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Purpose: The purposes of the present research were to assess the accuracy and usability of the inertial navigation system (INS).
Materials and Methods: The accuracy of the device navigation subsystem was assessed using benchtop testing. The usability was
assessed through simulated use with surgeons. These results were compared to recent cadaveric results for the same system.
Results: The navigation subsystem had an overall mean absolute error of 1.21° and a maximum absolute error across all devices of
4.79°. The device was found to be usable and to add an estimated 7 minutes to surgery time.
Conclusion: The INS uses a novel approach to provide the surgeon with accurate and fast acetabular cup inclination and anteversion
angles during THA.
Keywords: THA, navigation, imageless, accurate, inertial, intraoperative

Plain Language Summary
Total hip arthroplasty (THA) is a well-established and effective surgical treatment for hip arthritis and is generally associated with
positive outcomes. Computer navigation in THA can improve the accuracy of acetabular cup component placement, thereby improving
patient outcomes and reducing revision surgeries, and yet usage remains very low. Issues affecting surgeon uptake include concerns
about accuracy and complexity: devices that offer both accuracy and usability may increase the uptake of navigation. A new inertial
navigation system (Navbit Sprint®) has been developed to provide the surgeon simply and accurately with real-time inclination and
anteversion angles. This palm-sized, surgeon-controlled navigation tool uses novel technology, including gyroscopes and acceler-
ometers, and uses a novel registration process, which does not rely on patient landmarks. The resulting palm-sized device is used in the
sterile field and does not require an external computer or other positioning equipment.

Introduction
Total hip arthroplasty (THA) is a well-established and effective surgical treatment for hip arthritis and is generally
associated with positive outcomes relating to stability, durability, range of motion, and rehabilitation.1 However, THA
has also been associated with adverse outcomes, potentially leading to revision surgery if conservative management is
unsuccessful.2–4 Specifically, malpositioning of the acetabular cup has been associated with adverse outcomes, with the
consequences including reduced range of motion,5–7 increased risk of dislocation,8,9 increased component wear,10

increased impingement,5,6 increased pain, and a resultant higher rate of revision.11 In fact, it has been suggested that
48% of avoidable revision THAs were the result of malpositioning of the acetabular cup.11 Improving acetabular cup
orientation may, therefore, reduce adverse outcomes.

Compared with conventional freehand techniques, computer navigation improves the positioning of the acetabular
cup and is associated with reduced rates of dislocation and revision. Navigation is any tool that provides the surgeon with
intraoperative information about a component’s position relative to patient anatomy.12 Based on whether intraoperative
imaging is used, computer navigation is designated as imageless or image-based.12 Multiple systematic reviews and
meta-analyses on THA have concluded that computer navigation improves the precision of acetabular cup positioning,
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compared with conventional freehand techniques, by reducing the number of outliers from the target alignment
window.13–15 In addition, two reviews of healthcare data found that navigation was associated with lower rates of
revision. In a review of 269,848 THAs in Australia, the cumulative rate of revision at 10 years due to dislocation was
significantly lower with navigation (0.4%) than without navigation (0.8%).16 Similarly, a review of 803,732 THAs in the
US found significantly lower dislocation and aseptic acetabular revision rates with navigation (1.0%, 1.0%) than without
navigation (1.7%, 1.6%), respectively.17 These results combine to suggest that computer navigation enables more precise
orientation of the acetabular cup, with associated lower rates of dislocation and revision.

Despite this evidence of improved acetabular cup orientation with navigation, navigation is not common in THA,
which raises the question of why. Based on healthcare data, recent navigation rates are 1.8% in the US17 and 4.4% in
Australia.16 In deciding whether to use navigation, a surgeon may consider the accuracy of the navigation and the time or
complexity that navigation adds to surgery. While there is evidence that surgery time is significantly increased using
computer navigation,14 there appears to be a distinction: Image-based navigation tends to increase preparation and
surgery times, whereas imageless methods decrease or do not significantly change surgery time.12,18,19 However, this
speed-related advantage of imageless over image-based methods has been diminished by mixed accuracy results. While
one meta-analysis found that imageless computer navigation improved the accuracy of the anteversion and inclination
angles of the acetabular cup,20 other reviews found that accuracy was poor with imageless navigation, likely arising from
pelvic tilt and unreliable pelvic registration.21–23 Therefore, navigation systems that combine the speed and simplicity of
imageless systems with the consistent accuracy of image-based systems may offer surgeons a feasible option.

The inertial navigation system in the present study (INS, Navbit Sprint®) advances the state-of-the-art in hip
navigation through using inertial sensors and a table tilt method for patient registration. Due to this novel approach,
the device does not require an external computer or other positioning equipment. In fact, the main device is palm-sized,
and the entire system is contained in a small, sterile package. Therefore, the entire system is used in the sterile field,
removing the need for the surgical team to interact with a system outside of the sterile field. The present study assesses
the accuracy and usability of this INS. An existing study assessed the accuracy of the INS device and registration process
through surgeons performing normal surgical workflows on cadavers in a representative environment.24 With 6 surgeons
performing a total of 12 full procedures on 6 cadavers, half using the direct anterior approach and half using the lateral
approach, the INS measurements of the inclination and anteversion angles of the final cup orientation were compared to
those calculated from a post-operative computed tomography (CT) scan for each hip. The mean of the absolute difference
in inclination was 1.88° (SD = 1.37°), and in anteversion was 3.70° (SD = 2.81°). These results suggested very accurate
performance using the device and the table tilt method of patient registration. The present study further assessed the INS
by determining the accuracy that is possible using the inertial sensor technology (isolated from the broader surgical
process) and the usability of the INS within the surgical process.

Materials and Methods
Device Description and Technology
The INS is a compact, surgeon-controlled guidance tool that has regulatory approval for use in the US, Europe, and
Australia. Provided sterile, the system is single-use and disposable. Using a palm-sized computer module containing
inertial sensors, including gyroscopes and accelerometers, the INS generates real-time inclination and anteversion angles,
according to the radiographic definitions.25 These angles are displayed on an integrated graphical user interface
(Figure 1) and are used to guide acetabular cup implantation.

The registration of a pelvic coordinate system is fundamental to the operation of an imageless navigation system such
as the INS. Such a coordinate system acts as a reference frame based on the patient’s rigid anatomy, against which
component orientations can be measured and reported. Existing imageless hip navigation systems use a variety of
registration methods; for most devices, the reference is the anterior pelvic plane (APP) and the registration relies on
locating anatomical landmarks.26–31 These anatomical landmarks can be difficult and time-consuming to locate –
particularly if patients are obese or in a lateral position – and incorrect location leads to inaccurate navigation.27

Rather than using anatomical landmarks to define the APP, the INS uses the patient’s position on the table during
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registration to define a functional pelvic reference system. Registration involves attaching the device (Figure 2A) to
pelvic bone pins (Figure 2D) via a device mount (Figure 2C) and tilting the operating table. When the operating table is
level, the device acquires the axis of gravity. Through the tilting of the operating table to the left and right, the device
acquires the longitudinal axis of the patient. The acquisition of these axes enables the definition of a functional pelvic
reference system for the patient. When the device is subsequently attached to the introducer/impactor via an impactor
fitting (Figure 2B), the device displays the inclination and anteversion angles of the introducer/impactor (and, therefore,
of the acetabular cup) relative to the reference system.

Surgical Technique
The INS integrates into the normal workflow for both conventional and minimally invasive surgery. After the patient
is prepared for surgery, the package containing the sterile device is opened and left on a level surface while it activates
and self-calibrates (Figure 3). The first bone pin is inserted into the ipsilateral or contralateral pelvis. Using the device
mount as a guide, the second bone pin is inserted, and the device mount is then tightened securely (Figure 4). The
impactor fitting is securely attached to the impactor (Figure 5) on a surface that is parallel to the impactor shaft axis.
Before registration, the patient is aligned appropriately on a level operating table (Figure 6). The device is docked to
the device mount, and registration occurs through a brief process of tilting the operating table. During this process, the
table tilts approximately 10° to each side, and the patient must remain correctly aligned with the table. Once
registered, the device can be attached to the impactor fitting to provide the angle measurements. After registration,
if the patient moves (for example, due to reaming or impaction), the device must be reattached to the device mount to
regain the reference system. Then, the device may be transferred to the impactor fitting to provide further
measurements.

Figure 1 INS graphical user interface.
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Bench Testing of Measurement Accuracy
Apparatus
The measurement accuracy of the inertial tracking subsystem in the INS was evaluated using a precise phantom model,
shown in Figure 7. On this phantom model, the base positions represented the inclination angles, and the fan positions
represented the anteversion angles. Each combination of baseplate and fan position, therefore, represented a known 3D
orientation. Radiographic inclination was represented by rotation around the base. Radiographic anteversion was
represented by rotation around the fan. These base and fan positions were verified to within ±0.6 μm using a high-
precision coordinate measuring machine (CMM). This resulted in known radiographic inclination and anteversion angles
at each position, provided in Table 1. Prior to use, the phantom model was levelled to within 0.01° using an inclinometer.
Thus, the phantom model could be used as a precise standard for inclination and anteversion angles.

Procedure
A single INS device calibration, which was representative of the in-surgery registration process, was performed once per
device prior to all measurements. To assess orientation accuracy, each of 5 INS devices was tested at 7 fan positions for
each of 9 base positions (Figure 8A and B). To assess reliability, every measurement was repeated by rotating the device
around the shaft, but perpendicular to the shaft, at 4 intervals of approximately 90°, designated as north, west, east, and
south (Figure 8C). Two positions were excluded because of obstruction by the phantom. Therefore, there were 250
measurements per device. The devices were docked in the home position on the device mount (Figure 7C) between
measurements. Data from the devices were collected via a Bluetooth Low Energy connection. The verified angles of the
phantom, provided in Table 1, were taken as the true angles. Therefore, for each orientation, the errors in INS inclination
and anteversion angles were calculated as the difference between the angle reported by the device and the verified angle
of the phantom.

Figure 2 INS components.
Notes: The INS includes a device (A), impactor fitting (B), device mount (C), pelvic bone pins (D).
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Simulated Use Testing of Usability
Apparatus
Prior to the simulated use, the surgeons were trained via an instructional video that simulated the training typically
provided by a sales representative. Surgery was simulated using Sawbones pelvic models in a surgical environment.

Procedure
The 15 study participants were orthopaedic surgeons. Most participants complete a low volume of hip arthroplasty
procedures every year: 8 perform fewer than 50, 4 perform 50 to 100, and 3 perform more than 100. Eight participants
had previously used a navigation product during hip arthroplasty. For these eight, the average number of navigated hip
arthroplasty procedures in the preceding 12 months was 34.00 (SD = 32.51) and ranged from 3 to 100.

The INS device was validated according to the requirements of IEC 62366-1:2015 Medical devices – Application of
usability engineering to medical devices. The test protocol simulated activities that are critical to the safe operation of the
device:

● Identifying the correct Navbit Sprint for both supine and lateral patient registrations.
● Correctly aligning the patient on the operating table for pelvic registration for both lateral and supine patient
registrations.

● Correctly establishing pelvic fixation.
● Correctly completing pelvic registration using the table tilt method.
● Correctly reading the angles of inclination and anteversion.
● Correctly assembling the impactor fitting, both to an offset impactor and to a straight impactor.
● Completing the system checking procedure.

Figure 3 Device activation.
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● Understanding that a gel pad, sandbag, or rolled towel must not be put under the patient’s buttocks during pelvic
registration.

● Understanding when the Navbit Sprint is contraindicated.

In addition, a standard system usability scale was used: overall, how easy did you find the product to use? (0 = Not easy
at all; 5 = Okay; 10 = Very easy). After the simulation, participants were also asked: how many minutes do you think
using the product would add to surgery time?

Results
Bench Testing of Measurement Accuracy
For each of the 250 orientations per device, the error was calculated as the difference between the verified angle of the
phantom and the measurement reported by the device. The statistics for each device were calculated using the absolute
values of the 250 error results. The statistics are provided in Table 2 and visualized in Figure 9. The devices had an
overall mean absolute error of 1.21° and a maximum absolute error across all devices of 4.79°.

Figure 4 Device interface with pelvis.
Notes: The device is attached to the device mount. The bone pins attach the device mount to the pelvis.
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Figure 5 Device interface with impactor.
Notes: The device is attached to the impactor fitting, which in turn is attached to the impactor. The device may be attached to a straight impactor (A) or an offset impactor
(B). The device is not indicated for use on a reamer.

Figure 6 Patient position for registration.
Notes: The patient may be registered in the lateral (A) or supine (B) position for registration. In the lateral position, the left and right anterior superior iliac spines (ASIS) should be
vertically aligned and the legs should be on top of each other. A pillow between the knees is recommended to assist in keeping the pelvis in a neutral position. The spine should be in
a neutral position and should be parallel to the long axis of the operating table. In the supine position, the patient should be centered and parallel to the long axis of the operating table.
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Simulated Use Testing of Usability
All participants were able to successfully complete all tasks in 99% of cases. There were two exceptions. One participant
deviated from the order of inserting bone pins. The normal process is to insert one bone pin, attach the device mount to
that bone pin, and then use the device mount to guide the insertion of the second bone pin. This participant inserted both
bone pins and then the device mount. The participant reported that they inserted the two bone pins first because they
could see existing holes in the Sawbones model. The second exception is that one participant moved the device on the
device mount during registration. All other activities for all participants were successfully completed. The mean usability
score was 9.03 out of 10 (SD = 0.81). The estimated increase in surgical time was 6.73 (SD = 3.71).

Discussion
Computer navigation in THA can improve the accuracy of acetabular cup placement, thereby improving patient
outcomes and reducing revision surgeries, and yet usage remains low. Devices that combine the accuracy of image-
based systems with the speed and usability of imageless systems may help to increase the uptake of navigation in THA.

The present study assessed the accuracy that can be achieved using the inertial sensor technology that forms the basis
for the INS imageless system. Using a precisely verified phantom model, the measurements from the tested devices had
an overall mean absolute error of 1.21° and a maximum absolute error across all devices of 4.79°. The mean absolute
errors for the 5 tested devices were 1.34°, 0.86°, 1.56°, 1.00°, 1.30°, and 1.21°, which is clinically very small.

In the present study, the inertial navigation subsystem was isolated from the registration and surgical processes. This
isolation was important for specifically assessing the baseline feasibility of using inertial sensors for navigation. The low
errors suggest that this sensor technology is capable of the precision required during navigation.

Such isolated testing does not, however, include some sources of error that would be expected in actual surgery, from
sources such as the surgeon, the registration process, the operating table, movement of the patient, or the alignment of the

Figure 7 Phantom model.
Notes: Each calibrated location is a unique combination of base position (A), fan position (B), and shaft position (C). The device may be attached to the shaft (C) or the
device mount (D).
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Table 1 Calibrated Phantom Angles for Each Position

Phantom Position Radiographic Angle

Base Position Fan Position Shaft Position Inclination (°) Anteversion (°)

0 0 N,E,S,W 0 0.014

0 2 N,E,S,W 0 30.004

0 4 N,E,S,W 0 60.007

0 6 N,E,S,W 0 89.903

0 8 N,E,S,W 0 119.981

0 10 N,E,S,W 0 149.994

0 12 N,E,S,W 0 179.999

2 0 N,E,S,W 19.9965 0.014

2 2 N,E,S,W 19.9965 30.004

2 4 N,E,S,W 19.9965 60.007

2 6 N,E,S,W 19.9965 89.903

2 8 N,E,S,W 19.9965 119.981

2 10 N,E,S,W 19.9965 149.994

2 12 N,E,S,W 19.9965 179.999

4 0 N,E,S,W 39.9955 0.014

4 2 N,E,S,W 39.9955 30.004

4 4 N,E,S,W 39.9955 60.007

4 6 N,E,S,W 39.9955 89.903

4 8 N,E,S,W 39.9955 119.981

4 10 N,E,S,W 39.9955 149.994

4 12 N,E,S,W 39.9955 179.999

6 0 N,E,S,W 59.9945 0.014

6 2 N,E,S,W 59.9945 30.004

6 4 N,E,S,W 59.9945 60.007

6 6 N,E,S,W 59.9945 89.903

6 8 N,E,S,W 59.9945 119.981

6 10 N,E,S,W 59.9945 149.994

6 12 N,E,S,W 59.9945 179.999

8 0 N,E,S,W 79.996 0.014

8 2 N,E,S,W 79.996 30.004

8 4 N,E,S,W 79.996 60.007

8 6 N,E,S,W 79.996 89.903

(Continued)
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Table 1 (Continued).

Phantom Position Radiographic Angle

Base Position Fan Position Shaft Position Inclination (°) Anteversion (°)

8 8 N,E,S,W 79.996 119.981

8 10 N,E,S,W 79.996 149.994

8 12 N,E,S,W 79.996 179.999

10 0 N,E,S,W 99.9995 0.014

10 2 N,E,S,W 99.9995 30.004

10 4 N,E,S,W 99.9995 60.007

10 6 N,E,S,W 99.9995 89.903

10 8 N,E,S,W 99.9995 119.981

10 10 N,E,S,W 99.9995 149.994

10 12 N,E,S,W 99.9995 179.999

12 0 N,E,S,W 120.0045 0.014

12 2 N,E,S,W 120.0045 30.004

12 4 N,E,S,W 120.0045 60.007

12 6 N,E,S,W 120.0045 89.903

12 8 N,E,S,W 120.0045 119.981

12 10 N,E,S,W 120.0045 149.994

12 12 N,E,S,W 120.0045 179.999

14 0 N,E,S,W 140.004 0.014

14 2 N,E,S,W 140.004 30.004

14 4 N,E,S,W 140.004 60.007

14 6 N,E,S,W 140.004 89.903

14 8 N,E,S,W 140.004 119.981

14 10 N,E,S,W 140.004 149.994

14 12 N,E,S,W 140.004 179.999

16 0 N,E,S,W 160.0005 0.014

16 2 N,E,S,W 160.0005 30.004

16 4 N,E,S,W 160.0005 60.007

16 6 N,E,S,W 160.0005 89.903

16 8 N,E,S,W 160.0005 119.981

16 10 N,E,S,W 160.0005 149.994

16 12 N,E,S,W 160.0005 179.999

Notes: The radiographic inclination and anteversion angles were determined using a high-precision coordinate measuring machine (CMM). Radiographic inclination was
represented by rotation around the base. Radiographic anteversion was represented by rotation around the fan. These verified angles were taken to represent the true
angles.
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Figure 8 Testing process.
Notes: Each measurement occurred at specified base position (A), fan position (B), and device rotation (C).
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devices. The cadaver study by Shatrov et al24 included all of these potential sources of error. Under those circumstances,
the resulting error of the device was somewhat increased (1.88° for inclination and 3.70° for anteversion). Thus, this INS
technology is still capable of accurate results when it is included in the broader registration and surgical processes.

With respect to the usability testing, after watching a simple training video, in 99% of cases, the surgeons completed
the tasks correctly. This suggests that the device, instructions, and training were adequate in most cases. It appeared that
the simulated setting (and existing holes in a Sawbones model) caused the error relating to the order of the insertion of
the bone pins. If this error were to happen in surgery, there could be additional pressure on bone pins while attaching the
device mount, but device accuracy would not be affected as long as the device mount was securely attached. The rating
of the usability was high (9/10) and the estimated increase in surgical time was low (7 minutes). Taken together, these
results suggest that the system is usable and fast to use.

Overall, the INS technology is capable of accurate intraoperative measurements, and the system is fast and easy-to-
use.

Conclusion
The Navbit Sprint® is an accurate, fast, and usable imageless navigation device that provides the surgeon with real-time
acetabular cup inclination and anteversion angles during THA, with minimal impact on the surgical time.

Table 2 Accuracy Testing Results

Device

1 2 3 4 5

Mean absolute error (°) 1.34 0.86 1.56 1.00 1.30

Standard deviation of absolute error (°) 0.84 0.52 0.76 0.49 0.60

Upper 95% CI of absolute error (°) 1.54 0.99 1.75 1.13 1.44

Maximum absolute error (°) 4.79 2.40 3.69 3.20 2.69

Note: For each device, the statistics were calculated using the absolute error at each of 250 device orientations.
Abbreviation: CI, confidence interval.

Figure 9 Accuracy of Navbit Sprint Navigation System.
Note: The mean absolute error of each device is shown with the 95% confidence interval.
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