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SUMMARY: 
Probing during arthroscopy surgery is normally done to assess the condition of the soft tissue, but this approach has always been subjective and qualitative. This report describes a probing device that can measure the resistance of the soft tissue quantitatively with a tri-axial force sensor during arthroscopy.

ABSTRACT: 
Probing in arthroscopic surgery is performed by pulling or pushing the soft tissue, which provides feedback for understanding the condition of the soft tissue. However, the output is only qualitative based on the “surgeon’s feeling”. Herein is described a probing device developed to address this issue by measuring the resistance of soft tissues quantitatively with a tri-axial force sensor. Under both conditions (i.e., pull- and push-probing certain tissues mimicking the acetabular labrum and cartilage), this probing device is found to be useful for measuring some mechanical properties in joints during arthroscopy.

INTRODUCTION: 
The process of probing, which pulls (or hooks) or pushes soft tissues in joints with a metallic probe, allows for assessing the condition of soft tissues during arthroscopic surgery1-2. However, evaluation of the probing is very subjective and qualitative (i.e., the surgeon’s feeling). 

On the basis of this context, if the resistance of the soft tissue (e.g., capsule or labrum in the hip joint, meniscus or ligament in the knee joint) during pulling could be measured quantitatively, it could be useful for surgeons to judge the necessity of a repair for the soft tissue and an indication of whether additional surgical intervention is necessary even after the primary repair is completed3-5. Furthermore, criteria for key quantitative variables to indicate necessary surgical intervention must be established for surgeons. Additionally, in the opposite direction, pushing the probe can be used to assess the mechanical properties of articular cartilage tissues. In the fields of tissue engineering and regenerative medicine, such as the replacement of damaged, degenerate, or diseased cartilage tissues, in situ evaluation of push-probing can be critical2,6.

This article reports the development of a probing device with a tri-axial force sensor6 that can measure the resistance of soft tissue quantitatively during arthroscopy. This probing device consists of a probe component with a half-length size (200 mm) of a normal arthroscopic probe, and a grip component in which a strain gauge sensor is embedded to measure the resultant force of three axis at the tip of the probe (Figure 1).The strain gauge sensor was made specifically for probing. The strain gauge is embedded at the top of the grip component, which connects with the probe component. The resolution of this probing device is 0.005 N. The precision and accuracy were also measured by a commercialized weight with known weight (50 g). The precision was 0.013 N and the accuracy is 0.0035 N.

Furthermore, a sliding aspect of the grip component has been implemented to control the distance with the surgeon’s index finger or thumb while pulling or pushing the probe. During the process of measuring the resistance, the measured value is dependent on both the pulling distance of the probing device and the pulling force, which is why the pulling distance of the probing device is controlled by the sliding aspect. The sliding distance of the grip component of the probing device was set to 3 mm for the following representative cases in this study. 

As shown in Figure 1, the resistance force of the soft tissues can thus be measured tri-axially. The first force is along the probe axis. The second is perpendicular to the probe axis along the direction of the hook of the probe, and the third is in the transversal direction. Measurement of the forces is done using the following general method: The three-axis force sensor includes three Wheatstone bridges corresponding to the x-, y-, and z-axes. The resistance value of the strain gauge changes according to the magnitude of the applied load, and the midpoint voltage of the bridge changes so that the force can be detected as an electrical signal. The measurement range of this device is 50 N in the direction of the probe axis and 10 N in the two remaining directions. 

Dedicated software was developed for this probe in which the software shows the three forces in the x, y, and z directions (x is the transverse direction, y is the vertical direction (direction of the hook), and z is the probe axis) measured by the probing device in real time with a frequency of 50 Hz as three separate graphs (Figure 2). Optionally, a thin elastic cover normally used for intraoperative use of ultrasound devices can be used for waterproofing here. 

This probing device can thus allow for assessing certain conditions of soft tissues. In addition, this probing device might allow for evaluating the mechanical properties of articular cartilage tissues. To this end, the reaction force on the articular cartilage surface while sliding the tip of this probing device forward on the surface might be correlated with the mechanical property of the articular cartilage. 

The purpose of this study is to introduce how the probing device can be used. First are measurements of a mimic acetabular labrum as a representative tissue while pull-probing with a phantom hip model. Investigated is the difference in the resistance of the acetabular labrum in three surgical steps for a typical labral repair. Second are measurements of a representative mimic cartilage tissue through push-probing. Also investigated is a correlation between two different mechanical properties of the mimic cartilage tissue as measured by this probing device and a classical indentation device to validate the new method for measuring the mechanical properties of the articular cartilage.

PROTOCOL:

The protocol in the present study consists primarily of the following two aspects: 1) resistance force of the acetabular labrum with pull-probing and 2) measurement of the reaction force on the mimic cartilage sample with push-probing.

1. Resistance force of the acetabular labrum with pull-probing

1.1. Phantom preparation for the measurements with pull-probing

1.1.1. Fix a phantom hip, which consists of the left pelvis and femur bone, major muscles of the hip, acetabular labrum, hip capsule, and articular cartilage of the hip joint on a standard fixation device5. 

1.1.2. Abduct and internally rotate the femur bone slightly to distance it from the pelvis, generating joint space mimicking hip arthroscopy.

1.2. Camera preparation for arthroscopy

1.2.1. Prepare a 4 mm 70° autoclavable direct view arthroscope and connect a portable arthroscopy camera. Connect a portable arthroscopy camera light source to the 70° arthroscope. Connect USB cables from the arthroscopy camera and the light source to a PC. Then, open advanced screen recording software for the arthroscopy view on the PC. 

1.3. Preparation of portals

NOTE: The preparation is followed by the standard conventional hip arthroscopy method7.

1.3.1. Insert a cannulated needle and guide wire into the hip joint from the tip of the greater trochanter to make a normal anterolateral portal.

1.3.2.  Insert a 4.5 mm cannula along the line of the needle. Then, insert the 70° arthroscope with the portable arthroscopy camera along the cannula, thus generating the first portal. 

1.3.3. Confirm whether the capsular triangle between the labrum and femoral head7 is seen in the view from this portal. Next, make the second portal as a modified anterior portal7.

1.4. Capsulotomy, opening the hip capsule

1.4.1. Retain the arthroscope in the anterolateral portal. Then, insert an arthroscopic scalpel from the anterior portal. Perform a peri-portal capsulotomy around the anterior portal, moving the scalpel medially and laterally to generate more space for the anterior portal in the hip capsule.

1.4.2. Place the arthroscope into the anterior portal. Rotate the camera view of the arthroscope until seeing the cannula at the anterolateral portal. Insert the arthroscopic scalpel from the anterolateral portal. Perform a transverse interportal capsulotomy, which connects between the two portals from approximately 10 o'clock to 2 o'clock. Then, leave this capsulotomy 5 mm from the labrum, measuring approximately 15 mm in length.

1.5. Setup of the probing device

1.5.1. Confirm the connection between the power supply unit and PC with a USB cable. Switch on the power supply unit. Open the software for the probing device, which is described in the Introduction. 

1.5.2. Input the matrix data for the first time, which is pre-calculated during calibration of the strain gauge sensor. Recalibrate if the measured value is not same as the default weight value when placed at the tip of the probe.

1.5.3. Reset the measuring force value to zero immediately before each measurement. In addition, confirm whether the foot switch connected with the recording system of the probing device works well. 

1.6. Measurement of resistance of the acetabular labrum while pull-probing

1.6.1. Place the arthroscope into the anterolateral portal. Insert the probing device from the anterior portal and go further into the hip joint until the tip of the device is below the inner side of the acetabular labrum.

1.6.2. Zero the setting as above. Pull the tip of the probing device out in the direction of the joint (this is the first surgical step as “Labrum intact”) (Figure 3). 

1.6.3. Remove the probing device from the anterior portal and then insert the arthroscopic scalpel into the joint. Then, detach the anterior-superior labrum longitudinally (by 10 mm) from the acetabular rim sharply using the scalpel. 

1.6.4. Switch from the scalpel to the probing device in the anterior region. Hook the labrum along the probe axis at the same position of the labrum to measure the resistance force of the labrum (this is identified as the second step, “Labrum cut”). Again, remember to zero the setting before this measurement. 

1.6.5. Insert an anchor set for the labrum repair into the anterior portal. Place the anchor at the tip of the anchor set at the acetabular bony edge. Insert the suturing instrument into the anterior portal after removing the anchor set. Tighten the labrum at the acetabular edge. Repeat this repair procedure once more for making the second stitch.

1.6.6. Measure the resistance force of the labrum by again hooking the labrum along the probing axis (this is as the third step, “Labrum repair”). Remember to press the foot pedal when recording each surgical step.

2. Measurement of the reaction force to mimic cartilage samples with push-probing

NOTE: In the second study, a vertical resistance force on each mimic cartilage surface was measured (Figure 4A) with push-probing on the cartilage surface at a 30° tilt to the horizontal line and identified as one element of the mechanical properties of articular cartilage.

2.1. Preparation of the samples for measurements with push-probing.

2.1.1. Prepare the cartilage samples. In the current study, five kinds of mimic cartilage samples were used, which were made from poly-vinyl alcohol hydrogels8. 

2.1.2. Reshape the samples from the bulk size of the provided samples to 15 mm x 20 mm x 3 mm as a mimic cartilage plate. Place each sample on a base plate, which has a tiny stopper toward the side of the push-probing. 

2.2. Measurement of cartilage resistance with push-probing

2.2.1. Hold and fix the position and orientation of the probing device in which the tip of the device almost touches the surface of the mimic cartilage sample while maintaining a 30° tilt to the horizontal line.

2.2.2. After zeroing the setting, push and pull the tip of the probing device on the mimic cartilage sample three times by pressing the foot pedal. 

2.2.3. Repeat this measurement step for the five samples after putting on each of the plates.

2.3. Measurement of cartilage resistance by a classical indentation device

2.3.1.  Measure the conventional elastic modulus and stiffness of each sample using a classical indentation device (Figure 4B). 

NOTE: The customized device for the classical indentation test to measure the elastic modulus of the mimic cartilage sample in the current study had a spherical indenter with a 1 mm diameter tip and an electromechanical actuator (resolution, 5 µm). The actuator, indenter, and load cell were assembled using custom 3D-printed brackets by PLA filaments on a 3D printer (Figure 4B) to function as a conventional uniaxial indentation system. Each sample was placed on the baseplate of the indentation device. The midpoint of the sample was aligned with the indenter tip. The indenter tip was brought into initial contact with the sample using a preload of 0.02 N. The indenter tip was then compressed 150 µm into the cartilage surface. The force and displacement were recorded during the indentation. The linear portion of the indentation force-displacement curve was used to calculate the stiffness and the elastic modulus as reported by Hayes et al.25 using the thickness of the sample. The data by this device was not validate, but the mechanical values of cartilage samples by this device were confirmed previously; the elastic modulus was 0.46 MPa (0.27 MPa SD), which is consistent with that found in several previous literature studies11,16,19. 

2.3.2. Calculate the coefficient value between the maximum value of the vertical reaction force with push-probing and the elastic modulus by the classical indentation device.

REPRESENTATIVE RESULTS
Resistance force of the acetabular labrum in the three surgical steps with pull-probing 
The measurements recorded by this probing device at each step were repeated three times. The results show that the highest mean resultant forces of y and z for the acetabular labrum for the three steps were 4.4 N (0.2 N standard deviation (SD)) at the intact labrum, 1.6 N (0.1 N SD) at the cut labrum, and 4.6 N (0.7 N SD) at the repaired labrum (Figure 5). The transverse force was just 2.8% of the highest resultant force while probing at the intact labrum. 

Relationship between the two differently scaled mechanical properties by the probing device with push-probing and classical indentation device
The results show a significant positive relationship between the two mechanical properties obtained: probing sensor vs elastic modulus, r = 0.965 and p = 0.0044 (Figure 6); probing sensor vs stiffness, r = 0.975 and p = 0.0021). 

Figure Legends 

Figure 1: Probing device used in the current study (A) The probing device consists of a probe component and a grip component with an embedded strain gauge sensor that can tri-axially measure forces at the tip of the probe (one along the probe axis, dotted yellow arrow; other two perpendicular to the probe axis, dotted white arrows) (B) Because the grip component has a sliding piece, the probe component and the sliding aspect can be moved to the grip with the index finger, solid yellow arrow.

Figure 2: View of the software for the probing device. This view shows the real time tri-axially measured values of the resistance force of the soft tissues during probing.

Figure 3: Representative operational view of the arthroscopy monitor during pull-probing of the acetabular labrum. This view is from a typical anterolateral portal. The probing device is inserted from a modified anterior approach. The pull-probing is performed along the axis of the probe (dotted arrow).

Figure 4: Two different scale tests for mechanical properties of mimic articular cartilage tissue (A) Measurement of the reaction force perpendicular to the cartilage surface while manually sliding the probe (B) Classical indentation test (compressed vertically to the cartilage surface) to understand the congruence between these two mechanical property tests. 

Figure 5: Resistance forces of the acetabular labrum with pull-probing. Resistance forces of the acetabular labrum with pull-probing for the three surgical steps.

Figure 6: Relationship between the vertical reaction force on the cartilage surface with push-probing and elastic modulus by the classical indentation test. The vertical reaction force on the cartilage surface with push-probing had a strong positive correlation (r = 0.965, p = 0.0044) with the elastic modulus by the classical indentation test.

DISCUSSION
This study demonstrates that the probing device is able to measure tri-axially the resistance of soft tissues in the joint during arthroscopic probing. Specifically, the following two things were investigated: 1) the difference in the resistance force of the acetabular labrum with pull-probing in the three surgical steps of a typical labral repair and 2) the relationship between two different mechanical properties of the mimic cartilage tissue with push-pulling.

According to this study, the quantitatively measured values by pull-probing with this device can be useful for evaluating the condition of the joint soft tissue. The highest resistance levels of the acetabular labrum decreased when the labrum was cut. Furthermore, the high resistance levels were recovered when the labrum was repaired. Thus, the probing force can also be useful for evaluating whether surgical intervention is sufficient. Furthermore, this pull-probing can be utilized for assessing other soft tissues as well, such as anterior and posterior cruciate ligaments for instability, medial and lateral collateral ligaments for valgus or varus balance in knee surgeries, labrum and rotator cuff in shoulder surgeries, as well as for other arthroscopic surgeries.

Similar results were previously reported using 10 fresh cadaver hip specimens with a similar probing device3. The highest resistance levels of the labrum were significantly reduced when the labrum was cut (intact labrum, 8.2 N; cut labrum, 4.0 N). Furthermore, the high resistance level of the labrum was significantly recovered when the labrum was repaired (cut, 4.0 N; repaired, 7.8N). Furthermore, resistance level for the cut labrum (3.0-5.0 N) was statistically separated with 95% confidence from those of the intact (6.5-9.9 N) and repaired labrum (6.7-9.1 N). Therefore, a threshold for detecting lesions in the labrum might be determined, which is approximately 5 N (4-6 N on cadavers) of the highest resistance level of the labrum. According to the current study, such a threshold on the phantom hip might be around 2-3 N. 

Another interesting finding in the current study is the significant positive relationship between the reaction force on the mimic cartilage surface by the push-probing device and the elastic modulus by the classical indentation device. When push-probing is performed as shown in Figure 4 and then the tip of the probe is moving on the surface, a reaction force occurs. As a result, the tip of the probe is pushed up by the reaction force. This is measured as the perpendicular force of the probe axis. In this situation, if the mechanical property of the mimic cartilage tissue is small (i.e., soft), the force of the push-probing to the surface of the cartilage might be partially absorbed. Then, its reaction force on the surface to the tip of the probe should be weakened compared with that in the case of push-probing on hard cartilage tissue. As a result, the perpendicular force of the probe axis would be decreased. Therefore, if the angle of the probing axis to the mimic cartilage surface can be controlled by new technology, such as a wearable gyro sensor9,10, the in situ mechanical properties of the cartilage tissue can be evaluated. 

Several research groups have tried to develop devices to quantitatively evaluate the quality of articular cartilage in vivo during arthroscopy11-22 using various methods, such as ultrasound bio-microscopy11, arthroscopic ultrasound imaging12, optical reﬂection spectroscopy13, pulsed laser irradiation14, near-infrared spectroscopy15, and ultrasound-based16, mechanical16-21, and electromechanical indentation devices22. Most of the devices except for the indentation ones11-15 can measure the thickness of the cartilage layer; however, they cannot measure related mechanical property values. Although ultrasound and mechanical-based indentation devices16-18 can measure some mechanical properties of articular cartilage, the surface of the tip of the device must be touched vertically to the articular cartilage surface, which is followed by conventional methods of compression testing. The remaining electromechanical indentation device22,23 that has been recently developed has a spherical shape at the tip of the device; here, it might be difficult to determine how to touch the tip to the cartilage surface during arthroscopy because of its relatively bigger size obscuring the measuring point by the tip itself. Additionally, the quantitative value (called as QP22,23) is not consecutive and rather seems to be a damage score (from 4 to 20 for cartilage assessment). For example, the 4 QP value is not worth twice the 2 QP value. 

One important point is that the device adheres as much as possible to a shape of the classical probe. Furthermore, a conventional and known parameter unit (i.e., newton) for the probing device is applied in part because it is consecutively quantitative. In this context, the probing device described here can reproduce conditions of conventional probing based on the “surgeon’s feeling”. Thus, this probing device is shown to be useful for measuring certain mechanical properties in joints during arthroscopy.

In conclusion, the probing device described here, which can quantitatively measure the resistance of soft tissues with a tri-axial force sensor through both pull- and push-probing, can be useful for quantitatively evaluating comprehensive lesions or conditions of the joint soft tissues, which is an improvement of the current qualitative evaluation of conventional probing. 
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