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Ultrasound frequency of sonication applied in microbiological
diagnostics has a major impact on viability of bacteria causing
periprosthetic joint infection
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A B S T R A C T

Objectives: Sonication of explanted prosthesis constitutes an element of microbiological diagnostics. The
aim of performing this procedure is to remove biofilm and to increase sensitivity of diagnostics.
Ultrasound used for medical purposes are low-frequency and low-intensity. With this wide range of
frequency which can be used in sonication process it is necessary to find the golden mean between
biofilm dislodging and planktonic bacteria sparing.
Materials and methods: The aim of this study was to determine the least harming low-intensity
ultrasound frequency (35 kHz, 40 kHz or 53 kHz) used during sonication process with other parameters
constant. Four bacteria species were examined: S. aureus, E. faecalis, E. coli, K. pneumoniae. Number of
microbiological studies (n) for each group (g) counted 40 specimens (based on scheme 1 bacteria type – 4
groups, 40 studies each).
Results: A detailed analysis of gathered data was conducted. Based on study findings following
conclusions were drawn. Sonication has a significant and negative impact on survival of sonicated
planktonic bacteria. Part of bacteria in planktonic state are damaged/killed by ultrasound, which is
demonstrated by lower CFU count in sonicated samples versus control group.
Conclusions: Optimal ultrasound frequencies for sonication of S. aureus, P. aeruginosa and E. coli are 35
kHz and 40 kHz. Ultrasound frequencies used in sonication process (35 kHz, 40 kHz, 53 kHz) of E. coli
showed same impact on bacteria survival. It is crucial to perform further assessment of ultrasound
parameters on clinical effects of sonication used in PJI diagnostics.
© 2020 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
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Introduction

Periprosthetic joint infection (PJI) is a devastating complication
after total joint arthroplasty. According to literature, the incidence
of PJI remains <1%. Nevertheless, the number of total joint
arthroplasties rises every year, driving the total number of this type
of complication to a high level. Sonication of an explanted
prosthesis constitutes an element of microbiological diagnostics.
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The aim of performing this procedure is to remove biofilm and
increase sensitivity of diagnostics.

Standard available microbiological methods – such as Gram
staining, preoperative joint aspiration and tissue sampling – used
separately are insufficiently reliable for diagnosing PJI pathogens
(Parvizi and Della Valle 2010).

For the last decade sonication has emerged as a practical and
effective method to dislodge biofilm and the associated bacteria
from the surface of the implant. There is a great deal of scientific
research in the literature on the usefulness of sonication in PJI
diagnosis (Zips et al. 1990; Tunney et al. 1998; Trampuz et al. 2003;
Trampuz et al. 2006a; Sampedro et al. 2010; Scorzolini et al. 2014;
Tande and Patel 2014; Yano et al. 2014; Maniar et al. 2016;
Rienmüller and Borens 2016; Macias 2017; Rothenberg et al. 2017;
Prieto-Borja et al. 2018; Li et al. 2018; Bürger et al. 2019). However,
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none of them has ever explored in a reliable and reproducible way
the issue of ultrasound frequency switch in the sonication process.

According to the international Consensus Meeting on Peri-
prosthetic Joint Infection from 2013, sonication was not recom-
mended as an important element of routinely performed
microbiological diagnostics of PJI. The same Workgroup in 2018
noticed and emphasized its potentially positive and valuable role,
and since then has been recommending it in PJI diagnostics (Parvizi
and Gehrke 2014; Parvizi et al., 2018).

Ultrasound used for medical purposes is low-frequency (20–
100 kHz) and low-intensity (<10 W/cm2) (Samuels et al. 2013).
With this wide range of frequency that can be used in the
sonication process, it is necessary to find the golden mean between
biofilm dislodging and planktonic bacteria sparing.

Regular microbiological tests at the current institution are
based on cultivation of joint fluid and intraoperatively taken
specimens (3–5 samples). Biological material is also obtained by
sonication of the explanted prostheses, according to the protocol
presented by Monsen (Monsen et al. 2009). Nevertheless, despite
the occurrence of clinical signs of an infection in some cases, it is
unable to grow any microorganisms.

Although sonication is a very efficient method of microbiolog-
ical diagnostics, with higher sensitivity than tissue culture, it still
remains an imperfect method (Trampuz et al. 2006b; Piper et al.
2009; Holinka et al. 2011; Cazanave et al. 2013). This might indicate
that the parameters of sonication were inappropriate for the
bacteria causing PJI. According to a retrospective analysis of
surgical site infections (SSI) at the current institution, the most
common pathogens responsible for PJI are Staphylococcus aureus (S.
aureus), Staphylococcus epidermidis (S. epidermidis), Enterococcus
faecalis (E. faecalis), Escherichia coli (E. coli), and Pseudomonas
aeruginosa (P. aeruginosa) (Grajek et al. 2015).

Materials and methods

This study aimed to determine the least harmful low-intensity
ultrasound frequency (35 kHz, 40 kHz or 53 kHz) to use during the
sonication process. The major sonication parameters such as
temperature, time and ultrasound intensity were fixed and
amounted to 20 �C, 7 min and 0.12 W/cm2, respectively.

Sonication was performed in two sonication baths: Branson
Ultrasonic Cleaner 2800, 40 kHz and Bene Excellence, 35 kHz and
53 kHz. In order to confirm ultrasound frequency, measure
ultrasound intensity and maintain constant parameters in both
ultrasonic baths during each stage of the experiment, tests were
performed with hydrophone (measuring chain consisted of
hydrophone Reson TC4013; preamplifier Reson VP1000; A/D
converter National Instruments USB-6259; National Instruments
SignalExpress2015 software). Mean ultrasound intensity remained
at desirable low level of 0.12 W/cm2 (�0.01) for both sonic baths
preset on 100% input power. Ultrasound frequency was as declared
by both manufacturers.
Table 1
Bacterial species and growth media.

Bacteria No. by ATCC Growth medium 

Staphylococcus aureus 29,213 Columbia agar + 5% 

Mannitol salt agar
Enterococcus faecalis 29,212 Columbia agar + 5% 

Enterococcosel (bile 

Pseudomonas aeruginosa 27,853 MacConkey agar wit
Chromagar orientatio

Escherichia coli 25,922 MacConkey agar wit
Chromagar orientatio
Four different bacteria species were selected in line with the
retrospective analysis of SSIs at the current institution: 1. S. aureus,
ATCC 29,213; 2. E. faecalis, ATCC 29,212; 3. P. aeruginosa, ATCC
27,853; and 4. E. coli, ATCC 25,922 (Grajek et al. 2015). The bacterial
species and growth media are presented in Table 1. Each species of
bacteria was divided into four groups: (1) control group, (2) 35 kHz
group, (3) 40 kHz group, and (4) 53 kHz group. The number of
microbiological studies for each bacteria type totaled 160 speci-
mens (based on: 1 species of bacteria – 4 groups, 40 studies each).

Colonies were suspended in 0,9% sodium chloride overnight as
a sonication buffer. The number of colony forming units (CFU) in
each specimen was estimated according to the densitometer
indication of 0.5 McFarland standard (1*108 CFU/mL) and then
diluted in 1:100000 manner. After proper dilution, 2 mL of
bacterial suspension was added to each of four sonication tubes
made of soda glass. Tubes were placed in the sonication tank so
that the level of bacterial suspension was below the level of
sonication water. The first tube was a control group, the second was
sonicated in 35 kHz, the third in 40 kHz, and the fourth in 53 kHz.
Sonication was performed for 7 min with continuous ultrasound, a
constant temperature (20 �C) and mean ultrasound intensity of
0.12 W/cm2 (�0.01). Samples (100 mL) from the sonication buffer
were collected after 7 min of sonication and placed on
corresponding growth media: S. aureus - Columbia agar + 5%
sheep blood, mannitol salt agar; E. faecalis - Columbia agar + 5%
sheep blood, Enterococcosel agar (bile esculin azide agar); P.
aeruginosa - MacConkey agar with crystal violet, CHROMagar
orientation; and E. Coli - MacConkey agar with crystal violet,
CHROMagar orientation (Figure 1). After 48 h of incubation at 37 �C
and aerobic conditions, plate counting was performed. The number
of CFU from each agar plate was noted and then statistically
analyzed. Shapiro-Wilk, one-way analysis of variance and post-hoc
Bonferroni correction were used in statistical analysis.

Results

Normality was checked using the Shapiro-Wilk test, which
showed that all groups followed normal distribution. The effect of
ultrasound varies between bacteria and frequency. One-way
analysis of variance (one-way ANOVA) was performed to test
the hypothesis that ultrasound frequency is the main parameter
that has a significant impact on survival of sonicated bacteria.

S. aureus: Tests revealed significant differences between
studied frequencies (35 kHz, 40 kHz and 53 kHz) for S. aureus (F
(2.127) = 53.21; p < 0.001; h2 = 0.46). Afterwards, post-hoc analysis
was performed to distinguish which frequency is most appropriate
for S. aureus viability. It showed that bacteria survival at a
sonication frequency of 35 kHz vs 53 kHz (p < 0.001, Cohen’s d =
2.90, 95% CI = 8.46; 16.65) and 40 kHz vs 53 kHz (p < 0.001, Cohen’s
d = 2.07, 95% CI = 12.20; 20.33) was significantly higher, with no
difference between 35 kHz vs 40 kHz (p = 0.082; Cohen’s d = 0.55,
95% CI = 0.13; 7.29) (Figure 2).
Manufacturer Conditions

sheep blood Graso Aerobic, 37 �C, 48 h

sheep blood
esculin azide agar)
h crystal violet
n
h crystal violet
n



Figure 1. Study outline.

Figure 2. Example of sonication result after 48 h of incubation.

160 P. Dudek et al. / International Journal of Infectious Diseases 100 (2020) 158–163



P. Dudek et al. / International Journal of Infectious Diseases 100 (2020) 158–163 161
E. faecalis: Tests revealed that there was no significant
difference between the studied frequencies (35 kHz, 40 kHz and
53 kHz) for E. faecalis viability (F (2.124) = 2.41; p = 0.094; h2 =
0.04).

P. aeruginosa: Tests revealed significant differences between
the studied frequencies (35 kHz, 40 kHz and 53 kHz) for P.
aeruginosa viability (F (2.129) = 7.17; p = 0.001; h2 = 0.10).
Afterwards, post-hoc analysis was performed to distinguish which
frequency is most appropriate for P. aeruginosa viability. It showed
that bacteria survival in sonication frequency of 35 kHz vs 53 kHz
(p = 0.002, Cohen’s d = 0.77, 95% CI = 5.27; 29.83) and 40 kHz vs 53
kHz (p = 0.008, Cohen’s d = 0.60, 95% CI = 3.18; 27.74) was
significantly higher, with no difference between 35 kHz vs 40 kHz
(p = 1.000; Cohen’s d = 0.09, 95% CI = 10.19; 14.37).

E. coli: Tests revealed significant difference between studied
frequencies (35 kHz, 40 kHz and 53 kHz) for E. coli viability (F
(2.120) = 5.80; p = 0.004; h2 = 0.09). Afterwards, post-hoc analysis
was performed to distinguish which frequency is most appropriate
for E. coli viability. It showed that bacteria survival in a sonication
frequency of 35 kHz vs 53 kHz (p = 0.005, Cohen’s d = 1.28, 95% CI =
3.14; 21.82) and 40 kHz vs 53 kHz (p = 0.041, Cohen’s d = 0.60, 95% CI
= 0.28; 19.33) was significantly higher, with no difference between
35 kHz vs 40 kHz (p = 1.000; Cohen’s d = 0.09, 95% CI = –6.85;
12.20).

A noteworthy fact is that Gram-positive bacteria are more
resistant to ultrasound than Gram-negative bacteria, which is
shown in Figure 3.

Discussion

Sonication has emerged as a highly efficient and practical way
of dislodging biofilm and bacteria from implant surfaces. However,
there is a lack of literature connecting the implication of sonication
parameters to clinical results of microbiological diagnostics for PJI
(Tunney et al. 1998; Trampuz et al. 2006b; Scorzolini et al. 2014;
Sampedro et al. 2010; Prieto-Borja et al. 2018; Li et al. 2018; Zips
et al. 1990; Rienmüller and Borens 2016; Macias 2017; Rothenberg
et al. 2017; Bürger et al. 2019; Yano et al. 2014; Maniar et al. 2016).

In early 1990, Zips et al. proved the efficiency of sonication in
biofilm removal (Zips et al. 1990). After 1 min of 38 kHz ultrasound
activity, biofilm of Pseudomonas diminuta and 95% of cells were
proven to be effectively removed.

In a publication about the clinical role of sonication in PJI
diagnostics, Trampuz et al. used a bath with ultrasound density of
Figure 3. Median of bacteria survival after sonication in
0.22 W/cm2 (Trampuz et al. 2006a). A great deal of further studies
used the same or similar ultrasonic baths, but none of the authors
specified or investigated one variable parameter, such as ultra-
sound frequency, with other constant parameters (temperature,
ultrasound intensity and time) (Scorzolini et al. 2014; Sampedro
et al. 2010; Prieto-Borja et al. 2018; Li et al. 2018; Rienmüller and
Borens 2016; Macias 2017; Rothenberg et al. 2017; Bürger et al.
2019; Yano et al. 2014; Maniar et al. 2016; Bjerkan et al. 2009).

Joyce et al. investigated the impact of three different ultrasound
frequencies (20, 40 and 580 kHz) on E. coli and K. pneumoniae, with
similar ultrasound intensity (0.12–0.13 W/cm2) (Joyce et al. 2011).
Bacterial viability was measured by lateral flow cytometry and the
plate counting method. This study showed that cocci-shaped
bacteria are more resistant to ultrasound then bacilli-shaped
bacteria. This observation was confirmed in the current study. The
other important observation was that CFU reduction at 580 kHz
was significantly less than that obtained at lower frequencies (20
and 40 kHz) at the beginning of the sonication process.

Ultrasound intensity is an important parameter of sonication.
The higher the ultrasound intensity, the more pronounced the
cavitation effect and biofilm dislodging (Gibson et al. 2008). To
achieve decontamination of bacteria, high-intensity and low-
frequency ultrasound is usually used. In cases of irradiating with
the mentioned parameters, biofilm removal and planktonic
bacteria cell disruption is achieved, which is undesirable in the
context of microbiological diagnostics of PJI (Joyce et al. 2003). This
is why hydrophone was used and low-intensity ultrasound was
justified in the present study.

Sesal et al. investigated the influence of 30 kHz irradiation on E.
coli and S. aureus. In their study, ultrasound of 30 kHz was applied
in different sonication times (between 5–30 min) at 15 �C with a
nominal power output up to 100 W (Sesal and Kekeç 2014). There
was a lack of information about ultrasound intensity, which is one
of the key parameters of sonication. This study showed no linear
increases in death rates depending on application time for S. aureus
contrary to E. coli, where a linear increase in the bacterial death
rate was observed.

Martin et al. showed that P. aeruginosa biofilm can be
effectively removed with the use of a mean ultrasound intensity
of 0.0001 W/cm2, and E. coli biofilm with 0.01 W/cm2 (Martin and
Feng, 2009). Additionally, the lower the ultrasound frequency, the
more efficient the biofilm disruption. This effect occurs due to a
strict correlation between ultrasound frequency and cavitation
 different frequencies in reference to control group.
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bubble size (released energy during the cavitation bubble
implosion).

In contrast to the above-mentioned studies, Koda et al. showed
that inactivation of E. coli and Streptococcus mutans mainly
depends on ultrasound intensity and the time of bacteria exposure
to ultrasound (Koda et al. 2009). Ultrasound frequency is just a
minor factor affecting bacterial viability, which is only slightly
higher at 580 kHz than 20 kHz. This is contrary to the current
results, which clearly show that with the use of constant
ultrasound intensity, ultrasound frequency is an essential param-
eter affecting bacterial viability.

Trampuz et al. showed that sonication is a useful tool in PJI
diagnostics, increasing sensitivity 78.5% vs 60.8% of tissue culture
and 56.3% of synovial-fluid culture (Trampuz et al. 2006b). In
addition, this study showed that the sensitivity of sonication was
superior to tissue culture in cases of previous antibiotic treatment
within 14 days prior to surgery (75% vs 45%).

In 2009, Monsen et al. suggested a universal sonication protocol
for PJI diagnostics (Monsen et al. 2009). Since then, this protocol
and its modifications are one of the most popular ways of
performing sonication. This method decreases sample contamina-
tion risk and causes the number of CFU after sonication to be
independent from volume of sonication buffer. Worth mentioning
is the fact that this was an experimental in-vitro study.

An important clinical role of sonication is implant infection
diagnostics, which is especially useful in cases of low-grade
infections when no characteristic clinical signs are obvious but
there is pain and functional restrictions of the replaced joint
(Rienmüller and Borens 2016; Maniar et al. 2016). Positive
sonication fluid culture confirmed this in patients who had
revision surgery due to aseptic loosening of the implant or other
mechanical complications with no signs of PJI.

Rothenberg et al. reported higher sensitivity of sonication fluid
culture than synovial fluid culture or intraoperative tissue sample
culture (respectively 90% vs 57% vs 70%) with equal specificity of
near 100% in revision total hip and knee arthroplasty (Rothenberg
et al. 2017). The most frequently isolated bacteria were S. aureus
(31%) coagulase-negative Staphylococci (26%), E. faecalis (5%), and
alfa-hemolytic Streptococci (5%). An important finding was that 53
of 325 cases treated as aseptic failure after sonication fluid culture
proved to be PJI.

Similar results were published by Scorzolini et al., with even
greater differences in sensitivity of sonication fluid culture vs
tissue culture (77% vs 34.1%, respectively) (Scorzolini et al. 2014).
The researchers revealed some sonication parameters, such as
temperature and ultrasound frequency (22 �C, 40 kHz), but no
ultrasound intensity.

Macias proved, in 2017, that positive sonication fluid culture is
independent of soft tissue culture signs of infection. This means
that positive sonication fluid with negative periprosthetic soft
tissue culture could diagnose PJI (Macias 2017).

A CFU cut-off value still remains controversial. Sampedro et al.
agreed that the optimal cut-off is at least 1 CFU for highly virulent
bacteria (i.e. S. aureus) and at least 5 CFU for other bacteria
(Sampedro et al. 2010). Monsen et al. generalized the cut-off value
to >1 CFU, whereas Trampuz et al. calculated a proper cut-off value
of 5 CFU (Trampuz et al. 2006a; Monsen et al. 2009). According to
that study, lowering the CFU limit increases sensitivity as opposed
to specificity, thus creating true doubt about the clinical
significance of the result. This leads to the conclusion, supported
by other researchers, that finding the optimal CFU cut-off value in
microbiological diagnostics is difficult and inconclusive (Trampuz
et al. 2006b; Monsen et al. 2009; Sampedro et al. 2010).
Nevertheless, many authors have determined the CFU cut-off
limit as 5 CFU (Trampuz et al. 2006a; Scorzolini et al. 2014; Macias
2017; Rothenberg et al. 2017; Van Diek et al. 2017). The current
institution agrees that the CFU threshold for positive sonication
fluid culture is 5 CFU.

Conclusions

The most frequently used ultrasonic baths in PJI diagnostics run
on low-frequency and low-intensity ultrasound. The key factor is
to use parameters that can dislodge biofilm from explant but harm
the planktonic bacteria as little as possible, to enable proper
microbiological culture. This study proves that low-frequency and
low-intensity ultrasound has a negative influence on planktonic
bacteria. Planktonic bacteria are susceptible to low-frequency and
low-intensity ultrasound and part of them are neutralized, which
was proven by the lower number of CFUs in the sonication groups
compared with the control group.

The current results show that the optimal and comparatively
safe ultrasound frequencies that should be used in microbiological
diagnostics of PJI for S. aureus, P. aeruginosa and E. coli are 35 kHz
and 40 kHz. In cases of E. faecalis sonication, the studied
frequencies showed equal impact on bacteria viability.

Therefore, this laboratory study showed that ultrasound
frequency has a great influence on bacterial viability, and that
further clinical evaluation is required. It is crucial to perform
assessment of ultrasound parameters (especially ultrasound
frequency) on the clinical effects of sonication used in PJI
diagnostics.
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