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ABSTRACT

Background and Aims: This study evaluated the accuracy of a standalone augmented reality (AR) navigation system using the
Microsoft HoloLens 2 for total hip arthroplasty (THA). The system integrates infrared (IR) tracking and a preoperative 3D CT
model for intraoperative visualization and guidance. The aim was to assess whether this AR-based solution could achieve
clinically acceptable accuracy for use as a surgical navigation tool.

Methods: A dedicated AR application was developed to perform six-degrees-of-freedom pose estimation using inside-out
tracking. Registration accuracy was assessed using six femur replicas with predefined target points. The registration
pipeline combined landmark-based initialization with iterative surface refinement. Target registration error (TRE) was
calculated for each point, and the influence of anatomical region, axis, surgical approach (anterior vs. posterior), and user
experience level was analyzed.

Results: The system achieved a mean TRE of 3.61 + 2.18 mm. Significant variations in accuracy were observed between
anatomical regions (p =0.019) and along different axes (p <0.001), with the highest errors noted along the ante-
roposterior axis and in distal femoral regions. No significant differences were found between anterior and posterior
approaches or among users with varying levels of experience, indicating operator-independent performance.
Conclusion: The AR navigation system demonstrated consistent and accurate registration performance across users and
approaches. With a mean TRE of ~3 mm, the system meets accuracy requirements for potential clinical application in
THA. Further cadaveric validation is recommended to confirm surgical feasibility and applicability.
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1 | Introduction

Augmented Reality (AR) Head-Mounted Displays (HMDs),
such as Microsoft's HoloLens, are increasingly applied in
medicine. By merging virtual and real imagery in real time, AR
allows surgeons to access critical information directly in their
field of view without diverting attention from the patient. In
orthopedics, and particularly in total hip arthroplasty (THA),
AR is promising [1].

Recent studies have introduced AR simulators for THA that
offer self-paced training using various visualization techniques,
including overlays, virtual twins, and sectional views. By com-
bining optical tracking and AR-HMDs, these systems achieve
high spatial accuracy, with reported errors below 3 mm and 3°.

However, technical challenges persist. Current AR-HMD
hardware struggles to meet the high precision demands of
complex surgery. Visual self-registration is prone to drift, often
requiring hybrid tracking solutions. Designing intuitive user
interfaces remains critical to avoid cognitive overload during
surgery. Moreover, the absence of standardized clinical valida-
tion of AR tools hinders widespread adoption.

Nevertheless, initial applications demonstrate that AR-HMDs
may play a pivotal role in enhancing surgical training and in-
traoperative guidance. Particularly in complex procedures such
as THA, AR may improve surgical accuracy, safety, and effi-
ciency [1, 2].

In THA, the restoration of biomechanics is essential in
achieving a good long-term functional outcome [3-5]. Pre-
operative templating allows one to anticipate intraoperative
difficulties and can help optimize both implant positioning and
sizing [6, 7]. As such, it has the potential to improve prosthetic
fit, to reduce wear and to decrease the dislocation risk [8, 9].

During two-dimensional (2D) templating, transparent films or
software are used to overlay an implant's contour on stan-
dardized radiographs of the hip or pelvis. Despite its widespread
adoption, 2D templating remains inaccurate as magnification
issues, radiographic distortion and the 2D projection of a three-
dimensional (3D) structure will induce measurement errors
[10]. Furthermore, 2D imaging may not adequately capture the
complex 3D anatomy of the patient [11].

3D templating based on preoperative computer tomography
(CT) imaging and 3D computer-assisted design models of the
implants overcomes most drawbacks of 2D templating. How-
ever, executing the preoperative plan during surgery remains
challenging as it relies on anatomic landmarks for both bone
preparation and implant positioning. Computer-assisted navi-
gation (CAN) systems decrease the surgeon's dependency on
anatomical landmarks and facilitate the intraoperative execu-
tion of the preoperative plan [12, 13]. Nevertheless, both 3D
templating and CAN have important shortcomings, thus limit-
ing their use in routine practice. First, 3D templating requires a
preoperative CT scan, which exposes patients to higher radia-
tion doses than conventional radiographs. Second, CAN sys-
tems comprise of a computer unit, an external tracking camera
and one or more screens, which consumes space in the oper-
ating theater. Moreover, these devices, as well as the aforenoted
CT device, place a greater financial burden on the operating
center, while also increasing the preoperative planning time
due to their added workflow [14, 15]. Third, during navigation,

surgeons and operating room staff divert their attention from
the surgical field to the screen, potentially disrupting the sur-
gical workflow and leading to distraction from the patient [16].
This could compromise the sterility, delay the surgical process,
and increase the risk of errors. Furthermore, the use of an ex-
ternal screen requires the surgeon to mentally convert the 2D
data on the screen into the 3D surgical field [17]. Finally, staff
members, instruments, sterile drapes and/or poor tracker ori-
entation can disrupt the line of sight between navigation
markers and the camera, further interrupting the navigation
procedure [18]. These drawbacks should be evaluated against
increased accuracy, especially in complex cases.

AR can visualize a 3D preoperative plan superposed over the
surgical field. Therefore, its use for surgical guidance has been
on the rise in recent years [19]. However, most systems are
either not accurate enough or require an external tracking
camera [20-22]. We believe an AR head-mounted display and
tracking device (AR-HMDTD) with inside-out tracking software
can function as a stand-alone unit. Such a unit should allow
tracking the patient's position and display an accurately regis-
tered overlay of anatomical structures and surgical plans on the
operation filed. The combination of accuracy, low cost,
decreased line of sight issues, and ergonomics has the potential
to increase acceptance of navigation during THA proce-
dures [23].

In this phantom trial, we investigated an AR application created
on the HoloLens 2 (Microsoft Corp., Redmond, WA, USA), a
low-cost AR headset compared to current CAN systems. Our
framework is device-agnostic and designed to be transferable to
other, more affordable and/or more user-friendly AR hardware
as technology evolves. This should ensure potential scalability
and improve accessibility in the future.

The goal of our study was to evaluate the accuracy of a regis-
tration procedure of a segmented 3D CT scan in a plastic femur
replica model and to compare it between different users. The
aim of this study was not to assess the outcome of a whole
procedure, that is, implant positioning or surgical training
(simulator), which is what most other articles do. The purpose
of our study was to evaluate specifically the accuracy of AR
registration step. By isolating that critical step, we avoided the
problem of the accuracy of a whole pipeline being the sum of
the accuracies of each step separately. We hypothesize that a
wearable AR-based guidance system can provide sufficient
registration accuracy for orthopedic surgical applications while
improving workflow efficiency and reducing reliance on ex-
ternal tracking hardware.

2 | Materials and Methods

For this study, we developed a dedicated application deployable
to AR-HMD using the Unity game development environment
(version 2019.4.40f1). Taking advantage of the device's inte-
grated infrared (IR) sensor, an inside-out tracking algorithm
capable of estimating the six-degree-of-freedom pose of objects
labeled with IR markers was developed [24, 25]. Prior VICON
experiments validated the tracking accuracy below 2 mm and 2°
in 95% of cases [26]. The application guided the surgeon
through the different steps required to register CT scan data sets
to their corresponding plastic femur replicas.

20f9

Health Science Reports, 2026

95U8017 SUOWIWIOD BAIER.D 8|qeol[dde 8Ly Aq pausenod aJe ssjoie YO ‘85N JO Sa|nJ Joj Al 8UIUO A3 UO (SUOHIPUOD-PUR-SWBI WD A8 | 1M A1 1jpU1|UO//:SdNY) SUORIPUOD PuUe SWe 1 84} 89S *[9202/90/60] U0 AreiqiaulluO AB[IM ‘E2.TL ZSU/Z00T 0T/I0p/uod A8 |m Akl jeuljuo//sdny wouy pepeojumod ‘Z ‘9202 ‘SE8886EZ



TABLE 1 | Morphological characteristics of plastic femur replicas.

Model Article n° Side Length NSA Anteversion Head 0
Femur large recon LS2335 Left 474 mm 130° 20° 48 mm
Femur large recon LS2625 Right 490 mm 105° 15° 53 mm
Femur medium recon LS2340 Left 450 mm 128° 11° 45 mm
Femur medium recon LS2643 Right 450 mm 130° 15° 46 mm
Femur small recon LS2330 Left 425 mm 130° 16° 44 mm
Femur small recon LS2630 Right 425 mm 130° 16° 43 mm

Abbreviation: NSA = neck-shaft angle.

FIGURE 1 | Plastic femur replica with the four regions: H = head,

N =neck, P =proximal T = trochanter. Each was marked with four

holes of 1 mm diameter. The delineated area indicates the bony surface

of the hip that would be visible during a surgical procedure, in this case, FIGURE 2 | Superior view of a plastic femur replica mimicking the

through an anterior approach. The pin in the greater trochanter was
used to fix the reference IR reflective tracker.

2.1 | Experimental Setup

To simulate variability in femoral morphology, we used six
plastic femur phantoms (Synbone, Zizers, Graubiinden,
Switzerland) that were distinct in side, length, head size, and
anteversion (Table 1). All femurs were classified into four
regions: head, neck, trochanter, and subtrochanteric
(hereinafter called “proximal”) region. In each region, we
drilled four holes of 1mm diameter and ~1mm depth
(Figure 1). These 16 holes were used as target points to assess
the target registration error (TRE) [27]. To evaluate differences
in accuracy when using the application in a simulated anterior
or posterior surgical hip approach, the holes were drilled
anteriorly in Femurs 1-3 and posteriorly on Femurs 4-6.

All femurs were CT-scanned (Siemens AG, Erlangen, Germany)
with a slice thickness of 0.31 mm. The narrow slice thickness
allowed the drill holes to be well appreciated on two to three CT
scan images. We marked the location of the drill holes in 3D
slicer (version 5.22, https://www.slicer.org/) and logged the
corresponding coordinates as ground truth values to determine
the TRE. Next, the CT data set was segmented in 3D slicer and
3D femur surface models were produced.

To evaluate the registration process, we fixed the femurs on a
bench vise. Femurs 1-3 were fixed mimicking a direct
anterior surgical hip approach and femurs 4-6 were fixed
mimicking a posterolateral approach. All plastic replicas

anterior approach of the hip. A Steinman pin was drilled in the greater
trochanter region to fix the IR reference tracker.

were equipped with an IR reflective tracker (Sure Track 2,
Medtronic, Minneapolis, Minnesota, USA) fixed to a self-
tapping Steinmann pin drilled into the accessible part of the
greater trochanter (Figures 1 and 2). An experienced hip
surgeon (T. S.) delineated the “working area,” that is, the
part of the femur that is visible during an anterior or pos-
terolateral hip approach (Figure 1).

2.2 | Workflow of the Registration Process

A hardware calibration of the HoloLens device was performed
once to calibrate the IR camera such that proper tracking of the
IR-labelled markers could be performed based on our inside-out
IR tracking algorithm [28]. A second calibration was performed
at the beginning of each experiment to calibrate the AR-HMD's
visuals to the specific wearer's eye geometry using the device's
built-in eye calibration procedure.

Next, the users started the AR application that guided them
through the registration process. The workflow was broken
down into three stages: landmark-based core registration,
surface-based registration refinement, and data collection.
During the landmark registration, the surgeon used an IR-
tracked stylus to indicate four points on the virtual AR
model, then identified the corresponding locations on the
working area of the phantom model. This registration
allowed a first rough alignment between the virtual and the
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https://www.slicer.org/

FIGURE 3 | Left: Picture taken by the HoloLens built-in camera showing the core registration. Four dots visualized on the AR model (red dots).
These dots were pointed in the same order on the model and on the working surface of the femoral replica with an IR-tracked stylus. Right: Picture

taken by the HoloLens built-in camera showing the result of the core registration. Although the registration improved, it was not yet accurate.

FIGURE 4 | Left: Picture taken by the HoloLens built-in camera showing the collection of a point cloud on the working area of the femur with

the IR-tracked stylus. Right: Picture taken by the HoloLens built-in camera showing the result of the refined registration step. Note the improved

overlay of the 3D model on the femur replica.

physical model (Figure 3). Next, the registration was refined
by sampling additional points along the surface of the
working area of the femur (Figure 4). These additional data
refined the initial registration between the virtual model's
surface and collected surface points using an iterative closest
point algorithm [29, 30]. Then, the operator checked the
registration quality visually. If it was judged inaccurate,
saved points were removed by voice command and the reg-
istration process was preformed again until visually satisfy-
ing. In most cases, a visually satisfying registration was
achieved during the first attempt.

2.3 | Points Collection and Processing

To evaluate the registration accuracy, the surgeon identified,
with the IR-tracked stylus, the 16 target points on the femoral
phantom and logged their positions through a voice command.
The coordinates of all these points were in the space of the
registered phantom surface model, and could be compared to
the ground truth values obtained from the CT scan data set.

Four investigators (N. H., Q. N., T. F., and L. V. V.) performed
the AR registration process twice on each of the six femurs,
resulting in 48 data sets. The first three investigators had
experience with AR. The last (L. V. V.) was a fellow in
physical medicine and rehabilitation without prior experi-
ence with AR and was included to assess novice performance
of the technique.

We evaluated the accuracy of AR registration through TRE
[27], comparing the coordinates of the drill holes determined
in 3D slicer with the coordinates of the points recorded with
the stylus after registration. To address aberrant point data,
due to either instrument tracking and/or user error, outlier
detection was performed following data collection using
moderately conservative rejection criteria of 2.5 times its
median absolute deviation [27].

2.4 | Statistical Analysis

Results of the TRE were reported as means and standard
deviations, medians and 95% confidence intervals (CI) and
minimum-maximum and/or graphically. Differences between
the four regions of the proximal femur, differences along the
three anatomic axes (medio-lateral, antero-posterior, supero-
inferior) and differences between researchers were investigated
with a Kruskal-Wallis nonparametric test. Differences between
the anterior and posterior approaches were explored with a
nonparametric Mann-Whitney U rank test. Statistical analysis
was performed in Python (3.12.4) using Pandas (2.2.3) and
NumPy (1.26.0) libraries. p < 0.05 was considered statistically
significant.

3 | Results

Registration Accuracy Per Region and Along Anatomical Axes.
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TABLE 2 | Mean, standard deviation (std. dev.), median, minimal (min.), maximal (max.), and 95% confidence interval (CI) of the target

registration error (TRE) measured in millimeters for all femurs and per region.

Region Mean + std. dev. Median Min. Max. 95% CI

All 3.61+2.18 2.96 0.25 10.05 3.41-3.80
Head 411 +2.34 3.71 0.33 8.53 3.70-4.52
Neck 3.36 +2.23 2.71 0.40 7.98 2.99-3.74
Trochanter 3.35+2.15 2.84 0.25 9.83 2.98-3.72
Proximal 3.63 +2.38 2.96 0.31 10.00 3.22-4.04

3.1 | From the 592 Logged Landmarks, 58 Were
Identified as Outliers

The overall registration accuracy of our method, reported as the
TRE taking into account all useful data (n=534), was
3.61 +2.18 mm (Table 2). The TRE was smaller in the tro-
chanter and neck region and larger in the head and proximal
region. Although differences between regions were statistically
significant (Kruskal-Wallis p = 0.019), their means TRE varied
0.5mm or less.

The distribution of the TRE along the three anatomical axes,
medio-lateral, antero-posterior, and supero-inferior, was statisti-
cally significant different (Kruskal-Wallis test p < 0.001). Results
along the AP axis significantly differing (Mann-Whitney U rank
test, Bonferroni o=0.017) from the ML (p<0.001) and SI
(p=0.002) axes. However, the differences between the means
were below 1 mm. Both the magnitude and the variance of the
TRE were greatest in the antero-posterior direction (Figure 5).

This finding along the AP axis was consistent throughout all
regions (Figure 6), suggesting that there was a systemic error or
bias in the methods or technique.

3.2 | Effect of the Approaches and the
Researchers

Femurs 1, 2, and 3 were approached anteriorly and Femurs 4, 5,
and 6 posteriorly. A Mann-Whitney U rank test did not show a
significant difference in registration accuracy between ap-
proaches (p = 0.367). The mean intra-observer variability based
on a repeated measurement by one researcher (N. H.) in six
femora (152 reference points) was 2.55+1.91 mm. The TRE
was not statistically significant between the novice and experi-
enced users (Mann-Whitney U rank test p = 0.527).

4 | Discussion

The goal of this experiment was to evaluate the registration
accuracy of our head-mounted AR-based IR navigation tool,
using six plastic femur replicas. Overall, the mean TRE was
3.61+2.30 mm. The TRE varied between four regions of the
proximal femur and along the anatomical axes. The region of
the femoral head and just below the lesser trochanter per-
formed worse than the neck and trochanter region, and the
registration was less accurate along the antero-posterior axis.
However, differences in TRE between regions and axes were
below 1 mm.

We believe differences in region-dependent accuracy could be
explained by the position of the anchor, which is placed on the
greater trochanter. As such, it was further from the head and
subtrochanteric region, which could result in accuracy loss. On
the other hand, differences in accuracy along the anatomical
axes could be explained by the stylus that was inserted into the
predrilled hole in the AP direction. Even though this was done
carefully, it still could have caused an AP translation of the femur
resulting in a larger error along that axis. Also, the accuracy of
the navigation system along the view axis of the HoloLens
proved inferior compared to both perpendicular axes. This may
have been caused by a minor difference in scale between the
designed and 3D printed handheld stylus, affecting the pose
estimation along that axis. Quality control mechanisms in
future trials should take this into account when working with
3D printed plastic tools where dimensionality is critical.

The use a head-mounted device combined with AR render-
ing, as an intra-operative navigation tool has not been
documented extensively, especially for hip surgery. In 2022,
Sun and colleagues published a systematic review on the use
of AR and VR in hip surgery [22]. Of the 40 papers included,
only 1 described the use of an AR application as a navigation
tool in combination with a head-mounted device as a stand-
alone unit [31]. Since the accuracy described in this article
was calculated only in degrees, a comparison with our study
is not possible.

Several other papers describing the use of a head-mounted
device and AR-based surgical navigation system have been
published since 2022 [32-36]. Of these papers, three used an
additional external tracking camera, and in four, the headset
did work as a stand-alone unit. Only one paper describes the
intrinsic accuracy of the AR application based on a stand-
alone headset, as we did. The authors used an AR application
to navigate the entry point of a guide wire during a dynamic
hip screw insertion procedure. However, they positioned the
AR overlay of the segmented proximal femur manually and
their registration errors were a magnitude larger compared
to ours (smallest mean error for the entry point was
12.00 + 6.63 mm) [34].

On the other hand, Wu and colleagues presented an AR sim-
ulator for orthopedic surgical training, specifically targeting
THA. While HMDs like the HoloLens 2 offer built-in tracking
through inside-out SLAM algorithms, their inherent limitations
regarding drift, lag, and insufficient precision restrict their
suitability for tasks requiring millimetric or submillimetric
accuracy. To overcome these limitations, the researchers inte-
grated an external optical tracking system (SpryTrack 300)
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providing outside-in tracking of both instruments and bone
phantoms.

The system's calibration achieved a mean point-to-point
alignment accuracy of 1.425 mm after matching virtual and
real anatomical models. In the performance evaluation, the
automated system (relying on hybrid tracking data) was
compared against manual measurements based on post-
operative CT scans. The Bland-Altman analysis showed
small biases of 0.22 mm (distance), 0.94° (yaw), and —0.34°
(pitch), with limits of agreement within +2-3 mm and +5° for
rotational deviations. No statistically significant differences

were found (p > 0.05), indicating equivalence between auto-
mated and manual evaluations. These results demonstrate
that the hybrid AR system can achieve clinical-level accuracy,
surpassing what is currently feasible with stand-alone HMD
tracking alone [2].

Furthermore, we are obliged to also consider several com-
mercial initiatives that have recently adopted AR for ar-
throplasty, most notably HipInsight and PolarisAR. While
their overall AR concepts are broadly aligned with our
approach, important technical and methodological differ-
ences remain.

6 of 9
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HiplInsight translates PC-based preoperative planning to the
patient using a pelvis-mounted sextant with a fixed QR code,
relying on accurate interventional pin placement for registra-
tion. Although reported clinical accuracy is high, relevant out-
liers persist, and the authors themselves suggest that an
additional registration refinement step—such as the one pro-
posed in our work—could further improve outcomes [37].
Moreover, HipInsight relies on RGB-camera-based QR tracking
using Microsoft HoloLens, which introduces limitations in
field-of-view, robustness, and operative practicality when com-
pared with IR-based tracking approaches [38].

PolarisAR's Stellar Knee system employs inside-out IR tracking
with anchor markers and a stylus and has demonstrated
industry-standard tracking accuracy in benchtop testing. How-
ever, public technical documentation is limited, registration
accuracy is not reported independently from overall surgical
outcomes, and validation was performed by a single surgeon
involved in product development. In addition, its application to
total knee arthroplasty benefits from relatively straightforward
tracker placement and favorable bone geometry, which differs
substantially from the more challenging registration conditions
encountered at the hip [39].

In contrast, our approach explicitly separates tracking and
registration error, restricts point acquisition to anatomically
and operatively accessible regions, and directly addresses the
unique geometric challenges of hip arthroplasty, thereby
providing a more transparent and clinically relevant per-
formance assessment.

Although we used a rigorous method to assess the registra-
tion accuracy of a true standalone head-mounted AR-based
IR navigation system, our study has some limitations. First,
we evaluated our technology on plastic replicas of six dif-
ferent femora in a laboratory setting. For availability rea-
sons, we could not evaluate registration accuracy in a
cadaver setting, taking into account the soft tissues. How-
ever, we believe six different femurs considers anatomical
variability. Moreover, as we took only into account the
region accessible during an anterior or posterior approach,
we believe our results could be extrapolated to a surgical
situation. Second, we evaluated the registration accuracy of
the whole procedure. This includes the sum of multiple
sources of error including eye-calibration, IR tracking,
inaccurate pointing with the stylus during core registration,
detailed registration, and point collection as well as possible
deformation or movements of the model compared the ref-
erence marker on the greater trochanter. Our study did not
intend to grade each of these potential sources of error
separately.

5 | Conclusion

We evaluated the registration error of an AR IR based naviga-
tion system that can project a segmented CT scan data set on a
femur model through the Microsoft HoloLens 2. The registra-
tion error of the proximal femur data had a TRE of ~3 mm. The
method was equally accurate for an anterior and a posterior hip
approach and was operator independent. As such, we believe
our AR navigation solution could be used as a navigation tool to
visualize an accurately registered preoperative 3D templating

on the operation field during hip arthroplasty. However, before
clinical use, additional cadaver trials, better reproducing the
surgical situation, should be conducted.

Finally, although numerous companies currently offer AR-
based surgical solutions, the majority rely heavily on HoloLens
hardware. This platform is expected to reach end-of-life support
from Microsoft by the end of 2027, with no successor device
announced to date. We therefore believe that demonstrating
methodologies which are not intrinsically tied to a specific
headset—such as the approach presented in this study—
remains an important contribution to academic research. We
hope that the insights provided may complement existing or
emerging AR applications by offering transferable principles
that support the development of more robust, accurate, and
clinically effective surgical workflows across a broad range of
AR HMDs.
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