evaluated using imaging techniques to capture the lumbar vertebrae positions
in different static postures [40] or by analyzing motion with the use of optoelectronic
cameras of fluoroscopy in a laboratory environment. While these studies have significantly
improved our knowledge of lumbar motion, in vivo kinematics of lumbar vertebrae during
daily activities remain largely unexplored using 3D measurement techniques. Therefore,
in everyday life, accurate dynamic motion characteristics of L4-5 and L5-51 are still not
clearly described in the literature [25]. Recently, a 3D fluoroscopic imaging technique has
been intensively applied to investigate 6 degrees-of-freedom (6DOF) lumbar kinematics
during various weight-bearing static end-range postures and dynamic axial rotation once
more in a laboratory environment [40]. The detailed recording of this kinematic pattern
should be tested in vitro, using cadaveric biomechanical testings, to identify the actual
postoperative week that rLDH potentially occurs [41]. Our study measured the frequency of
such kinematics during daily activities of patients subjected to lumbar microdiscectomy. We
believe that if we recognize that time frame, we could control such kinematic risk factors by
taking advantage of biofeedback capabilities of wearable sensor devices to alert and protect
patients from harmful ROMs. An example is a vibrating ring in MetaMotionR+/Mbientlab
sensors (the devices we used in our study) that could alert patients by applying vibration
when they exceed ROMs, potentially harmful to rLDH; as a result, protect them from
risky movements.

Surgical interventions following a degenerative disease alter vertebral load properties
and lumbar spine biomechanics, increasing the risk of recurrent disc herniation. Kim et al.,
in their study, examined biomechanical factors that potentially contribute to rLDH using
preoperative imaging [11]. They concluded that patients with sagittal plane ROM more
than 10° had a recurrence rate of 26.5%, while those with less than 10° presented a rate
of 4.1%. Kyoung-Tae Kim et al. [36] report that sagittal lumbar spine ROM correlated
significantly with a high incidence of rLDH. On the other hand, Zhonghai Li et al. [26]
mention that research about sagittal axle range of motion on rLDH (sROM) rarely appears



Biology 2022, 11, 398

14 of 17

in the literature. Our data measured this parameter in daily activities for the first time,
thus providing the necessary information to biomechanists to identify whether and which
frequency of more than 10 degrees of SROM could constitute a biomechanical risk factor
for rLDH.

Advances in the development of tiny sensors have created new possibilities for long-
term recording and quantification of human body kinematics, including assessments in
everyday life environments where motor disorders can be spontaneously developed and
reproduced by the subjects. A typical example is the study of back pain using sensors both
in the workplace [42-50] and in the daily lives of users [51-53], which is the pathology
responsible for the most considerable loss of labor hours in the western world [54,55]. Eval-
uation of biomechanical factors can positively impact health care by better understanding
the underlying mechanical factors that could cause back pain or rLDH.

Portable and wearable sensors, especially inertial sensors, have gained immense
popularity in biomechanical studies of motion in a short time [56]. Their properties such as
lightweight, small size, low cost, energy efficiency, and portability make them suitable for
a variety of applications, from the simple recording of daily activities [50,57] to the most
complex kinematic physical activity in a laboratory environment [58,59], but mainly in the
daily lives of users.

Continuous monitoring of spine motion provides the opportunity for objective and
quantitative analysis of kinematics, which offers insight into how spinal movements affect
mechanical changes and, hence, disc herniation development. [16]. Our study provided
such valuable data for patients subjected to lumbar spine microdiscectomy for the first
time. This can evaluate the relationship between the disc re-herniation trigger mechanism
and daily activities. Such measurements in patients’ daily lives could help promote the
prevention by implementing wearable sensors’ biofeedback capabilities and reducing
exposure to mechanical risk factors. They could also support user monitoring, thereby
facilitating and encouraging patient self-management.

5. Conclusions

Our study aimed to measure the number of lumbar spine flexion instants for six
weeks postoperatively, a risk factor (lumbar flexion) for rLDH after microdiscectomy in
the lumbar spine. These are the kinematic parameters revealed by this literature review
that provide the most harmful load to the intervertebral disc and could lead to a recurrence
of the pathology during the six postoperative weeks, referred to as a “collapse” point,
due to the load mentioned above. Therefore, following our results of identifying patients’
kinematic pattern during everyday activities and quantifying the overall number of flexions,
in vitro studies should be conducted to verify if these data results can cause reherniation of
microdiscectomied lumbar discs.

Moreover, wearable sensors could be used, apart from monitoring kinematics, as
biofeedback solutions, by applying vibration when patients exceed ROMs, which constitute
a biomechanical risk factor for r(LDH and, as a result, protect them from risky movements.
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rLDH recurrence Lumbar Disc Herniation
ROM  Range of Motion

L5-S1  Fifth Lumbar-First Sacral vertebrae
MRC  Medical Research Council scale
BMI Body Mass Index

JOA Japanese Orthopaedic Association
IMU Inertial Measurement Units

SD Standard Deviation

LSFs Lumbar Spine Flexions

N.S. Normal Subjects

PW Postoperative Week

References

1.  Davis, H. Increasing Rates of Cervical and Lumbar Spine Surgery in the United States, 1979-1990. Spine 1994, 19, 1117-1122.
[CrossRef]

2. Deyo, R.A; Gray, D.T.; Kreuter, W.; Mirza, S.; Martin, B.I. United States Trends in Lumbar Fusion Surgery for Degenerative
Conditions. Spine 2005, 30, 1441-1445. [CrossRef] [PubMed]

3. Weinstein, ].N.; Lurie, ].D.; Olson, P.R.; Bronner, K K.; Fisher, E.S. United States” trends and regional variations in lumbar spine
surgery: 1992-2003. Spine 2006, 31, 2707-2714. [CrossRef] [PubMed]

4. Deyo, R.A,; Mirza, S.K.; Martin, B.I.; Kreuter, W.; Goodman, D.C; Jarvik, ].G. Trends, major medical complications, and charges
associated with surgery for lumbar spinal stenosis in older adults. JAMA 2010, 303, 1259-1265. [CrossRef] [PubMed]

5. Ugiliweneza, B.; Kong, M.; Nosova, K.; Huang, K.T.; Babu, R.; Lad, S.P; Boakye, M. Spinal surgery: Variations in health care costs
and implications for episode-based bundled payments. Spine 2014, 39, 1235-1242. [CrossRef] [PubMed]

6. Rossi, V.J.; Ahn, J.; Bohl, D.; Tabaraee, E.; Singh, K. Economic factors in the future delivery of spinal healthcare. World . Orthop.
2015, 6, 409-412. [CrossRef]

7. Acosta, FL.; Ames, C.; Hsieh, P.C.; McCarthy, LM. Introduction: Costs and benefits of modern-day spine care. Neurosurg. Focus
2014, 36. [CrossRef]

8.  Borden, W.B.; Chiang, Y.-P.; Kronick, R. Bringing Patient-Centered Outcomes Research to Life. Value Health 2015, 18, 355-357.
[CrossRef]

9.  Martin, B.I; Deyo, R.A ; Lurie, ].D.; Carey, T.S.; Tosteson, A.N.A.; Mirza, S.K. Effects of a Commercial Insurance Policy Restriction
on Lumbar Fusion in North Carolina and the Implications for National Adoption. Spine 2016, 41, 647-655. [CrossRef]

10. Jancuska, ].M.; Hutzler, L.; Protopsaltis, T.S.; Bendo, J.A.; Bosco, J. Utilization of lumbar spinal fusion in New York state: Trends
and disparities. Spine 2016, 41, 1508-1514. [CrossRef]

11.  Kim, K.-T.; Park, S.-W.; Kim, Y.-B. Disc Height and Segmental Motion as Risk Factors for Recurrent Lumbar Disc Herniation.
Spine 2009, 34, 2674-2678. [CrossRef]

12.  Gatton, M.L.; Pearcy, M. Kinematics and movement sequencing during flexion of the lumbar spine. Clin. Biomech. 1999, 14,
376-383. [CrossRef]

13. Colombel, J.; Bonnet, V.; Daney, D.; Dumas, R.; Seilles, A.; Charpillet, F. Physically Consistent Whole-Body Kinematics Assessment
Based on an RGB-D Sensor. Application to Simple Rehabilitation Exercises. Sensors 2020, 20, 2848. [CrossRef] [PubMed]

14. Li, G.; Wuerz, TH.; DeFrate, L.E. Feasibility of Using Orthogonal Fluoroscopic Images to Measure In Vivo Joint Kinematics. J.
Biomech. Eng. 2004, 126, 313-318. [CrossRef] [PubMed]

15. Triantafyllou, A.; Papagiannis, G.; Nikolaou, V.S.; Papagelopoulos, PJ.; Babis, G.C. Similar Biomechanical Behavior in Gait
Analysis between Ceramic-on-Ceramic and Ceramic-on-XLPE Total Hip Arthroplasties. Life 2021, 11, 1366. [CrossRef] [PubMed]

16. Papagiannis, G.; Triantafyllou, A.; Konstantina, Y.G.; Koulouvaris, P.; Anastasiou, A.; Papadopoulos, E.C.; Papagelopoulos, PJ.;
Babis, G.C. Biomechanical Factors could Affect Lumbar Disc Reherniation after Microdiscectomy. J. Orthop. Sports Med. 2019, 1,
46-50. [CrossRef]

17.  Tsakanikas, V.D.; Gatsios, D.; Dimopoulos, D.; Pardalis, A.; Pavlou, M.; Liston, M.B.; Fotiadis, D.I. Evaluating the Performance of

Balance Physiotherapy Exercises Using a Sensory Platform: The Basis for a Persuasive Balance Rehabilitation Virtual Coaching
System. Front. Digit. Health 2020, 2. [CrossRef]


http://doi.org/10.1097/00007632-199405001-00003
http://doi.org/10.1097/01.brs.0000166503.37969.8a
http://www.ncbi.nlm.nih.gov/pubmed/15959375
http://doi.org/10.1097/01.brs.0000248132.15231.fe
http://www.ncbi.nlm.nih.gov/pubmed/17077740
http://doi.org/10.1001/jama.2010.338
http://www.ncbi.nlm.nih.gov/pubmed/20371784
http://doi.org/10.1097/BRS.0000000000000378
http://www.ncbi.nlm.nih.gov/pubmed/24831503
http://doi.org/10.5312/wjo.v6.i5.409
http://doi.org/10.3171/2014.4.FOCUS14124
http://doi.org/10.1016/j.jval.2015.01.010
http://doi.org/10.1097/BRS.0000000000001390
http://doi.org/10.1097/BRS.0000000000001567
http://doi.org/10.1097/BRS.0b013e3181b4aaac
http://doi.org/10.1016/S0268-0033(98)00109-0
http://doi.org/10.3390/s20102848
http://www.ncbi.nlm.nih.gov/pubmed/32429505
http://doi.org/10.1115/1.1691448
http://www.ncbi.nlm.nih.gov/pubmed/15179865
http://doi.org/10.3390/life11121366
http://www.ncbi.nlm.nih.gov/pubmed/34947897
http://doi.org/10.26502/josm.5115005
http://doi.org/10.3389/fdgth.2020.545885

Biology 2022, 11, 398 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kato, S.; Oshima, Y.; Oka, H.; Chikuda, H.; Takeshita, Y.; Miyoshi, K.; Kawamura, N.; Masuda, K.; Kunogi, J.; Okazaki, R.; et al.
Comparison of the Japanese Orthopaedic Association (JOA) Score and Modified JOA (mJOA) Score for the Assessment of Cervical
Myelopathy: A Multicenter Observational Study. PLoS ONE 2015, 10, e0123022. [CrossRef]

Cafolla, D.; Chen, I.-M.; Ceccarelli, M. An experimental characterization of human torso motion. Front. Mech. Eng. 2015, 10,
311-325. [CrossRef]

Chaparro-Rico, B.D.M,; Cafolla, D. Test-Retest, Inter-Rater and Intra-Rater Reliability for Spatiotemporal Gait Parameters Using
SANE (an eaSy gAte aNalysis systEm) as Measuring Instrument. Appl. Sci. 2020, 10, 5781. [CrossRef]

Ludwig, S.A.; Burnham, K.D. Comparison of Euler estimate using extended Kalman filter, Madgwick and Mahony on quadcopter
flight data. In Proceedings of the 2018 International Conference on Unmanned Aircraft Systems, Dallas, TX, USA, 12-15 June
2018.

Zhou, Q.; Li, Z; Yu, G.; Li, H.; Zhang, N. A novel adaptive Kalman filter for Euler-angle-based MEMS IMU/magnetometer
attitude estimation. Meas. Sci. Technol. 2021, 32, 045104. [CrossRef]

Bakhshi, S.; Mahoor, M.H.; Davidson, B.S. Development of a body joint angle measurement system using IMU sensors. In
Proceedings of the 2011 Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Boston, MA,
USA, 30 August-3 September 2011.

Sakaura, H.; Ikegami, D.; Fujimori, T.; Sugiura, T.; Owaki, H.; Fuji, T. Abdominal Aortic Calcification Is a Significant Poor
Prognostic Factor for Clinical Outcomes After Decompressive Laminotomy for Lumbar Spinal Canal Stenosis. Glob. Spine J. 2019,
9,724-728. [CrossRef] [PubMed]

Li, G.; Wang, S.; Passias, P; Xia, Q.; Li, G.; Wood, K. Segmental in vivo vertebral motion during functional human lumbar spine
activities. Eur. Spine J. 2009, 18, 1013-1021. [CrossRef]

Li, Z; Yang, H.; Liu, M,; Lu, M.; Chu, J.; Hou, S.; Hou, T. Clinical Characteristics and Risk Factors of Recurrent Lumbar Disk
Herniation: A Retrospective Analysis of Three Hundred Twenty-One Cases. Spine 2018, 43, 1463-1469. [CrossRef] [PubMed]
Mijailovie, N.; Peulic, A ; Filipovic, N.; Jovanov, E. Implementation of wireless sensor system in rehabilitation after back spine
surgery. Serb. J. Electr. Eng. 2012, 9, 63-70. [CrossRef]

Shin, B.-J. Risk Factors for Recurrent Lumbar Disc Herniations. Asian Spine J. 2014, 8, 211-215. [CrossRef]

Sadat, B.E.; Habibi, B.; Habibzadeh, A.; Shimia, M.; Babaei-Ghazani, A. Risk factors of recurrent lumbar disk herniation. Asian J.
Neurosurg. 2013, 8, 93-96. [CrossRef]

Carragee, E.J.; Han, M.Y,; Suen, PW.; Kim, D. Clinical outcomes after lumbar discectomy for sciatica: The effects of fragment type
and anular competence. J. Bone Jt. Surg. 2003, 85, 102-108. [CrossRef]

Matsui, H.; Terahata, N.; Tsuji, H.; Hirano, N.; Naruse, Y. Familial Predisposition and Clustering for Juvenile Lumbar Disc
Herniation. Spine 1992, 17, 1323-1328. [CrossRef]

An, H.S,; Silveri, C.P.,; Simpson, ].M.; File, P.; Simmons, C.; Simeone, F.A.; Balderston, R.A. Comparison of Smoking Habits
Between Patients with Surgically Confirmed Herniated Lumbar and Cervical Disc Disease and Controls. J. Spinal Disord. 1994, 7,
369-373. [CrossRef]

Kelsey, ].L.; Githens, P.B.; O’conner, T.; Weil, U.; Calogero, ].A.; Holford, T.R.; White, A.A.; Walter, S.D.; Ostfeld, A.M.; Southwick,
W.O. Acute Prolapsed Lumbar Intervertebral Disc An Epidemiologic Study with Special Reference to Driving Automobiles and
Cigarette Smoking. Spine 1984, 9, 608-613. [CrossRef]

Mundt, D.J.; Kelsey, J.L.; Golden, A.L.; Pastides, H.; Berg, A.T,; Sklar, J.; Hosea, T.; Panjabi, M.M. An Epidemiologic Study
of Non-Occupational Lifting as a Risk Factor for Herniated Lumbar Intervertebral Disc. Spine 1993, 18, 595-602. [CrossRef]
[PubMed]

Wade, K.R.; Robertson, P.A.; Thambyah, A.; Broom, N.D. How healthy discs herniate: A biomechanical and microstructural study
investigating the combined effects of compression rate and flexion. Spine 2014, 39, 1018-1028. [CrossRef] [PubMed]

Kuai, S.; Liu, W.; Ji, R.; Zhou, W. The Effect of Lumbar Disc Herniation on Spine Loading Characteristics during Trunk Flexion
and Two Types of Picking Up Activities. J. Health Eng. 2017, 2017, 1-10. [CrossRef] [PubMed]

Costi, J.; Heinze, K.; Lawless, I; Stanley, R.; Freeman, B. Do combined compression, flexion and axial rotation place degenerated
discs at risk of posterolateral herniation? measurement of 3d lumbar intervertebral disc internal strains during repetitive loading.
Orthop. Proc. 2018, 96-B, 219.

Eun, S.S.; Lee, S.-H.; Sabal, L.A. Long-term Follow-up Results of Percutaneous Endoscopic Lumbar Discectomy. Pain Physician
2016, 18, E1161-E1166.

Fujiwara, A.; An, H.S,; Lim, T.H.; Haughton, V.M. Morphologic changes in the lumbar intervertebral foramen due to flexionexten-
sion, lateral bending, and axial rotation: An in vitro anatomic and biomechanical study. Spine 2001, 26, 876-882. [CrossRef]
Shin, J.-H.; Wang, S.; Yao, Q.; Wood, K.B.; Li, G. Investigation of coupled bending of the lumbar spine during dynamic axial
rotation of the body. Eur. Spine J. 2013, 22, 2671-2677. [CrossRef]

Sudo, H.; Ito, M.; Kaneda, K.; Shono, Y.; Takahata, M.; Abumi, K. Long-term Outcomes of Anterior Spinal Fusion for Treating
Thoracic Adolescent Idiopathic Scoliosis Curves Average 15-Year Follow-up Analysis. Spine 2012, 38, 10.

Hernandez, A.; Gross, K.; Gombatto, S. Differences in lumbar spine and lower extremity kinematics during a step down functional
task in people with and people without low back pain. Clin. Biomech. 2017, 47, 46-52. [CrossRef]

Mitchell, T.; O’Sullivan, P.B.; Burnett, A.E; Straker, L.; Smith, A. Regional differences in lumbar spinal posture and the influence
of low back pain. BMC Musculoskelet. Disord. 2008, 9, 152. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0123022
http://doi.org/10.1007/s11465-015-0352-z
http://doi.org/10.3390/app10175781
http://doi.org/10.1088/1361-6501/abcefa
http://doi.org/10.1177/2192568219827265
http://www.ncbi.nlm.nih.gov/pubmed/31552153
http://doi.org/10.1007/s00586-009-0936-6
http://doi.org/10.1097/BRS.0000000000002655
http://www.ncbi.nlm.nih.gov/pubmed/30325345
http://doi.org/10.2298/SJEE1201063M
http://doi.org/10.4184/asj.2014.8.2.211
http://doi.org/10.4103/1793-5482.116384
http://doi.org/10.2106/00004623-200301000-00016
http://doi.org/10.1097/00007632-199211000-00011
http://doi.org/10.1097/00002517-199410000-00001
http://doi.org/10.1097/00007632-198409000-00012
http://doi.org/10.1097/00007632-199304000-00012
http://www.ncbi.nlm.nih.gov/pubmed/8484151
http://doi.org/10.1097/BRS.0000000000000262
http://www.ncbi.nlm.nih.gov/pubmed/24503692
http://doi.org/10.1155/2017/6294503
http://www.ncbi.nlm.nih.gov/pubmed/29065628
http://doi.org/10.1097/00007632-200104150-00010
http://doi.org/10.1007/s00586-013-2777-6
http://doi.org/10.1016/j.clinbiomech.2017.05.012
http://doi.org/10.1186/1471-2474-9-152
http://www.ncbi.nlm.nih.gov/pubmed/19014712

Biology 2022, 11, 398 17 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

Van Dillen, L.R.; Gombatto, S.P,; Collins, D.R.; Engsberg, ].R.; Sahrmann, S.A. Symmetry of Timing of Hip and Lumbopelvic
Rotation Motion in 2 Different Subgroups of People With Low Back Pain. Arch. Phys. Med. Rehabil. 2007, 88, 351-360. [CrossRef]
[PubMed]

Ratcliffe, E.; Pickering, S.; McLean, S.; Lewis, J. Is there a relationship between subacromial impingement syndrome and scapular
orientation? A systematic review. Br. |. Sports Med. 2014, 48, 1251-1256. [CrossRef] [PubMed]

Chiang, C.-Y;; Chen, K.-H.; Liu, K.-C.; Hsu, S.J.-P; Chan, C.-T. Data Collection and Analysis Using Wearable Sensors for
Monitoring Knee Range of Motion after Total Knee Arthroplasty. Sensors 2017, 17, 418. [CrossRef] [PubMed]

Boocock, M.G.; Jackson, J.A.; Burton, A.K,; Tillotson, K.M. Continuous measurement of lumbar posture using flexible electrogo-
niometers. Ergonomics 1994, 37, 175-185. [CrossRef] [PubMed]

Morlock, M.; Bonin, V.; Deuretzbacher, G.; Miiller, G.; Honl, M.; Schneider, E. Determination of the in vivo loading of the lumbar
spine with a new approach directly at the workplace—First results for nurses. Clin. Biomech. 2000, 15, 549-558. [CrossRef]
Thoumie, P; Drape, J.-L.; Aymard, C.; Bedoiseau, M. Effects of a lumbar support on spine posture and motion assessed by
electrogoniometer and continuous recording. Clin. Biomech. 1998, 13, 18-26. [CrossRef]

Nevins, R.J.; Durdle, N.G.; Raso, VJ. A posture monitoring system using accelerometers. In Proceedings of the IEEE CCECE2002,
Canadian Conference on Electrical and Computer Engineering, Winnipeg, MB, Canada, 12-15 May 2002; IEEE: New York, NY,
USA, 2002; pp. 1087-1092.

Wong, W.Y,; Wong, M.S. Smart garment for trunk posture monitoring: A preliminary study. Scoliosis 2008, 3, 7. [CrossRef]
Wong, W.Y,; Wong, M.S. Trunk posture monitoring with inertial sensors. Eur. Spine J. 2008, 17, 743-753. [CrossRef]

Kerr, M.S.; Frank, ].W.; Shannon, H.S.; Norman, R.W.; Wells, R.P.; Neumann, W.P.; Bombardier, C.; Ontario Universities Back Pain
Study Group. Biomechanical and psychosocial risk factors for low back pain at work. Am. J. Public Health 2001, 91, 1069-1075.
[CrossRef]

Dagenais, S.; Caro, J.; Haldeman, S. A systematic review of low back pain cost of illness studies in the United States and
internationally. Spine J. 2008, 8, 8-20. [CrossRef]

Bonato, P. Wearable sensors and systems. IEEE Eng. Med. Biol. Mag. 2010, 29, 25-36. [CrossRef]

Yang, C.C.; Hsu, Y.L. A review of accelerometry-based wearable motion detectors for physical activity monitoring. Sensors 2010,
10, 7772-7788. [CrossRef] [PubMed]

Goodvin, C.; Park, E.J.; Huang, K.; Sakaki, K. Development of a real-time three-dimensional spinal motion measurement system
for clinical practice. Med Biol. Eng. Comput. 2006, 44, 1061-1075. [CrossRef] [PubMed]

O’Sullivan, K.; O’Sullivan, L.; Campbell, A.; O’Sullivan, P.; Dankaerts, W. Towards monitoring lumbo-pelvic posture in real-life
situations: Concurrent validity of a novel posture monitor and a traditional laboratory-based motion analysis system. Man. Ther.
2012, 17, 77-83. [CrossRef] [PubMed]

Wu, M.; Wang, S.; Driscoll, S.J.; Cha, T.D.; Wood, K.B.; Li, G. Dynamic motion characteristics of the lower lumbar spine:
Implication to lumbar pathology and surgical treatment. Eur. Spine J. 2014, 23, 2350-2358. [CrossRef]


http://doi.org/10.1016/j.apmr.2006.12.021
http://www.ncbi.nlm.nih.gov/pubmed/17321829
http://doi.org/10.1136/bjsports-2013-092389
http://www.ncbi.nlm.nih.gov/pubmed/24174615
http://doi.org/10.3390/s17020418
http://www.ncbi.nlm.nih.gov/pubmed/28241434
http://doi.org/10.1080/00140139408963636
http://www.ncbi.nlm.nih.gov/pubmed/8112274
http://doi.org/10.1016/S0268-0033(00)00015-2
http://doi.org/10.1016/S0268-0033(97)00084-3
http://doi.org/10.1186/1748-7161-3-7
http://doi.org/10.1007/s00586-008-0586-0
http://doi.org/10.2105/ajph.91.7.1069
http://doi.org/10.1016/j.spinee.2007.10.005
http://doi.org/10.1109/MEMB.2010.936554
http://doi.org/10.3390/s100807772
http://www.ncbi.nlm.nih.gov/pubmed/22163626
http://doi.org/10.1007/s11517-006-0132-3
http://www.ncbi.nlm.nih.gov/pubmed/17102955
http://doi.org/10.1016/j.math.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22015373
http://doi.org/10.1007/s00586-014-3316-9

	Introduction 
	Materials and Methods 
	Subjects 
	Clinical Examination following Microdiscectomy 
	Instrumentation and Procedure 
	1st Step—Calibration 
	2nd Step—Sensors Positioning 
	3rd Step—Bluetooth Protocol and Data Transmission 
	4th Step—Control of Test Measurements Trial Acquisition 
	5th Step—Initial Data Interpretation 
	6th Step—Daily Activities Acquisition 

	Data Collection–Data Analysis 

	Results 
	Clinical Examination following Microdiscectomy: 
	Wearable Sensors–IMU Data 

	Discussion 
	Conclusions 
	References

