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Abstract

:

Featured Application


The findings and approach can potentially be used to guide surgical training and planning for developing a minimal-incision surgical procedure by considering surgical position-dependent muscle material properties.




Abstract


Although spinal surgeries with minimal incisions and a minimal amount of X-ray exposure (MIMA) mostly occur in a prone posture on a Wilson table, the prone posture’s effects on spinal muscles have not been investigated. Thus, this study used ultrasound shear-wave elastography (SWE) to compare the material properties of the erector spinae and multifidus muscles when subjects lay on the Wilson table used for spinal surgery and the flat table as a control condition. Thirteen male subjects participated in the study. Using ultrasound SWE, the shear elastic moduli (SEM) of the erector spinae and multifidus muscles were investigated. Significant increases were found in the SEM of erector spinae muscle 1, erector spinae muscle 2, and multifidus muscles on the Wilson table (W) compared to in the flat table (F; W:22.19 ± 7.15 kPa, F:10.40 ± 3.20 kPa, p < 0.001; W:12.10 ± 3.31 kPa, F: 7.17 ± 1.71 kPa, p < 0.001; W: 18.39 ± 4.80 kPa, F: 11.43 ± 2.81 kPa, p < 0.001, respectively). Our results indicate that muscle material properties measured by SWE can be changed due to table posture, which should be considered in biomechanical modeling by guiding surgical planning to develop minimal-incision surgical procedures.
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1. Introduction


Over the last decade, there has been a steady shift in spinal surgical techniques toward using minimal incisions and a minimal amount of X-ray exposure (MIMA) to lower blood loss, accelerate patient recovery, and shorten hospital stays [1]. To precisely perform spine surgery with MIMA, it might be necessary to accurately register a patient and an image to develop surgical robots and image-guided navigation systems. Various image-to-patient registration technologies exist on image-guided navigation systems for spinal surgeries [2,3,4,5,6]. Recently, computer navigation was employed as a useful tool to aid in boosting the accuracy of spinal-surgery performance, particularly for the most practiced pedicle screw-placement technique [7,8,9,10]. However, outcomes of image-guided robotic spine surgery remain disputable [10]. Among several errors that could be made by robots, deviation in robotic-arm positioning and the trajectory of the robotic drill might be influenced by pressure that occurs while going through tissue [11]. In earlier studies, soft-tissue-related errors in robot-assisted techniques were revealed [12,13]. Therefore, to aid surgical procedures that use MIMA, utilizing aforementioned various image-to-patient registration technologies on the basis of the surface information of patients’ backs might not be enough to accurately estimate the spine location and possible biomechanics that could influence the trajectory of the robotic drill. Without taking numerous X-rays of a patient’s various postures during surgery, a biomechanical spine model can simulate multiple possible scenarios with various patient postures that could occur during surgery. Surgical training and planning can be better informed by surgical instrument and position [14,15]. Therefore, generating a biomechanical spine model could be beneficial.



To generate a more accurate biomechanical spinal model, both hard-tissue shape information obtained from computerized-tomography (CT) images, and soft-tissue shape and elasticity information obtained from magnetic resonance imaging (MRI) or ultrasound imaging could be beneficial. However, not many studies include soft-tissue information when creating a biomechanical model. Recently, shear-wave elastography (SWE) was used to investigate musculoskeletal pathologies and conditions because tissue stiffness can be algebraically derived from shear-wave speed in the ultrasound machine [16]. Shear-wave speed is estimated by tissue motion induced by generated shear waves using acoustic radiation force along with an ultrasound probe [17,18]. Although various studies investigated the elastic modulus of soft tissue using SWE, only a few investigated the elastic modulus of medial gastrocnemius muscles at different ankle positions using both SWE and strain elastography. Additionally, little research has been conducted on erector spinae and multifidus muscles at different trunk positions to find an ideal stretching posture using shear-wave ultrasound elastography [19,20,21]. The elastic modulus of muscles around the spine, such as erector spinae and multifidus, could be different depending on subject and posture. However, the elastic modulus of the erector spinae and multifidus muscles at the prone posture related to spine surgery on a Wilson table has not been investigated. Since spinal surgeries are performed on Wilson tables, it is necessary to investigate whether differences in the elastic modulus of muscles around the spine exist between surgical and resting postures.



Therefore, the goal of this study was to compare skin thickness, muscle thickness, and the elastic modulus of muscles around the lumbar spine, such as erector spinae and multifidus muscles, using shear-wave ultrasound images of the prone posture on a flat table and a Wilson table. We hypothesize that the two postures led to significant differences in the elastic modulus of the erector spinae and multifidus muscles, and skin and muscle thickness.




2. Materials and Methods


2.1. Subjects


On the basis of our pilot study that measured the shear elastic modulus in the erector spinae muscle, a sample size of 13 was determined (power = 0.8; α = 0.05; effect size d = 0.88). Thus, 13 healthy male subjects participated in the study (age, 26.2 ± 3.2 years; body height, 170.0 ± 6.5 cm; body weight, 64.7 ± 12.9 kg). Because there are possible effects of sex hormones on muscle mechanics that contribute to neuromechanical values [22], only male subjects participated in the study. Neck circumference was 31.2 ± 8.6 cm, waist circumference was 79.6 ± 5.8 cm, and thigh circumference was 49.0 ± 4.2 cm. Exclusion criteria for the study were subjects with neurological and orthopedic disorders. All subjects gave written informed consent, and the experimental procedure was approved by the Institutional Review Board of the Korea Institute of Science and Technology (KIST) prior to the experiment.




2.2. Spinal-Alignment Measurement


Sagittal spinal alignments, specifically thoracic- and lumbar-curvature angles, were measured at each prone posture on the flat and the Wilson table (Figure 1) using the Acumar Single Digital Inclinometer (Lafayette Instrument Company, Lafayette, US). Before measurements, the spinous processes of the first thoracic vertebrae (T1), 12th thoracic vertebrae (T12), and 5th lumbar vertebrae (L5) were palpated and marked. Then, the dial on the inclinometer was set to zero, and measured values at each spine level were recorded. The zero value on the inclinometer was perfectly horizontal. A negative value meant that the inclinometer tilted forward, and a positive value meant that the inclinometer tilted backward.




2.3. Ultrasound Measurement


Ultrasound imaging device Aplio i700 (Canon Medical Systems, Tochigi, Japan) was used to measure skin and muscle thickness, and to quantify the modulus of elasticity of a lumbar erector spinae and multifidus muscle. A convex i8CX1 probe with a 5.5 MHz central frequency was used for collecting SWE images. The convex probe was used because of the curved shape of the multifidus muscle [23]. Measurement sites were defined as follows: (a) 2.5 cm laterally between L3 and L4 spinous processes for erector spinae 1 indicated superficial erector spinae muscles, (b) 7 cm laterally from the L3 spinous process of erector spinae 2 indicated deep erector spinae muscles, and (c) 2 cm laterally to the L4 spinous process for the multifidus (Figure 1) [24,25]. Measurement postures for data collection in the prone posture were performed on the flat and the Wilson table (Figure 2). Before ultrasound image collection, each spinous process of the lumbar spine was palpated and marked to ensure that ultrasound images were captured at the correct position. At each posture, each subject was asked to relax. Then, five SWE images of the lumbar erector spinae and multifidus muscles were collected.



Each shear elastic modulus of the aforementioned muscles was evaluated by measuring shear-wave propagation speed in the tissue, which was generated using SWE at each measurement posture. The circular regions of interest (ROIs) were set in the color-coded boxes on the SWE mode (Figure 3). Three circular ROIs with a diameter of 10 mm were set in the color-coded box, with one located at the top–center of the box and the other two located at the inferior to the first-assigned circular ROI (Figure 3) [21,24]. Shear elastic modulus at the set ROI was automatically calculated from the ultrasound imaging device. The mean shear-elastic-modulus values of the three circular ROIs were calculated for each muscle per posture for five images. ROIs were determined by the same examiner.



Skin and muscle thicknesses were measured from the collected shear-wave ultrasound images using Image J 1.52a (National Institutes of Health, Bethesda, U.S.). Skin thickness was measured as the distance (cm) between the surface of the epidermis and the subcutaneous tissue. Muscle thickness was measured as the distance between superficial and deep muscle facias. Both skin and muscle thicknesses were measured by drawing a straight line through the center of the image [26] (Figure 4). Skin and muscle thicknesses were measured using one shear-wave ultrasound image per muscle and condition.




2.4. Statistics


Data normality at each condition was checked using a Jarque–Bera test. Spinal-alignment and muscle-thickness measurements were not normally distributed. Skin thickness and muscle shear-elastic-modulus measures were normally distributed. Thereby, Wilcoxon signed-rank tests were used to compare the values between flat and Wilson table to determine spinal alignment at T1, T12, and L5, and the muscle thickness of erector spinae 1, erector spinae 2, and multifidus. Paired t-tests were used to compare the values between the flat and the Wilson table to determine the skin thickness and shear elastic modulus from the erector spinae 1, erector spinae 2, and multifidus. The effect size of the significant condition was also reported. A two-way repeated-measures analysis of variance (ANOVA) test was performed to investigate whether different muscles and postures showed differences in muscle shear-elastic-modulus measures. Independent variables were muscle and posture, and posture was repeated. Post hoc analysis with Bonferroni correction was performed to investigate which muscle pairs showed significant differences; thus, p value was adjusted by multiplying by 3. The average intraclass correlation coefficient (ICC) of the shear elastic modulus was also investigated using five images of each muscle and posture. Because the muscle-thickness measure was not normally distributed, correlation analysis was conducted using Spearman’s correlation tests for the factors of skin thickness, muscle thickness, and shear elastic modulus of each muscle. p values less than 0.05 were considered statistically significant.





3. Results


3.1. Spinal Alignment


Wilcoxon signed-rank tests revealed that thoracic curvature angles at T1 (p = 0.001, effect size: r = −0.62) and the lumbar curvature angle at L5 (p = 0.001, effect size: r = −0.62) were significantly different between postures (Figure 5). The thoracic curvature angle at T12 was not significantly different between postures.




3.2. Skin and Muscle Thickness


Paired t-tests revealed that skin thicknesses in the sites used to measure the erector spinae 2 (p = 0.007, effect size: d = 0.90) and multifidus (p = 0.006, effect size: d = 0.93) muscles showed significant differences between flat and Wilson table (Figure 6). However, the skin thickness of the site used to measure erector spinae 1 was not statistically different between the flat and Wilson table. Wilcoxon signed-rank tests revealed that the muscle thicknesses of erector spinae 1 (p = 0.001, effect size: r = −0.62), erector spinae 2 (p = 0.003, effect size: r = −0.58), and multifidus (p = 0.039, effect size: r = −0.40) muscles showed significant differences between flat and Wilson table.




3.3. Shear Elastic Modulus


Paired t-tests revealed that the shear modulus of erector spinae 1 (p < 0.001, effect size: d = −2.13), erector spinae 2 (p < 0.001, effect size: d = −1.72), and multifidus (p < 0.001, effect size: d = −1.96) muscles significantly increased from flat table to Wilson table posture (Figure 7). Two-way ANOVA revealed that posture (p < 0.001), muscle (p < 0.001), and interactions between posture and muscle (p = 0.001) had a significant effect. Post hoc analysis with Bonferroni correction revealed that there were significant differences in the shear-modulus value between erector spinae 1 and 2 (p < 0.001), and erector spinae 2 and multifidus (p = 0.002). The mean ICC value of erector spinae 1 in the flat posture was 0.942, and that in the Wilson table posture was 0.842. The mean ICC value of the erector spinae 2 in the flat posture was 0.878, and that in the Wilson posture was 0.903. The mean ICC value of the multifidus in the flat posture was 0.840, and that in the Wilson table posture was 0.805.




3.4. Correlation between Muscle Thickness, Skin Thickness, and Shear Elastic Modulus


There was significant negative correlation between the muscle thickness and shear elastic modulus of erector spinae 1 (p = 0.044, ρ = −0.398), erector spinae 2 (p = 0.024, ρ = −0.443), and multifidus (p = 0.040, ρ = −0.405). There was also significant negative correction between the skin thickness and shear elastic modulus of the multifidus (p = 0.047, ρ = −0.393).





4. Discussion


In this study, the skin thickness, muscle thickness, and shear elastic modulus of muscles around the lumbar spine in a spinal-surgery prone position on a Wilson table were investigated. Our hypotheses supported our findings that there were significant differences in the shear elastic moduli of the erector spinae and multifidus muscles between the flat and Wilson table postures. Posture was also found to have significant effects on muscle and skin thickness. Significant negative corrections were found between muscle thickness and shear elastic modulus of all muscles.



Significantly higher shear elastic moduli in all test muscles (superficial and deep erector spinae muscles and the multifidus muscle) were found in the Wilson table condition compared to the flat-table condition. Significantly higher shear elastic moduli indicate that muscles became stiffer when they were on the Wilson table compared to the flat table. Elastography is a method used to characterize tissue mechanical structure and material properties. Furthermore, SWE monitors changes in tissue acoustic impedance properties through the propagation of shear waves [27,28]. Because both the erector spinae and lumbar multifidus muscles have roles in trunk ipsilateral flexion [21], the elongation of muscles caused by the Wilson table could be reflected by increases in the shear elastic moduli of erector spinae and lumbar multifidus muscles. Significant differences in spinal alignments at T1 and L5, but not at T12, between postures are related to spinal curvature changes caused by the Wilson table compared to the flat table (Figure 1). On the basis of our findings, spinal alignments at T12 were not necessarily changed due to the Wilson table. Such changes in spinal curvature have an impact on the elongation of the lumbar muscles, such as the erector spinae and multifidus. Therefore, significantly higher shear elastic modulus could be found in all test muscles.



Our results are also supported by a previous study that compared shear elastic modulus across various trunk positions for developing stretching-based rehabilitation therapy [21]. In the study, significantly higher shear elastic moduli of the erector spinae muscle in the flexion–lateral flexion position were found compared to the rest or flexion positions, while a similar shear elastic modulus in the multifidus muscle was found among the flexion–lateral flexion position and flexion position; however, this was significantly lower in the rest position [21]. The other study evaluated paraspinal muscle stiffness using SWE by comparing several passive and active postures in healthy individuals. Different biomechanical behaviors were detected among all paraspinal muscles, depending on changing body position [29]. In particular, multifidus muscles stiffened proportionally more than the longissimus and iliocostalis did, probably to provide stabilization for the intervertebral joints. In the passive flexion posture, where a participant is laying down on the table with a 30° angulation at the level of the anterior superior iliac spine, shear-wave velocity of the multifidus at the first sacral vertebra and the multifidus at the level of the third lumbar vertebra were significantly increased compared to in the rest position [29]. In accordance with previous works, in this study, the shear elastic modulus between the two postures among muscles was different. This may have been due to the location of the muscles, where erector spinae 1 is the most superficial muscle compared to the erector spinae 2 and multifidus muscles. The erector spinae muscle is a member of the superficial muscles of the trunk and has a long extension moment arm (MA) for the trunk, at 6.1 ± 0.6 cm in the extension direction, and at 2.2 ± 0.4 cm in the ipsilateral lateral flexion direction [21,30]. However, the multifidus muscle is a member of the deep muscles of the trunk and has a shorter MA compared to the erector spinae muscles, at 5.5 ± 0.7 cm in the extension MA and 1.1 ± 0.1 cm in the ipsilateral lateral flexion MA [21,30]. Considering that a previous study found a more stretched muscle-tendon unit when the change in joint angle was higher or muscle MA was longer [31], a higher shear modulus on the Wilson table compared to the flat table may be due to a change in the joint angle, but a greater change in the superficial muscle is due to the longer MA leading to more muscle stretch.



Muscle elasticity can be influenced by many factors, such as physiological status, anesthesia status, and the use or non-use of muscle relaxants in consideration of clinical applications of the current findings. Due to a lack of studies associated with the assessment of material parameters in muscles under anesthetic conditions, it is uncertain how muscle relaxants and anesthesia would influence our results. Clinically, we determined that there are no differences between skeletal-muscle tone during general anesthesia with and without a muscle relaxant on spinal-surgery patients [32]. Isometric skeletal-muscle strength during general and spinal anesthesia was observed in humans. Using clinically applicable doses of bupivacaine, muscle strength was decreased by about 20%, whereas under general anesthesia (propofol and sevoflurane), muscle strength remained unchanged [33]. Additionally, the different effects of propofol, ketamine, and thiopental anesthesia on dorsal striated muscle microcirculation were observed in rats. The administration of thiopental and propofol induced the dilatation of arterioles and venules, but ketamine had the opposite effect at the induction period [34]. Depending on concentration, the same drug demonstrated different effects; in particular, thiopental demonstrated dose-dependent microvascular constriction [35]. Thus, the material properties of skeletal muscles during anesthesia could be different from those in the relaxed condition in our study. As such, this requires further investigation.



Although this is the first study comparing the shear moduli of the erector spinae and lumbar multifidus muscles between flat and Wilson table conditions, few studies investigated the moduli of the erector spinae and lumbar multifidus muscles [21,24,36,37,38,39,40]. Our shear-modulus values for erector spinae 1, erector spinae 2, and multifidus muscles in the flat-table condition were comparable with those of previous studies in the range of approximately 14–18 kPa [36,37,38,39]. There is a study that reported lower values than ours, between 5–7 kPa in the multifidus muscle [40]. SWE values can be influenced by transducer type (either linear or convex probes), the frequency of image acquisition, the angle between transducer and muscle fibers, and ROI location in the images [41]. In our case, the different values from a previous study may have come from the angle between transducer and muscle fibers since stiffness values are greater in the parallel direction rather than perpendicular to the muscle fibers [40]. Furthermore, the applied pressure to the ultrasound probe could influence the shear-elastic-modulus value [42]. Overall, our values and findings are reasonable and can be justified. Furthermore, they are supported by our good ICC values in shear elastic modulus from 0.805 to 0.942. Since all subjects were healthy males, further studies comparing gender differences and differences due to pathological conditions could be interesting to pursue. A previous study [12] revealed that, during miniature robotic guidance for spine surgery on the clinical side, too much force to the tool guide applied by the surgeon and excessive pressure on the robotic guide arm caused by the surrounding soft tissue could cause a deviation from the preoperative surgical plan. Thereby, changes in the muscle moduli depending on posture and subject characteristics could have an impact on the surgical plan. Only using image-to-patient registration technologies such as the paired-point method might not address this issue.




5. Conclusions


In our findings, the Wilson table posture had an impact on muscle elastic properties compared to the resting posture. As such, surgical instrument and position might better inform surgical training and planning. By considering muscle and soft-tissue properties on the basis of the surgical position, more reliable robotics-aided spinal surgeries can be realized in the future. Furthermore, including these properties in a biomechanical model could assist with surgical training and planning for surgical procedures using MIMA.
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Figure 1. Location of ultrasound probe to measure skin thickness, muscle thickness, and shear-wave elastography (SWE). (a) Erector spinae 1; (b) erector spinae 2; and (c) multifidus. 
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Figure 2. Two different prone postures on (a) flat table and (b) Wilson table. 
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Figure 3. Example for setting regions of interest to measure shear elastic modulus in different postures on flat and Wilson table. In this case, erector spinae 1 located at L3–4 is shown: (a) flat table; (b) Wilson table. 
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Figure 4. Method used to determine skin and muscle thicknesses in ultrasound image. 
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Figure 5. Spinal alignment (deg) of thoracic curvature angle at T1 and T12, and lumbar curvature angles at L5 from postures on flat (blue) and Wilson (red) tables. Each box plot indicates 25th (Q1), 50th (Q2), and 75th (Q3) data percentiles. Whisker indicates Q3 + 1.5 × (Q3 − Q1) and Q1 − 1.5 × (Q3 − Q1). *, p < 0.05. 
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Figure 6. (a) Skin thickness in sites used to measure erector spinae 1 and 2, and multifidus; (b) muscle thickness based on flat (blue) and Wilson (red) table postures. Each box plot indicates 25th (Q1), 50th (Q2), and 75th (Q3) data percentiles. Whisker indicates Q3 + 1.5 × (Q3 − Q1) and Q1 − 1.5 × (Q3 − Q1). *, p < 0.05. 
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Figure 7. Shear elastic modulus of erector spinae 1, erector spinae 2, and multifidus muscles while in flat (blue) and Wilson (red) table postures. Each box plot indicates 25th (Q1), 50th (Q2), and 75th (Q3) percentiles of the data. Whisker indicates Q3 + 1.5 × (Q3 − Q1) and Q1 − 1.5 × (Q3 − Q1). *, p < 0.05. 
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