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Abstract

Stemless TSA requires sufficient bone density to ensure appropriate implant stability,
both of which can be impacted by surgical precision. While bone density surrounding a
stemless humeral implant and implant size are the strongest predictors of implant
stability, this study shows that implant positioning also impacts bone density and, hence,
stability. The increased precision offered by robotic surgery relative to conventional
surgery is shown here to reduce the variability in bone density around the implant, and
may therefore improve the confidence in primary stability estimates of stemless TSA
based on the surgical plan.

1 Introduction

Stemless humeral implants are used in total shoulder arthroplasty (TSA) for patient with sufficiently
dense trabecular bone for support. Despite good clinical performances [1], reliably identifying poor-
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quality bone remains a challenge for surgeons [2]. Implanting a stemless implant in poor quality bone
may result in implant loosening and a revision to a stemmed implant.

Surgical planning based on preoperative computed tomography (CT) scans is increasingly used to
define the target resection plane and implant sizing [3]. The patient’s bone mineral density (BMD)
around the humeral implant could be extracted from these CT scans and used to predict implant
micromotion, a surrogate for implant stability [4]. However, deviation from surgical planning may
compromise the accuracy of preoperative BMD estimates, given its strong regional variation in the
proximal humerus [5]. Even though robotic surgery generally provides higher resection accuracy [6]
than conventional instrumentation, its impact on micromotion predictions and implant stability remains
unclear.

This study measured deviations from planning using robotic and conventional surgeries (Analysis
A) and evaluated the effect of these deviations on BMD and micromotion estimates (Analysis B) using
cadaveric specimens.

2 Material and Methods

Analysis A (Figure 1) evaluated deviations from the surgical planning when using a surgical robot
versus conventional instruments. Eighteen cadaveric humerus pairs (77.6+13.3 years, 12M/6F)
underwent TSA, with one side randomly assigned to conventional instrumentation and the other to
robotic surgery. All resections were planned on preoperative CT scans. Actual resections were
measured on postoperative CT scans. The difference between planned and actual resections was
computed in terms of height, inclination and version angles. Statistical differences between the two
resection methods were evaluated for differences of the mean (Wilcoxon test) and the variance (F-test).

Surgery Surgical deviations from plan

CT scan

N=18
77 yo
12M / 6F

Robotic

Figure 1. Analysis A evaluated the surgical deviations from the surgical planning when using conventional
instrumentation versus robotic surgery, in terms of height (h), inclination (i) and version (v) angles.

Analysis B (Figure 2) determined the BMD-micromotion relationship for a given stemless implant.
Thirty-two cadaveric humeri (74.8+9.0 years, 15M/17F) were CT scanned with a calibration phantom
(BDC-3, QRM, Germany) and implanted with a stemless system. Each specimen was then radiographed
to determine the implant position and tested with cyclic loads representative of daily activities (up to
107 % body weight), while implant micromotion relative to the bone was recorded via a stereo camera
system. BMD around the anchor was extracted from the CT scans based on the location of the implant
determined in the postoperative radiographs. A general linear model predicting implant micromotion
as a function of BMD, anchor size, inclination angle, version angle and resection height (Micromotion
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model) was established to determine the most relevant parameters. Micromotion and BMD were log
transformed for the general linear model to better satisfy the normality assumption. A hundred
resections were simulated within the surgical deviation ranges from Analysis A and the resulting BMD
values were measured. These BMD values were used in the general linear model generated in Analysis
B to determine the corresponding micromotion range for each bone.
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Figure 2. Analysis B established a model predicting implant micromotion as a function of BMD, anchor size,
inclination angle, and resection height for a stemless implant in TSA.

3 Results

Analysis A: Surgical Deviations. Deviations in inclination, version, and height were significantly
lower in robotic than conventional surgery (p < 0.05).

Mean deviations from planning with conventional surgery:
e Inclination: 5.5° (SD = 3.6)
e Version: 10.7° (SD =7.3)
e Height: 2.6 mm (SD = 1.6)

Mean deviations from planning with robotic surgery:
e Inclination: 3.7° (SD = 3.2)
e Version: 3.9° (SD =2.8)
e Height: 1.2 mm (SD =0.8)

Analysis B: BMD-Micromotion Relationship. Mean BMD around the planned anchor location was
found to be 40.5 mg/cm?® (SDemp = 26.6) while the measured micromotions were averaging 98 pm
(SDwmic = 48.6). A general linear model accounting for BMD alone explained 54% of the variation in
micromotion. Including anchor size improved the model, with 68% of the variation explained. Despite
the remaining unexplained variation, predicted micromotions correlated significantly with measured
values (p < 0.001). Including inclination angle and resection height did not improve the prediction.

Combined Analysis. Surgical deviations led to variations in BMD of 10.4 mg/cm? (39% of SDgwmb)
with conventional surgery and 5.3 mg/cm? (20% of SDgwmp) With robotic surgery. Using these variations
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in BMD as input for the model established in Analysis B resulted in variations in micromotion of 22
pm (45% of SDmic) with conventional surgery and 13 pm (27% of SDwmic) with robotic surgery.

4 Discussion

This study confirms that BMD is the strongest predictor of micromotion, explaining more than half
of the observed variation, consistent with prior findings[4]. The inclusion of anchor size as a covariate
further improved the model's predictive power.

Implant positioning significantly impacted outcomes, with robotic surgery resulting in half the
variability in bone density and micromotion compared to conventional surgery. While conventional
surgery produces acceptable outcomes in mast cases, minimizing surgical variability - through robotics
[6] or patient-specific instrumentation (PSI) [7] - could be critical for lower-density cases.

This pilot study lays the foundation for improving the micromotion model in future research.
Beyond bone density and anchor size, factors such as degree of bone coverage by the head could
influence implant micromotion and should be considered in subsequent models. Furthermore,
alternative model types beyond GLM may enhance micromotion predictions.

Bone density thresholds can retrospectively discriminate between stable stemless cases and those
requiring intraoperative revision with stemmed implants [8-10]. While thresholds offer simplicity,
micromotion provides a more nuanced predictor of primary stability by incorporating factors such as
implant size and surgical execution, and potentially implant design [11]. Estimation of implant
micromotion based on preoperative BMD and precise surgical technique can help selecting suitable
candidates for stemless TSA and optimize implant stability.

Future work to benchmark acceptable micromotion levels could involve micromotion experiments
on paired humeri, implanting one side with a stemless and the other with a state-of-the-art stemmed
system. Alternatively, validated computer simulations could compute micromotion for both implant
types on identical bones, ensuring direct comparison under controlled condition [12].
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