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Abstract 

Background

Mechanical circulatory support with ventricular assist device (VAD) is a life-saving 

therapy in children with end-stage heart failure. Infections are a major problem in 

VAD-therapy and may lead to significant morbidity and mortality. The aim of the study 

was to evaluate possible risk factors for superficial percutaneous lead/canula infec-

tions (SI) and to determine their impact on overall outcome during VAD-therapy.

Methods

Single center, retrospective analysis of infectious complications in 70 consecutive 

children supported on a VAD (58 Berlin Heart EXCOR Pediatric pulsatile flow pump 

and 12 Heartware continuous flow pump). Cox proportional hazard models with SI, 

bloodstream infections, and stroke as outcome, as well as a competing risk model for 

device weaning, death, and heart transplantation were used to identify risk factors in 

the study population.

Results

SI were documented in twelve out of 70 children (17%). The event rate for SI was 

5.86 per 100 patient months [95%CI 3.03–10.23] with a median time to SI of 109 

days [IQR 66–163]. The occurrence of SI was mostly in patients with longer support 

times while the underlying diagnosis and previous thoracotomies had no impact on 

the number of SI. Further, children older than three years of age had a higher risk 
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for SI (HR 2.67; 95% CI 1.09–6.57, p = 0.032). SI were not associated with the risk 

of bloodstream infections (HR 1.27; 95%CI 0.44–3.67, p = 0.656) or death (HR 0.32; 

95% CI 0.06–1.80, p = 0.194).

Conclusions

SI occurred frequently during VAD therapy in children, without leading to a higher rate 

of bloodstream infections or mortality. Further, being above three years of age at VAD 

implantation was associated with increased risk to develop SI.

Introduction

Therapy with ventricular assist devices (VAD) has led to a remarkable reduction in 
mortality amongst children awaiting heart transplantation during the last decades 
[1,2]. About 30% of all pediatric patients are treated with mechanical circulatory 
support while awaiting heart transplantation [3]. However, infections remain a major 
problem during long-term mechanical circulatory support.

In pediatric cardiac centers worldwide, as well as in our study setting, two types 
of VADs are predominantly used for long-term mechanical support in children: 
paracorporeal pulsatile devices (Berlin Heart EXCOR) and implantable continuous 
flow pumps (to date HeartMate 3, in the past HeartWare HVAD). The Berlin Heart 
EXCOR Pediatric is a paracorporeal, pulsatile flow system (PF) [4], suitable for left 
ventricular or biventricular mechanical support. Continuous flow (CF) VADs are fully 
implanted systems, connected with a driveline to the extracorporeal driving unit 
through the abdominal wall [5].

Despite improved clinical management, complications remain frequent during 
VAD-therapy [6,7]. In pediatric patients, device malfunction, bleeding, thromboem-
bolic events, and infections are the most prevalent complications [6,8]. Cannulas or 
drivelines of the devices are passed through the skin, which makes them prone to 
infections. Goldstein et al. reported that “Percutaneous site and/or pocket infections” 
are the most frequent adverse event in adults on VAD therapy with adverse effects on 
survival [9]. Similarly, Auerbach et al. showed that in the PediMACS cohort (Pediatric 
arm of INTERMACS, the interagency registry of mechanically assisted circulatory 
support) 20% of pediatric patients had an “External pump component infection” [10]. 
Life threatening systemic infections, such as sepsis, endocarditis, or mediastinitis 
may be triggered by local infections [11,12]. Additionally, systemic infections may be 
associated with thromboembolic events in adults [13], causing subsequent severe 
neurological damage [14,15]. However, the data on infections is still heterogenous, 
due to variable definitions and small study cohorts in children. Even less is currently 
known about local infections of the cannulas and/or driveline, according to the actual 
definition referred to as superficial percutaneous lead/canula infections (SI) [16]. To 
date, the incidence of SI, its correlation to the duration of VAD therapy, and its asso-
ciation with possible risk factors such as VAD-type, patient age, underlying diagnosis 
and presence of previous thoracotomies remains elusive. Moreover, to the best of 
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our knowledge, the impact of SI on bloodstream infections (BSI) and thromboembolic events in children has not been 
described in the literature yet.

Therefore, we conducted this retrospective single-center study to gain deeper insights into the incidence of SI, associ-
ated risk factors, and the impact of SI on BSI, thromboembolic events, and overall clinical outcomes in pediatric patients 
supported with a VAD.

Patients and methods

Study setting and recruitment

This single-center retrospective cohort was conducted at the Deutsches Herzzentrum der Charité (DHZC), a tertiary  
referral center for pediatric cardiology and congenital heart disease with pediatric mechanical circulatory support and 
transplant programs. We identified all consecutive patients <18 years of age who received durable VAD support at our 
institution between January 1, 2005 and July 31, 2014 (Fig 1). To reflect routine care and maximize generalizability, no 
exclusion criteria were applied.

Data were abstracted from clinical records 05/2015–12/2015 and pseudonymized before analysis; all data were 
obtained during clinical routine care under ethics approval by the Charité-Universitätsmedizin Berlin (Germany) Ethics 
Committee (No: EA 2/050/15). According to the approval of the Charité–Universitätsmedizin Berlin Ethics Committee and 

Fig 1.  Study flow of participants. VAD = Ventricular assist device; HTX = Heart transplantation, DHZC = Deutsches Herzzentrum der Charité.

https://doi.org/10.1371/journal.pone.0335841.g001

https://doi.org/10.1371/journal.pone.0335841.g001
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Fig 2.  Wound dressing in VAD patients. Representative images for routine wound dressing change of a paracorporeal pulsatile VAD system (A) and 
the driveline of an intracorporal continuous flow VAD system (B). Routine workflow to prevent SI in VAD patients at Deutsches Herzzentrum der Charité 
(C). Immobilization belt (D). VAD = Ventricular assist device; SI = Superficial percutaneous lead/canula infections.

https://doi.org/10.1371/journal.pone.0335841.g002

https://doi.org/10.1371/journal.pone.0335841.g002
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in compliance with the Declaration of Helsinki, no additional written or oral consent was required. Device types in this 
cohort included paracorporeal pulsatile-flow systems (Berlin Heart EXCOR®) and implantable continuous-flow pumps 
(HeartWare®). Follow-up for analyses was administratively censored at 450 days. The primary outcome of the present 
study was the development of SI, while secondary outcomes included bloodstream infection (BSI), stroke, heart transplan-
tation, successful weaning from VAD, or death.

Data on SI obtained during dressing changes were analyzed. The skin surrounding the percutaneous lead or cannulas 
was inspected by specialized medical professionals at least once a week and a wound swab was taken for analysis when 
there was clinical evidence of infection such as drainage, erythema, pain, fever, or leukocytosis (Fig 2). This was per-
formed by educated wound managers with expertise in care of children, small team of two nurses, frequency was higher 
if wound not found to be completely normal, up to daily changes. Consultation with VAD physician and infections disease 
specialist if clinical suspicion of infection.

For the diagnosis of superficial or deep percutaneous lead infections, infection of external surfaces, blood-contacting 
surfaces and non-MCS related infections like mediastinitis or blood stream infection the updated definitions of adverse 
events according to the consensus statement of the mechanical circulatory support academic research consortium were 
applied [16]. As there is no adequate definition for superficial canula infections in paracorporeal VADs, we have used the 
definition for lead infection accordingly.

To compare incidence of SI and evaluate possible risk factors, patients were categorized as follows: age 0–36 months 
or older than 36 months; diagnosis cardiomyopathy/myocarditis or congenital heart disease; VAD-type Berlin Heart 
EXCOR® Pediatric (PF LVAD, PF RVAD or PF BVAD) or Heartware System (CF LVAD); secondary clinical outcomes 
were defined as: BSI, stroke, heart transplantation, death on VAD, weaned from VAD, or still on VAD at the end of data 
collection.

Statistical analysis

Descriptive statistics.  Continuous variables were described by mean and standard deviation or median and 
interquartile range (IQR, 1st quartile to 3rd quartile). Categorical variables were described by absolute and relative 
frequencies. All analyses considered follow-up periods longer than 450 days as censored at 450 days. Kaplan Meier 
curves for SI with respect to different risk factors were generated. Cox proportional hazards (CPH) models were fitted on 
the data for the events SI, BSI, and stroke. For all models, initial variable selection was based on medical expectation. The 
VAD-type, patient sex and age group (Toddlers: 0–36 months; non-toddlers: older than 36 months), underlying diagnosis, 
and presence of previous thoracotomies at date of device implantation were considered time-invariant covariates. Given 
that SI never occurred before the first instance of stroke, SI was not included in the CPH model for stroke. In the CPH 
model for BSI the presence of a SI was considered as time-dependent covariate, and once a patient suffered from SI, the 
wound infection was considered present until the end of follow-up. To allow the inclusion of recurrent events of a single 
patient in the analysis, the approach described by Andersen and Gill was used to model the recurrence of BSI and of 
stroke [17]. This approach assumes that recurrent events on an individual are explained only by the covariates included in 
the model and it is commonly applied when the interest is in the overall effect of the covariates on the risk of occurrence of 
a recurrent event and not in the effects on the risk of each individual recurrence.

The different clinical outcomes (weaning from VAD, heart transplantation, and death) were modeled using a compet-
ing risks CPH model. VAD-type, patient sex and age group at device implantation, presence of previous thoracotomies 
at date of device implantation, underlying diagnosis, SI, BSI, and stroke were considered time-invariant covariate [17]. 
A step wise backwards variable selection procedure was applied [18,19]. The best model was updated in each iteration 
of the variable selection process only if a difference in Akaike Information Criterion (AIC) [18] of at least 2 units was found 
for the new selection step [19]. We did not perform any adjustments for multiple comparisons given the exploratory nature 
of the study. Thus p-values < 0.05 were considered statistically significant. All analyses were performed on complete 
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observations given that there were no missing values present in the data. All statistical analyses were conducted using 
R (version 4.3.2) (http://www.r-project.org/). Data was prepared using packages from the ‘tidyverse’ (version 2.0.0). The 
‘tableone’ package (version 0.13.2) was used to generate summary statistics, ‘epiR’ (version 2.0.76) to calculate incidence 
rates and their confidence intervals, ‘sjPlot’ (version 2.8.16) to generate regression model summaries, ‘survival’ (version 
3.7.0) to fit CPH models, ‘mstate’ (version 0.3.2) to fit competing risk CPH models, ‘foresplot’ (version 3.1.3) to gener-
ate forest plots, and ‘survminer’ (version 0.4.9) to generate Kaplan-Meier plots [20–27]. For this article we followed the 
STROBE reporting guidelines.

Results

Patient cohort

In total, 70 pediatric patients (28 female; 40%) treated with VAD were included. Patient characteristics are summarized 
in Table 1. Median age at VAD implantation was 4.5 years [IQR 0–12 years]. The total number of support days was 8735 
with a median support time of 56 days [IQR 26–125 days]. A total of 58 patients (83%) were supported with a pulsatile 
flow PF VAD and 12 patients (17%) with continuous flow CF VAD.

Table 1.  Demographic data and clinical outcome.

All patients 
(n = 70)

Superficial percutaneous 
lead/canula infections (n = 12)

Without Superficial percutaneous 
lead/canula infections (n = 58)

Sex

  Female (n) 28 (40%) 4 (33%) 24 (41%)

  Male (n) 42 (60%) 8 (67%) 34 (59%)

Weight (kg) 22.7 [21.3] 24.9 [24.09] 22.2 [20.89]

Age (years) 4.5 [0-12] 5.5 [0-9] 3 [0-12]

  0–36 months (n) 33 (47%) 4 (33%) 29 (50%)

  > 36 months (n) 37 (43%) 8 (67%) 29 (50%)

VAD-type

Berlin Heart EXCOR® (PF, n)

  LVAD/RVAD (n) 46 (66%) 7 (58%) 39 (67%)

  BVAD (n) 12 (17%) 3 (25%) 9 (15%)

  HeartWare® System (CF, n) 12 (17%) 2 (17%) 10 (17%)

Time on VAD (days) 56 [26-125] 320 [177-416] 42 [24-77]

Diagnosis

  Cardiomyopathy or myocarditis 55 (79%) 11 (92%) 44 (76%)

  CHD 15 (21%) 1 (8%) 14 (24%)

Blood stream infection (n) 17 (23%) 9 (75%) 8 (14%)

Prior sternotomy (n) 16 (23%) 2 (17%) 14 (24%)

Stroke (n) 16 (23%) 3 (25%)* 13 (22%)

Outcome

  HTX (n) 37 (53%) 6 (50%) 31 (53%)

  Died (n) 19 (27%) 2 (17%) 17 (29%)

  Weaned from VAD (n) 10 (14%) 1 (8%) 9 (16%)

  Still on VAD (n) 4 (6%) 3 (25%) 1 (2%)

PF = pulsatile flow; CF = continuous flow; CHD = congenital heart defect; LVAD = left ventricular assist device; RVAD = right ventricular assist device; 
BVAD = biventricular assist device; HTX = heart transplantation. Continous variables are shown as mean [standard deviation] or median [Q1, Q3]; catego-
rial variables as n (percentage); *Stroke occurred before superficial percutaneous lead/canula infection.

https://doi.org/10.1371/journal.pone.0335841.t001

http://www.r-project.org/
https://doi.org/10.1371/journal.pone.0335841.t001


PLOS One | https://doi.org/10.1371/journal.pone.0335841  November 6, 2025 7 / 15

A total of 37 patients were successfully transplanted (52.9%), ten patients were weaned from VAD (14.3%), 19 patients 
died during VAD therapy (27.1%), and four patients were still on a VAD (5.7%) at the end of the observation.

Superficial percutaneous lead/canula infections

Twelve out of 70 patients met the criteria for SI (17%; 5.86 infections per 100 patients-months; 95%CI 3.03–10.23) as 
summarized in Table 1. Early infections, defined as infection within the first three months after implantation, and exclu-
sively late infections occurred in six cases each (early: 5.03 infections per 100 patient months; (95%CI 1.85–10.95); late: 
3.09 infections per 100 patient months; (95%CI 1.13–6.73)). Median time to infection was 109 days [IQR 66–163] (Fig 3), 
while patients who did not develop SI either stopped the VAD support much earlier or observation ended due to censoring 
or death (median time on VAD 42 days; [IQR 24–77]). No patient under one year of age suffered from SI.

In eleven SI cases underlying diagnosis was cardiomyopathy or myocarditis (92%) and in one SI case congenital heart 
defect (8%). Seven patients who developed SI were supported by PF LVAD or PF RVAD (58%), three patients by PF 
BVAD (25%) and two patients by CF LVAD (17%). Two of the patients who developed SI had a median sternotomy prior 
to VAD implantation (17%). One out of 70 patients developed a localized non-MCS device infection at a percutaneous 
endoscopic gastromy tube leading to SI with the same pathogen and subsequently causing sepsis. One out of 70 patients 
developed mediastinitis after thoracotomy followed by substernal abscess formation. Details of all twelve patients who had 
a SI are shown in Table 2. In eight patients, one pathogen was detected, while in four patients more than one pathogen 
was found. The most common pathogen was Staphylococcus epidermidis, followed by candida species. We did not detect 
oxacillin resistant staphylococcus or vancomycin resistant enterococcus.

Risk factors for superficial percutaneous lead/canula infections

An age above 3 years at VAD implantation appears to increase the risk of SI occurrence (HR 2.67 95% CI 1.09–6.57, 
p = 0.032) while support with a CF LVAD also suggests a protective trend, though this did not reach statistical significance 
(HR 0.36 95% CI 0.11–1.19, p = 0.093). We could not detect any difference regarding the frequency of SI between PF 
LVAD/RVAD and PF BVAD devices, underlying diagnosis and the presence of previous thoracotomies (Fig 4).

Risk factors for bloodstream infections

Seventeen patients (24%) developed a total of 36 BSI (13.73 infections per 100 patient months; 95%CI 9.61–19.00). In 
seven BSI cases, the same pathogen was identified in a previous SI. Nevertheless, our model did not reveal SI as a rel-
evant risk factor for BSI (HR 1.27; 95% CI 0.44–3.67, p = 0.66) (Fig). Male sex was associated with a lower hazard of BSI 
(HR 0.48; 95% CI, 0.26–0.90; p = 0.023), whereas age > 3 years was associated with a higher hazard (HR 2.93; 95% CI, 
1.10–7.81; p = 0.031).

Patients treated with a CF VAD device were less likely to develop a BSI compared to patients on a PF VAD (HR 0.25; 95% 
CI 0.07–0.84, p = 0.025). Presence of previous thoracotomies and underlying diagnosis were not linked to the risk of BSI.

Risk factors for ischemic/ hemorrhagic stroke

During the study period 16 patients (23%) were diagnosed with a total of 18 ischemic or hemorrhagic stroke events (6.86 
events per 100 patient months; 95% CI 4.07–10.85). None of them had a previously reported SI, therefore SI and stroke 
were not correlated in our study cohort.

Outcome

Ten patients (14%) where weaned from VAD, 37 patients (53%) where transplanted, 19 patients (27%) died, and four 
patients (6%) where still treated on VAD at the end of the study period. Patients older than three years of age had a higher 
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Fig 3.  Superficial percutaneous lead/canula infections over time. Time to first superficial percutaneous lead/canula infections are displayed for 
all patients (A), separated by age group (B), by underlying diagnosis (C), by VAD type (D), by presence of previous operation at VAD implantation (E) 
and by sex (F). SI = superficial percutaneous lead/canula infections; CMP = Cardiomyopathy: CHD = Congenital heart defect; CF LVAD = Continuous 
flow left ventricular assist device; PF BVAD = Pulsatile flow biventricular assist device; PF LVAD/RVAD = Pulsatile flow left/right ventricular assist device; 
OP = Operation; F = Female; M = Male.

https://doi.org/10.1371/journal.pone.0335841.g003

https://doi.org/10.1371/journal.pone.0335841.g003


PLOS One | https://doi.org/10.1371/journal.pone.0335841  November 6, 2025 9 / 15

Ta
b

le
 2

. 
C

h
ar

ac
te

ri
st

ic
s 

o
f 

th
e 

12
 p

at
ie

n
ts

 w
it

h
 s

u
p

er
fi

ci
al

 p
er

cu
ta

n
eo

u
s 

le
ad

/c
an

u
la

 in
fe

ct
io

n
s.

S
ex

A
g

e 
(y

)
D

ia
g

-
n

o
si

s
VA

D
-t

yp
e

D
ay

s 
o

n
 

V
A

D

D
ay

s 
w

it
h

-
o

u
t 

In
fe

c-
ti

o
n

S
tr

o
ke

M
ic

ro
b

io
lo

g
y

L
ab

Te
m

p
O

u
tc

o
m

e

S
w

ab
B

lo
o

d
 

cu
lt

u
re

D
ru

g
 (

i.v
.)

W
B

C
/

n
l

n
G

r >
 1

0%
C

rP
 

(m
g

/l)

m
14

C
M

P
/

M
C

P
F

12
4

41
C

. a
lb

ic
an

s
S

ta
ph

. 
au

re
us

V
an

co
m

yc
in

 (
d 

73
–8

4)
1.

5
no

10
37

.4
W

ea
ne

d

f
9

C
M

P
/

M
C

P
F

 
(B

iV
A

D
)

19
9

69
S

te
no

. 
m

al
to

ph
ili

a
S

te
no

. 
m

al
to

ph
ili

a
C

ef
ta

zi
di

m
 +

 A
m

pi
ci

lli
n 

(d
 

74
–1

00
)

10
.1

no
0

37
.8

H
T

X

m
7

C
M

P
/

M
C

P
F

43
2

35
1

E
. f

ae
ci

um
, 

C
. a

lb
ic

an
s/

gl
ab

ra
ta

S
ta

ph
. 

ep
id

er
m

id
is

V
or

ic
on

az
ol

 +
 C

ef
az

ol
in

 (
d 

35
6–

41
3)

17
.5

ye
s

3.
2

38
.4

D
ea

th

m
4

C
H

D
P

F
26

10
C

. a
lb

ic
an

s
N

on
e

F
lu

co
na

zo
l (

d 
4–

25
)

7.
6

no
15

.2
38

.1
D

ea
th

f
9

C
M

P
/

M
C

P
F

12
8

65
C

. a
lb

ic
an

s 
S

tr
ep

. m
iti

s
S

er
ra

to
a 

m
ac

es
ce

ns
Ta

zo
ba

ct
am

 (
d 

65
–7

4)
14

.0
no

11
.2

37
.6

H
T

X

f
6

C
M

P
/

M
C

C
F

35
1

81
P

ro
te

us
 

m
ira

bi
lis

S
ta

ph
. 

au
re

us
N

on
e

9.
12

no
1.

4
n.

a.
H

T
X

m
5

C
M

P
/

M
C

P
F

19
3

14
7

S
ta

ph
. 

ho
m

in
is

S
ta

ph
. 

ho
m

in
is
*

N
on

e
9.

98
no

1.
9

38
.8

H
T

X

m
1

C
M

P
/

M
C

P
F

 
(B

iV
A

D
)

47
8

15
8

X
*

S
ta

ph
. 

E
pi

de
rm

id
is

, 
E

.fa
ec

al
is

, 
S

ta
ph

. 
au

re
us

S
ta

ph
. 

E
pi

de
rm

id
is

, 
E

.fa
ec

a-
lis

, S
ta

ph
. 

au
re

us

Ta
zo

ba
c-

ta
m

 +
 L

in
ez

ol
id

 +
 M

er
o-

pe
ne

m
 (

d 
15

8–
17

5)

17
.0

no
9.

5
38

.2
H

T
X

m
14

C
M

P
/

M
C

C
F

79
3

66
X
*

S
ta

ph
. 

ep
id

er
m

id
is

, 
S

ta
ph

. 
au

re
us

S
ta

ph
. 

au
re

us
Ta

zo
ba

ct
am

 (
d 

66
–7

9)
15

.5
no

20
.4

39
.0

S
til

l o
n 

V
A

D

f
1

C
M

P
/

M
C

P
F

 
(B

iV
A

D
)

41
1

39
1

X
*

S
ta

ph
. 

ep
id

er
m

id
is

N
on

e
N

on
e

6.
7

no
0.

16
n.

a.
H

T
X

m
0

C
M

P
/

M
C

P
F

38
2

13
7

S
ta

ph
. 

ep
id

er
m

id
is

S
ta

ph
. 

ep
id

er
m

id
is

N
on

e
5.

85
no

n.
a.

37
.4

S
til

l o
n 

V
A

D

m
0

C
M

P
/

M
C

P
F

38
9

17
7

S
ta

ph
. 

ep
id

er
m

id
is

N
on

e
N

on
e

12
.5

no
0.

3
38

.0
S

til
l o

n 
V

A
D

m
 =

 m
al

e;
 f 

=
 fe

m
al

e;
 C

M
P

 =
 c

ar
di

om
yo

pa
th

y;
 M

C
 =

 m
yo

ca
rd

iti
s;

 C
H

D
 =

 c
on

ge
ni

ta
l h

ea
rt

 d
is

ea
se

; P
F

 =
 p

ul
sa

til
e-

flo
w

 V
A

D
; C

F
 =

 c
on

tin
uo

us
-fl

ow
 V

A
D

; B
iV

A
D

 =
 b

iv
en

tr
ic

ul
ar

 a
s-

si
st

 d
ev

ic
e;

 C
. =

 c
an

di
da

; S
te

no
 =

 s
te

no
tr

op
ho

m
on

as
; E

. =
 e

nt
er

oc
oc

cu
s;

 S
ta

ph
. =

 s
ta

ph
yl

oc
oc

cu
s;

 S
tr

ep
. =

 s
tr

ep
to

co
cc

us
; d

 =
 d

ay
; W

B
C

 =
 W

hi
te

 b
lo

od
 c

el
l c

ou
nt

; n
l =

 n
an

ol
ite

r;
 

nG
r =

 n
eu

tr
op

hi
le

 g
ra

nu
lo

cy
te

; C
rP

 =
 C

-r
ea

ct
iv

e 
pr

ot
ei

n;
 T

em
p 

=
 te

m
pe

ra
tu

re
; H

T
X

 =
 h

ea
rt

 tr
an

sp
la

nt
at

io
n;

 *
be

fo
re

 o
cc

ur
re

nc
e 

of
 S

I.

ht
tp

s:
//d

oi
.o

rg
/1

0.
13

71
/jo

ur
na

l.p
on

e.
03

35
84

1.
t0

02

https://doi.org/10.1371/journal.pone.0335841.t002


PLOS One | https://doi.org/10.1371/journal.pone.0335841  November 6, 2025 10 / 15

Fig 4.  Risk factors (Cox proportional hazard models). Hazard ratios for possible risk factors to develop a superficial percutaneous lead/canula infec-
tion are displayed in (A), a BSI in (B) and a stroke in (C). SI = superficial percutaneous lead/canula infections; Toddler = < 3 years of age; non-Toddler >3 
years of age; Cardiom./Myocard. = Cardiomyopathy/Myocarditis; CHD = Congenital heart defect; CF LVAD = Continuous flow left ventricular assist device; 
PF BVAD = Pulsatile flow biventricular assist device; PF LVAD/RVAD = Pulsatile flow left/right ventricular assist device. BSI = Bloodstream infection.

https://doi.org/10.1371/journal.pone.0335841.g004

https://doi.org/10.1371/journal.pone.0335841.g004
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risk for death (HR 3.27; (95% CI 1.16–9.23, p = 0.025)). Patients with CHD as underlying diagnosis (HR 0.12; (95% CI 
0.02–0.61, p = 0.010)) and patients with BSI during VAD therapy (HR 0.27; (95% CI 0.09–0.89 p = 0.031)) were less likely 
transplanted (Fig 5).

Our model reveals no correlation between SI or VAD type and the clinical outcome of pediatric patients treated with a 
VAD. During variable selection, sex and stroke were dropped from the competing risks model, thus hazard risk was not 
calculated.

Discussion

Infectious complications are frequent adverse events in pediatric patients during VAD therapy [28,29]. Among the reported 
infectious complications SI are frequent and may lead to consecutive complications impacting outcome of VAD therapy in 
pediatric patients. Therefore, we aimed to evaluate the incidence of SI in pediatric patients on a VAD, to assess the possi-
ble risk factors and to determine their impact on overall outcome during VAD-therapy.

Fig 5.  Outcome – competing risk models. Hazard ratios for the competing outcomes death, heart transplantation and weaning from VAD are dis-
played. SI = superficial percutaneous lead/canula infections; Toddler = < 3 years of age; non-Toddler >3 years of age; Cardiom./Myocard. = Cardiomyop-
athy/Myocarditis; CHD = Congenital heart defect; CF LVAD = Continuous flow left ventricular assist device; PF BVAD = Pulsatile flow biventricular assist 
device; PF LVAD/RVAD = Pulsatile flow left/right ventricular assist device; BSI = Bloodstream infection; HTx = Heart transplantation; Wean = Weaning from 
VAD.

https://doi.org/10.1371/journal.pone.0335841.g005

https://doi.org/10.1371/journal.pone.0335841.g005
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In our cohort we detected SI in twelve out of 70 patients with six of them being early and six of them being late infec-
tions. This result is in line with previously reported incidence of SI [7,28], although different definitions of local infectious 
complications make it difficult to compare the studies. Auerbach et al. reported that “External pump component infections” 
occurred more often late than early [10]. In adults treated with VAD, duration of support is considered a risk factor for 
infectious complications [30,31]. In line with these results, our observations confirmed the rising risk of SI with long-term 
VAD support.

Further, we analyzed possible risk factors for SI during VAD therapy including sex, age group, VAD-type, presence of 
previous thoracotomies, and the underlying diagnosis. Our model did not reveal any of these covariates to be associated 
with a higher risk of developing a SI, other than being above the age of three at VAD implantation to be associated with 
an increased risk of SI occurrence and treatment with CF LVAD tends to be protective regarding the occurrence of SI. 
Since higher mobility is associated with higher infection rates of the cannulas and driveline in adult patients [30,31], we 
hypothesized that younger children may have higher numbers of SI because they are more mobile and less cooperative. 
However, in contrast to the aforementioned studies, our model revealed a higher risk for SI in older children compared to 
younger ones. Interestingly, this was also true regarding the risk for BSI amongs children older than three years of age. 
According to our model, treatment with a CF LVAD tended to be associated with lower risk of SI and a significant lower 
risk for BSI. CF LVADs are fully implanted devices with only a single driveline passing the skin, while in PF VAD two 
(RVAD/LVAD), or four (BVAD) cannulas, exit through the body wall, making them susceptible for SI. Additionally, patients 
on CF VAD support could be discharged from hospital, protecting them from nosocomial infections. This result is in line 
with previous findings from the PediMACS registry, that infectious complications were less likely with CF VAD treatment 
compared to PF VAD treatment [32,33]. Furthermore, according to our model the underlying diagnosis did not influence 
the risk of SI. In line with this result, Holmann et al. could also not demonstrate a link between underlying diagnosis and 
infectious complications [34]. From a theoretical point of view, it is reasonable to assume that an SI is a risk factor for 
systemic infections or BSI. However, SI was not a relevant risk factor for BSI in our model. This may be explained by the 
fact that wound dressings of cannulas and driveline were done in a standard fashion by trained experts and antimicrobial 
treatment was guided by institutional infectiology experts (antibiotic stewards). Therefore, potential SI was detected early 
and, if confirmed, consequently treated helping to prevent subsequent BSI. However, as this is an observational study 
without a control group for obvious reasons, we cannot provide mechanistic proof for this theory. Nevertheless, we hope to 
encourage other centers to incorporate specially trained wound-care experts into their teams to improve the management 
of this highly susceptible population of pediatric VAD patients.

As infections are associated with hypercoagulability [35] we further analyzed if SI led to thromboembolic events in our 
cohort. Since no patient developed a SI before a stroke, SI could not be included in our CPH model for stroke. This result 
contrasts with adult patients treated with VAD, in which infectious complications are associated with higher incidence of 
ischemic strokes [13]. To determine the impact of SI, patient’s age, sex, VAD type, underlying diagnosis, stroke, and the 
presence of previous thoracotomy on overall outcome (death, heart transplantation, weaning from VAD) a competing risk 
model was fitted. According to the model, occurrence of SI had no impact on overall outcome. Nevertheless, Auerbach et. 
al. recently reported that heart transplant patients with prior VAD related infectious were more likely to experience rejec-
tion and graft loss [8], highlighting the importance of this topic. In our model, patients older than three years had a higher 
risk of death during VAD therapy. As noted above, this group was also more more prone to develop a BSI. Given the 
cohort size and design, the association may reflect chance or residual confounding and merits evaluation in larger, multi-
center studies. Further, CHD patients had a HR of 3.3 for mortality relative to patients with cardiomyopathy or myocarditis; 
however, this result did not reach statistical significance. In line with these results, Peng et. al. also recently reported a 
higher risk for death when treated with a VAD and CHD as underlying diagnoses [7].

To date, there are only a few studies investigating risk factors for infectious complications in pediatric patients treated 
on a VAD. Our findings highlight the importance of age-adapted infection prevention strategies in pediatric VAD patients. 
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The trend toward fewer infections with CF devices supports their use when clinically appropriate. Finally, the lack of asso-
ciation between SI and adverse outcomes emphasizes the value of early detection and standardized wound care proto-
cols in preventing complications.

Limitations

The present study is a single-center retrospective study with a descriptive design and is necessarily modest in size, which 
may increase the risk of type II errors during hypothesis testing. High variability in the data for some subsets of patients 
made it difficult to determine whether observed associations of some covariates with outcomes reflected random variation or 
potentially meaningful patterns. However, pediatric durable VAD implantation is rare worldwide and concentrated in few cen-
ters (North America ~130–150 devices/year across ~40 centers [7], Germany: 64 pediatric VAD patients across 8 German 
centers from 1999–2015 [36]). In comparison, the sample of 70 children presented here represents a larger cohort that may 
reflect the experience of other specialized centers for the question studied. We mitigated overfitting by restricting adjustment 
to a small, by medical expertise prespecified set of covariates and emphasize estimation with 95% CIs to communicate 
uncertainty transparently, though additional confounding caused by other unmeasured factors cannot be excluded. Thus, we 
refrained from including additional variables in our analyses to reduce the risk of drawing potentially misleading conclusions.

Lastly, the retrospective nature of the study usually introduces inherent limitations, such as reliance on existing clinical 
routine data, though we were in the fortunate situation of complete data. To improve generalizability, prospective multi-
center studies with larger patient cohorts and more detailed stratified microbiological analyses are warranted.

Conclusion

Superficial percutaneous lead/canula infections occurred frequently during VAD therapy in children, without leading to 
higher rates of bloodstream infections or mortality. Being supported on CF LVAD seem to be associated with a reduced 
risk of superficial percutaneous lead/canula infections and VAD implantation above the age of three years seem to be 
associated with an increased risk of SI and BSI, while underlying diagnosis and previous thoracotomy were not associated 
with an elevated risk. Further studies are warranted to determine the impact of infectious complications on overall clinical 
outcome and to optimize surveillance and clinical management of pediatric patients treated on VAD.
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