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Aims TauroPace (Tauropharm, Bavaria Germany), a taurolidine solution for combating cardiac implantable electronic device 
(CIED) infection, was compared with a historical control of 3% hydrogen peroxide (H2O2) in a prospective observational 
study.

Methods 
and results

The device pocket was irrigated, and all hardware accessible within (leads, suture sleeves, pulse generator) was wiped with 
H2O2, TauroPace, or taurolidine in a galenic formulation during any invasive CIED procedure at the study centre. Only CIED 
procedures covered by TauroPace or H2O2 from 1 January 2017 to 28 February 2022 were included for analysis. Patients 
who underwent >1 procedure were censored for the last treatment group and reassigned at the next procedure. The pri-
mary endpoint was major CIED infection within 3 months. The secondary endpoints were CIED infection beyond 3 months, 
adverse events potentially related to the antimicrobial solutions, CIED system, procedure, and death, till the end of follow- 
up. TauroPace covered 654 procedures on 631 patients, and H2O2 covered 551 procedures on 532 patients. The 
TauroPace group had more patient risk factors for infection than the H2O2 group (P = 0.0058) but similar device and pro-
cedure-specific risk factors (P = 0.17). Cardiac implantable electronic device infection occurred in 0/654 (0%) of the 
TauroPace group and 6/551 (1.1%) of the H2O2 group (P = 0.0075). Death occurred in 23/654 (3.5%) of the TauroPace 
group and 14/551 (2.5%) of the H2O2 group (P = 0.33). Non-infection related adverse events were rarer in the 
TauroPace (3.8%) than the H2O2 (6.0%) group (P = 0.0802).

Conclusion TauroPace is safe but more effective than H2O2 in reducing CIED infection.
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Graphical Abstract

Keywords Cardiac implantable electronic device • Infection • Taurolidine • Tauropace • Hydrogen peroxide

What’s new?

• The first clinical study researching a novel taurolidine containing anti-
microbial solution, designed to prevent cardiac implantable elec-
tronic device (CIED) infections.

• Compares a commercially available hydrogen peroxide 3% solution 
to the taurolidine containing antimicrobial solution.

• Assesses the safety of the intervention with the antimicrobial 
solutions.

• Introduces a novel bundle of techniques to enhance outcome after 
CIED procedures.

Introduction
Cardiac implantable electronic devices (CIEDs) are implanted in ≍1.2– 
1.4 million patients globally per annum.1 CIED infection rate is rising fas-
ter than the expansion in procedural volume.2,3 This may be due to 
CIED patients having more co-morbidities,2,3 receiving more complex 
systems,3,4 living longer, and requiring revisional procedures.4,5 In one 
ultra-long-term study,6 the cumulative probabilities of CIED infection 
were 6.2% at 15 years and 11.7% at 25 years, and 2.6, 2.7, and 24.1% 
after the first, second, and third procedures at 15 years. The hazard ra-
tio (HR) for infection was 3.91 for pulse generator replacement and 
3.08 for system upgrade. CIED infection generally requires complete 
explantation of all hardware.7–9 Lead extraction is a majorly invasive 
procedure associated with significant morbidities and potential mortal-
ity and requires specialist training and equipment.1 Contemporary stud-
ies put the financial costs of treating CIED infection at up to US$77 397 
per patient and up to US$362 606 per patient with sepsis.10,11 Even 
after CIED infection has clinically been ‘cured’, patients continue to 

suffer excess mortality (≍50% higher relative risk) for at least 3 more 
years.12 Only pre-operative antibiotics13–15 and an antibiotic-eluting en-
velope16–20 but not instillation of antiseptic and antibiotic solutions into 
the pocket21–24 have been shown to be effective against CIED infection 
in randomized clinical trials and are recommended in the current 
guidelines.7

TauroPace™ (TP, Tauropharm, Bavaria, Germany) contains dis-
solved taurolidine, a derivative of the non essential amino-sulfonic 
acid taurine that breaks down in vivo to release chemically reactive spe-
cies which destroy pathogens, impede surface adhesion, neutralize 
endotoxin and exotoxin, and promote wound healing.25–35 TP is versa-
tile in its application and can be used to wash the outer surfaces of med-
ical devices, flush their inner lumens, or irrigate the surgical site. The 
safety and efficacy of TP in combating CIED infection was compared 
against a historical control using 3% hydrogen peroxide (H2O2) for 
the same purpose in a prospective observational study.

Materials and methods
Study design
The study was a prospective observational registry comparing the inci-
dences of CIED infection and other adverse events after any CIED pro-
cedure (de novo implantation, revision, upgrade or downgrade with or 
without lead involvement, generator replacement, system explantation 
with or without lead extraction) using TP as intra-operative antimicro-
bial solution adjunct (AMSA) against a historical control using H2O2 for 
the same purpose at a single centre. The CIED procedures and not the 
patients were the sampling units. Patients who underwent >1 CIED 
procedure during observation were deemed to have been censored 
for the initial treatment group and re-classified as new data units 
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(with or without cross-over to the other treatment group) at the time 
of the second CIED procedure.

Study population
An AMSA was used intra-operatively in all CIED procedures at the 
study centre. Three agents had been used: H2O2, taurolidine in a galenic 
formulation, and TP. Initially, the AMSA choice was at the operator’s 
discretion. After January 2020, only TP was used. The TP group in-
cluded all CIED procedures covered with TP: those performed from 
January 2020 to February 2022 were prospectively followed; those per-
formed in 2019 (when TP was first introduced into the study centre) 
were retrospectively analysed. The H2O2 group included all CIED pro-
cedures covered with H2O2 from January 2017 to December 2019 and 
were retrospectively analysed. CIED procedures covered by galenic 
taurolidine were excluded from analysis as the agent has become com-
mercially unavailable.

Procedural details
Multiple measures were incorporated into the standard of care at the 
study centre to minimize the risk of CIED infection and adverse events, 
in accordance with the best practices recommended in guidelines.7

Adjunct antibiotic-eluting mesh envelopes or similar devices are not 
used at the centre.

Pre-operative preparation
All patients had a physical examination, routine blood tests, an electro-
cardiogram (ECG), and an echocardiogram. Any pre-existent CIEDs 
were interrogated. Antibiotic prophylaxis (either cefuroxime 
1500 mg or vancomycin 20 mg/kg) was given to all patients within 
60–120 min before the commencement of the surgical procedure as 
a single dose as per the current guidelines.7 All procedures were per-
formed in an electrophysiology laboratory with laminar airflow and re-
stricted access during the procedure. Safety restraints were applied to 
the patient’s torso, legs, and arms under informed consent. Excessive 
chest hair was removed with an electric clipper as per the current 
guidelines.7 Defibrillation patches were applied to the patient’s chest 
in the anterior-posterior positions. Three ECG electrodes were applied 
to the patient’s limbs as far away from the surgical site as possible.

Anaesthesia and sedation
Local anaesthetic agents (e.g. ropivacaine 3 mg/kg plus clonidine 
100 µg to extend action duration) were injected into anatomical fa-
scial planes under ultrasound guidance and sterile conditions separ-
ately before the patient’s skin was prepared for the main CIED 
procedure. For a pre-muscular pocket, 15 cc of local anaesthetic 
agents was injected between the pectoralis major and minor (PECS 
I block).36 For a sub-muscular pocket, another 15 cc of local anaes-
thetic agents was injected between the pectoralis minor and the ser-
ratus anterior (PECS II block).37 For an inter-muscular pocket needed 
for subcutaneous implantable cardioverter defibrillator (S-ICD) pro-
cedures, an extra 15 cc of local anaesthetic agents was injected lat-
erally between the serratus anterior and latissimus dorsi (serratus 
plane block).38 The parasternal intercostal spaces were instilled 
with the local anaesthetic agents if the procedure involved the 
S-ICD electrode. For sedation, the patient might receive no drugs, 
oral lorazepam, intravenous midazolam, or general anaesthesia 
(S-ICD procedures only).

Skin preparation
The patient’s skin from the mid-axillary line to the contralateral sternal 
border, both shoulders and upper arms, and the neck up to the ear-
lobes were cleaned with an anti-septic solution (exclusively povidone 
iodine; chlorhexidine not used). The non-cleaned areas of the patient’s 
body were then covered with self-adhesive drapes. Adhesive iodophor- 

impregnated incision foils were not used. Skin preparation was exclu-
sively performed by the physician operator, who double-gloved for 
the step and discarded the outer gloves afterwards. All surgical gowns, 
drapes, and gloves were disposable single-use.

Intra-operative use of antimicrobial solution adjunct
The AMSA was applied intra-operatively by: (i) immersing the hardware 
in the AMSA; (ii) using a swab saturated with the AMSA to wipe, wrap, 
and handle the hardware; (iii) flushing sheath/catheter lumens (TP only); 
and (iv) irrigating the surgical site with the AMSA. For S-ICD proce-
dures, only TP was used as the AMSA. For all other types of CIED pro-
cedures, either TP or H2O2 was used. A total of 100 cc of AMSA were 
used per procedure.

For de novo implantation, the pocket was irrigated with the AMSA 
after sheath insertion into the target vein. The new lead was wiped 
with an AMSA swab before insertion. The suture sleeve was slid up 
and down the lead body through AMSA swab to ensure complete 
coverage of all surfaces. After the lead tip had been satisfactorily de-
ployed, the sleeve was moved into position for fixation through an 
AMSA swab. After the sleeve had been fixed, the lead body, sleeve, su-
tures, and adjacent tissues were irrigated with 5 cc of the AMSA. The 
pulse generator was either immersed in the AMSA or wiped/wrapped 
with an AMSA swab. The connector pin and the pulse generator were 
handled through AMSA swabs during connection. The tip of the torque 
wrench was dipped in the AMSA before engaging the set screw. The 
pulse generator and attached leads were inserted into the pocket 
through AMSA swabs. The pocket (and all the hardware within) was ir-
rigated with the AMSA and closed, employing a continuous absorbable 
suture for the deep layer (hypothesis: interrupted suture promotes su-
ture granuloma formation) and continuous subdermal non-absorbable 
suture for the dermal layer. Interrupted suture with adjunct adhesive 
strips was rarely used.

For any CIED revision procedure (replacement, upgrade, down-
grade), the incision was made cranial to the pre-existent pulse gener-
ator to avoid damaging the hardware within. The pocket was 
irrigated with the AMSA as soon as it was opened in case there was 
any potential dormant bacterial colonization.39 The pulse generator 
was mobilized and extracted out of the pocket through an AMSA 
swab. The torque wrench was dipped in the AMSA before and dis-
carded immediately after use. The connector pins and accessible seg-
ments of the pre-existent leads were wiped with AMSA swabs. The 
fibro-collagenous capsule of the pocket was not removed (i.e. no at-
tempt at capsulectomy as per the current guidelines7) and irrigated 
with 5 cc of the AMSA instead. Any new leads and pulse generator 
were prepared and handled with the AMSA as for de novo implantation. 
A new torque wrench pre-dipped in the AMSA was used to connect 
the connector pins of all leads (old or new) to the pulse generator. 
Pulse generator handling and pocket irrigation were for de novo 
implantation.

S-ICD implantation was performed exclusively with the two-incision 
technique and TP as the AMSA.40 The S-ICD lead was prepared and 
handled with TP as for a transvenous lead. The tunnelling tools (long 
and short) were wiped with TP swabs, and the introducer sheaths 
flushed with TP before insertion. After the long tunnelling tool had 
been passed between the axillary and the xiphoid incisions, the lead 
was attached to the long tunnelling tool with a suture and pulled out 
of the xiphoid incision under a TP swab. The shock coil segment of 
the lead was wrapped with a TP swab before placement. After the tun-
nelling tool sheath assembly had been inserted into the intended para-
sternal position, the tunnelling tool was withdrawn under a TP swab 
holding the sheath in place. The sheath lumen was flushed with another 
5 cc of TP. The S-ICD lead was unwrapped and inserted into the 
sheath, displacing the TP into the surrounding subcutaneous tunnel. 
The sheath was peeled under a TP swab holding the lead in place. 
The suture sleeve was fixed. The xiphoid incision was irrigated with 
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5 cc of TP and then closed. A suture was attached to the fascia of the 
serratus anterior for pulse generator attachment. The pocket was irri-
gated with 5 cc of TP. The S-ICD pulse generator was prepared, 
handled, and connected to the lead as for a transvenous CIED. The 
pocket was irrigated with 50 cc of TP and then closed with a specific 
skin closure device (ZIP skin closure, Stryker) after the fascial incision 
plane had been closed with interrupted absorbable suture in the 
deep wound ground.

Post-operative care
After the wound had been closed, the surgical site was re-cleaned with 
povidone iodine. A sterile surgical dressing was applied to cover the 
wound. Non-sterile pressure dressings were applied on top of the ster-
ile dressing as necessary. Before discharge, the CIED and the wound 
were checked. The patient was instructed to monitor the surgical 
wound, not to shower directly over the wound (waterproof dressings 
provided by the hospital) for 14 days and not to take a full body bath, 
swim, carry heavy loads, or exercise for 6 weeks.

Follow-up
All patients were routinely reviewed in outpatient clinic at 1, 3, 6, and 
12 months post-procedure, unless the procedure was a straightfor-
ward pulse generator replacement, in which case the first review would 
be at 3 months. Thereafter, patients would be reviewed annually. 
Whenever patients did not attend their clinic appointments, their 
CIEDs would be assessed remotely, and their clinical status ascertained 
from their primary cardiologists or general practitioners. If there were 
any concerns about a patient’s well-being or CIED, the patient would be 
contacted to attend clinic in person for complete assessment.

Operators’ experience
The CIED procedures were performed by four operators. For the pur-
pose of the study, 3 operators who had each performed >1000 CIED 
procedures of all complexity before January 2017 were regarded as ‘ex-
perienced’, and the remaining operator who performed <50 proce-
dures per year and <200 procedures over 3 years were regarded as 
‘inexperienced’ and a potential procedure-related risk factor.

Endpoints and event ascertainment
The primary endpoint was ‘major’ CIED infection (as defined by the 
Novel 2019 CIED infection criteria7) within 3 months of the last 
CIED procedure. The secondary endpoints were death from any cause 
(a competing risk for major CIED infection) and adverse events attrib-
utable to the CIED procedure, AMSA, or the CIED system up to the 
last follow-up. A data safety committee comprising three investigators 
(S.B., B.B., and H.B.) adjudicated on all endpoint events. Suspected CIED 
infection was investigated as per the current guidelines: physical exam-
ination, ultrasound scan of the pocket (if no overt hardware protru-
sion), trans-thoracic and/or trans-oesophageal echocardiography, full 
blood count, and a minimum of three sets of blood cultures drawn 
from different sites.7 If management involved CIED re-intervention 
(including system explantation and lead extraction), swabs and tissue 
specimens from within the pocket were sent for microbiology 
examination.

Statistical analysis
In order to generate hypotheses from this consecutive case series, the 
while-on-treatment strategy was followed to handle intercurrent 
events. Patients were analysed as treated and only until an intercurrent 
event changed treatment or prevented observation of the endpoint. 
The primary estimand was the difference of proportions (RD for risk 
difference) of patients with a major CIED infection while alive and un-
revised within 3 months between CIED washed with H2O2 and CIED 

washed with TP. A secondary estimand was the HR of rates of major 
CIED infections while alive, unrevised and followed-up between 
CIED washed with H2O2 and CIED washed with TP. Revision and death 
were considered as censoring observations, accordingly. Only when cu-
mulative incidence functions were estimated, major CIED infection and 
death were considered as competing risks. Because of the observational 
character of the clinical cohort study and the obvious propensity for es-
timates to be biased by the earlier treatment policy and cohort effects 
like the SARS-CoV-2 pandemic, estimates were adjusted. As there is 
evidence for numerous risk factors for major CIED infections, and as 
very few such events could be observed, adjustment was for the num-
ber of risk factors present at treatment. The calculation of 95% confi-
dence intervals (CIs) was done by methods based on the score function. 
Other estimands were estimated using the principle of balancing 
weights.41 To that end, the propensity to be in one of the cohorts 
was estimated by logistic regression on patient, CIED, and 
procedure-related risk factors in their metric form, if any, e.g. proced-
ure duration and age (see supplementary material online, Table S1). The 
average treatment effect in the untreated (ATU) standardizes on the 
population treated with H2O2, and the average treatment effect of 
the treated (ATT) standardizes on the population who received TP. 
The average treatment effect of the eligible standardizes on the union 
of both cohorts, while the average treatment effect in the overlap 
(ATO) standardizes on patients with a risk profile that actually oc-
curred in both cohorts. The ATO answers the question that would 
be better answered by a randomised controlled trial. Secondary end-
points were analysed similarly. Exploratory analyses were logistic re-
gressions. A set of risk factors was screened for predictive value by 
including them in the model one at a time, sorting them by P-value 
and highlighting small P-values in a Bonferroni–Holm procedure.42

This was restricted to mortality, as there were too few events for 
the primary endpoint. Subgroup analyses were restricted to frequency 
tables by the low numbers of events. The software R (version 4) was 
used for statistical analyses.

Oversight
The study was approved by the ethics committee of the statutory 
health commission. The principal investigator (S.B.) and a study monitor 
(cardiologist) oversaw the conduct of the entire study and verified all 
data at source. All prospectively enrolled patients provided written in-
formed consent for their participation. Consent was not required from 
patients whose data were retrospectively and anonymously analysed 
after initial acquisition under Article 27(4) of the Bavarian State 
Hospital Law.

Results
Study population
The TP group includes 654 procedures: 550 procedures (on 534 dis-
tinct patients) from the TP only policy period and 104 procedures 
(on 100 distinct patients; 9 procedures were early revisions crossed 
over from the H2O2 group within 3 months) from the open AMSA pol-
icy period (Figure 1). The H2O2 group includes 551 procedures: 549 
procedures (on 531 distinct patients) from the open AMSA policy per-
iod and 2 procedures (on 2 distinct patients) from the TP only policy 
period (i.e. policy deviation). One procedure from the TP only policy 
period was excluded from analysis because the AMSA used was not re-
corded during revision within 24 h. (No CIED infection was observed 
during follow-up.) The 211 procedures covered by galenic taurolidine 
(used in the study centre from 2015 to 2018) during the open AMSA 
policy period were excluded from analysis as the agent was no longer 
commercially available. However, no infection was observed in the gal-
enic taurolidine group during routine clinical follow-up outside the 
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study. The baseline characteristics are mostly balanced between the 
two study groups (Table 1). The entire study population had a mean 
age of 73.3 (16–99) years and a 64%:36% male:female ratio.

Follow-up
The entire follow-up exceeded 36 months (median 15 months). 
Twenty-four patients in the TP group and 15 patients in the H2O2 

group were lost to follow-up during the course of the study 
(Figure 1). However, 96.7% of the study population completed at least 
3 months of follow-up.

Patient risk factors
The TP group had a higher prevalence of four patient risk factors for CIED 
infection than the H2O2 group (Table 1), including immunosuppression 
(medications such as corticosteroid, methotrexate, mycophenolic acid 
or diseases such as acquired immunodeficiency syndrome, connective tis-
sue disease, vasculitis), haematoma, dialysis, and diabetes. The higher inci-
dence of haematoma in the TP group (6%) than in the H2O2 group (3%) 

might be due to closer prospective surveillance of the former as the 
prevalence of anticoagulation/anti-platelet therapy was similar and the ma-
jority (84%) of haematoma in the TP group was minor and spontaneously 
resolved. Only 16% (6/37) required revision in the TP group, compared 
with 56% (9/16) in the H2O2 group. (Three of the nine revisions from 
the H2O2 group were covered with TP.) The differences in the prevalence 
of dialysis and diabetes become statistically insignificant after adjusting for 
multiple testing. Other known patient factors for CIED infection were ba-
lanced between the two groups.

Procedure and device-related risk factors
CIED types and CIED procedure types were similar between the two 
groups (Table 1). The procedure duration was shorter in the TP group 
(mean 46.6 min; median 41 min) than in the H2O2 (mean 50.0 min; me-
dian 45 min) group. Inexperienced operator was a much more prom-
inent procedural risk factor in the TP group (22.8%) than in the 
H2O2 group (3.1%). The joint distribution of patient and procedure 
and device-related risk factors is shown in supplementary material 

CIED interventions
1 January 2017 to 28 February 2022 

total number of procedures: 1417

Policy changes 1 January 2020

Covered with taurolidine in 2017–18*: 211

Covered with H2O2: 549

Analyses conducted at 3 months follow-up
* No infection occurred after procedures covered with the galenic taurolidine formulation in 2017/2018.
However, as the galenic formulation is no loner commercially available, these procedures were excluded
from analysis
+ No TauroPaceTM use was documented in a revision procedure that occurred within 24 hours of an index
procedure covered with TauroPaceTM . That revision procedure was excluded from analysis. The patient
experienced no infection during follow-up.

TauroPaceTM retrospective
•   Analysed: 104
•   Missing data: 0
•   Lost to follow-up: 4
•   Death: 4  

TauroPaceTM prospective
•   Analysed: 550
•   Missing data: 1
•   Lost to follow-up: 20
•   Death: 19
•   Other: 1  

H2O2
•   Analysed: 551 (= 549 + 2)
•   Missing data: 0
•   Lost to follow up: 15
•   Death: 14
•   Other: 1 

Covered H2O2: 2
(policy deviation)

Treatment not recorded+: 1

Open policy 
Total number of procedures: 864

TauroPaceTM policy 
Total number of procedures: 553

Retrospective Prospective

Figure 1 Enrolment, treatment, and follow-up of the CIED procedures. CIED, cardiac implantable electronic device.
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Table 1 Patient, procedure, and CIED-related risks for CIED infection as median (quartiles) and as counted for adjusted analyses sorted by risk

H2O2 TP Difference 95% CI P-value
N = 551 N = 654

Duration 45 (30; 70) 41 (30; 51) 4 2–7 <0.001

Lockdown procedure 0 (0%) 61 (9%)

CIED 0.0011

PPM 311 (56%) 345 (53%)

ICD 119 (22%) 117 (18%)

CRT-P 26 (5%) 48 (7%)

CRT-D 93 (17%) 135 (21%)

S-ICD 0 (0%) 9 (1%)

CCM 2 (0%) 0 (0%)

Age (years) 77 (69; 82) 76 (67; 82) 1 0–2 0.155

BMI 27.3 (24.2; 30.8) 27.5 (24.8; 30.5) −0.155 −0.777 to 0.293 0.350

CIED procedure 0.452

New placement 385 (70%) 434 (66%)

Downgrade 5 (1%) 9 (1%)

Upgrade 37 (7%) 61 (9%)

Generator replacement 95 (17%) 117 (18%)

Early revision 29 (5%) 33 (5%)

Leads implanted 2 (1; 2) 2 (1; 2) 0 0–0 0.508

Risk factors 4 (3; 5) 4 (3; 6) 0 −1 to 0 0.0042

Patient risk factors 3 (2; 4) 3 (2; 5) 0 0–0 0.0058

Immunosuppression 29 (5.26%) 78 (11.9%) −6.66% −9.83 to −3.55% 6 × 10−5

Pocket haematoma 16 (2.9%) 9 revised 37 (5.66%) 6 revised −2.75% −5.11 to −0.45% 0.0202

Dialysis 4 (0.726%) 14 (2.14%) −1.41% −2.93 to −0.05% 0.0437

Diabetes 162 (29.4%) 227 (34.7%) −5.31% −10.5 to 0.00% 0.0498

Skin disease 32 (5.81%) 52 (7.95%) −2.14% −5.03 to 0.77% 0.146

Age <65 102 (18.5%) 140 (21.4%) −2.89% −7.39 to 1.66% 0.212

Male gender 342 (62.1%) 428 (65.4%) −3.37% −8.83 to 2.07% 0.225

Neoplasia 78 (14.2%) 108 (16.5%) −2.36% −6.42 to 1.76% 0.259

Heart failure 358 (65%) 405 (61.9%) 3.05% −2.42 to 8.47% 0.274

Acute renal failure 48 (8.71%) 67 (10.2%) −1.53% −4.85 to 1.84% 0.365

Anticoagulation/dual anti-platelet therapy 349 (63.3%) 427 (65.3%) −1.95% −7.39 to 3.47% 0.483

Chronic renal insufficiency 230 (41.7%) 283 (43.3%) −1.53% −7.11 to 4.08% 0.593

Chronic obstructive pulmonary disease 47 (8.53%) 59 (9.02%) −0.491% −3.69 to 2.79% 0.764

Previous implant infection 6 (1.09%) 6 (0.917%) 0.171% −1.05 to 1.54% 0.765

Procedure/CIED risks 0 (0; 1) 1 (0; 1) −1 0–0 0.171

Inexperienced 17 (3.09%) 149 (22.8%) −19.7% −23.3–−16.2% 7.8 × 10−12

Procedure >59 min 169 (30.7%) 121 (18.5%) 12.2% 7.31–17.1% 4.1 × 10−4

Leads abandoned 26 (4.72%) 53 (8.1%) −3.39% −6.19 to −0.60% 0.0181

Temporary pacing 7 (1.27%) 17 (2.6%) −1.33% −3.01 to 0.29% 0.069

revision, any 151 (27.4%) 151 (23.1%) 4.32% −0.60 to 9.27% 0.085

>2 leads handled 41 (7.44%) 62 (9.48%) −2.04% −5.19 to 1.16% 0.207

BMI, body mass index; CCM, cardiac contractility modulation; CIED, cardiac implantable electronic device; CRT-D, implantable cardioverter defibrillator able to deliver cardiac 
resynchronization therapy; CRT-P, permanent pacemaker able to deliver cardiac resynchronization therapy; H2O2, hydrogen peroxide 3%; ICD, implantable cardioverter 
defibrillator; PPM, permanent pacemaker; S-ICD, subcutaneous implantable cardioverter defibrillator; TP, TauroPace.
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online, Figure S1. The distributions of these numbers conditional on 
treatment group are shown in supplementary material online, Figure S2.

Primary endpoint
CIED infection was less common in the TP group than in the H2O2 
group over the entire follow-up (Figure 2). In the first 3 months after 
the last procedure, the TP group experienced no major CIED infection 
(i.e. resulting in invasive revision, system explantation, chronic antibiotic 
treatment, or death), whereas the H2O2 group saw six major CIED in-
fections (Table 2), a statistically significant absolute risk difference of 
1.09% (95% CI 0.4–2.35%, P = 0.0075).

Secondary endpoints
Over the remainder of the follow-up, the TP group had 3 major CIED in-
fections and the H2O2 group had altogether 9 (Kaplan–Meier estimated 
event rate, 0.459 and 1.63%, respectively; HR, 0.41; 95% CI: 0.10–1.56; 
HR adjusted for number of risk factors, 0.37; 95% CI: 0.09–1.41, 
Table 3). The average treatment effect estimated with balancing weights 
(Table 4) strengthens this result. Major CIED infection was managed by 

complete system explantation. In only one major CIED infection in the 
TP group, could no pathogen be identified from device or pocket. 
Three common organisms were isolated from the remaining 2 (one 
lead related) and 9 (3 lead related) CIED infections in the TP and H2O2 

groups.
System revisions were necessary in 29 (5%) patients in the H2O2 

group and 33 (5%) patients in the TP group. The complication rates 
are in line with those reported in the current literature.18

Serious adverse effects attributable to either TP or H2O2 were not 
found. Adverse effects attributable to the CIED or procedure were 
fewer in the TP group than the H2O2 group (3.8 vs. 6.0%, difference 
2.2%, 95% CI: −0.26 to 4.79%, P = 0.0803), but the difference did not 
reach statistical significance. Screening of the seven CIED and 
procedure-related risk factors for major CIED infection did not yield 
any statistically significant association with the adverse effects attribut-
able to CIED or procedure (see supplementary material online, 
Table S2).

Death within 3 months post-index procedure occurred in 23/654 
(3.5%) of the TP group and 14/551 (2.5%) in the H2O2 group (differ-
ence −1%, 95% CI: −2.98 to +1.05%, P = 0.33). Screening of the 15 
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Figure 2 Cumulative incidence curves for major CIED infection (top) and death (bottom) by cohort (H2O2, TauroPace™) with pointwise CIs (bro-
ken lines) as unadjusted competing risk estimates. CIED, cardiac implantable electronic device; CI, confidence interval.
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Table 2 Major CIED infections (3 months follow-up)

Sex Age Device Procedure time 
(minutes)

Time to 
onset (days)

Pathogen Risk factors

Male 81 CRT-D 164 22 Staphylococcus 
epidermidis

Haematoma, renal insuff., oral anticoagulation, neoplasia, heart insuff., 
long procedure, male gender, long procedure

Male 61 ICD 50 25 Staphylococcus 

epidermidis

Haematoma, heart insuff., male gender, younger age

Male 81 VVI-R 47 12 Staphylococcus aureus Haematoma, early revision due to lead dislodgement, skin disorder, 
COPD, heart insuff., oral anticoagulation (Afib), Diabetes, male gender

Male 83 VVI-R 52 59 Staphylococcus aureus Chronic renal insufficiency, oral anticoagulation (Afib), heart insuff., 
diabetes, male gender

Female 83 DDD-R 31 7 Staphylococcus 

epidermidis, ConS
Acute on chronic renal failure, malignancy, upgrade revision

Female 73 CRT-D 92 12 Staphylococcus 

epidermidis

Chronic renal insuff., heart insuff. Diabetes, oral anticoagulation, long 
procedure

All major CIED infections occurred in the H2O2 group. 
Afib, atrial fibrillation; ConS; Coagulase-negative Staphylococci; COPD, chronic obstructive pulmonary disease; CRT-D, implantable cardioverter defibrillator able to deliver cardiac 
resynchronization therapy; DDD-R, dual-chamber rate modulated permanent pacemaker; ICD, implantable cardioverter defibrillator; insuff., insufficiency; VVI-R, single chamber 
(ventricular pacing) rate modulated permanent pacemaker. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Cox regressions from outcome on CIED AMSA

Outcome Adjusted for number of HR (TauroPace™ over H2O2) 95% CI

Major CIED infection – 0.408 0.107–1.56

Major CIED infection Risk factors 0.365 0.095–1.41

Mortality – 0.985 0.686–1.41

Mortality Patient risk factors 0.894 0.621–1.29

Shown are estimates of HRs using cause-specific haards with and without adjustments. 
AMSA, antimicrobial solution adjunct; CIED, cardiac implantable electronic device; HR, hazard ratio.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 Cox regressions from outcome on CIED AMSA weighted by different functions of the propensity to belong to a cohort

Estimand Population Question: should TP be … HR*
(95% CI)

With respect to major CIED infection

ATU Receiving H2O2 … withheld from those who got it? 0.451 (0.103–1.98)

ATT Receiving TP … extended to those who got H2O2? 0.545 (0.113–2.62)

ATE Union of both … used in all eligible? 0.495 (0.115–2.14)

ATO Overlap of both … used if undecided between the two? 0.34 (0.069–1.68) |

With respect to all-cause mortality

ATU Receiving H2O2 … withheld from those who got it? 0.846 (0.535–1.34)

ATT Receiving TP … extended to those who got H2O2? 0.985 (0.658–1.47)

ATE Union of both … be used in all eligible? 0.916 (0.619–1.35)

ATO Overlap of both … used if undecided between the two? 1.07 (0.745–1.54) |

Shown are estimates of HRs using cause-specific hazards with and without adjustments. 
AMSA, antimicrobial solution adjunct; AT, average treatment effect; CIED, cardiac implantable electronic device; TP, TauroPace; U, ‘untreated’ (the H2O2 group); T, ‘treated’ (the TP 
group); E, ‘eligible’ (union of the H2O2 and TP groups); O, ‘overlap’ (intersection of the H2O2 and TP groups); HR, hazard ratio; CI, confidence interval.
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patient risk factors for major CIED infection (see supplementary 
material online, Table S3) reveals renal impairment as the main driver 
for mortality. Screening was repeated with survival times explained 
by patient, procedure and device risk factors for the different estimands 
(see supplementary material online, Tables S3a to S3d). Prospective re-
cruitment for the TP group coincided with the worldwide COVID-19 
pandemic, which might also partially account for the higher mortality 
rate in the TP group.

Discussion
Cardiac implantable electronic device (CIED) infection is a major draw-
back of CIED therapy. Recent epidemiological data show a worrying 
trend towards higher incidence and potential under-detection of 
CIED infection.43,44 Certain patient-specific and procedure- or 
device-related risk factors predispose to CIED infection.11,45,46

Various measures have been explored to reduce CIED infection,24,47,48

but none has been consistently shown to be effective.23,49 The current 
guidelines do not recommend and even discourage antibiotic or anti-
septic pocket irrigation during CIED procedures,7,43 but the clinical 
practice is well established and still commonly practised despite the ab-
sence of conclusive evidence for clinical benefit.18,47

TauroPace is designed to disinfect CIED hardware and the surgical 
site (pocket) and could be used as an AMSA during CIED procedures. 
The active ingredient of TP is taurolidine, a derivative of the non- 
essential amino acid taurine. In vivo, taurolidine breaks down into taurine 
amide and finally taurine and water. N-Methylol groups released during 
the process chemically react with the amino and hydroxyl groups of sus-
ceptible molecules in the cell wall of pathogens and certain toxins, de-
naturing the endotoxins and polysaccharide/lipopolysaccharide 
components in the cell wall of pathogens and deactivating susceptible 
exotoxins. These chemical changes stop pathogens from adhering to 
the surfaces of both inanimate objects and organic tissues.50,51 Even es-
tablished biofilms could become disrupted.52 Clinical evidence showing 
the safety and efficacy of taurolidine in preventing infection of both or-
ganic and inanimate objects placed into the human body (including dir-
ectly into the bloodstream) is rapidly accumulating.53–60 TauroPace has 
been successfully used to salvage infected CIEDs and prevent 
explantation.61–63

The TP group included patients at an elevated risk of death from co- 
morbidities, probably aggravated by the COVID pandemic. However, 
major CIED infection rate was lower in the TP group than in the 
H2O2 group throughout the study duration. The rates of major CIED 
infection beyond 1 year post-procedure of 1.63% for the H2O2 group 
and 0.46% for the TP group are comparable with or better than those 
reported in randomised controlled trials,17,18 without any concomitant 
rise in the complication (e.g. lead dislocation or malfunction, threshold 
elevation, haematoma, the twiddler syndrome) or system revision 
rates. In fact, when compared with the contemporary outcome results 
from other centres in the literature, the overall complication rate at the 
study centre was lower.18,64 This reflects a generally high performance 
standard at the study centre, even under extended and intensified 
scrutiny.

No adverse effects (e.g. allergy, anaphylaxis) was observed with the 
intra-operative use of TP adjunct in >600 CIED procedures over 4 
years. The use of TP adjunct shortened the procedure duration by 
4 min compared with H2O2. Moreover, the general procedure dur-
ation recorded at the study centre was also shorter than those re-
ported in the current literature.18,64

Based on the study results, the number-needed-to-treat (NNT) with 
TP to prevent one major CIED infection compared with H2O2 is 92 
(=1/1.09%). Given the high cost of treating major CIED infection, the 
relatively low NNT and cost of TP appears to justify its routine use 
in all CIED procedures, without the need to target selectivey cases 

deemed to be at extraordinarily high risk.65 This is a major clinical bonus 
for patients and operators alike.

Limitations

• Comparing a prospectively and consecutively enrolled cohort with a 
retrospectively evaluated historic control may introduce biases. 
Physicians performed better when enrolling patients in a prospective 
manner. Inexperienced operators performed the CIED procedure fas-
ter during prospective enrolment in the study.

• Intensity of surveillance might introduce bias. Compared with the retro-
spective H2O2 group, haematoma was observed more frequently but 
led to revision less frequently in the prospective TP group. Infections 
are hard to adjudicate retrospectively after death. However, undetected 
CIED infections in the retrospective H2O2 group would strengthen the 
superiority of TP.

• Patient selection was unlikely to have influenced the outcome in the 
prospective cohort, as all procedures were covered with TP and in-
cluded in analysis. In the retrospective cohort, patients deemed to be 
most at risk of CIED infection or death appear to have been treated 
with galenic taurolidine rather than H2O2. Such a bias would strengthen 
the superiority of TP.

• The retrospective cohort was operated by two of the three senior phy-
sicians, who used H2O2. The third physician had started using galenic 
taurolidine before the start date of the retrospective observation period 
in January 2017. Operators’ skills might have been a confounding factor. 
However, 2/3 of the extract procedures in the TP group were per-
formed by the early TP adopter before the policy change in January 
2020.

• Major CIED infections were rare, which makes it difficult to ascertain 
treatment effects.

• Follow-up was censored at 3 months in many patients, especially in the 
TP group (enrolment started later). Differential follow-up might intro-
duce bias to cumulative incidence functions in competing risks analysis, 
but not for cause-specific estimates of HR.

Conclusions
Intra-operative TP is more effective than H2O2 in reducing acute CIED 
infection in an observational study. No significant safety issues have 
been observed with TP use during all follow-up. The clinical utility of 
TP in reducing CIED infection deserves validation in large randomized 
trials.

Supplementary material
Supplementary material is available at Europace online.
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