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THE USE OF VIBRO-ACOUSTIC INSERTION IMPACT ANALYSIS TO MONITOR IMPLANT SEATING AND EARLY DETECT INTRA-OPERATIVE FRACTURES IN CEMENTLESS THA

The initial stability of cementless THA implants is obtained by a press-fit that enables osseointegration for a long term secondary stability of the implant. Yet, finding the insertion endpoint corresponding to a proper initial stability is currently often based on subjective experiences, what makes the decision on the end point challenging especially since an excessive press-fit may cause intraoperative fractures. In order to assist the orthopedic surgeons to find this optimal initial stability, this study aims to determine whether the sound that results from the implant insertion hammer blows can be used to monitor the implant seating and early detect intra-operative fractures. An in vivo study was conducted. The experimental results revealed vibro-acoustic behavior sensitive to implant seating, related to the low frequency content of the response spectra. Intra-operative fractures caused a sudden and opposite change of the vibro-acoustic behavior prior to the notification of the fracture by the orthopedic surgeon. This abrupt change could serve as an important early warning for loss of implant stability.

INTRODUCTION

In cementless THA (total hip arthroplasty), finding the optimal endpoint of implant insertion is a key factor for a successful outcome of the surgery [START_REF] Jasty | In Vivo Skeletal Responses to Porous-Surfaced Implants Subjected to Small Induced Motions[END_REF]. The orthopedic surgeons use different feedback mechanisms to find this optimal endpoint: tactile and visual experiences as well as acoustic cues resulting from hammering the implant in the bone. However, the interpretation of these feedback mechanisms is of a subjective nature. Literature shows the potential of using vibro-acoustic methods but no clearly defined protocols for end point detection or regarding intraoperative fracture warning [START_REF] Abdulkarim | The use of sound analysis to guide femoral reaming in uncemented total hip arthroplasty: A new concept[END_REF][START_REF] Whitwell | Spectral analysis of the sound produced during femoral broaching and implant insertion in uncemented total hip arthroplasty[END_REF]. This study aims to determine whether sensitive vibro-acoustic features from the sound of the hammer blows can be identified in order to monitor cementless implant seating.

MATERIALS AND METHODS

Ethical approval for this study was granted by the Ethical Committee of KU Leuven/UZ Leuven. 26 cementless femoral implants (Profemur Gladiator, Microport Orthopedics, Arlington, TN, USA) were inserted at UZ Leuven (BE), using the standard surgical procedure and equipment. The acoustic response of the insertion hammer blows was measured using a microphone (Type 378B02, PCB Piezotronics, Depew, NY, USA), located at 1m above the bone-implant system. Data acquisition was performed using a Scadas spectral analyzer with Simcenter Testlab software (Siemens PLM, Leuven, BE) A sampling frequency of 40.96 kHz was used.

The individual insertion impact signals were isolated and normalized to their maximum amplitude. The corresponding frequency spectra were calculated and specific data features and corresponding metrics were extracted: the band power feature (BPF) and Pearson correlation coefficients (PCC).

The BPF is defined as the ratio of the power in a specific frequency band of interest over the total power of the frequency spectrum: with following parameters used in this study: f1 = 0.2 kHz, f2 = 0.8 kHz and f3 = 20 kHz. A moving average of the BPF was calculated using five impacts.

PCC's were calculated as a distance metric between the vibro-acoustic responses of successive insertion hammer blows. The mean of the PCC(f) between successive frequency spectra in function of the upper limit of the frequency range (PCC(f); with 0.2 kHz the lower limit of the frequency range and f being the upper limit) was calculated as described by following relationship: This mean PCC(f) was calculated over three different frequency ranges: low (f1 = 0.8 kHz), mid (f1 = 1.5 kHz) and high (f1 = 2.0 kHz). These frequency ranges that are used to calculate the presented BPF and PCC's were selected based on the comparison of different response spectra and the low frequency behavior of the femur [START_REF] Goossens | Acoustic analysis to monitor implant seating and early detect fractures in cementless THA: An in vivo study[END_REF].

RESULTS AND DISCUSSION

Fig. 1 shows a case example of the evolution of the BPF and PCC's of the hammer blows during a complicationfree insertion. 18 out of the 23 complication-free implant insertions (78%) showed a similar pattern of increasing BPF and PCC's, in which the average increase in BPF was 479% (p << 0.01). This low frequency behavior was in line with other studies [START_REF] Abdulkarim | The use of sound analysis to guide femoral reaming in uncemented total hip arthroplasty: A new concept[END_REF][START_REF] Whitwell | Spectral analysis of the sound produced during femoral broaching and implant insertion in uncemented total hip arthroplasty[END_REF].

Figure 1 Case example of the evolution of the BPF and PCC's measured in a complication-free insertion process.

In three implant insertions, an intra-operative fracture occurred. In these cases, the BPF increased during the first part of the insertion process after which it dropped suddenly. A less pronounced change was observed in the evolution of the PCC's. Fig. 2 shows the evolution of the BPF and PCC's during the insertion process of a fracture case. This insertion was performed in a continuous and consistent way, minimizing the operational variability. The occurrence of a micro or macro fracture could be the reason for the sudden change of the trend of the BPF and PCC's. This results in a sudden stress release in the bone surrounding the implant, what leads to a decrease of the press-fit of the implant. This decrease of press-fit is then translated in a substantial change of the vibro-acoustic response as reflected by the drop of the BPF and correlation coefficients. During the presented example, the BPF decreased drastically (+/-75%). The surgeon noticed the fracture 15 more hammer blows after the sudden change. This shows the potential of using a sudden drop of the BPF and PCC's within a consistent and continuous hammering series as an indicator of loss of implant stability, which could be considered as a warning for the occurrence of a periprosthetic (micro)fracture. The BPF and PCC's showed to be influenced by external noise disturbance. Environmental noise may lead to a temporary decrease of the PCC and in some cases an increase of the BPF (depending on its frequency content). Similar effects were observed in case of operational variability e.g. in case of changing hammer orientation or inserter. These effects could mask a convergence of the vibro-acoustic behavior. Hence, efforts to increase the SNR and a consistent insertion procedure could minimize these adverse effects. In this in vivo study, the optimal endpoint used as a reference, was determined by the surgeon's judgement. A golden-standard stability metric such as bone-implant micromotion measurements is not useful in vivo, but a follow-up study could give more information whether a link exists with complications such as aseptic loosening.

CONCLUSION

This study presented a real-time vibro-acoustic measurement method to monitor the insertion of cementless THA implants based on the analysis of the insertion hammer blows. The results of the in vivo study revealed a vibro-acoustic behavior sensitive to implant seating, related to the low frequency content of the response spectra. A set of specific vibro-acoustic features, reflecting the power and similarity of the low-frequency acoustic response were used to quantify the sensitive behavior. Intra-operative fractures caused a sudden and opposite change of the vibro-acoustic behavior prior to the notification of the fracture by the orthopedic surgeon. This sudden change could serve as an important early warning for loss of implant stability.
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 2 Figure 2 Case example of the evolution of the BPF and PCC's measured in an insertion process with a fracture. The red box indicates the region of sudden changes.
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