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Abstract: Orthopaedic implant-associated infections (OIAIs) represent a notable complication of
contemporary surgical procedures, exerting a considerable impact on patient outcomes and escalating
healthcare expenditures. Prompt diagnosis holds paramount importance in managing OIAIs, with
sonication widely acknowledged as the preferred method for detecting biofilm-associated infections.
Recently, dithiothreitol (DTT) has emerged as a potential substitute for sonication, owing to its
demonstrated ability to impede biofilm formation. This study aimed to compare the efficacy of
DTT with sonication in identifying microorganisms within implants. Conducted as a prospective
cohort investigation, the study encompassed two distinct groups: patients with suspected infections
undergoing implant removal (Group A) and those slated for hardware explantation (Group B).
Hardware segments were assessed for biofilm-related microorganisms using both sonication and
DTT, with a comparative analysis of the two methods. A total of 115 patients were enrolled. In Group
A, no statistically significant disparity was observed between DTT and sonication. DTT exhibited
a sensitivity of 89.47% and specificity of 96.3%. Conversely, in Group B, both DTT and sonication
fluid cultures yielded negative results in all patients. Consequently, this investigation suggests that
DTT holds comparable efficacy to sonication in detecting OIAIs, offering a novel, cost-effective, and
readily accessible diagnostic modality for identifying implant-associated infections.

Keywords: dithiothreitol; sonication; implant-associated infections; orthopaedic implants

1. Introduction

The orthopaedic surgical field has expanded rapidly with the advent of newer tech-
niques and optimally designed implants aiming to restore patients’ physiological function
by replacing a destroyed joint (joint arthroplasty) or reinforcing a damaged bone (internal
or external fixation).

Minimally invasive procedures as well as robotic surgery have bloomed during the
last decades, and implant related surgeries are now performed with increased precision
and fewer complications. Bioengineering technology has evolved to provide dedicated im-
plants for minimally invasive approaches with good long-term outcomes [1]. Additionally,
customised implants, specifically designed for each patient, are a promising tool, although
their implementation has not been established yet due to studies showing contradictory
results [2].

Nonetheless, orthopaedic implants may fail to fulfill their expected functional out-
comes due to complications. Loosening is a major one and can be either aseptic or septic.
In the latter form, bacterial growth on the surface of the device is the most commonly impli-
cated mechanism. Methods to overcome these kinds of complications have been developed
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with different implant surface materials and coatings offering theoretical advantages in
mitigating bacterial colonisation. Metals, ceramics, and polymers are the materials most
commonly used—alone or as alloys—in implant manufacturing, allowing for different
mechanical and biochemical advantages over the other. Surface roughness, device design,
implant coating, and addition of antibiotic-loaded cement between the implant and the
bone are some of the factors associated with bacteria adhesion and colonisation. Even so,
these favourable properties have been shown in in vitro or in vivo studies and not yet in
well-powered clinical studies [3,4].

The number of total joint replacements and internal or external fixations performed
annually has increased worldwide, and thus, implant related complications, including
implant-associated infections, have become more common [5,6]. Patients are confronted
with prolonged hospitalisations, longtime antimicrobial treatment, and revision surgery, all
of which are associated with a higher risk of morbidity, mortality, and healthcare costs [7].
The risk of infection after joint replacement ranges between 0.3 and 1.9% [8], after internal
fixation an infection occurs in approximately 5% [9], while after external fixation, an
infection has been reported to lie between 3% and 80% [10].

Specific infection control measures have been recommended to address orthopaedic
implant-associated infections including, among others, perioperative antibiotic adminis-
tration, antiseptic washing quality of both the staff and the patient before surgery, and
behavioural optimisation strategies in the operating room [11].

Implant-related infections may be caused by direct wound contamination or can
be haematogenous in origin. The majority of those though—and most difficult to be
addressed—are biofilm-related. A mature biofilm is a well-organised structure containing a
mixture of microbes, polysaccharides, proteins, and DNA. Biofilms adhere to a surface and
offer a shield of protection to the microorganisms they host, rendering them undetectable
with conventional cultures [12].

Alternative techniques, such as sonication, have been developed to dislodge the
adherent bacteria from the implant surface. Sonication fluid cultures have been found in
multiple studies to improve microbiological diagnostic accuracy [13,14]. Although this
procedure still represents the gold standard for the disruption of the prostheses biofilm
and the enhancement of bacterial growth, the necessary equipment is not available in all
laboratories. Recently, the use of dithiothreitol (DTT) has been shown to inhibit biofilm
formation [15]. The aim of this study was to evaluate the effectiveness of using dithiothreitol
in comparison to sonication fluid culture for identifying the culprit organisms that cause
infection in patients with suspicion of such implant-related infections.

2. Materials and Methods

A prospective cohort study was conducted at our institution between 2018 and 2022.
Delays in recruitment, acquisition, and analysis of samples compared to initial protocol
schedule were attributed to the COVID-19 pandemic.

2.1. Patients

Consecutive patients undergoing implant removal either due to suspicion of implant-
related infection or scheduled removal of metalwork were included. Patients enrolled in
this study were divided into two groups. Group A consisted of patients with suspicion
of implant-related infection, while Group B (control group) consisted of patients with
scheduled removal of metalwork, such as syndesmotic screws. Patients in Group B had
no symptom or sign of infection. Suspicion of infection was based on the presence of one
of the following: CRP > 10 mg/L and/or ESR > 30 mm/h, signs of inflammation (pain,
reduced range of motion, erythema, fever), fistula, or pus. Intraoperatively, the hardware
was aseptically removed and was divided in two equal-length segments for all patients.
Each segment was placed into a separate sterile solid air-tight container, and then the
two containers were transported to the laboratory where they were processed within 6 h
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(Figure 1). The implant segment from the first container was processed with sonication,
and the implant segment from the second container with DTT.
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Figure 1. Hardware aseptically removed and divided in two equal-length segments and each segment
placed into separate sterile solid air-tight containers.

2.2. Techniques

In the sonication method, a low-frequency and intensity ultrasound was performed
in a special ultrasonic water bath (BactoSonic, Bandelin, Berlin, Germany), as described
by Trampuz et al. [16]. Small-sized implants were covered entirely inside the special con-
tainer with Ringer’s solution or 0.9% NaCl, while big-sized implants had only a part of
them—ranging from 80–90%—covered with one of the aforementioned solutions. Subse-
quently, the containers with implants were vortexed for 30 s, followed by sonication at a
frequency of 35–40 kHz for 1 min. After sonication, additional vortexing was performed
for 30 s. This was followed by quantitative inoculation with 100 µLof sonication fluid in a
blood agar plate for aerobic culture at 37 ◦C for 5 days, in a chocolate agar plate in 5% CO2
at 37 ◦C for 10 days, and in a brucella agar plate for anaerobic culture at 37 ◦C for 15 days.
Furthermore, 3–4 mL of ultrasound fluid was added in thioglycolate broth at 37 ◦C. If no
growth was observed in the plates, then the thioglycolic broth was grown in blood and
brucella agar plates. The drills were inspected daily for microbial growth [7]. All samples
were handled in a bio-safety chamber to avoid contamination.

In the second container, an alternative approach was performed to dislodge bacteria
from infected implants. The implant was immersed in a phosphate-buffered solution of
DTT concentration 6.48 mM (0.1% w/v DTT in phosphate-buffered saline) and stirred
mechanically for 15 min at room temperature. Quantitative culture of the solution was then
performed in similar conditions, as mentioned before for ultrasound fluid. Macroscopically,
different microbial colonies were isolated, identified, and tested for antimicrobial suscepti-
bility by using VITEK Compact (Biomerieux, Marcy l’Etoile, France). Sonication or DTT
fluid cultures were considered positive if at least five colonies grew on agar plates after
24 h of incubation for aerobes and fungi, and up to 14 days of incubation for anaerobes.
Samples with suspected contamination were excluded from the study.

2.3. Statistics

Demographic and epidemiological data were recorded in all patients. Informed
consent was obtained from all participants included in the study, and all procedures were
in accordance with the ethical standards of the institutional research committee (protocol
code: 15239 and date of approval: 18 December 2017). The primary outcome of our study
was to evaluate the accuracy of DTT versus sonication, the gold standard method, in
the detection of implant-related infections by calculating DTT’s sensitivity and specificity
with 95% confidence intervals (CIs) in Group A. Positive predictive value (PPV), negative
predictive value (NPV), and overall accuracy of DTT fluid culture in Group A were the
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secondary outcomes. The two methods were compared using McNemar’s test. Differences
were considered significant when p values were equal to or less than 0.05. A sample size of
65 patients was deemed adequate to attain a statistical power of 80% and an α value of 0.05
in the study. All calculations were performed using the statistical software package SPSS
version 16.0 (SPSS Chicago, IL, USA).

3. Results

Samples from 116 patients were collected. One patient was excluded from the study
because one of the containers was not sealed appropriately. Finally, a total of 115 patients
were enrolled in the study, 65 in Group A and 50 in Group B. Patients’ demographics for
each group are summarised in Table 1.

Table 1. Patients’ demographic data.

Group A Group B Total

N (%) 65 (56.5) 50 (43.5) 115 (100)
Age (yr, mean ± SD) 57.13 ± 18.19 55.72 ± 19.01

Gender (male/female) 40/25 27/23 67/48
Patients with diabetes, N (%) 7 (10.76) 8 (16) 15 (13.04)

Patients with rheumatoid arthritis, N (%) 6 (9.23) 1 (2) 7 (6.09)

In group A, both techniques (sonication and DTT) were positive for 34 patients and
negative for 26 patients. Among discordant results, in four cases, microbial growth was
observed in sonication fluid cultures with DTT being negative, while only in one case
sonication was negative with DTT being positive (Table 2).

Table 2. Comparison of sonication vs. DTT fluid culture in patients with suspicion of infection
(Group A).

DTT (+) DTT (−) Total

Sonication (+) 34 4 38
Sonication (−) 1 26 27

Total 35 30 65

McNeamar’s paired test revealed no significant difference between the two methods
(p= 0.3711, 95% CI: 0.005 to 2.526). Assuming sonication as a gold standard method for
biofilm disruption and identification of microorganisms of implant-related infections, the
sensitivity of DTT fluid culture was 89.47% (95% CI 75.20–97.06%) and the specificity was
96.3% (95% CI: 81.03–99.91%).

PPV, NPV, and overall accuracy of DTT fluid culture in Group A were 97.14% (95% CI:
83.20–99.57%), 86.67% (95% CI: 71.95–94.28), and 92.31% (95% CI: 82.95–97.46), respectively.

Among patients with scheduled explantation of metalwork (Group B—control), no
bacterial growth was observed in cultures, and all the results were negative with both
techniques—sonication and DTT. Thus, concordance between the two methods was 100%
in this group.

The total concordance between the two methods in both groups was 95.65% (110/115 cases,
Table 3).

Table 3. Comparison between sonication and DTT technique.

Method Group Positive Negative

Sonication A 38 27
B 0 50

DTT A 35 30
B 0 50
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As presented in Table 4, Gram-positive cocci were the most frequently isolated bac-
teria. Specifically, Staphylococcus epidermidis was isolated from 15 sonicated samples and
13 DTT-treated samples. Staphylococcus aureus was found in 10 and 11 samples treated with
sonication and DTT, respectively. Staphylococcus haemolyticus was found in both sonicated
and DTT-treated cultures in seven cases. In addition, we had three cases where Staphylococ-
cus hominis was identified in sonication fluid cultures but in only one of them DTT achieved
detection of the microorganism. Finally, Staphylococcus lugdunensis, Staphylococcus capitis,
and Enterococcus faecalis were isolated once each.

Table 4. Microorganisms isolated with each technique.

Microorganism Sonication DTT

Staphylococcus epidermidis 15 13
Staphylococcus aureus 10 11

Staphylococcus haemolyticus 7 7
Staphylococcus hominis 3 1

Staphylococcus lugdunensis 1 1
Staphylococcus capitis 1 1
Enterococcus faecalis 1 1

4. Discussion

Orthopaedic procedures using implants have increased over time with a rise in sub-
sequent complications such as orthopaedic implant-associated infections [17,18]. Early
diagnosis and identification of the causative agent are crucial for effective treatment and
management. Considering that low-grade infection is the reason for aseptic loosening
in many cases, clinical evaluation is insufficient for the accurate diagnosis of infection,
and a reliable microbiological diagnostic method is necessary [19]. Periprosthetic tissue
culture constitutes a conventional method of diagnosis that can detect and identify organ-
isms adhered to the prosthesis and is comparable to contemporary techniques when an
appropriate tissue culture protocol is used [20]. However, tissue cultures can be negative
either in the case of previous antibiotic therapy or in the case of infections caused by less
virulent organisms organised within biofilms [21,22]. Biofilm is a consortium of microor-
ganisms enclosed in an extracellular matrix mainly consisting of polysaccharides, proteins,
and eDNA [23,24]. Microbes cannot be detected in periprosthetic tissue specimens since
the prosthesis surface, where the biofilm is formed, is not sampled [25]. The extracellu-
lar polymeric substances (EPS) matrix creates an antibacterial barrier to antibiotics and
makes biofilms resistant to antimicrobial agents at concentrations of up to 1000 times of
that needed to inactivate genetically equivalent planktonic bacteria [26]. Given that, the
proper therapeutic protocol of an implant-associated infection includes the explantation
of the infected hardware. In the case of a healed fracture, that could be achieved with
surgical debridement, implant removal, and appropriate antibiotic treatment [27], while
in the case of periprosthetic joint infection, a two-stage procedure is required [13]. The
infected implant is replaced with an antibiotic-loaded cement spacer, antibiotic therapy is
administered, and a second-stage revision surgery is performed when the infection has
been cured. Conventional tissue cultures have inherent flaws to detect bacteria embedded
in biofilms [28], thus a technique with the capacity to disrupt biofilm is necessary. So far,
sonication constitutes the gold standard technique for biofilm disruption and is a validated
method for detection of implant-associated infections [14]. However, this method is not
used for tissue specimens and has some limitations such as the necessity of dedicated
laboratory tools and a considerable risk of contamination, due to possible damages or
inaccurate sealing of samples’ containers, size of explanted prostheses, and bacteria prolif-
eration in sonication water [29]. Thus, the identification and validation of an alternative
reliable and readily available method would be of prime importance. Wu et al. have
reported that DTT, a sulfhydryl compound commonly used in pathology laboratories, is
able to inhibit biofilm formation in vitro [15]. As with sonication, DTT has been shown to
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be superior to tissue cultures for the identification of implant-associated infections [30].
Furthermore, a recent study from Italy [31] compared the use of DTT versus sonication in
patients with aseptic loosening and periprosthetic joint infection. DTT showed the same
specificity (94.1%) to sonication but higher sensitivity (85.7% vs. 71.4%). However, in this
study, these two techniques were performed at different implant parts of the same patient,
assuming that the infection would affect both components of a total joint arthroplasty.
Processing different parts of an arthroplasty with different techniques—for example, in
a hip arthroplasty processing the acetabular component with sonication and the stem
with DTT—assumes that any infection is localised in both components. The qualitative
characteristics of the bacteria as well as the bacterial load may nonetheless differ between
these two parts, and thus important information might be missed. In another in vitro
pilot study published from the same institute [32], Drago et al. processed polyethylene
and titanium discs, covered by biofilm, with DTT and sonication and found that mean
colony counts were similar with both techniques. In contrast to the above outcomes, a
recent study [33] compared the activity of chemical methods (EDTA and DTT) for biofilm
dislodgement to sonication in an in vitro model of artificial biofilm and demonstrated that
sonication is superior to the chemical methods for dislodgement of bacterial biofilms of S.
epidermidis, S. aureus, E. coli, and P. aeruginosa from the artificial surface. Higher CFU counts
were detected with the sonication technique rather than the EDTA or DTT method with
all tested microorganisms. Sambri et al. [34] have also recently assessed the effectiveness
of DTT in comparison to sonication for the diagnosis of prosthetic joint infections. In this
randomised study, 232 patients undergoing revision knee or hip arthroplasty were allocated
to sonication or DTT. The authors concluded that there was no difference in sensitivity
between DTT and sonication for the detection of prosthetic joint infections, and both of
those tests were more sensitive than standard tissue cultures. Finally, a recent meta-analysis
pooling together data from more than 700 implants compared the diagnostic accuracy of
sonication versus DTT in patients undergoing total hip or knee arthroplasty. The authors
did not find any differences between the two methods after adjusting for baseline antibiotic
use and study quality, in accordance with our results [35].

In our study, we assessed the efficacy of DTT compared with a gold standard technique
to detect implant-associated infections and also tried to identify the causative agent, as
it is accepted that through both DTT and sonication, bacteria can be dislodged from
biofilms and then can be easily cultured. The explanted materials were processed with
both sonication and DTT techniques, and the results were comparable. This is the first,
to our knowledge, study with a direct comparison between the two methods at the same
implant. The explanted hardware was divided into two equal-length parts, and each
sample was allocated either to the sonication or DTT method. Both sonication and DTT
did not detect implant colonisation among healthy control group patients whose hardware
was removed for routine reasons. We believe that the reason for these results is the strictly
aseptic and standardised technique used in the sterile environment of a surgical room
during the removal of these implants, decreasing the risk of contamination. A low bacterial
load unable to be detected by either sonication or DTT could be an alternative reason for
negative results, although the rate of such false negative results with these methods is quite
low [36]. This would be more commonly expected in healthy controls without symptoms
of an infection and with an intact immune system able to mount a strong immune response
to prevent a clinically significant infection.

In an era where multidrug-resistant organisms have emerged as a major health system
threat and cost effectiveness is a driver in health infrastructure-related decisions, a reliable
and cheap method to identify causative microbes of orthopaedic implant-related infections
is, in our opinion, of paramount importance.

5. Conclusions

The results of our study showed that the DTT technique is non-inferior in comparison
to the sonication technique and is an alternative option obviating the need for specialised
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equipment needed for sonication. Further studies with a larger sample size are required
to validate our findings. In conclusion, DTT represents a new, non-expensive, and readily
available diagnostic method for detection of implant-associated infections.
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