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What is the clinical utility of acoustic GEE

and vibrational analyses in uncemented total
hip arthroplasty?

Shlok Patel', Christian J. Hecht 117, Yasuhiro Homma? and Atul F. Kamath?*

Abstract

Background Despite recent developments in THA, a more objective method is needed to assist orthopedic sur-
geons in identifying the insertion endpoint of the broaching procedure. Therefore, this systematic review evaluated
the in-vivo efficacy of various acoustic and vibration analyses in detecting proper implant seating, identifying intraop-
erative complications, and quantifying the accuracy of predictive modeling using acoustics.

Methods Four electronic databases were searched on July 23rd, 2023, to retrieve articles evaluating the use of acous-
tic analysis during THA. The search identified 835 unique articles, which were subsequently screened by two inde-
pendent reviewers as per our inclusion and exclusion criteria. In total, 12 studies evaluating 580 THAs were found

to satisfy our criteria and were included in this review.

Results Methodologically, analyses have suggested stopping broaching when consecutive blows emit similar acous-
tic profiles (maximum peak frequency =+ 0.5 kHz), which indicates proper implant seating in terms of stability and miti-
gates subsidence. Also, abrupt large deviations from the typical progression of acoustic signals while broaching are
indicative of an intraoperative fracture. Since height, weight, femoral morphological parameters, and implant type
have been shown to alter acoustic emissions while hammering, incorporating these factors into models to predict
subsidence or intraoperative fracture yielded virtually 100% accuracy in identifying these adverse events.

Conclusion These findings support that acoustic analyses during THA show promise as an accurate, objective,
and non-invasive method to predict and detect proper implant fixation as well as to identify intraoperative fractures.

Trial registration PROSPERO registration of the study protocol: CRD42023447889, 23 July 2023.
Keywords Acoustics, Acoustic analysis, Fracture, Implant stability, Total hip arthroplasty

Introduction
Although total hip arthroplasty (THA) often successfully
provides long-term relief of pain and improves joint func-
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subsidence [2, 3] The critical point where the fixation is
sufficient and the fracture risk is minimal is the insertion
end point [4]. To ensure reaching the end point of inser-
tion, the surgeon depends on experience, audible changes
in the sound produced by hammering, and the tactile feel
of a well-fitted implant [3, 5] The iatrogenic femur frac-
tures in THAs, which cause protracted operative time, a
larger incision, increased blood loss, and delayed post-
operative recovery, occurred reportedly in 1% to 28%
of THAs [6]. Consequently, a more objective method is
needed to measure precise implant fixation and mitigate
intraoperative and postoperative complications associ-
ated with mal-placement and fractures [7, 8]

Acoustic emission technology and vibrational analyses
have shown promise to help surgeons identify the inser-
tion end point, thereby contributing to better implant
stability. Various biomechanical models, in-vitro studies,
orthopedic models, and cadaveric studies have identified
vibration-based methods as a potential non-destructive
method to assess the progression of hip fixation in real-
time [9-12]. Additionally, objective and quantitative
analysis of hammering sounds during implant insertion
has been utilized as a tool for implant fixation and frac-
ture prediction in animal models, human cadavers, in-
vitro setups, and in-vivo setups with variable success [1,
5]. Although multiple studies have demonstrated that
acoustic analysis could potentially help surgeons identify
the end-point during THA, the considerable heterogene-
ity in study design and outcomes assessed renders it dif-
ficult to make comparisons across studies [1]. Therefore,
a systematic review of the available literature was indis-
pensable to better understand the potential benefits of
acoustic and vibrational analyses in THA, discern trends
among studies with similar designs, evaluate methodo-
logical quality, inform clinical practices, and guide future
research.

Specifically, this review tried to answer the follow-
ing questions (1) Do vibrational and acoustic analyses
accurately detect proper implant seating and subsidence
as well as (2) intraoperative fractures for THA? (3) Do
patient characteristics or implant type impact acoustic
analyses? (4) Are predictive models generated via acous-
tic analyses for detecting adverse intraoperative and post-
operative events accurate?

Methods

Query strategy

A search of Google Scholar, EBSCOhost, MEDLINE,
and PubMed was conducted on July 23, 2023, to retrieve
articles evaluating the use of acoustic analysis during
THA. The “AND” and “OR” Boolean operators were used
in conjunction with Medical Subject Headings (Mesh)
to build the search term: “Arthroplasty, Replacement,
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Hip”’[Mesh] OR “Arthroplasty, Replacement”’[Mesh] OR
“Hip Prosthesis”[Mesh] OR total hip arthroplasty OR
THA AND “Acoustics”’[Mesh] OR “Sound”[Mesh] OR
“Vibration”[Mesh] OR “Microscopy, Acoustic’[Mesh]
OR acoustic emission OR vibro-acoustic.

Eligibility criteria

Articles were included if they had an English full-text
manuscript published, and the study assessed the util-
ity of acoustic or vibrational emission analyses during
total hip arthroplasty. Articles were excluded if they were
duplicates, published before January 1, 2000, meta-analy-
ses or reviews, editorials, or pre-prints.

Study selection

PROSPERO protocol registration was performed on
July 23rd, 2023 (CRD42023447889). This study followed
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) recommendations [13].
Two assessors, SP and CJH, assessed each study that was
returned in our query to determine its eligibility sepa-
rately. A total of 835 publications were retrieved from the
query after duplicates were excluded. After initial screen-
ing, 19 were selected for full examination. 12 of these
articles satisfied all inclusion criteria. No more articles
were found after a thorough review of the reference list of
each article. (Fig. 1).

Study characteristics

Of the 12 studies analyzed, all reported on data from a
single institution, with 7 studies being of observational
design and 5 cohort studies (Table 1). The sampling fre-
quency of the studies ranged from 44.1 to 64 kHz, with
a sampling depth of 16 to 32 bits. A total of 6 studies
were about detection of intraoperative fractures, [3, 4,
14-17] while 10 studies investigated the role of acoustic
and vibrational analyses on the detection of implant sta-
bility and subsidence [2—4, 14—20]. Additionally, 4 stud-
ies evaluated the variability of acoustic profiles emitted
per implant and patient characteristics [1, 2, 15, 17]. Five
studies examined the accuracy of predictive models gen-
erated by acoustic analyses [3, 7, 17, 18, 20].

Risk of bias in individual studies

Two separate reviewers, SP and CJH, utilized the Meth-
odological Index for Nonrandomized Studies (MINORS)
tool [21] to appraise bias in the included articles. This
validated tool rates articles on a 0 to 24 scale in terms of
12 domains related to study design. For each domain, the
ratings are as follows: 0 for not reported, 1 for reported
but insufficient, and 2 for documented and sufficient.
Y.H., an independent third reviewer, resolved any con-
flicts over the scoring. The average score was 13.8 + 0.40.
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Fig. 1 This PRISMA diagram depicts the selection process for article information

Data extraction and analysis

Data regarding research design, acoustic analysis mode,
and parameters, as well as intraoperative and postopera-
tive events, were extracted by S.P. and C.J.H.; The results
were then compared for verification and any discrepan-
cies were resolved by consulting a third reviewer, Y.H.;
As there was a sizable variation in study design across the
included publications that would limit the validity of a
meta-analysis, we decided to narratively synthesize their
main results.

Ethical approval
All data included in this study were publicly available and
did not include protected health information. Therefore,
this study was considered exempt from ethical review
board approval.

Results

Implant stability detection

Two studies involved the use of vibration analysis and
the study of frequency response function (FRF) graphs to
identify when implant stability is achieved (Table 2). An
increased correlation between the FRFs of the last two
hammer blows (r>0.99) was noticed in those two stud-
ies [4, 19]. One of those studies observed that the higher
resonance frequencies were more sensitive to changes
in implant stability [19]. This could be emphasized by

a right shift in the FRF graph, which denotes increased
stability and stiffness. Two studies noted that if the maxi-
mum peak frequency stabilized (maximum peak fre-
quency 0.5 kHz) on consecutive hammer impactions,
hammering should be stopped as the implant stability
has been attained and further hammering would cause
a fracture [15, 16] Additionally, two studies reported the
augmentation and detection of low-frequency bands in
the 1 kHz range during the late phase of stem insertion
and final femoral broaching [2, 17].

Intraoperative fracture detection

According to one study, minimal changes in the FRF
graph produced during stem broaching could indicate
implant stability (Table 3) [4]. In one case, the study
observed an abnormal shape in the FRF graph, in which
a minor fracture was immediately found. Another study
associated a distinct sound alteration with the occurrence
of a femoral fracture: immediately before bone fracture,
the frequency and amplitude of the low-frequency band
gradually increased and then diminished, the change
coinciding with the fracture [17]. One study found that
sharp decreases in BPF and PCC during the hammer-
ing sequence might serve as a warning for periprosthetic
microfracture [14]. Additionally, two articles reported
that intraoperative fracture could be prevented by stop-
ping hammering when the peak frequency converges
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within+0.5 kHz during implant fixation across three
consecutive blows [15, 16]

Factors affecting acoustic analyses

One study observed that the additional low-frequency
band originated from inside the femoral canal itself, and
thus, the frequency was related to bone length (Table 4)
[17]. This finding was corroborated by another study,
which revealed an association between the augmentation
of low-frequency bands (0.5-1.5 kHz) and stature-related
morphological features such as height, weight, and femo-
ral shaft length (FSL) [2]. Another study discerned that
femoral morphological features such as Canal-calcar
ratio (CCR), Canal-flare index (CFI), Morphologic corti-
cal index (MCI), and FSL influenced hammering sounds
in addition to the type of cementless implant used [1].
One study found no association between the recorded
frequency and cortical thickness, BMI, or medullary
canal diameter [17]. In addition, one study reported that
acoustic analysis was more likely to detect hammering
sounds at a position near the patient’s head as opposed to
the left or right side of the body [15].

Accuracy of predictive models via acoustics

In one study, a model, developed using machine learn-
ing techniques, was able to distinguish the final rasping
hammering sound with high accuracy (Table 5). Nota-
bly, a higher degree of accuracy was noticed with models
that analyzed datasets using only 1 implant type (rather
than 2 or more). Furthermore, the models performed
better at differentiating between acoustic profiles emit-
ted when they were dealing with larger differences in the
stem size [7]. Also, another study discussed the innova-
tion of a support vector machine learning algorithm that
could predict postoperative subsidence with high accu-
racy. Adding additional features, such as the patients’
basic background features and femoral morphological
parameters to nSP (Normalized sound pressure), raised
the accuracy of models to nearly 100% [20]. A diagnos-
tic test with a sensitivity of 83.3%, specificity of 81.8%,
positive predictive value of 97.4%, and negative predic-
tive value of 37.5% was created using the augmentation
of low-frequency bands as an indicator of correctly sized
implants [17]. A prediction model for postoperative stem
subsidence, as reported in a study in 2022, demonstrated
a positive predictive value of 100% and a negative predic-
tive value of 90.6% for postoperative stem subsidence at
5 mm or more [18].

Discussion

Despite recent advancements with THA, there is a need
for a more objective evaluation to assist an orthope-
dic surgeon in identifying the insertion endpoint of the
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broaching procedure. A multitude of biomechanical
and in-vitro studies have demonstrated the promising
potential of acoustic and vibration analyses for THA. We
conducted this systematic review to evaluate the in-vivo
efficacy of various acoustic and vibration models. Across
methodologies used to evaluate acoustic profiles, analy-
ses have suggested stopping broaching when consecu-
tive blows emit similar acoustic profiles, which indicates
proper implant seating for stability and minimizing sub-
sidence. Also, large deviations from the typical progres-
sion of acoustic signals while broaching imply that an
intraoperative fracture occurred. As patient characteris-
tics and implant-specific parameters have been shown to
alter acoustic emissions while hammering, the incorpo-
ration of these factors into models to predict subsidence
or intraoperative fracture results in increased accuracy in
identifying these adverse events.

Implant stability detection

Augmentation of low-frequency bands (around 1 kHz),
stabilization of maximum peak frequency, and increased
correlation of FRF during the last two hammer impac-
tions indicate appropriate implant fixation. The quantita-
tive evaluation of the hammering sounds may be a future
standard as it is objective, non-invasive, and accurate,
as opposed to the auditory sensations of the surgeon,
which are subjective [2]. Widespread application of this
approach could lead to healthcare savings in addition
to successful implantation, as accurate implant sizing
mitigates subsidence, migration, and aseptic loosening,
which are responsible for practically 50%—60% of revi-
sion THAs [22]. One study observed that aseptic loosen-
ing within two years was likely due to inadequate implant
fixation and poor press fit, with 17% of implant revisions
performed before two years [4, 23]. The usage of acous-
tic analysis may minimize these adverse outcomes after
THA, due to its superior detection of implant fixation.
Despite the promising results, the use of acoustics for
detecting implant stability still needs further study and
standardization with respect to methodology, patient
population, and acoustic parameters. In addition, the
correlation between achieved THA implant stability
and clinical outcomes, such as pain relief and functional
improvement, should be investigated.

Intraoperative fracture detection

Current literature indicates that any large deviation from
the normal progression of acoustic parameters while
hammering might indicate an intraoperative fracture or
crack. For instance, sudden attenuation of low-frequency
bands in frequency and amplitude implies the occurrence
of a fracture [17]. Intraoperative fractures complicate
the surgery with prolonged operative time and recovery,



Page 10 of 13

(2024) 6:59

Patel et al. Arthroplasty

smojq aseyd Aies Jo dsu/aseyd 21e] JO dSU =olles UOHRUIBYY g

wnudads A>uanbaiy [e101 / pueq Adusnbaiy yoes Jo 4S=dsu

Xapul ssew

Apog g “193URYD01} J3SS3] SAOGE WD Z ONeJ ||Y [eueD YZY4D ‘YiBua| Jyeys |eIowdS T4 ‘Xapul [e213403 J160joydIo [DJY ‘XSpul d1efj-[eurd (4D ‘Ol3el Jedjed-[eue) ¥ ‘ainssaid punos 4 ‘inssaid punos pazi|ewioN sy

Yibua| auogq 01 paiejas s| Aouanbaly 1eyy

BuiAyiubis ‘sausnbaly painsesw pue pa1dIpaid UsaMISg UOIR[R1I0D BUOIIS B Sem
24341 Juasaid sem pueq AoUaNbaI-MO| [BUORIPPE UB SJ9UM SISED U] ‘91042494 |

|ING 10 J213Welp [eued Ale|npaul ‘(1a1ueyd0o1) Ja1ealb Mojag W (| J0 WD €) SSauydIy}
[B211102 pue AdUaNbal) PaPI0I3I BY) USSMIDY PUNOJ I9M SUOIIR|SII0D ON 'SaN|eA
Adusnbaly painsesw pue paldipaid 8yl USSMISQ PUNO) SEM UOIIR[S1I0D Buons v

aneA uolelsle punos 1sabie| ay1 buiaey siusied |[e1 W 99 | < YIM ‘SnjeA uonelsl|e
pUNOS ay1 10 10101paid 1530 3|BUIS 3Y1 Se SISA|RUR 9311 UOISIDSP BIA PaYIIUSP! SeM

‘W 99'| MO3q 10 9A0ge 1YBISH 'SaN|PA UOIRI)[E PUNOS YIIM PIIRIDOSSE SJoM

V244D pue 1ybiay AJuo ‘sisAjeue S1eLIRAIN N UQ "PR1IWS $9|yoid pUNos JUSIagIp Yum
Pa1LID0SSE aIaM YZH4D PUB 1S4 1ybIam WybIay Ul Ss9oUIRYIP ‘SISA[eUE S1BLIBAIUN UQ
154 pue ‘1ybiam 1ybiay Se yons ‘sonsiie1deIRYD P1R|2I-2IN1RIS YUM PI1R|S1I0D SEM
UOILIBSUI WIS1Ss BULIND (ZHY §'1—50) pueq Aousanbaij-moj| sy Jo uoleiuswibne ay|

spueq Aouanbalj 6 9Y1 SS0ID. JUIRYIP 1M A1Se|doudI\ PUE || 9PE|0DDY UDaMID]
SASN JO S211SH2158IRYD DNSNODY SPUBQ ZHY 08-S/ SY1 PUB YD pue (8/'0=1)

ZHY 0'8-5'/ JO dSN 941 PUB 1S U99M1ISQ PUNO) 249M SUOIIR|2110D Buoiis ‘suejdull
Aisejdoidiy dopade] Ul (ZHY 0°8—5'Z PUe '$'S—0'S ‘0S-S5 1) spueq Aduanbaly oyipads ul
DN PUE |4D Buowe paAIasqo a1am sUOR[RLI0D dAleDaN (6€°0— =) ZHY 085/ O}
paiejas AlpAnebau pue Ty 0:001-56 L€0 065 'L£0'5T-0'T 4 (ZH) pueq Aousnb
-314] SpPUBQ [eIaAS Ul dSN O3 patejal AjpAlsod sem YD) ‘syuejdwil ¢ 9pejoddy uj

Apog ayi Jo

3pIs Wb 1o 3| 3y 03 patedwod peay siusiied ayi Jeau uopisod e e paldajjod
2I9M SPUNOS U3YM SPUNOS Buliaululey 10313p O3 |18} O3 A|91] SS3| SEM WIISAS 3y |

paniwe

spueq AoUaNbaij-Mo| PaINsea 34l Yim pasedwiod a1am ‘Yibua| [eJOW) U paseq
pa1e|nd|ed ‘sapuanbaly pa1oadx3 NG pue 4a1auelp A1ej[npall ‘SsauydIyl [ed1110D se
[|oM Se ‘Y1bua| [eJoway 1sulebe pa1e|aLlod alam uonoedw| bulinp palessusb spueq
[PUOIIIPPY "SUOQ Ul 9ABM Bulpuels Y1 JO Adusnbaly [eruswepuny ayi Jo uondipaid
BuiMO||e ‘pPa1BWIIS SeM JNWS) 343 Jo ADusnbai) JUBUOSI 3Y3 ‘9gN1 MO||0Y papuUd
-pasO2 B Se PRISPISUOD SeM [BUBD [BIOUIR) SY3 UDIYM Ul ‘[SpOU D1ISNODe Ue Buizl|inn

9N|eA UOI1BIS][E PUNOS S PAUIBU PUE UOI1BI)[E PUNOS 31
Bunuasaidal ain1es) e se pauysp sem pueq Adusnbaly zHY S 1 -0l 941 JO OleJ UoN
-e12)je 2y1 Ag pajdiynw pueq ASusnbaly zHY 07150 Y3 JO GOlIe UORIRYE 3Y |

»dSU puUe 4§ :sAem 7 Ul painseaud uayi sem pueq Aouanbaiy yoeg

“ZHY 001 O} 0 WO ZHY S0 JO SIUSWIRIDUI Ul ‘spueq Adusnbai) 6| 01Ul PIPIAIP Sem
SPUNOS 35343 JO Winu3dads Aousnbaiy ay] -ainpadoid buiyoeoiq sy Jo spunos bul
-I3UWIUIRY 3] S PAUYSP 2I9M PUS 34} WO SPUNOS BULISWIWEY Uity O) puz 9y
21n1oeJ) B 3sNed pinom Buliswiwiey Jayung 1eyy bujuiem e papirold

WIISAS SISA[RUR PaZIINIRIUIW SY) PUB ‘PIXY PIUISSP SEM WIS 31 ‘MOI B Ul SN
924U} ZHY G0 F 40 2BuRl 3Y3 UIYIM SAeIS Aouanbauy yead wnwixew ayi Uy

[£11(8L00)
[€ 19 ||]BUUODDN

(0T 7] (€200) ‘|e 19 BUIWIOH

(81 1] (¢z07) e 18 buenyz

[S1](€20T) "2 12 teves

sbuipul A3y

spoylay

sioyiny

sonsus1deleyd uslied pue jueidwi Jod paliiwe s9|yoid D1ISNOJe Ul SdUrLEA Bullen|eAS SSIPNIS Woly sbuipuy Ay ¥ ajqel



Page 11 of 13

(2024) 6:59

Patel et al. Arthroplasty

abuel 3[114eNbISIU| YO ‘INSsaId puUNOS PazZIeWION JSU ‘DAIND DOY JSPUN B3Iy DNy ‘DAIND diisiiRideiey) bunesad J1aA1933Y DOY

%G/ € sem an|eA aAldIpald aalebau pue
'Ot /6 SBM 3N|2A ANDIPID 9ARISOd Y 98 |1 JO A1DYIDdS B puR 94£°¢8 JO AVAIL
-ISU3S e pey punos U abueyd ayl ‘siuejdw pazis 1221102 104 1531 dasoubelp e sy

9001 AjJeau 01 s|ppowl Jo Adeindde syl pajuswbne 4su 01
si91oweled [ed1bojoydiow [eJowd) pue sain1es) punolbyoeq diseq siusied syl se
UoNs sa1n3es) [euoippe BuIppy (96'0 <|[2) S|PPoW |[e ul ybiy A1aA sem DY YL

SpuUNos
Bupswiwey bulysiNbunsip 10§ 319M S[SPOW 343 91BINIE SS3| 941 ‘WS pajueidul]
[BUY DY3 O3 SEM WIS PZISISPUN 3Y3 1350|123y "pazijinn adAl | < ueyl Jayies adA
jueidwil | Ajuo pasn 1ey s1aselep buizAjeue ul Adeindoe Jo 9a163p Jaybiy e pey
S|9pOoW 3y ‘punos buuswuey snoiAaid ay3 ol punos bulswwey buidsel
[BUY 941 91B1IUISHIP 01 9|ge Sem Buluies| sulydew buisn sousbij[aiul [enyiy

A|9AI129dS31 06/°G8 PUE 95/ °0f 249M

sanjeA aANDIpald aAIEBaU pUB SAIISOd ‘96769 SeM AUAIISUS DYl PUB 06/ H9 SEM DU
-pisgns Bunsipaid Ul g uianed Jo AUAILISUSS 3| A[9AN9dSa ‘968 147 PUB 96/°G8 SIom
san|eA aAIDIpald aAI1EDU PUB SANISO “%%H'89 Sem ALDUIDadS aUl pUB 957'69 SeMm
SIUSAS 3SI9APE INOYLM 3SINOD [eD1U1]D e BudIpaid Ul ulalied JO ANAIISUSS 9y |
2JOW JO WU G 1B 30U3pISgns

wias 9AneIado-150d 10 96906 JO aNjeA uondipaid aAnebaU e pue 900 | JO aN[eA
uonoipaid aAisod e pamoys padojpasp [ppowl uondipaid aduapisgns do-1sod ay |

suonoedw yoeoiq Jold 3y Jo Aue Ul Pa1da1ap Uaaq 1ou
pey pueg siy| ;punos uj abueya, e pauasaidal yoeoiq [eiowa) [euy ayy buunp
(€601 0} #16 YOI) ZH 9€01 PUNOIE PaI3IURD pueq ADUaND31-MO] € Jo Uonda1eg

si912weled [ed1bojoydiow [eiows) ‘sainies) punoibydeq diseq 1uaed 4su (€
saIn1ea) punoibydeq diseq 1usned 4su (7

dsu(l
:92uapIsgns aAleladoisod budipald 10y sjppow J0) sinduj

Buidsel pazisiapun Aue Buunp punos bunawuley (¢

puidses wa3s 9zIs wnwiuiw bupnp punos bupswuwey (7

Buidsel azis [euy buunp punos bulswuey (|

‘wyiobe bujules| sulyoew Jisyl 03Ul s3|yo.d d13snode Jo

sadA1 9a1y3 Jo Indul pardope sioyiny “Adeindde AJsse|d 01 pasn sem HNY-D0Y

(67 ="U) ZH £ Je3U S31DUSNDaJ} JO UOIIENIUSIIE OU =g UIS)Ied
(¢t=u) passaiboid
uolelue|dul Se Pa1eNIUSII. 210U SUIBDS( ZHY / Jeau salouanbaly =y uiaiied

pueq A>usnbaly 1ad pPa1e|N|ed d1aM dSU pUe ¢S 'S|BAIRIUI ZHY S0 18
spueq Aouanbaly Gz o3ul papIAIP Sem wndads Aouanbaij 3y "92uapIsqns Al

-esadoisod 1noyim pue yum sdiy usamiaq paliedwod 219M SpUnos buuisuwuleH

[£11(8L00)
[€ 19 ||SUUODDN

[0Z '2] (€207) ‘[e 38 eWWOH

[/1 (¢Z0?) e 39 eWIWOH

(€] (£10Q) "Ie 33 Iyseyoiop

(8L 'L] (zT0T) '|e 30 buenyz

sbuipuy A3y

spoylay

sioyiny

sisA|eue d13snode elA pajesauab sjppow aADIpaid Jo AoeINdde ay3 Bupen|eAs salpnis Woly sbuipuy A3y § ajqel



Patel et al. Arthroplasty (2024) 6:59

inferior outcomes, and an increased risk of revision
surgery [24]. Acoustic monitoring may mitigate this
burden as surgeons can stop implant impaction when
acoustic profiles change. Fractures that go undetected
or untreated intraoperatively cause delayed weight bear-
ing, which sometimes requires complicated management
strategies and may necessitate complex reoperations.
According to a retrospective case series of 6350 THAs,
the incidence of undetected intraoperative periprosthetic
femoral fractures (IPFFs) was 0.38%, with a reoperation
rate of 30.4% [25]. Early recognition of such fractures is
integral for optimizing management. While no studies
included in this analysis investigated distinctions among
different fracture patterns or for acetabular fractures, it
has been observed that intraoperative acetabular frac-
tures were rare compared to stem fractures, with an inci-
dence of only 0.4% in cementless cups [26, 27]. Neither
did the studies have enough power to evaluate whether
surgical approach influenced fracture rates and subse-
quent acoustic detection, but they have suggested that
using minimally invasive or direct anterior approaches
during the surgeon’s learning curve are risk factors for
intraoperative fracture [28—31]. The application of acous-
tic analysis can be tailored specifically towards distin-
guishing fracture patterns to improve rates of detection
and better understand the complication profile associ-
ated with various techniques.

Factors affecting acoustic analyses

Sound alteration during broaching is influenced by mul-
tiple factors, such as patient stature, femoral morpho-
logical characteristics, and implant type. Specifically, one
study concluded that particular attention must be paid to
people with short stature as they may exhibit a relatively
small acoustic change during stem insertion [2]. This may
be attributed to the fact that the femur is heavier than the
stem, thereby becoming the main vibrating object and the
primary source of acoustic emission [2, 17]. In addition,
with numerous implant options available to surgeons, the
natural frequency and acoustic emittance shapes emit-
ted during broaching are specific for each implant [1-3].
Manufacturers of hip prosthetic implants may elect to
report the natural frequency of their implants to assist
surgeons in adopting acoustic monitoring during THA.
Lastly, further research into how the force of impaction
and the resultant slight deformations can lead to different
acoustic emissions merits further investigation [32].

Accuracy of predictive models via acoustics

Although numerous implant and patient-specific param-
eters influence the variability of acoustic profiles, these
limitations can be mitigated by implementing artificial
intelligence (AI), machine learning, and other predictive
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models in sound analysis. Acoustic models using machine
learning and Al have demonstrated nearly 100% accuracy
in detecting postoperative subsidence [18, 20]. Currently,
surgeons subjectively determine when proper implant
insertion has been attained through rough auditory and
tactile cues. While advances have been made in assist-
ing surgeons in determining the optimal positioning of
implants with robotic-assisted and computer-navigated
platforms, [33-35] acoustic analyses may offer a similarly
more accurate, objective, and non-invasive method to
detect proper implant fixation.

Limitations

This study is not without limitations. The included studies
were mostly of an observational nature and did not compare
to patient cohorts who underwent THA without acoustic
analyses. Likewise, we were unable to control for surgeon
experience with THA. Less experienced surgeons may have
higher rates of intraoperative fracture and reduced implant
stability. Third, there was considerable heterogeneity among
studies regarding microphones, sample frequency, spec-
tral analyzer software, and approaches to quantifying the
acoustic emissions, leading to difficulty comparing the util-
ity of acoustic analyses across studies. Fourth, many studies
had limited sample sizes, as a result, they may have been
underpowered to detect the benefits of acoustic emission
analyses. Fifth, no studies commented on the relationship
between the frequency of blows and implant stress relaxa-
tion regarding its possible effect on stability and fracture.

Conclusions

At present, there is no well-accepted diagnostic tool for
predicting implant stability. This review discussed the
clinical application of acoustic and vibration analysis
during THA. Although studies have demonstrated the
benefits of acoustic analyses in detecting proper implant
seating and intraoperative fractures and predicting sub-
sidence, further research into the clinical outcomes and
long-term implant success in the long run is warranted.
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