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Background. The Prevention of Arrhythmia Device Infection Trial (PADIT) investigated whether intensification of periopera-
tive prophylaxis could prevent cardiac implantable electronic device (CIED) infections. Compared with a single dose of cefazolin,
the perioperative administration of cefazolin, vancomycin, bacitracin, and cephalexin did not significantly decrease the risk of infec-
tion. Our objective was to compare the microbiology of infections between study arms in PADIT.

Methods. This was a post hoc analysis. Differences between study arms in the microbiology of infections were assessed at the
level of individual patients and at the level of microorganisms using the Fisher exact test.

Results.  Overall, 209 microorganisms were reported from 177 patients. The most common microorganisms were coagulase-
negative staphylococci (CoNS; 82/209 [39.2%]) and S. aureus (75/209 [35.9%]). There was a significantly lower proportion of CoNS
in the incremental arm compared with the standard arm (30.1% vs 46.6%; P = .04). However, there was no significant difference
between study arms in the frequency of recovery of other microorganisms. In terms of antimicrobial susceptibility, 26.5% of micro-
organisms were resistant to cefazolin. CoNS were more likely to be cefazolin-resistant in the incremental arm (52.2% vs 26.8%,
respectively; P = .05). However, there was no difference between study arms in terms of infections in which the main pathogen was
sensitive to cefazolin (77.8% vs 64.3%; P = .10) or vancomycin (90.8% vs 90.2%; P = .90).

Conclusions. Intensification of the prophylaxis led to significant changes in the microbiology of infections, despite the absence
of a decrease in the overall risk of infections. These findings provide important insight on the physiopathology of CIED infections.

Trial registration. NCT01002911.
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serious complications causing significant morbidity and mor-
tality [1]. They can affect between 1% and 3.4% of all CIED
implantations, with higher infection rates during replacements,
revisions, and upgrades [2, 3]. From a pathophysiology per-

Open Forum Infectious Diseases®2021
© The Author(s) 2021. Published by Oxford University Press on behalf of Infectious Diseases

spective, most of these infections (in particular, those occurring
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within 6 months of implantation) are believed to occur mainly
intraoperatively following local contamination during implan-
tation [4-6]. This hypothesis is supported by the observation
that microorganisms can frequently be recovered from the
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CIED pocket immediately after implantation and before wound
closure [4]. Consequently, intensifying the perioperative pro-
phylactic regimen has drawn significant interest to prevent
these complications.

Recently, we reported on a large-scale cluster randomized
crossover trial (Prevention of Arrhythmia Device Infection
Trial [PADIT]) to investigate the benefits of intensifying the
perioperative antimicrobial prophylaxis in terms of the risk of
CIED infection compared with a standard single preoperative
dose of cefazolin [7-9]. The incremental bundle was composed
of preoperative administration of cefazolin and vancomycin,
incisional wound irrigation with topical bacitracin before skin
closure [10], and the administration of a 2-day postoperative
course of oral cephalexin [10, 11]. The selection of this reg-
imen was based, among other considerations, on the fact that
the current standard of care (preoperative cefazolin) does not
provide coverage against up to 45% of pathogens causing CIED
infection (mainly methicillin-resistant staphylococci and en-
terococci) [12]. The vast majority of these pathogens, however,
remain sensitive to vancomycin [12].

PADIT enrolled 19 603 patients from 28 institutions in
Canada and the Netherlands. Hospitalization for infection was
reduced by a nonsignificant 23% in the incremental therapy
arm (odd ratio, 0.77; 95% CI, 0.56-1.05; P = .10). At the mo-
ment, the reasons underlying the failure of the incremental reg-
imen to prevent CIED infections are incompletely understood.
The lower-than-expected infection rate in both arms may have
contributed to a decrease in study power [13].

Whether the choice of prophylaxis had any influence on the
microbiology of CIED infections has not been fully investigated
[7]. Hence, we conducted a study to (1) describe the microbi-
ology of infections that occurred in the context of PADIT and
(2) compare the microbiology and antimicrobial susceptibility
profiles between the 2 treatment arms.

METHODS

Study Design and Setting

This study is a post hoc analysis of data collected prospectively.
The design and primary results of the original PADIT trial have
been published [7-9]. Briefly, the primary outcome included
hospitalization for device infection (pocket infection or infec-
tive endocarditis), pocket erosion and device exposure (with
or without overt infection), or infective endocarditis/blood-
stream infections within 1 year of the procedure. Although the
main outcome of PADIT focused on 12 826 high-risk individ-
uals (eg, those with repeat procedures on an existing pocket or
recipients of cardiac resynchronization therapy), this analysis
includes infections in both high-risk and low-risk patients en-
rolled in the study (n =19 559). Bloodstream infections were
defined according to 2008 National Healthcare Safety Network
and US Centers for Disease Control and Prevention definitions

for primary bloodstream infections [14]. Common skin con-
taminants had to be cultured from 2 or more blood cultures
drawn on separate occasions to be considered significant [14].
Adjudication was performed by 2 investigators (Y.L. and P.G.)
blinded to treatment received, with all discrepancies resolved by
an adjudication committee.

Microbiological Methods
Microbiological samples (either pocket or wound cultures,
blood cultures, vegetation, or CIED lead cultures) were pro-
cessed by each participating hospital as per their routine lab-
oratory standard operating procedures [8]. In this pragmatic
approach, there was no standardized protocol for sample col-
lection, transportation and handling, processing, and reporting.
Up to 3 microorganisms could be reported per patient [8].
Sensitivity to cefazolin was collected for each microor-
ganism whenever reported by the microbiology laboratory.
In case of missing information, inferred sensitivity was con-
ducted when possible (eg, inferred resistance to cefazolin
for Enterococcus spp.; inferred sensitivity to cefazolin for
methicillin-sensitive S. aureus). Similarly, sensitivity to vanco-
mycin was inferred for most microorganisms, as susceptibility
to this antibiotic is generally predictable. Sensitivity to baci-
tracin was not recorded or inferred. In case of polymicrobial
infection, a single blinded assessor (Y.L.) determined the most
likely pathogen for the infection based on speciation and rela-
tive potential virulence.

Analyses

All the analyses were performed among patients who had an
adjudicated infection event. Categorical variables were sum-
marized as frequencies and percentages. Missing data were ex-
cluded from the denominators. The following variables were
compared between study arms at the patient level using the chi-
square test or Fisher exact test, as appropriate: monomicrobial
vs polymicrobial infection, proportion of main pathogens that
are sensitive to cefazolin and vancomycin, and whether at least 1
(or all) of the reported pathogens isolated from a single patient
were sensitive to cefazolin and/or vancomycin. Types of micro-
organisms as well as their sensitivity to cefazolin were analyzed
at the level of reported microorganisms using logistic mixed-
effects models with patients as random effects to account for the
potential underlying correlation among multiple microorgan-
isms in the same patient. P values calculated from mixed-effects
models were reported for variables with at least 10 cases. The
overall distribution of microorganisms was compared between
treatment arms using the Fisher exact test to account for small
cell counts. Analyses were conducted in SAS 9.4 software (SAS
Institute, Inc., Cary, NC, USA). A 2-tailed P value <.05 was
considered to indicate statistical significance. Adjustments for
multiple comparisons were not performed considering the ex-
ploratory nature of the study.
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Sensitivity Analyses

CIED infections can occur for up to a year and even longer
after insertion, but infections that occur later are increasingly
likely to be due to postinsertion contamination due to wound
dehiscence or hematogenous seeding. Consequently, in order
to explore the impact of the incremental antibiotic on early in-
fections (which are more likely to be insertion-related), we con-
ducted a sensitivity analysis using only infections that occurred
within 90 days of insertion.

Patient Consent

The study was approved by each local research ethics committee
(REC). A waiver of individual written informed consent was
approved by each REC. The rationale for obtaining a waiver of
consent has been described previously [8].

RESULTS

Between December 2012 and September 2016, a total of 19 603
patients were enrolled. Rehospitalization for the primary out-
come within 1 year of follow-up occurred in 99 patients (1.03%)
receiving standard treatment and in 78 (0.78%) receiving en-
hanced treatment (odds ratio, 0.77; 95% CI, 0.56-1.05; P = .10)
[7]. The most frequent primary outcomes were skin, subcu-
taneous/pocket infections (n = 151), bloodstream infections
(n = 52), infective endocarditis (n =50), and erosion of the
pocket without overt signs of infection (n = 4). Most patients
with bloodstream infections (46/52, 88%) also met the case
definition for skin infections, subcutaneous/pocket infections,
and/or infective endocarditis. In terms of timing of infections,
most infections (119/177 [67.2%]) occurred within 3 months of
insertion, 24 (13.6%) occurred >3-6 months after insertion, 20
(11.3%) occurred >6-9 months after insertion, and 14 (7.9%)
occurred >9-12 months after insertion.

In terms of infected patients, most infections (103/177
[58.2%]) were monomicrobial (Table 1).

ganism was reported in 37 patients (20.9%). There was no

No microor-

difference between the conventional and incremental study
arms in the proportion of infections that were monomicrobial,
polymicrobial, or without pathogens reported (P > .05 for each
comparison). In terms of antimicrobial susceptibility, there
were no significant differences between the study arms in terms
of proportion of infected patients for whom the main pathogen
was sensitive to cefazolin or vancomycin. Likewise, no differ-
ences were detected in the proportion of infections in which
at least 1 pathogen was sensitive to cefazolin or vancomycin.
Finally, the proportion of infections in which all microorgan-
isms were sensitive to cefazolin or in which all were sensitive to
vancomycin was similar between the intervention arms.

In terms of microorganisms, 209 microorganisms were re-
ported (116 [55.5%] in the conventional arm and 93 [44.5%]
in the incremental arm) (Table 2). Most microorganisms were
reported from wound cultures or CIED lead cultures (149
[71.3%]), whereas 60 were from blood cultures (28.7%). Gram-
positive bacteria represented 90% of all reported microorgan-
isms. The most common types of microorganisms were S. aureus
(35.9%) and coagulase-negative staphylococci (CoNS; 39.2%), of
which 9.7% (7/72) and 35.9% (23/64) were methicillin-resistant,
respectively. Proprionibacterium spp. and gram-negative bacteria
represented 5.7% and 8.1% of all microorganisms, respectively.
The overall distribution of microorganisms was significantly dif-
ferent between treatment arms (P =.006). In terms of specific
pathogens, there was a lower number of CoNS reported in the
incremental arm compared with the conventional arm (Figure
1) and a significantly lower proportion of CoNS in the incre-
mental arm compared with the standard arm (30.1% vs 46.6%;
P =.04). The distribution of other microorganisms was other-
wise similar between treatment arms. For example, there was no
significant difference between study arms in terms of frequency
of recovery of S. aureus, methicillin-resistant S. aureus (MRSA),
Proprionibacterium spp., gram-negative bacteria, and fungi.

Overall, one-quarter (26.5%) of reported strains were re-
sistant to cefazolin (Table 3). Resistance to cefazolin was not dif-
ferent between the conventional and incremental arms (22.1%

Table 1. Comparison of Characteristics of CIED Infections Between Treatment Arms (Patient-Level Analyses)
Characteristic Total (n = 177), No. (%) Conventional (n = 99), No. (%) Incremental (n = 78), No. (%) PValue
Microbiology of infections
Monomicrobial infections 103 (68.2) 54 (54.5) 49 (62.8) .27
Polymicrobial infections 37 (20.9) 23 (23.2) 14 (17.9) .39
No pathogen identified/reported 37 (20.9) 22 (22.2) 15 (19.2) .63
Susceptibility of recovered pathogens
Main pathogen sensitive to cefazolin 85/119 (71.4) 49/63 (77.8) 36/56 (64.2) .10
Main pathogen sensitive to vancomycin 124/137 (90.5) 69/76 (90.7) 55/61 (90.2) .90
At least 1 pathogen sensitive to cefazolin 92/120 (76.7) 52/63 (82.5) 40/57 (70.2) M
At least 1 pathogen sensitive to vancomycin 130/138 (94.2) 74/77 (96.1) 56/61 (91.8) 47
All pathogens sensitive to cefazolin 74/114 (64.9) 42/60 (70.0) 32/54 (69.3) .23
All pathogens sensitive to vancomycin 121/138 (87.7) 68/77 (88.3) 53/61 (86.9) .80

Abbreviation: CIED, cardiac implantable electronic device.
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Table 2. Microbiology of Organisms Reported in the PADIT Trial

Total Conventional Incremental
Microorganism (n=209), No. (%) (n=116), No. (%) (n =93), No. (%) PValue®
Gram-positive bacteria 188 (90.0) 104 (89.7) 84 (90.3) .82
Staphylococcus aureus 75 (35.9) 36 (31.0) 39 (41.9) .36
Coagulase-negative Staphylococcus 82 (39.2) 54 (46.6) 28 (30.1) .04
Streptococcus pneumoniae 1(0.5) 1(0.9 0 -
Enterococcus spp. 4 (1.9) 0 4 (4.3) -
Viridans streptococci 5(2.4) 5(4.3) 0 -
Other streptococci 2 (1.0) 0 2(2.2) -
Proprionibacterium spp.” 12 (6.7) 5(4.3) 7 (7.5) .29
Other gram-positive bacteria 7 (3.3) 3(2.6) 4 (4.3) -
Gram-negative bacteria 17 (8.1) 9(7.8) 8(8.6) .67
Escherichia coli 1(0.5) 1(0.9) 0 -
Klebsiella spp. 1(0.5) 1(0.9 0 -
Serratia spp. 2 (1.0) 2 (1.7) 0 -
Enterobacter spp. 4(1.9) 1(0.9) 3(3.2) -
Other Enterobacteriaceae 1(0.5) 0 1(1.1) -
Pseudomonas aeruginosa 5(2.4) 2 (1.7) 3(3.2) -
Nonfermenting gram-negative bacteria 2 (1.0 2 (1.7) 0 -
Other gram-negative bacteria 1(0.5) 0 1(1.1) -
Other pathogens 4(1.9) 3(2.6) 1(1.1) -
Anaerobic bacteria (other than Proprionibacterium) 2 (1.0) 2 (1.7) 0 -
Candida albicans 2 (1.0) 1(0.9) 1(1.1) =

Abbreviation: PADIT, Prevention of Arrhythmia Device Infection Trial.

?Pvalues were calculated for the variables with at least 10 cases using a logistic mixed model to account for underlying correlation among microorganisms detected in the same patient.

®Includes Proprionibacterium spp. and Cutibacterium acnes (formerly known as P acnes) (Table 3).

vs 31.6%, respectively; P =.24). However, cefazolin resistance
among CoNS was more common in the incremental arm than
the conventional arm (52.1% vs 26.8%; P = .05).

Sensitivity Analyses

Sensitivity analyses that included only early (ie, <90
days) infections were concordant with the main analyses
(Supplementary Data). They confirmed the lack of impact of
the incremental strategy on the proportion of infections that

are monomicrobial, polymicrobial, and of unknown etiology
(P >.05) (Supplementary Table 1). In terms of microbial eti-
ology, it confirmed that the overall distribution of pathogens
was significantly different between treatment arms (P =.003)
and that CoNS were significantly less likely to be recovered
in the incremental arm compared with the conventional arm
(25.0% vs 51.2%, respectively; P =.01) (Supplementary Table
2). It also showed that cefazolin resistance was numerically
more likely to be reported from CoNS in the incremental vs

140+

120~

100+

Number of isolates

Conventional

Figure 1.
Prevention of Arrhythmia Device Infection Trial.

B Other microrganisms

B Gram-negative bacteria

@ Other gram-positive bacteria

& Proprionibacterium spp.

O Coagulase-negative staphylococci

B Staphylococcus aureus

Incremental
arm arm

Number of bacterial isolates reported in the conventional and incremental arms of the PADIT cluster randomized crossover trial. Abbreviation: PADIT,
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Table 3. Cefazolin Resistance of all Microorganisms Reported in the PADIT Trial

Resistance to Cefazolin

Microorganism Both Arms, n/N (%) Conventional, n/N (%) Incremental, n/N (%) PValue®
Staphylococcus aureus 7/72 (9.7) 3/35 (8.6) 4/37 (10.8) -
Coagulase-negative Staphylococcus 23/64 (35.9) 11/41 (26.8) 12/23 (562.2) .05
Other gram-positive microorganisms 4/14 (28.6) 0/5 (0) 4/9 (44.4) -
Other microorganisms 9/12 (75.0) 5/5 (100) 4/7 (57.1) -
Total 43/162 (26.5) 19/86 (22.1) 24/76 (31.6) 24

Abbreviation: PADIT, Prevention of Arrhythmia Device Infection Trial.

#Pvalues were calculated for the variables with at least 10 cases using a logistic mixed model to account for underlying correlation among microorganisms detected in the same patient.

conventional arm, although this analysis did not reach sta-
tistical significance (53.3% vs 26.7%, respectively; P =.10)
(Supplementary Table 3).

DISCUSSION

CIED infections can occur during insertion [15]. They can also
occur postoperatively due to wound infection, wound dehis-
cence, or hematogenous seeding of the device from a remote
focus [15]. Even though the relative contribution of each of
these routes of contamination is currently unknown, it is be-
lieved that most infections occur during implantation rather
than postoperatively [15].

Overall, the microbiology of CIED infections, bloodstream
infections, and endocarditis in PADIT was consistent with the
literature, as S. aureus and CoNS were the most common patho-
gens [1]. The lower incidence of MRSA in our cohort compared
with the United States (where up to 15% of CIED infections are
due to MRSA) is likely the consequence of enrolling Canadian
and Dutch hospitals, which have lower MRSA prevalence [1].
On the other hand, the proportion of microorganisms that were
resistant to cefazolin in PADIT (26.5%) and, more specifically,
the proportion of CoNS that were resistant to cefazolin in the
conventional arm (26.8%) were lower than what is reported in
the literature. Resistance to cefazolin among microorganisms
causing CIED infections in previous studies ranges from 33% to
50% [5, 16, 17]. In a cohort of 816 CIED infections in the United
States, nearly half of CoNS- and half of S. aureus—causing CIED
infections were resistant to cefazolin [16]. This finding is impor-
tant as it could explain in part the lower-than-expected infection
rate in the conventional arm and could have led to a loss in study
power.

Preliminary analyses published in the original manuscript
did not detect any difference in the microbiology between the
2 treatment arms [7]. However, the more detailed analyses pre-
sented in the current study identified differences in the microbi-
ology of infections between the study groups. Infections in the
incremental arm were less likely to be due to CoNS and more
likely to be due to cefazolin-resistant CoNS. This suggests that
intensifying the prophylactic regimen altered the microbiology
of infections, even though it did not significantly decrease the
overall risk of infections.

The mechanism or mechanisms through which intensifica-
tion can lead to a change in the microbiology without signifi-
cantly altering the overall risk of infection remain unclear. The
2-day course of cephalexin postimplantation could have pre-
vented some infections due to cefazolin-sensitive CoNS in the
incremental arm (thereby leading to an overall decrease in the
number of CoNS recovered and a relative increase in the pro-
portion of CoNS that are resistant to cefazolin).

Many studies have investigated the benefit of perioperative
antibiotic to prevent CIED infections, but few have compared
various regimens or have compared the benefits of single-dose
vs prolonged prophylaxis. Among those that have investigated
these questions, many were of variable quality, with many being
retrospective and/or single-center, with inconsistent definitions
of device infection [6]. Furthermore, data regarding the micro-
biology of CIED infections are often not reported [6]. Thus, our
study provides valuable insight by investigating the association
between the choice and duration of perioperative antibiotic and
the microbiology of infection.

The historically high rate of recovery of methicillin-resistant
organisms in CIED infections in patients who receive preop-
erative cefazolin has been widely perceived to reflect break-
through infections that occurred during device implantation,
which led many experts to hypothesize that adding vanco-
mycin to the prophylactic regimen could decrease the risk of
infection. However, our study indicates otherwise. It is pos-
sible that the historically high frequency of cefazolin-resistant
infections in patients who receive cefazolin monotherapy is
not the consequence of intra-operative contamination with
cefazolin-resistant organisms, but rather the result of infec-
tions that occur postoperatively among patients whose skin
microbial flora has been modified by the administration of
cefazolin. This hypothesis is supported by evidence that a
single dose of preoperative cefazolin can significantly alter the
skin microbiome in healthy humans and increase colonization
with cefazolin-resistant strains even in the absence of infec-
tion [18]. Hence, even postimplantation infections (ie, infec-
tions in which microorganisms gain access to the device after
its implantation and completion of the perioperative prophy-
laxis) are at increased risk of being due to cefazolin-resistant
microorganisms. However, these infections would not be
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preventable by the addition of vancomycin to the periopera-
tive antibiotics regimen.

Even the incremental prophylaxis, with its 2 days of
cephalexin postimplantation, provided short-term coverage to
prevent CIED infections considering that the primary outcome
was followed for up to 12 months postimplantation. The lack of
significant effect of the intensive prophylaxis on the overall risk
of infection suggests that many infections may have their onset
postimplantation. This notion is also supported by the fact that
in 87% of infections in the incremental arm, all the pathogens
recovered were susceptible to vancomycin despite the inclu-
sion of vancomycin in the prophylactic regimen. In many of
these infections, the bacteria may have gained access to the de-
vice after the end of the periprocedural prophylaxis (or, alter-
natively, the local tissue vancomycin concentration may have
been insufficient to prevent infection). Hence, intensification of
periprocedural prophylaxis with vancomycin may not be war-
ranted considering the potential risks associated with this neph-
rotoxic antibiotic [19].

By contrast, a recent metanalysis of 5 prospective trials
totaling >4000 patients on the impact of an absorbable, anti-
biotic eluting envelope to prevent CIED infections showed a
>60% relative risk reduction [20]. A subsequent large-scale trial
of >6000 patients also concluded that such a device could pre-
vent 60% of infections [21]. Similar to our study, this trial also
showed a lower proportion of infections due to CoNS in the
enveloped arm (1/25 vs 9/42), although the magnitude of the
decrease was more marked than in our study (81% decrease vs
30% decrease, respectively) [21].

The fact that a relatively short (48-hour) administration of
very broad-spectrum perioperative antibiotics did not signifi-
cantly impact the incidence of infections in PADIT, but that a
drug-eluting envelope that releases antibiotics for >7 days was
successful in preventing CIED infections, reinforces the no-
tion that many CIED infections may have their onset >48 hours
postimplantation (a period that the intensive arm of PADIT
could not influence, but that a long-acting antibiotic eluting en-
velop could impact). Hence, we hypothesize that a large pro-
portion of CIED infections that occur despite administration
of a single preoperative dose of cefazolin may have their onset
postimplantation, and thus are not preventable with intensifi-
cation of the perioperative prophylaxis. These findings suggest
that intraoperative contamination can be optimally prevented
by a single dose of preoperative cefazolin and that preventing
later-onset infections may require other strategies such as im-
proved dressing and wound care, prevention of hematogenous
seeding of the CIED, or prolonged administration of antibiotics
(eg, through drug-eluting envelopes).

The study has strengths. It identifies that the proportion of
cefazolin resistance was lower in our overall population, which
could explain the lower-than-expected incidence of infection in
PADIT. It also provides novel insights that could fundamentally

alter our understanding of the pathogenesis of CIED infections.
This could influence the development of future strategies by re-
orienting our focus on the prevention of infections whose onset
occurs postoperatively rather than intra-operatively. It also has
limitations. The surveillance period in PADIT was for 1 year
postimplantation, but some late infections (in particular, those
that were detected >6 months after implantation) may not have
been related to the insertion process [22]. However, the sensi-
tivity analyses performed using only infections that occurred
within 90 days of insertion confirmed our main findings. The
laboratory protocol to process samples was not standard-
ized, and a maximum of 3 microorganisms could be reported.
Susceptibility to cefazolin was not always reported and could
not always be inferred with confidence. Determining the most
likely pathogen in the case of polymicrobial infection was com-
plex. Data regarding exposure to antibiotics during the 365-day
follow-up period were not available. Still, we believe that these
limitations should be equivalent between study arms in this
randomized trial. Also, no adjustment of multiple testing was
made given the exploratory nature of the study, which could
increase the chance of false positives. To decrease the risk of
false-positive associations, we limited the number of compari-
sons to variables with at least 10 cases. Finally, the potential
benefit of adding vancomycin in regions with high prevalence
of methicillin-resistance remains uncertain [1].

CONCLUSIONS

An intensive but relatively short perioperative prophylaxis sig-
nificantly altered the microbiology of CIED infections without
significantly decreasing the overall risk of CIED infections. We
hypothesize that many infections that occur despite a single
dose of preoperative cefazolin occur due to postimplantation
contamination. Taken as a whole, these findings challenge the
common perception that most infections occur intraoperatively
[4] and suggest that future investigations should focus on

preventing postimplantation contamination rather than

intensifying perioperative measures.
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