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Arthroplasty

What is the clinical utility of acoustic 
and vibrational analyses in uncemented total 
hip arthroplasty?
Shlok Patel1, Christian J. Hecht II2, Yasuhiro Homma3 and Atul F. Kamath2*    

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-
tion, concerns remain about periprosthetic or prosthetic 
fracture, subsidence, stem size mismatch, and instability, 
all of which may compromise the longevity of the implant 
[1]. Currently, precise intraoperative implant fixation 
relies solely on the intuitive judgment of the surgeon. 
Surgeons need to apply adequate force to achieve firm 
fixation; however, excessive force can lead to femur frac-
tures, whereas insufficient force results in postoperative 
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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, 

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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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 

Fig. 1  This PRISMA diagram depicts the selection process for article information
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=
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 o
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 0
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, c
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ra
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ra
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t s
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at
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 c
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 d
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. c
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t c
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 c
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ra
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t c
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 c
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m
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 b
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 b
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w
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 p
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 p
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 d

iff
er

en
t b

et
w

ee
n 

th
e 

la
te

 p
ha

se
 

an
d 

th
e 

ea
rly

 p
ha

se
. T

he
re

 w
as

 a
n 

au
gm

en
ta

tio
n 

of
 lo

w
-fr

eq
ue

nc
y 

ba
nd

s, 
as

 s
ho

w
n 

by
 th

e 
di

ffe
re

nt
 a

lte
ra

tio
n 

ra
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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 

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 13Patel et al. Arthroplasty            (2024) 6:59 

Ta
bl

e 
4 

Ke
y 

fin
di

ng
s 

fro
m

 s
tu

di
es

 e
va

lu
at

in
g 

va
ria

nc
e 

in
 a

co
us

tic
 p

ro
fil

es
 e

m
itt

ed
 p

er
 im

pl
an

t a
nd

 p
at

ie
nt

 c
ha

ra
ct

er
is

tic
s

N
SP

 N
or

m
al

iz
ed

 s
ou

nd
 p

re
ss

ur
e,

 S
P 

So
un

d 
pr

es
su

re
, C

CR
​ C

an
al

-c
al

ca
r r

at
io

, C
FI

 C
an

al
-fl

ar
e 

in
de

x,
 M

CI
 M

or
ph

ol
og

ic
 c

or
tic

al
 in

de
x,

 F
SL

 F
em

or
al

 s
ha

ft
 le

ng
th

, C
FR

2A
 C

an
al

 fi
ll 

ra
tio

 2
 c

m
 a

bo
ve

 le
ss

er
 tr

oc
ha

nt
er

, B
M

I B
od

y 
m

as
s 

in
de

x
a  n

SP
 =

 S
P 

of
 e

ac
h 

fr
eq

ue
nc

y 
ba

nd
 / 

to
ta

l f
re

qu
en

cy
 s

pe
ct

ru
m

b  A
lte

rn
at

io
n 

ra
tio

 =
 n

SP
 o

f l
at

e 
ph

as
e/

nS
P 

of
 e

ar
ly

 p
ha

se
 b

lo
w

s

A
ut

ho
rs

M
et

ho
ds

Ke
y 

Fi
nd

in
gs

Sa
ka

i e
t a

l. 
(2

02
2)

 [1
5]

W
he

n 
th

e 
m

ax
im

um
 p

ea
k 

fre
qu

en
cy

 s
ta

ys
 w

ith
in

 th
e 

ra
ng

e 
of

 ±
 0

.5
 k

H
z 

th
re

e 
tim

es
 in

 a
 ro

w
, t

he
 s

te
m

 w
as

 d
ee

m
ed

 fi
xe

d,
 a

nd
 th

e 
m

in
ia

tu
riz

ed
 a

na
ly

si
s 

sy
st

em
 

pr
ov

id
ed

 a
 w

ar
ni

ng
 th

at
 fu

rt
he

r h
am

m
er

in
g 

w
ou

ld
 c

au
se

 a
 fr

ac
tu

re

Th
e 

sy
st

em
 w

as
 le

ss
 li

ke
ly

 to
 fa

il 
to

 d
et

ec
t h

am
m

er
in

g 
so

un
ds

 w
he

n 
so

un
ds

 w
er

e 
co

lle
ct

ed
 a

t a
 p

os
iti

on
 n

ea
r t

he
 p

at
ie

nt
’s 

he
ad

 c
om

pa
re

d 
to

 th
e 

le
ft

 o
r r

ig
ht

 s
id

e 
of

 th
e 

bo
dy

Zh
ua

ng
 e

t a
l. 

(2
02

2)
 [1

, 1
8]

Th
e 

2n
d 

to
 4

th
 h

am
m

er
in

g 
so

un
ds

 fr
om

 th
e 

en
d 

w
er

e 
de

fin
ed

 a
s 

th
e 

ha
m

m
er

-
in

g 
so

un
ds

 o
f t

he
 b

ro
ac

hi
ng

 p
ro

ce
du

re
. T

he
 fr

eq
ue

nc
y 

sp
ec

tr
um

 o
f t

he
se

 s
ou

nd
s 

w
as

 d
iv

id
ed

 in
to

 1
9 

fre
qu

en
cy

 b
an

ds
, i

n 
in

cr
em

en
ts

 o
f 0

.5
 k

H
z 

fro
m

 0
 to

 1
0.

0 
kH

z.
 

Ea
ch

 fr
eq

ue
nc

y 
ba

nd
 w

as
 th

en
 m

ea
su

re
d 

in
 2

 w
ay

s: 
SP

 a
nd

 n
SP

a

In
 A

cc
ol

ad
e 

2 
im

pl
an

ts
, C

C
R 

w
as

 p
os

iti
ve

ly
 re

la
te

d 
to

 N
SP

 in
 s

ev
er

al
 b

an
ds

 [F
re

-
qu

en
cy

 b
an

d 
(k

H
z)

; r
: 2

.0
–2

.5
; 0

.3
7,

 4
.5

–5
.0

; 0
.3

7,
 9

.5
–1

0.
0;

 0
.4

4]
, a

nd
 n

eg
at

iv
el

y 
re

la
te

d 
to

 7
.5

–8
.0

 k
H

z 
(r 

=
  −

 0
.3

9)
. N

eg
at

iv
e 

co
rr

el
at

io
ns

 w
er

e 
ob

se
rv

ed
 a

m
on

g 
C

FI
 a

nd
 M

C
I 

in
 s

pe
ci

fic
 fr

eq
ue

nc
y 

ba
nd

s 
(4

.5
–5

.0
, 5

.0
–5

.5
, a

nd
 7

.5
–8

.0
 k

H
z)

. I
n 

Ta
pe

rlo
c 

M
ic

ro
pl

as
ty

 
im

pl
an

ts
, s

tr
on

g 
co

rr
el

at
io

ns
 w

er
e 

fo
un

d 
be

tw
ee

n 
FS

L 
an

d 
th

e 
N

SP
 o

f 7
.5

–8
.0

 k
H

z 
(r 

=
 0

.7
8)

 a
nd

 C
C

R 
an

d 
th

e 
7.

5–
8.

0 
kH

z 
ba

nd
s. 

A
co

us
tic

 c
ha

ra
ct

er
is

tic
s 

of
 N

SP
s 

be
tw

ee
n 

A
cc

ol
ad

e 
II 

an
d 

M
ic

ro
pl

as
ty

 w
er

e 
di

ffe
re

nt
 a

cr
os

s 
th

e 
9 

fre
qu

en
cy

 b
an

ds

H
om

m
a 

et
 a

l. 
(2

02
3)

 [2
, 2

0]
Th

e 
al

te
ra

tio
n 

ra
tio

b  o
f t

he
 0

.5
–1

.0
 k

H
z 

fre
qu

en
cy

 b
an

d 
m

ul
tip

lie
d 

by
 th

e 
al

te
ra

-
tio

n 
ra

tio
 o

f t
he

 1
.0

–1
.5

 k
H

z 
fre

qu
en

cy
 b

an
d 

w
as

 d
efi

ne
d 

as
 a

 fe
at

ur
e 

re
pr

es
en

tin
g 

th
e 

so
un

d 
al

te
ra

tio
n 

an
d 

na
m

ed
 th

e 
so

un
d 

al
te

ra
tio

n 
va

lu
e

Th
e 

au
gm

en
ta

tio
n 

of
 th

e 
lo

w
-fr

eq
ue

nc
y 

ba
nd

 (0
.5

–1
.5

 k
H

z)
 d

ur
in

g 
st

em
 in

se
rt

io
n 

w
as

 c
or

re
la

te
d 

w
ith

 s
ta

tu
re

-r
el

at
ed

 c
ha

ra
ct

er
is

tic
s, 

su
ch

 a
s 

he
ig

ht
, w

ei
gh

t, 
an

d 
FS

L.
 

O
n 

un
iv

ar
ia

te
 a

na
ly

si
s, 

di
ffe

re
nc

es
 in

 h
ei

gh
t, 

w
ei

gh
t, 

FS
L,

 a
nd

 C
FR

2A
 w

er
e 

as
so

ci
at

ed
 

w
ith

 d
iff

er
en

t s
ou

nd
 p

ro
fil

es
 e

m
itt

ed
. O

n 
m

ul
tiv

ar
ia

te
 a

na
ly

si
s, 

on
ly

 h
ei

gh
t a

nd
 C

FR
2A

 
w

er
e 

as
so

ci
at

ed
 w

ith
 s

ou
nd

 a
lte

ra
tio

n 
va

lu
es

. H
ei

gh
t a

bo
ve

 o
r b

el
ow

 1
.6

6 
m

. 
w

as
 id

en
tifi

ed
 v

ia
 d

ec
is

io
n 

tr
ee

 a
na

ly
si

s 
as

 th
e 

si
ng

le
 b

es
t p

re
di

ct
or

 fo
r t

he
 s

ou
nd

 
al

te
ra

tio
n 

va
lu

e,
 w

ith
 >

 1
.6

6 
m

 ta
ll 

pa
tie

nt
s 

ha
vi

ng
 th

e 
la

rg
es

t s
ou

nd
 a

lte
ra

tio
n 

va
lu

e

M
cC

on
ne

ll 
et

 a
l

(2
01

8)
 [1

7]
U

til
iz

in
g 

an
 a

co
us

tic
 m

od
el

, i
n 

w
hi

ch
 th

e 
fe

m
or

al
 c

an
al

 w
as

 c
on

si
de

re
d 

as
 a

 c
lo

se
d-

en
de

d 
ho

llo
w

 tu
be

, t
he

 re
so

na
nt

 fr
eq

ue
nc

y 
of

 th
e 

fe
m

ur
 w

as
 e

st
im

at
ed

, a
llo

w
in

g 
pr

ed
ic

tio
n 

of
 th

e 
fu

nd
am

en
ta

l f
re

qu
en

cy
 o

f t
he

 s
ta

nd
in

g 
w

av
e 

in
 b

on
e.

 A
dd

iti
on

al
 

ba
nd

s 
ge

ne
ra

te
d 

du
rin

g 
im

pa
ct

io
n 

w
er

e 
co

rr
el

at
ed

 a
ga

in
st

 fe
m

or
al

 le
ng

th
, a

s 
w

el
l 

as
 c

or
tic

al
 th

ic
kn

es
s, 

m
ed

ul
la

ry
 d

ia
m

et
er

, a
nd

 B
M

I. 
Ex

pe
ct

ed
 fr

eq
ue

nc
ie

s, 
ca

lc
ul

at
ed

 
ba

se
d 

on
 fe

m
or

al
 le

ng
th

, w
er

e 
co

m
pa

re
d 

w
ith

 th
e 

m
ea

su
re

d 
lo

w
-fr

eq
ue

nc
y 

ba
nd

s 
em

itt
ed

A
 s

tr
on

g 
co

rr
el

at
io

n 
w

as
 fo

un
d 

be
tw

ee
n 

th
e 

pr
ed

ic
te

d 
an

d 
m

ea
su

re
d 

fre
qu

en
cy

 
va

lu
es

. N
o 

co
rr

el
at

io
ns

 w
er

e 
fo

un
d 

be
tw

ee
n 

th
e 

re
co

rd
ed

 fr
eq

ue
nc

y 
an

d 
co

rt
ic

al
 

th
ic

kn
es

s 
(3

 c
m

 o
r 1

0 
cm

 b
el

ow
 g

re
at

er
 tr

oc
ha

nt
er

), 
m

ed
ul

la
ry

 c
an

al
 d

ia
m

et
er

, o
r B

M
I. 

Th
er

ef
or

e,
 in

 c
as

es
 w

he
re

 a
n 

ad
di

tio
na

l l
ow

-fr
eq

ue
nc

y 
ba

nd
 w

as
 p

re
se

nt
, t

he
re

 
w

as
 a

 s
tr

on
g 

co
rr

el
at

io
n 

be
tw

ee
n 

pr
ed

ic
te

d 
an

d 
m

ea
su

re
d 

fre
qu

en
ci

es
, s

ig
ni

fy
in

g 
th

at
 fr

eq
ue

nc
y 

is
 re

la
te

d 
to

 b
on

e 
le

ng
th



Page 11 of 13Patel et al. Arthroplasty            (2024) 6:59 	

Ta
bl

e 
5 

Ke
y 

fin
di

ng
s 

fro
m

 s
tu

di
es

 e
va

lu
at

in
g 

th
e 

ac
cu

ra
cy

 o
f p

re
di

ct
iv

e 
m

od
el

s 
ge

ne
ra

te
d 

vi
a 

ac
ou

st
ic

 a
na

ly
si

s

RO
C 

Re
ce

iv
er

 O
pe

ra
tin

g 
Ch

ar
ac

te
ris

tic
 c

ur
ve

, A
U

C​ 
A

re
a 

un
de

r R
O

C 
cu

rv
e,

 n
SP

 N
or

m
al

iz
ed

 s
ou

nd
 p

re
ss

ur
e,

 IQ
R 

In
te

rq
ua

rt
ile

 ra
ng

e

A
ut

ho
rs

M
et

ho
ds

Ke
y 

fin
di

ng
s

Zh
ua

ng
 e

t a
l. 

(2
02

2)
 [1

, 1
8]

H
am

m
er

in
g 

so
un

ds
 w

er
e 

co
m

pa
re

d 
be

tw
ee

n 
hi

ps
 w

ith
 a

nd
 w

ith
ou

t p
os

to
pe

ra
-

tiv
e 

su
bs

id
en

ce
. T

he
 fr

eq
ue

nc
y 

sp
ec

tr
um

 w
as

 d
iv

id
ed

 in
to

 2
5 

fre
qu

en
cy

 b
an

ds
 

at
 0

.5
 k

H
z 

in
te

rv
al

s. 
SP

 a
nd

 n
SP

 w
er

e 
ca

lc
ul

at
ed

 p
er

 fr
eq

ue
nc

y 
ba

nd

Th
e 

po
st

-o
p 

su
bs

id
en

ce
 p

re
di

ct
io

n 
m

od
el

 d
ev

el
op

ed
 s

ho
w

ed
 a

 p
os

iti
ve

 p
re

di
ct

io
n 

va
lu

e 
of

 1
00

%
 a

nd
 a

 n
eg

at
iv

e 
pr

ed
ic

tio
n 

va
lu

e 
of

 9
0.

6%
 fo

r p
os

t-
op

er
at

iv
e 

st
em

 
su

bs
id

en
ce

 a
t 5

 m
m

 o
r m

or
e

M
or

oh
as

hi
 e

t a
l. 

(2
01

7)
 [3

]
Pa

tt
er

n 
A

 =
 fr

eq
ue

nc
ie

s 
ne

ar
 7

 k
H

z 
be

ca
m

e 
m

or
e 

ac
ce

nt
ua

te
d 

as
 im

pl
an

ta
tio

n 
pr

og
re

ss
ed

 (n
 =

 4
2)

Pa
tt

er
n 

B 
=

 n
o 

ac
ce

nt
ua

tio
n 

of
 fr

eq
ue

nc
ie

s 
ne

ar
 7

 k
H

z 
(n

 =
 2

9)

Th
e 

se
ns

iti
vi

ty
 o

f P
at

te
rn

 A
 in

 p
re

di
ct

in
g 

a 
cl

in
ic

al
 c

ou
rs

e 
w

ith
ou

t a
dv

er
se

 e
ve

nt
s 

w
as

 6
9.

2%
 a

nd
 th

e 
sp

ec
ifi

ci
ty

 w
as

 6
8.

4%
. P

os
iti

ve
 a

nd
 n

eg
at

iv
e 

pr
ed

ic
tiv

e 
va

lu
es

 
w

er
e 

85
.7

%
 a

nd
 4

4.
8%

, r
es

pe
ct

iv
el

y.
 T

he
 s

en
si

tiv
ity

 o
f P

at
te

rn
 B

 in
 p

re
di

ct
in

g 
su

bs
id

-
en

ce
 w

as
 6

4.
7%

 a
nd

 th
e 

se
ns

iti
vi

ty
 w

as
 6

9.
2%

. P
os

iti
ve

 a
nd

 n
eg

at
iv

e 
pr

ed
ic

tiv
e 

va
lu

es
 

w
er

e 
40

.7
%

 a
nd

 8
5.

7%
, r

es
pe

ct
iv

el
y

H
om

m
a 

et
 a

l. 
(2

02
2)

 [7
]

RO
C

-A
U

C
 w

as
 u

se
d 

to
 c

la
ss

ify
 a

cc
ur

ac
y.

 A
ut

ho
rs

 a
do

pt
ed

 in
pu

t o
f t

hr
ee

 ty
pe

s 
of

 a
co

us
tic

 p
ro

fil
es

 in
to

 th
ei

r m
ac

hi
ne

 le
ar

ni
ng

 a
lg

or
ith

m
:

1)
 h

am
m

er
in

g 
so

un
d 

du
rin

g 
fin

al
 s

iz
e 

ra
sp

in
g

2)
 h

am
m

er
in

g 
so

un
d 

du
rin

g 
m

in
im

um
 s

iz
e 

st
em

 ra
sp

in
g

3)
 h

am
m

er
in

g 
so

un
d 

du
rin

g 
an

y 
un

de
rs

iz
ed

 ra
sp

in
g

A
rt

ifi
ci

al
 in

te
lli

ge
nc

e 
us

in
g 

m
ac

hi
ne

 le
ar

ni
ng

 w
as

 a
bl

e 
to

 d
iff

er
en

tia
te

 th
e 

fin
al

 
ra

sp
in

g 
ha

m
m

er
in

g 
so

un
d 

fro
m

 th
e 

pr
ev

io
us

 h
am

m
er

in
g 

so
un

d.
 T

he
 m

od
el

s 
ha

d 
a 

hi
gh

er
 d

eg
re

e 
of

 a
cc

ur
ac

y 
in

 a
na

ly
zi

ng
 d

at
as

et
s 

th
at

 u
se

d 
on

ly
 1

 im
pl

an
t 

ty
pe

 ra
th

er
 th

an
 >

 1
 ty

pe
 u

til
iz

ed
. T

he
 c

lo
se

r t
he

 u
nd

er
si

ze
d 

st
em

 w
as

 to
 th

e 
fin

al
 

im
pl

an
te

d 
st

em
, t

he
 le

ss
 a

cc
ur

at
e 

th
e 

m
od

el
s 

w
er

e 
fo

r d
is

tin
gu

is
hi

ng
 h

am
m

er
in

g 
so

un
ds

H
om

m
a 

et
 a

l. 
(2

02
3)

 [2
, 2

0]
In

pu
ts

 fo
r m

od
el

s 
fo

r p
re

di
ct

in
g 

po
st

op
er

at
iv

e 
su

bs
id

en
ce

:
1)

 n
SP

2)
 n

SP
, p

at
ie

nt
 b

as
ic

 b
ac

kg
ro

un
d 

fe
at

ur
es

3)
 n

SP
, p

at
ie

nt
 b

as
ic

 b
ac

kg
ro

un
d 

fe
at

ur
es

, f
em

or
al

 m
or

ph
ol

og
ic

al
 p

ar
am

et
er

s

Th
e 

AU
C

 w
as

 v
er

y 
hi

gh
 in

 a
ll 

m
od

el
s 

(a
ll >

 0
.9

6)
. A

dd
in

g 
ad

di
tio

na
l f

ea
tu

re
s 

su
ch

 
as

 th
e 

pa
tie

nt
s’ 

ba
si

c 
ba

ck
gr

ou
nd

 fe
at

ur
es

 a
nd

 fe
m

or
al

 m
or

ph
ol

og
ic

al
 p

ar
am

et
er

s 
to

 n
SP

 a
ug

m
en

te
d 

th
e 

ac
cu

ra
cy

 o
f m

od
el

s 
to

 n
ea

rly
 1

00
%

M
cC

on
ne

ll 
et

 a
l

(2
01

8)
 [1

7]
D

et
ec

tio
n 

of
 a

 lo
w

-fr
eq

ue
nc

y 
ba

nd
 c

en
te

re
d 

ar
ou

nd
 1

03
6 

H
z 

(IQ
R 

94
4 

to
 1

09
3)

 
du

rin
g 

th
e 

fin
al

 fe
m

or
al

 b
ro

ac
h 

re
pr

es
en

te
d 

a 
‘ch

an
ge

 in
 s

ou
nd

’. T
hi

s 
ba

nd
 h

ad
 

no
t b

ee
n 

de
te

ct
ed

 in
 a

ny
 o

f t
he

 p
rio

r b
ro

ac
h 

im
pa

ct
io

ns

A
s 

a 
di

ag
no

st
ic

 te
st

 fo
r c

or
re

ct
ly

 s
iz

ed
 im

pl
an

ts
, t

he
 c

ha
ng

e 
in

 s
ou

nd
 h

ad
 a

 s
en

si
-

tiv
ity

 o
f 8

3.
3%

 a
nd

 a
 s

pe
ci

fic
ity

 o
f 8

1.
8%

. T
he

 p
os

iti
ve

 p
re

di
ct

iv
e 

va
lu

e 
w

as
 9

7.
4%

, 
an

d 
ne

ga
tiv

e 
pr

ed
ic

tiv
e 

va
lu

e 
w

as
 3

7.
5%



Page 12 of 13Patel 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 

models in sound analysis. Acoustic models using machine 
learning and AI 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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