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Abstract

Periprosthetic femoral bone fractures are frequent complications of Total Hip Arthroplasty (THA) and
may occur during the insertion of uncemented Femoral Stems (F'S), due to the nature of the press-fit fixation.
Such fracture may lead to the surgical failure of the THA and require a revision surgery, which may have
dramatic consequences. Therefore, an early detection of intra-operative fractures is important to avoid
worsening the fracture and/or to enable a peroperative treatment. The aim of this in vitro study is to
determine the sensitivity of a method based on resonance frequency analysis of the bone-stem-ancillary
system for periprosthetic fractures detection. A periprosthetic fracture was artificially created close to the
lesser-trochanter of ten femoral bone mimicking phantoms. The bone-stem-ancillary resonance frequencies in
the range [2-12] kHz were measured on an ancillary instrumented with piezoelectric sensors, which was fixed
to the femoral stem. The measurements were repeated for different fracture lengths from 4 mm to 55 mm.
The results show a decrease of the resonance frequencies due to the fracture occurrence and propagation.
The frequency shift reached up to 170 Hz. The minimum fracture length that can be detected varies from
3.1+ 1.7 mm to 5.9+ 1.9 mm according to the mode and to the specimen. A significantly higher sensitivity
(p=0.011) was obtained for a resonance frequency around 10.6 kHz, corresponding to a mode vibrating in a
plane perpendicular to the fracture. This study opens new paths towards the development of non-invasive

vibration-based methods for intra-operative periprosthetic fractures detection.

Keywords femoral stem, periprosthetic fracture, resonance frequency, vibration analysis, non-invasive method
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1 Introduction

Total hip arthroplasty (THA) is a routine surgery which is increasingly performed, mainly due to population
aging. In the United States, the number of THAs performed each year is expected to reach more than a
million before 2040 (1). Uncemented THAs have become more and more employed by the surgeons in the
last few years, reaching up to 80% of the procedures in several countries (2). The initial stability of the
uncemented implants is achieved through press-fitting the implant into a host bone cavity, previously reamed
by the surgeon, by successive hammer impacts. Due to the nature of the fixation based on implant press-fit,
the risk of periprosthetic fractures, which are defined as both intra-operative and post-operative fractures, is
one of the most frequent causes of revision. In particular, uncemented femoral stems (FS) (3; 4) have a rate
of periprosthetic fracture significantly higher than the cemented ones (5; 6). Moreover, the fracture incidence,
prevalent during revision surgeries (7) can reach up to 28% for uncemented THA (8), which makes it one of the
most challenging issues for the surgeons related to the insertion of uncemented FS (9).

Due to the nature of the fixation and the shape of the F'S implants, the risk of calcar cracks and shaft fractures
is significantly increased for uncemented implants (10; 11). A classification of the fracture types based on their
location on the femoral bone was proposed by (12) during a recent mid-term follow-up study. In 42% of the
cases, the fracture occurs close to the lesser-trochanter, namely the fractures of type I. A numerical study (13)
confirms these observations by showing that the region of the femur which is subjected to the highest stresses
corresponds to the zone of occurrence of fracture of type I according to the classification of (12). Considering the
Vancouver classification of femoral periprosthetic fractures developed by (14) and largely employed nowadays for
categorizing the configuration of periprosthetic proximal femoral fractures and for planning their management
(15; 16), these fractures correspond to type A and B. While the fractures of type A stay confined to the proximal
metaphysis and involve the greater and lesser trochanter, the fractures of type B involve the diaphysis region.
The fractures of type B are then subdivided depending on the stability of the implant: the type Bl correspond
to a stable implant whereas the types B2 and B3 are associated with a loss of implant stability, depending on
the seriousness of implant loosening (17; 16).

Fractures are often not detected during the surgery and are later characterized in postoperative radiographs
(18). However, undetected fractures during the surgery may lead to aseptic loosening because of poor osseoin-
tegration and of a lack of bone ingrowth (19). Therefore, fractures peroperative detection is an important issue
in order to avoid revision surgery. On the one hand, early intra-operative fracture detection allows the surgeon
to adapt the insertion procedure in order to avoid the fracture worsening because of the later hammer impacts.
On the other hand, the intra-operative diagnosis allows the surgeon to treat the fracture appropriately during
the time of surgery by cerclage wires or bone graft for instance (20; 21; 19; 3).

Quantitative methods have widely been studied in the literature for F'S insertion monitoring into the host
bone. Most of them are based on impact force analysis (22; 23; 24), vibration analysis (25; 26; 27; 28; 29)
or acoustics measurements (30; 31; 32; 33). Among these studies aiming at assessing the insertion of the F'S,

a limited number has been tested to detect periprosthetic fractures. In particular, vibro-acoustic methods
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have shown promising results concerning their use for periprosthetic fracture detection (28; 30; 31). In a
recent in vivo study about the assessment of acoustic analysis to monitor implant seating, Goossens et al.
(30) observed a significant change of the bone-implant system acoustic behavior with a fracture occurrence.
However, this observation was based only on three intra-operative fractures and no quantitative criterion could
be developed. A significant difference between the acoustic patterns associated to implant insertion with and
without periprosthetic fractures was also evidenced by (31). Although the most common frequency of the
acoustic signals was significantly different between the two situations, no quantitative information about the
position nor the length of the fracture could be retrieve from these acoustic measurements. Eventually, another
study (28) investigated the change of the bone-implant system vibration features due to periprosthetic fracture
occurrence in an in vivo study. The correlation coefficient between the last two frequency response function
(FRF) curves was used as a criterion to assess the implant insertion endpoint. During the experiments, it was
shown that a lower value of the correlation coeflicient was retrieved in the case of impending periprosthetic bone
fracture. However, again, the change of the FRF was not analyzed in term of fracture properties.

Despite the identification of vibration or acoustic behavior changes following the fracture occurrence, the
aforementioned studies did not propose a quantitative criterion for systematic periprosthetic fracture detection
and assessment. The aim of the present study is to evaluate the sensitivity of a vibration method to detect
periprosthetic fractures of different lengths, which are artificially created in bone mimicking phantoms. The
employed technique is based on a previous work of our group (29) aiming at monitoring the FS insertion into
the bone using a vibration measurement method applied to the blue inserter tool, called “ancillary” in what

follows.

2 Materials and methods

2.1 Bone mimicking phantom specimens and FS implant

The study was performed on thirteen human artificial left femurs (ORTHObones, 3B Scientific, Hamburg,
Germany). The bone mimicking phantoms were cut at the diaphysis level and the distal part was embedded in
a fast-hardening resin (SmoothCast 300 polymer, Smooth-On, Easton, USA), similarly as in (29; 22), in order
to be clamped to the fixed support. An uncemented FS implant of size 9, made of Ti-Al6-V4 titanium alloy
and coated with hydroxyapatite was used throughout the study (CERAFIT R-MIS, Ceraver, Roissy, France).
The host bone cavity was prepared by two experienced surgeons using the adapted rasps. The FS implant was
fully inserted into the bone by successive hammer impacts on the ancillary, which is a square shape part made
of stainless steel and temporary fixed to the FS during impaction. The insertion end-point was determined
according to the surgeon proprioception. The vibration measurements were performed once the implant was

fully inserted into the bone mimicking phantom.
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2.2 Periprosthetic fracture creation

The periprosthetic fractures were artificially created in the 10 bone mimicking phantoms in order to control
their initial position and plane of propagation and optimize the reproducibility as far as possible. Periprosthetic
fractures located in the calcar zone, close to the lesser-trochanter, are considered throughout the study as they
are the most frequent, with an occurrence rate reaching up to 42 % (12; 13). Such fractures correspond to type
I as defined in (12), and to types A or B, depending on their length on the diaphysis femur region, according
to the Vancouver classification (14; 18). The location and length of the fractures were both validated by an
experienced orthopaedic surgeon.

A schematic description of the protocol used to reproduce fractures of different lengths is presented in
Fig. 1. The periprosthetic fractures were initiated and enlarged once the implant was fully inserted into the
bone mimicking phantom. The fracture was manually initiated in the trabecular bone at the bottom right corner
of the bone cavity by a handsaw. Then, the fracture enlargement was achieved by impacting an osteotome in
contact with the fracture line. Osteotomes are cutting tools usually used by orthopaedics and plastic surgeons
to perform osteotomies (34). The fracture was iteratively enlarged as long as i) the fracture path stays on the
part of the femur parallel to the plane (YZ) and ii) the fracture path length is lower than 40 mm. The length
of the fracture was measured with a digital calliper after each enlargement. According to surgical observations,
periprosthetic fracture lengths higher than 40 mm affect FS stability and are usually detected by the surgeon
during the surgery (18). In what follows, for each specimen, i corresponds to the number of the fracture
configuration, where i € {1...n}, with n the number of the last fracture configuration. i = 0 corresponds to a

non-fractured sample.

Periprosthetic
fracture

Figure 1: Schematic representation of the experimental set-up for periprosthetic fracture creation and enlarge-
ment. The dotted square indicates the calcar zone. (1) Ancillary, (2) FS implant, (3) Lesser-trochanter of the
bone mimicking phantom, (4) Hammer and (5) Osteotome.
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2.3 Resonance frequency measurements
2.3.1 Experimental set-up

Figure 2 shows a schematic description of the experimental set-up used to measure the resonance frequencies of
the bone-stem-ancillary system. The bone mimicking phantom was clamped to the fixed support throughout the
frequency measurements. The ancillary was equipped with two square piezoelectric sensors of 10 mm x 10 mm
x 0.1 mm each (Plates, PI Ceramic, Lederhose, Germany) fixed on two perpendicular sides of the ancillary. The
ancillary was screwed in the FS so that the normal of the piezoelectric sensor #1 (respectively #2) coincides
with the y-direction (respectively z-direction) (see Fig. 2). Therefore, the piezoelectric sensor #1 (respectively
#2) provides measurements of the resonance frequencies of the modes oscillating along y-direction (respectively
z-direction). The positions of both piezoelectric sensors were determined in order to maximize the amplitude of
the Frequency Response Functions (FRFES) at the resonances. These positions were chosen with regard to three
bending modes identified in a previous experimental study of our group about the F'S insertion monitoring (29):
the modes 2Y, 2V}, and 2X. The position of the sensor #1 (respectively #2) was optimized with regard to
the mode shapes of the two modes 2Y and 2Y} (respectively 2X) oscillating along the y-direction (respectively

z-direction) (29).

Piezoelectric —] Piezoelectric ———&1
sensor #1 1) e
2)——
Piezoelectric ———F1 Piezoelectric ———]
Sensor #2 sensor #2
o —8 o
@) 20 em
z 7
(6) —— ‘ ’[
77777 y 77777 x
a) b)

Figure 2: Experimental set up for FRF measurement of the bone-stem-ancillary’s system with (a) the piezo-
electric sensor #1 for an impact in y-direction and (b) the piezoelectric sensor #2 for an impact in z-direction.
(1) Modal hammer, (2) Ancillary, (3) FS implant, (4) Bone mimicking phantom (5) Resin with clamping to the
fixed support.

2.3.2 Measurement protocol

The measurement of the FRF of the ancillary was performed for each phantom and each fracture length, before
the fracture was created and then, from the fracture initiation to a fracture length of at least 40 mm. The
bone-stem-ancillary system was excited by a modal hammer (8204, Briiel and Kjaer, Naerum, Denmark), of
5g-mass, which enables frequency measurements within the range [0.4 - 12.8] kHz. The vibration response of

the ancillary, measured by the piezoelectric sensors, was recorded by a dedicated data acquisition module (BK

a
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Connect, Briiel and Kjaer, Naerum, Denmark) with a sampling rate of 51.2 kHz and a duration of 0.25 s. The
frequency resolution was 1 Hz. The impacts were performed close to the top free extremity of the ancillary, in
order to retrieve a maximum number of resonance frequencies on the FRF. Impacting close to a free extremity
allows for being distant to a node of vibration which optimize resonance frequencies visibility on the FRF (35).
The impacts were applied in both z- and y-directions, and the corresponding vibration signal was recorded by
the piezoelectric sensor whose the normal is aligned with the direction of impact. Note that all measurements
were repeated five times in each direction. The impacts were applied with a maximum force lower than 50 N in

order to avoid any modification of the implant position, which could affect the FRF.

2.4 Data analysis of frequency measurements
2.4.1 Frequency response functions

The Frequency Response Functions (FRFs), noted h, were calculated in the frequency range f € [0.4—12.8] kHz
as follows (35):
(f)

n(r) = 20
(h=% o

where p and E denoted the Fourier Transforms (FTs) of the voltage and force signals, recorded by the piezo-

electric sensor and the modal hammer, respectively.

2.4.2 Frequency sensitivity and minimal size of detectable fracture

The resonance frequency sensitivity to bone fracture detection for a given fracture configuration ¢ was defined
as the difference between the resonance frequency of the bone-stem-ancillary’s system with a fracture in the

configuration i (f;) and without fracture for a complete insertion (fy) and is given by:
Afijo = fi—fo (2)

For each bone mimicking phantom specimen and each resonance frequency, Af;/o was then analyzed as a
function of the length [; of the fracture at the configuration #i.
A threshold for fracture detection, corresponding to the minimal frequency variation that could be detected

using the measurement set-up, noted A f,, was defined for each resonance frequency f by:
Afs=0;+1Hz (3)

where 1 Hz corresponds to the data acquisition frequency resolution and o is the standard deviation related
to the measurement protocol obtained for each resonance frequency f. oy was evaluated by repeating the
measurement protocol described in Section 2.3.2 fifteen times with the bone mimicking phantom #1, before
any fracture was made, in both - and y-directions. Therefore, fifteen FRF's were recorded by each piezoelectric

sensor, and the standard deviation oy corresponding to cach resonance frequency f was calculated.
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A minimal detectable fracture’s length, noted l,,;,, was then defined as the length corresponding to A fs,
when plotting Af;/o as a function of /; for each resonance frequency f. However, as indicated in Section 2.2,
the enlargement of the fracture was incremental and the measurements of the FRF were performed for discrete
values of fracture lengths [. Therefore, a linear interpolation of the experimental data Af(l) was performed

between the closest values surrounding A fs, in order to estimate l,;;,.

2.4.3 Statistical analysis

A one-way analysis of variance (ANOVA) and Tukey-Kramer tests were performed to evaluate the significance
of minimal fracture length detection l,,;, as a function of the resonance frequency f. Statistical differences were

defined at a 95 % confidence level.

3 Results

3.1 Fracture positions and lengths

An example of a bone fracture with typical enlargement steps #i is presented in Fig. 3 for the bone mimicking
phantom #9. The fracture is initiated at the bottom right corner of the bone cavity (i = 1, Fig. 3a) and then
it is successively enlarged from 8.74 mm (i = 2, Fig. 3b) to 54.9 mm (n = 4, Fig. 3d) following the protocol
presented in Section 2.2. The final length of the fracture varies between 27.0 mm and 55.3 mm according to
the bone mimicking phantom. For 3 out 10 specimens, the enlargement protocol was stopped because the
fracture line direction went out of the (YZ) plane, which explains the small values of fracture lengths (I < 40
mm) obtained for these specimens at the last enlargement step n. Moreover, the fracture direction and length
increments due to each enlargement step i are difficult to control because of the fragile behavior of the bone
mimicking phantom material. The fracture path depends on multiple factors such as: the cutting tool angle, the
impaction force, the exact geometry of the bone, the path direction changes between two specimens. Therefore,
the number of steps to obtain a final fracture’s length such as | > 40 mm varies between n = 3, 4 or 5 according

to the specimen.

- d)i‘

Figure 3: Pictures of typical fractures on bone mimicking phantom #9, from creation (i = 0) to final configura-
tion (i=n). (a) i=1,1=4.2mm, (b) i =2, =8.7mm, (c) i =3, =236.5mm and (d) i =n, I = 54.9 mm.
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3.2 Choice of the resonance frequencies of interest
3.2.1 Frequency behavior without fracture

The resonance frequencies in the range [2-12] kHz of the bone-implant-ancillary system corresponding to a
complete insertion in a non-fractured state are shown in Table 1 for the ten bone mimicking phantoms. The
mean values of the modes as well as the standard deviation obtained over the specimens, corresponding to
the inter-specimen variability are indicated. Four (respectively three) modes were identified in the plane (Y7)
(respectively (XZ)) with the piezoelectric sensor #1 (respectively sensor #2) and were noted “Y;” (respectively
“X¢”), where “f” is the mean value freqn (in kHz) of the resonance frequency of each mode obtained over
the ten specimens (see Table 1). The modes are selected based on the results from a previous study on FS

)

insertion monitoring (29). The modes “Y2” and “Y33”, measured by the piezoelectric sensor #1 and the mode
“X3.9” measured by the piezoelectric sensor #2 correspond to the modes 2Y, 2V, and 2X, identified in (29),
respectively. The modes 2Y and 2Y;, were shown to be highly sensitive to the implant insertion step (29). The
four other modes were chosen for their good observability on the FRF, that is a peak amplitude at resonance
frequency higher than 0.1 V/N and a small damping. The inter-specimen variability ¢spe. for non-fractured

specimen varies between 34 Hz and 194 Hz depending on the mode (see Table 1). This observation will be

discussed in Section 4.1.1.

Specimen # | Yo Y33 Ys2 Y11 | Xz2 Xea Xioe

1 2494 3060 3905 11094 | 3268 6383 10593

2 2696 3153 4110 11069 - 6412 10672

3 2572 3333 4129 10958 - 6415 10614

4 - - 4205 11007 | 3237 6394 10640

5 2547 3329 4204 10833 | 3148 6323 10498

6 2627 3611 4321 11139 | 3263 6371 10629

7 2750 3489 4410 11124 | 3216 6409 10633

8 2644 3053 4342 11203 | 3320 6382 10561

9 2544 3460 4142 11046 | 3175 6351 10528

10 2586 3361 4081 11104 | 3209 6437 10666

Frmean 2607 3317 4185 11058 | 3230 6388 10603
O spec 81 194 147 105 55 34 58

Table 1: Values of the resonance frequency (in Hz) obtained for each mode and each bone specimen at the
end of the insertion and before a fracture was created. The mean value f,eqn Over the ten specimens as well
as the standard deviation ogpe. corresponding to the inter-specimen variability are indicated. The “-” symbol
indicates that the mode could not be accurately measured for a given specimen and configuration.

An example of two FRFs of the bone-stem-ancillary system, noted h and measured by the piezoelectric
sensors #1 (gray line) and #2 (black line) is shown in Figure 4 for the FS completely inserted into bone
mimicking phantom #9 and before any fracture was initiated. The seven modes of interest are visible on the

FRFs.

3.2.2 Method accuracy

Table 2 shows the standard deviation oy corresponding to cach of the seven selected resonance frequencies f and

calculated from the fifteen repeated measures of the frequency response functions h in the z- and y-directions
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Figure 4: Frequency Response Functions (FRFs), h, of the bone-stem-ancillary’s system, measured by the
piezoelectric sensors #1 (gray line) and #2 (black line) for the bone mimicking phantom #9 before any fracture
was created. The seven resonance frequencies f indicated on the curves are selected for the rest of the study.
The mode Y2 ¢ (respectively Y3 3 and X3 2) corresponds to the mode 2Y (respectively 2V}, and 2X) identified in
(29).

by the piezoelectric sensors #2 and #1, respectively. The value of o, varies from 2 to 9 Hz according to the

mode and is smaller for the resonance frequencies measured by the piezoelectric sensor #2.

Mode name | Yo Yzsz Yio Yi11 | Xz2 Xea Xios
of (Hz) 4 3 9 3 2 2 2

Table 2: Standard deviation o calculated for each resonance frequency of interest f from the fifteen frequency

response functions A measured on a non-fractured bone mimicking phantom by the piezoelectric sensors #1
(Yo, Y33, Yy2 and Y1y
) and the piezoelectric sensor #2 (X3.2, X6.4 and Xi0¢).

3.3 Frequency sensitivity
3.3.1 Frequency shift quantification

Figure 5 shows the frequency response functions h of the bone-stem-ancillary system measured by the piezoelec-
tric sensor #2 with a zoom on the three resonance frequencies of interest in the plane (XZ7): the mode X3 5 (a),
the mode Xg.4 (b) and the mode Xi096 (c). Each solid line corresponds to a different fracture enlargement
state i, from [ = 4.24 mm to | = 54.9 mm, created in the bone mimicking phantom specimen #9. The dashed
lines correspond to the measurement of the non-fractured specimen (i = 0). The resonance frequencies of the
three modes are decreasing functions of i, especially after the second enlargement of the fracture (¢ > 1), which
corresponds to a fracture’s length of [ = 8.74 mm. The same results are obtained for the FRF measured by the
piezoelectric sensor #1, with the modes Ya ¢, Y33, Y42 and Y711 (data not shown).

The variation of the resonance frequency difference Af;/o for bone mimicking phantom #9 as a function of
[ is shown in Fig. 6. The results are shown for the resonance frequencies measured by the piezoelectric sensor
#1 (Fig. 6a) and by the piezoelectric sensor #2 (6b). For i > 2, Af; o > o for each mode (see Table 2), which

indicates that the resonance frequency variations can be used to detect bone fracture for a given specimen if the



228

229

230

231

232

233

234

235

236

237

| =42 mm —I[ =87 mm ——I = 36.5 mm | = 54.9 mm

----No fracture

=
~ 0.8 4 0.6
>
\:/ ‘ —
. 06 - 8

_§ 0.4

——

S 04 2
£

s 0.2

E% 0.2 1

- L=

g 0 - 0 0

& 2.9 3 31 32 33 34 6.1 6.2 6.3 6.4 6.5 10 102 104 106 108

Frequency, [ (kHz) Frequency, f (kHz) Frequency, [ (kHz)

a) b) c)

Figure 5: Zoom on the Frequency Response Function (FRF) h of the bone-stem-ancillary system around the
resonance frequencies of interest corresponding to the modes X3, X¢.4, X10.6 measured by the piezoelectric
sensor #2, for different fracture configurations i. The dashed and solid lines correspond to measurements for
the non-fractured and fractured bone mimicking phantom specimen #9, respectively.

resonance frequency obtained in the non-fractured state is known. The value of Afy/o obtained for the largest
length | = 54.9 mm varies between 113 Hz and 170 Hz, according to the resonance frequency considered.
Figure 7 shows the results of the resonance frequency shifts of the mode X ¢ as a function of the fracture
length for the ten bone mimicking phantoms. Although the frequency shift increases as a function of the crack
length, the data are quiet scattered because the fracture path, depth and thickness depend on the specimen,

which could not be measured in this study.

200 200
_YZ.(‘F _XS.Z
_}/3.3 _XG.4
150 | —Y,9 150 Xis
~ Yia A
Z 100 100
S
<
50 o0
I -
OI‘.I_. 0=
0 20 40 60 0 20 40 60
Fracture length, { (mm) Fracture length, ! (mm)
a) b)

Figure 6: Variation of the resonance frequency difference Af; o measured for the bone mimicking phantom
#9 between the fracture configuration ¢ and the non-fractured specimen (i = 0) as a function of the fracture
length ! for both resonance frequencies measured by the piezoelectric sensor #1 (a) and #2 (b). The error bars
correspond to the standard deviation o calculated for each of the seven resonance frequency f.

3.3.2 Minimal fracture length detection

The values of the minimal fracture length [,,;, calculated from the threshold Afs defined by Eq. 3 and the
results shown in Fig. 6 for the bone mimicking phantom #9 are l,,;, = 7.3 mm, 6.7 mm, 5.5 mm and 4.8

mm (respectively ly, = 4.7 mm, 4.2 mm and 2.5 mm) for the modes Yoq, Y33, Yio and Y717 measured

10
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Figure 7: Frequency shifts of the mode X9 as a function of the fracture length [ obtained for the ten bone
mimicking phantoms.

with piezoelectric sensor #1 (respectively for the modes X359, X¢4 and X096 measured with piezoelectric
sensor #2). Comparable results as the one shown in Fig. 6 were obtained for all bone mimicking phantoms
(data not shown). The average values over all bone mimicking phantoms of the resonance frequency difference
threshold Af, for fracture detection and the corresponding minimal fracture length l,,;,, associated to each
resonance frequency f are shown in Table 3. The minimal fracture length [,,;, varies between 3.1 £+ 1.7 mm
and 5.9 + 1.9 according to the resonance frequency f. ANOVA test of the results obtained with all ten bone
mimicking phantoms was performed and the results show a significant effect of the mode on the minimal length
of detectable fracture 4, (p-value = 0.011). Tukey-Kramer analysis indicates that the value of l,,,;, obtained
with the mode X196 measured by piezoelectric sensor #2 is significantly lower from the results obtained with
the mode Y3 ¢ (V4.2 respectively) measured by piezoelectric sensor #1 (p-values = 0.016 and 0.013 respectively).
However, the results obtained by the other modes are statistically similar and the mode X;¢¢ appears to be

the most sensitive to detect fracture occurring in the (YZ) plane.

Mode name | Y26 Ys.s Yio Yii1 X3.2 Xe6.a X10.6
Af. (Hz) 5 4 10 1 3 3 3
lmin (mm) 594+19 54+10 58+15 44+26|49+10 50+15 3.1+1.7

Table 3: Resonance frequency difference thresholds for fracture detection, A f, with the corresponding minimal
length of detectable fracture, [y, obtained for each resonance frequency f. The results are averaged over the
ten bone mimicking phantom specimens.

4 Discussion

The main purpose of the present study was to investigate whether resonance frequency analysis can be used to
detect periprosthetic fractures during F'S implant insertion. The vibration analysis of the bone-stem-ancillary
system had been previously studied by our group to monitor F'S insertion (29). It had been shown that several
resonance frequencies of the bone-stem-ancillary system in the range [2-6] kHz were sensitive to the implant

insertion depth into the host bone. The originalities of the present work are i) to show that different resonance
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frequencies are sensitive to the presence of periprosthetic fracture and ii) to provide a quantitative criterion

for periprosthetic fracture detection, based on the bone-stem-ancillary’s system resonance frequency shifts con-

secutive to the fracture creation and propagation. In particular, different sensitive resonance frequencies were

identified and the minimal size of measurable periprosthetic fracture throughout resonance frequency analysis

was evaluated for each vibration mode.

The frequency measurements were performed throughout the ancillary, considering different length of peripros-

thetic fractures which have been manually created. The frequency range was enlarged to [2-12] kHz compared

to (29). The main advantage of performing measurements throughout the ancillary is that it does not require

sensor fixation on the implant nor the bone, which allows to consider the use of such approach in clinical

conditions in the future.

4.1 Detection of periprosthetic fractures by resonance frequency analysis

4.1.1 Bone-stem-ancillary vibration behavior

Seven resonance frequencies f could be identified in the frequency range [2-12] kHz for all ten bone mimicking

phantom specimens and all states of periprosthetic fractures.

Two directions of FRF measurements were

analyzed thanks to two piezoelectric sensors fixed on two perpendicular faces of the ancillary. The positions

of the piezoelectric sensors along the ancillary axis had been optimized in order to maximize the amplitude

of the FRF at the resonances of the three modes identified in a previous study on FS insertion monitoring

by means of modal analysis (29). In particular, the modes Y4, Y33 and X3 analyzed in the present study

correspond to the modes 2Y, 2V}, and 2X already identified in (29). The hypothesis was made that these

modes, which are sensitive to the implant insertion depth could also be sensitive to periprosthetic fractures,

which was confirmed in the present study (see Fig. 6a). For instance, the presence of a periprosthetic fracture

of length I = 54.9 mm in the bone mimicking phantom #9 resulted in a decrease of the resonance frequency

equal to 170 Hz (respectively 178 Hz and 129 Hz) for the mode Y3 g (respectively Y33 and X33) (see Fig. 6).

Moreover, four supplementary modes with regard to the study of (29) were analyzed in the present work due

to their high amplitude and small damping on the FRF (see Fig. 4): the modes Yj 2 and Y311 measured by the

piezoelectric sensor #1 and the modes Xg.4 and X196 measured by the sensor #2. In total, four (respectively

three) resonance frequencies were analyzed in the present study from FRF measurements in the y-direction

(respectively z-direction) using the piezoelectric sensor #1 (respectively #2) in the frequency range [2-12] kHz.

The inter-specimen resonance frequency variability reaches up to 194 Hz for non-fractured specimen, depending

on the mode (see Table 1). Note that the inter-specimen variability was investigated in a previous numerical

study (36) and may be explained by slightly different implant positions at the end of insertion, different bone-

implant macroscopic contact ratio or different bone stiffness over the specimens. In addition it was assumed

that the bone-implant system behaves linearly during the modal tests, due to the low energy applied with the

modal hammer (29). Eventually, we assumed that the weight of the piezoelectric sensors does not influence the

frequency response of the bone-stem-ancillary system.
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4.1.2 Resonance frequency sensitivity to periprosthetic fracture occurrence

For all the seven modes and the ten bone mimicking phantom specimens, a decrease of the resonance frequency
values was obtained when the fracture length increased, as shown in Fig. 5 and 6 for bone mimicking phantom
#9 and in Fig. 7 for all specimens and the mode X1q.6. The frequency shifts are of the same order of magnitude
than the inter-specimen variability. However, the inter-specimen variability ogpe. does not affect the detection
of the fracture by the method proposed herein, since the protocol consists in comparing at least two FRF's
for a same specimen, one of which being for the non-fractured state. The decrease of pre-stressed state of the
bone-implant system due to the fracture (19; 37) leads to a decrease of the system rigidity (18; 17; 4), which is
responsible for a substantial change of the system vibro-acoustic response. In particular, the shift of the FRF
to lower frequencies is consistent with a loss of rigidity of the system (24; 26; 38) due to the periprosthetic bone
fracture. However, the change of press-fit due to the fracture should be high enough in order to be detected
on the FRF’s measurement. Figures 6 and 7 show that before a certain fracture length (I = 8.7 mm for the
specimen #9), the resonance frequency variation compared to the non-fractured state is lower than the standard
deviation of the measurement and thus the bone fracture cannot be detected. Although the frequency shift
tends to increase as a function of the crack length, the data are quiet scattered because the fracture path, depth
and thickness depend on the sample, which could not be measured in this study. It is worth noting that the
periprosthetic fractures studied herein are among the less severe according to the Vancouver classification (17),
with small consequences on the FS stability (18), which indicates the good sensitivity of the frequency method
investigated in the present paper.

The decrease of the bone-stem-ancillary system resonance frequencies as a function of the fracture length
is in agreement with previous numerical (39; 36) and in vitro (29) and in vivo (28) experimental studies. In
(29), it was demonstrated that several resonance frequencies in the range [0.4-12.8] kHz increase during FS
insertion depth into the host bone, which was associated to an increase of the global rigidity of the bone-
stem-ancillary system. Moreover, the resonance frequency variation behavior with fracture occurrence agrees
with observations made by (28) during in vivo measurements where the FRF’s graphs were shifted to lower
frequencies consecutively to fracture occurrence. The fracture was quantitatively noticed by lower values of
correlation coefficient between the two last FRFs. The shift to lower frequencies is also coherent with numerical
results (36), which showed that the resonance frequencies decreased when the trabecular bone Young’s modulus
decreased. Note that a bone damage like a fracture can be modeled by a local reduction of bone Young’s modulus
(40; 41). Eventually, the use of the mode shape curvature in order to detect the periprosthetic fractures, rather
than the resonance frequency shift only, was also investigated (40). Curvature based-damage index are widely
used in industrial engineering to localize and quantify structural damage (42; 43).

Acoustic methods, which have been investigated for acetabular cup (44) or FS insertion monitoring (33; 30;
32; 31) also showed that the resonance frequency was sensitive to periprosthetic fracture (13; 31; 30). In an in
vivo study (30), the spectral analysis of the sound produced by the hammer impacts during implant insertion

showed a drop of the band power features (BPF), which corresponds to the ratio of the power in a specific
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frequency band over the total power of the frequency spectrum, with the occurrence of a micro or macro-
fracture. Another clinical study (31) aiming at quantifying the sound produced during stem insertion found a
significant relationship between the sound pattern and the occurrence of intra-operative fracture and subsidence.
These two studies confirmed the sensitivity of the vibro-acoustic behavior of the bone-implant-ancillary’s system

to periprosthetic fracture occurrence, which is in agreement with the results found herein.

4.1.3 A quantitative criterion to detect periprosthetic fracture

The analysis of the FRF’s measurements allowed the detection of periprosthetic fractures from 3.1 mm to 5.9 mm
in length, depending on the resonance frequency (see Table 3). These sizes are relatively small compared to what
the surgeons are able to detect during the surgery, making the method clinically relevant for early detection
of periprosthetic bone fractures. In particular, the highest frequencies (Y111 and Yi94) allowed the detection
of the smallest fractures (see Table 3). This result emphasizes the role of higher resonance frequencies in
local bone damage detection, whereas lower frequencies are sensitive to global change of rigidity of the bone-
implant-ancillary system (28; 45; 30). Moreover, it was observed that the resonance frequency of the mode
X10.6 had a significantly higher sensitivity than the other resonance frequencies. This result can be explained
by the direction of vibration of the mode X 6, which is purely normal to the fracture plane (YZ). This result

indicates that sensor positioning should take into account the plane of the fracture that is to be detected.

4.2 Limitations and perspectives

The first limitation comes from the use of bone mimicking phantoms instead of human femurs. Only the proxi-
mal part of the femur was used, as it allows to fixed the specimen to a testing table (see Fig. 2). Although this
configuration is commonly employed in the literature for numerical (39) or experimental studies (22; 29), the
variation of boundary conditions, as well as changes in bone stiffness compared to the anatomic configuration
may affect the resonance frequency values. Therefore, i) the same length of femur mimicking phantoms was
considered for all the specimens and ii) the position and clamping of the specimen to the testing table were
not changed throughout the experimental measurement. In addition, since the method consists in quantifying
a frequency change with regard to the non-fractured bone for each specimen, the specific value of the resonance
frequency has no relevance for the data analysis, except that it allows to identify the mode. Then, the presence
of soft tissues surrounding the bone, as well as the use of a “wet” bone instead of bone mimicking phantom is
expected to reduce the resonance frequencies values and to increase the damping (46) with regard to the results
observed herein. The resistance to fracture of the femur is expected to be higher for a wet-bone than a bone
mimicking phantom, since it increases with the bone quality (6; 47; 48). However, this difference of material
property does not influence the results presented herein, since the fractures were manually created. In contrast,
the absence of surrounding soft tissues could lead to an overestimation of the implant stability loss due to the
fracture. Therefore, the presented results are likely to provide an overestimation of the frequency decrease,

which could provide an earlier fracture detection than considering in vivo studies. The present in vitro study
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should be considered as a demonstration of the feasibility to use resonance frequency analysis based method for
periprosthetic fracture detection. The method developed in the present paper should be tested in anatomical
subjects to retrieve quantitative frequency data, such as the bone-implant-ancillary resonance frequency func-
tions and the identification of the frequency range of interest considering the anatomic configuration, which are
necessary for the perspective of developing a future medical device that could be used in the clinic.

The second limitation lies in the difficulty to control and characterize the geometry of the fracture. First,
the width of the fracture was not measured, as it is not constant along the fracture line. Then, the fracture
depth across the cortical bone could not be retrieved whereas it may also influence the frequency sensitivity,
especially for the bone around the FS. In addition, the length of the fracture was estimated with a numerical
calliper and therefore, the total length of the fracture corresponds to the distance between the two extremities
of the fracture line. However, the fracture path is not a straight line and this measure gives an insight of
the approximate fracture length only. While this geometrical characterization may lead to errors due to the
precision of the caliper (0.01 mm) and the manual measurement, it still gives a relevant order of magnitude
of the minimal size of fracture which is detectable using resonance frequency analysis. Eventually, even if all
periprosthetic fractures were initialized at the same point of the bone cavity and even if it was ensured that the
fracture line stays in the plane (YZ) of the femoral bone mimicking phantom, the fracture line direction within
the plane varies from one specimen to another, leading to different types of fractures among the specimens. The
variability of the geometrical properties of the fracture may lead to slightly different F'S stability loosening and
thus different vibration behaviors, which may explained the values of the standard deviation oy associated to
the minimal lengths of detectable fracture (see Table 3). In a future study, in addition to better characterize the
geometrical properties of the fracture, it would also be relevant to investigate the sensitivity of the resonance
frequency analysis to other types of fractures, and in particular fracture of types II described in (12). As these
fractures occur in the plane (XZ7), the resonance frequencies measured by the piezoelectric sensor whose the
normal is perpendicular to this plane are expected to be more sensitive than resonance frequencies measured in
the other perpendicular plane.

The third limitation concerns the method used for the estimation of the minimal detectable fracture length
lmin- It was chosen to define I, as the fracture length corresponding to the resonance frequency sensitivity
threshold Afs. Therefore, a linear extrapolation between the two experimental points closest to Afs was
performed in order to calculate [,,;,. However, this approximation can lead to an overestimation of the method
performance to detect small fractures, as it is not known whether the resonance frequency sensitivity Af
increases linearly as a function of the fracture length [, between the two experimental points around A fs.
Therefore, additional fracture enlargement states ¢ should be considered, especially for the small fractures,
which would increase the accuracy of the estimation of [,,;,. Here, the estimation was performed on a fracture
length increment of the order of 5 mm in the present study.

Eventually, a fourth limitation consists in the fact that the fracture was manually created, while it would
be of interest that the method proposed herein could detect a fracture occurrence during the implant insertion.

Therefore, based on the preliminary results obtained in the present study, a future objective will be to move
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towards a real-time method, capable of either preventing or detecting bone fracture occurrence throughout the

implant insertion using hammer impacts.

5 Conclusions

The present paper investigates the use of a vibration-based method for the intra-operative detection of peripros-
thetic femoral bone fractures. This study is the first in vitro validation and quantification of the sensitivity of
the bone-stem-ancillary system resonance frequencies to periprosthetic fracture occurrence of different lengths.
A periprosthetic fracture was artificially created and enlarged in ten bone mimicking phantom in the calcar
zone, close to the lesser-trochanter. A resonance frequency shift to lower frequencies due to the fracture oc-
currence and propagation was observed and quantified for seven resonance frequencies in the range [2-12] kHz.
A frequency sensitivity threshold was defined and the corresponding minimal length of noticeable fracture was
calculated for each resonance frequency. A statistical analysis reveals a significantly higher sensitivity for one
of the highest resonance frequencies, corresponding to a bending mode vibrating in a plane perpendicular to
the fracture path. The method should be tested on anatomical subjects to be closer to real clinical conditions,

with the future perspective of developing a medical device for intra-operative periprosthetic fracture detection.
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