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Cerebral microemboli detection and differentiation during
transcatheter closure of atrial septal defect in a paediatric
population
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Abstract Introduction: The aim of this prospective study was to determine the frequency and composition of
cerebral microemboli in a paediatric population during transcatheter atrial septal defect closure.Methods:Multi-
frequency transcranial Doppler was used to detect microembolic signals in the middle cerebral artery of
24 patients. Embolic signals were automatically identified and differentiated according to their composition,
gaseous or solid. The procedure was divided into five periods: right cardiac catheterisation; left cardiac cathe-
terisation; pulmonary angiography; balloon sizing; and device placement. Results:Microemboli were detected in
all patients. The median number of signals was 63 and over 95% gaseous. The total number of microembolic
signals detected during two periods – balloon sizing and sheath placement and device placement – was not
significantly different (median: 18 and 25, respectively) but was significantly higher than each of the other three
periods (p< 0.001). In eight patients, the device was opened more than once and the number of embolic signals
decreased with each successive device deployment. There was no correlation between the number of microem-
bolic signals and fluoroscopic time, duration of procedure, age, or device size. Conclusion: This is the first study to
investigate the timing and composition of cerebral microemboli in a paediatric population during cardiac
catheterisation. Microembolic signals were related to specific catheter manipulations but were not associated with
fluoroscopic time or duration of procedure.
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DURING THE PAST TWO DECADES THERE HAS BEEN A

marked increase in interest regarding the
effects of cardiac surgery on the brains of both

adults and children. Despite its extensive use, the
cerebral aspects of paediatric cardiac catheterisation
have not received similar attention. Interventional
cardiac catheterisation in both adult and paediatric
populations is, however, known to be associated with
the formation of cerebral microemboli.1–4

Transcatheter closure of atrial septal defects, one
of the most common paediatric catheter-based

interventions, was first approved by the US Food and
Drug Administration in 2001. Since then, the use of
the Amplatzer septal occluder device (AGA Medical,
Golden Valley, Minnesota, United States of America)
has become an accepted first-line treatment option.5–9

The procedure compares favourably with surgical
closure as it is less invasive, requires a shorter hospital
stay, and is considered safe. Furthermore, it has been
postulated that surgical repair, utilising cardio-
pulmonary bypass, may have a detrimental effect on
subsequent neurodevelopmental outcome.10 The
results of this retrospective study have, however, been
disputed by subsequent findings.11,12

Transcatheter closure involves the placement of
catheters, a balloon, and a septal occluder device
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within the left atrium. There is therefore a risk of
microembolus formation, with direct communication
to the systemic and subsequently cerebral arterial
circulation. Furthermore, paediatric cardiac catheterisa-
tion has previously been shown to impose transient
fluctuations in cerebral blood flow.13,14 Major adverse
events are reported in 1–4% of paediatric cardiac
catheter procedures.15–20 Acute neurological events are
less common but do occur.16,21–25

A recent study investigated the timing and factors
associated with cerebral microembolic signals in
a mixed adult and paediatric population during
transcatheter closure of atrial septal defects.1 The
authors found a correlation between the time taken
for device placement and the number of embolic
signals detected; two similar studies in adults have
also been published. However, to date there have
been no published studies investigating either the
composition of the microemboli detected – gaseous
or solid – during atrial septal defect occlusion or the
timing of cerebral microembolic signals in a purely
paediatric population.

Aims

The aim of this prospective study was to use multi-
frequency transcranial Doppler to determine the
quantity, timing, composition, and factors associated
with the formation of cerebral microembolic signals
during transcatheter closure of secundum atrial septal
defects using the Amplatzer septal occluder.

Materials and methods

The population in this prospective cohort study
consisted of consecutive children who underwent
transcatheter closure of secundum atrial septal defects
at the Oslo University Hospital, Rikshospitalet. The
study protocol was approved by the regional ethics
committee. Written, informed consent to participate
in the study was obtained from all families the day
before catheterisation. Patient demographics are
presented in Table 1. The median age was 3 years
(range 17 months to 17 years). There were eight male
and 16 female patients. Of the 32 consecutive
patients included in the study from whom recordings
were made, eight were excluded: three because of
poor signal quality and five because of technical pro-
blems with real-time data storage, which made it
impossible to control the findings off-line after the
procedure. The indication for transcatheter closure
of the defect was in accordance with AHA guidelines for
interventional treatment, with haemodynamic sig-
nificance defined as evidence of right-sided heart
volume overload.26 In practice, a complete evaluation
also including ECG and X-ray was performed in

all patients. There were three patients who were under
2 years of age. The interventional paediatric cardiolo-
gists at Rikhospitalet have previously published their
results following catheterisation of younger patients but
have recently moved to a more conservative approach in
keeping with other European centres.27

Transcranial Doppler measurements
Patients were placed in a supine position in the
catheterisation laboratory under general anesthesia.
Continuous, unilateral monitoring of either the left
or right middle cerebral artery for both cerebral
microemboli and cerebral blood flow velocities was
performed beginning 3–5 minutes before femoral
venous access was obtained and until all catheters
and femoral venous access lines were removed. The
middle cerebral artery is responsible for 70% of blood
flow to the ipsilateral cerebral hemisphere. The right
or left middle cerebral artery was non-invasively
monitored through the temporal bone, which had the
best acoustic window. The bifurcation of the middle
cerebral artery (M1 segment, antegrade flow) and
anterior cerebral artery (A1 segment, retrograde flow)
was then identified, ensuring a reproducible window
and the sample volume was then set. Range-gated,
multi-frequency transcranial Doppler instrumenta-
tion (EmboDop, DWL, Singen, Germany) was used.
Cerebral microembolic signals were automatically
identified and differentiated. The timing and occur-
rence of signals relative to catheter and device
manipulations was simultaneously registered.
The multi-frequency Doppler instrumentation

insonates simultaneously with 2.0 and 2.5 MHz
frequencies. Embolus differentiation is based on the
principle that solid microemboli reflect more ultra-
sound at 2.5 than 2 MHz. The opposite is true for
gaseous microemboli. The criteria for the automatic
detection and differentiation of cerebral micro-
embolic signals were based on those previously
detailed28–30 but were refined for the paediatric
population as follows: the detection level for micro-
embolic signals was a 9.5-dB power increase above
the background level (dEBR; embolus blood ratio),
which lasted 4 ms simultaneously in both 2.0- and
2.5-MHz frequency channels and the lower dEBR
detection limit for solid emboli was y=−0.1x−0.12 dB
where y= dEBR and x= 2.0 MHz EBR.30 All
real-time recordings were saved and all automatically
detected emboli and decibel levels were manually
controlled off-line.
Measurements of maximum cerebral blood flow

velocities were continuously monitored and recorded.
The patients mean arterial pressure, temperature, and
oxygen saturation were also monitored and noted
every 5 minutes.
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Table 1. Patient demographics.

Patient
Age
(years)

Weight
percentile

Device
size
(mm)

No. of
device
deployments

Fluorscopic
time
(minutes)

Procedure
time
(minutes)

No. of
microembolic
signals

No. of solid
microembolic
signals

Microembolic signals per time period

Right
catheterisation

Left
catheterisation

Pulmonary
angiography

Balloon
sizing

Device
placement

1 3.2 10 18 5 16.5 55 61 1 1 1 0 28 30
2 7.2 90 16 2 11.8 49 21 0 0 1 0 7 13
3 10.25 50 20 1 18.8 65 74 1 2 3 0 12 57
4 5.4 50 14 1 8 65 69 10 0 14 0 35 20
5 3.1 90 8 2 14.6 58 73 10 0 8 3 29 33
6 2.6 <2.5 18 9 16.6 58 46 2 2 0 1 16 25
7 1.5 25 14 1 17.1 55 47 2 0 6 0 16 25
8 5.6 <2.5 13 1 16.5 33 38 4 0 1 0 13 24
9 1.5 50 13 1 15.7 65 44 2 0 21 1 4 18
10 2.8 2.5 17 1 6.2 45 63 1 0 3 0 28 32
11 17 50 12 2 8.2 34 27 2 0 0 0 2 21
12 2.25 2.5 14 1 7.6 40 67 0 0 2 0 19 46
13 9.75 75 12 4 13 42 76 11 0 1 0 9 66
14 1.6 10 7 1 11 67 91 0 0 0 1 71 19
15 3 2.5 15 5 13.6 45 112 1 7 1 1 46 57
16 9 50 10 1 12.7 55 36 0 0 1 3 14 18
17 15 50 9 1 6.4 39 9 0 0 0 0 1 7
18 3.75 90 12 1 6.4 44 104 0 0 34 0 47 23
19 12.75 25 22 1 10.3 51 69 0 0 14 16 17 22
20 2.6 10 11 1 5.5 42 58 1 0 0 0 37 21
21 9.2 90 9 1 10.3 50 86 0 11 14 0 33 28
22 2.75 2.5 20 3 7.8 25 91 4 19 1 0 26 45
23 2 2.5 16 5 6.2 47 84 3 11 0 0 28 45
24 2.5 25 8 1 26.5 90 242 6 28 19 0 91 96
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Catheterisation
The National Hospital, Rikshospitalet, Oslo, is the
sole tertiary referral centre for interventional paediatric
cardiac procedures in Norway. All catheterisations were
elective and were performed by either one of the three
experienced interventional paediatric cardiologists
practising in Norway. All procedures were carried out
under general anesthetic with trans-oesophageal echo-
cardiography monitoring. Following the introduction
of femoral access sheaths, intravenous Heparin (either
75 or 100Unit/kg) was administered. Oxygen satura-
tion measurements were obtained from the vena cava,
right atrium and right ventricle, and the pulmonary
arteries. Similar measurements were obtained from the
left atrium and/or pulmonary veins in all patients by
passing the catheter through theatrical septal defect.
Pressures were measured in both atria and the pul-
monary arteries. In all but one patient, pulmonary artery
angiography was also performed before sizing of the
septal defect.
Following these diagnostic procedures, a stiff

guide wire was placed in a pulmonary vein. A long
sheath and sizing balloon and was then advanced over
the guide wire and inflated within the septal defect.
The balloon size was measured both radiographically
and with trans-oesophageal echocardiography. The
balloon was then deflated and withdrawn. A long
sheath/device introducer was then advanced into the
pulmonary vein and the selected septal occluder
device introduced via this long sheath. The Amplatzer
TorqVue Delivery system, Terumo Introducer Sheath,
Amplatzer Sizing Balloon, and Super Stiff guide wire
was used in all cases.

Monitoring periods
The entire procedure was divided into five periods:
right cardiac catheterisation; left cardiac catheterisation;
pulmonary angiography; balloon sizing; and device
placement, including long sheath placement). The
number and type of cerebral microembolic signals in
each of these periods was calculated and compared.

Statistical analysis
The numbers of microembolic signals detected during
the monitoring periods are shown as median and range
(non-normal distribution). The Mann–Whitney test
was used for comparison of independent samples, and
Freidman’s test was used for assessment of variance
within patients. Pearson’s correlation coefficient was
used to determine the correlation between cerebral
microembolic signals – gaseous, solid, and combined –
and the total procedure time, total fluoroscopic time,
device placement time – both with and without long
sheath placement – and time for combined balloon
sizing and device placement. All calculations were

carried out using the statistical software SPSS for
Windows (Version 16; SPSS Inc, Chicago, Illinois,
United States of America).

Results

Cerebral microembolic signals were detected in all
patients. A total of 1688 signals were detected during
the 24 procedures. Of the total emboli, 1628 (95.3%)
were gaseous and 60 (4.7%) were solid. The median
number of all microembolic signals – both gaseous
and solid – was 67, range 9–242. The median
number of gaseous signals was 62, range 9–236. The
median number of solid signals was 1, range 0–11.
Solid emboli were detected in 16 of the 24 patients.
All microembolic signals were detected after vascular
access was obtained. Over 99% of the signals were
temporally associated with specific catheter or device
manipulations.
Detection of microembolic signals in two periods,

balloon sizing and device placement and release, was
significantly higher than in the three remaining periods:
right cardiac catheterisation, left cardiac catheterisation,
and pulmonary angiography (Table 2). Of all the
microembolic signals, 84.4% were detected during
these two time periods. A further 8.5% of all signals
were detected during left cardiac catheterisation.
Similar results were obtained for the detection of solid
emboli (Table 1). For the purposes of statistical ana-
lysis, the two time periods above were further sub-
divided. First, balloon sizing was subdivided into
guide wire and catheter advancement and balloon
sizing. Second, device placement was divided into
long sheath placement and device placement. There
was no significant difference in the detection of
embolic signals between these four periods and
detection in these four periods remained significantly
higher than in the three remaining periods (Table 3).
There was no correlation with either the number of

either total or gaseous cerebral microembolic signals
and total procedure time, fluoroscopic time, device
placement time – both including and not including
long sheath placement – or combined balloon sizing
and device placement time. No correlation between
device size, introducer size, or sheath size with either
the total number of all microembolic signals or gaseous
microembolic signals was detected during the entire
procedure or during device manipulation.
In eight of the patients, the occlusion device was

deployed several times in order to ensure optimal and
secure placement. In all but one of these patients
(patient 1), the number of microembolic signals
detected decreased with each successive deployment.
In patient 1, the device was deployed three times
before it became attached to fixed structures within
the atrium as an attempt to close it again was made.

240 Cardiology in the Young February 2015

https://doi.org/10.1017/S1047951113002072 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951113002072


With each of these three consecutive deployments,
the number of embolic signals decreased. Following
further manipulation, however, the number of
embolic signals increased with a fourth deployment.
This device was then completely withdrawn and a
new device introduced and successfully placed. For
patient 6, the atrial septal defect was measured to
18 mm and the device was deployed a total of nine
times. The child was 2.6 years old and weighed 10.5
kg and it was therefore technically challenging to
securely attach an 18 mm device.
In 20 patients, solid microembolic signals were

detected during the device placement phase of the
procedure. In five of these patients, the device was
deployed more than once, but solid embolic signals
were only detected during the first deployment of
the left atrial disk.
All catheterisation procedures were successful with

regard to device placement. In one patient, the oxygen
saturation fell because of lung atelectasis during the
procedure: this was quickly corrected by the attend-
ing anesthetist. No other adverse events – moderate
or severe – were noted during any of the other

procedures. No episodes of systemic hypotension or
decreases cerebral blood flow velocity were observed
in any of the patients included in this study. All
patients were discharged the following day. No
patients developed signs or symptoms consistent
with neurological dysfunction either immediately
following the procedure or within the 24 hours
leading up to discharge.

Discussion

This is the first study to use multi-frequency tran-
scranial Doppler instrumentation for the detection
and differentiation of cerebral microembolic signals
during transcatheter closure of atrial septal defects.
It is in addition the first study to investigate the
timing and number of cerebral microembolic signals
in a purely paediatric population undergoing any
form of interventional cardiac catheterisation. No
correlation between either the number of embolic
signals detected, the duration of the procedure,
fluoroscopic time, or time used for placement of
the Amplatzer septal occlusion device was found.

Table 2. This table shows the five periods of the transcatheter procedure and the median and total number of MES detected during each
period in all patients.

Procedure periods
Median number of
MES detected (range)

Total MES detected in
all patients (%)

% patients in who
MES were detected

Freidman’s test rank
(significance< 0.01)

Right cardiac catheterisation 0 (0–28) 78 (4.6) 5 (21) 1.88
Left cardiac catheterisation 1 (0–34) 144 (8.5) 17 (71) 2.55
Pulmonary angiography 0 (0–16) 25 (1.5) 5 (21) 1.71
Balloon sizing 22.5 (1–91) 629 (37.4) 23 (96) 4.17
Long sheath and device placement 25 (7–96) 794 (47) 24 (100) 4.71

MES=microembolic signals
The percentage of patients in whom MES were detected in each period is given in column 4. The Friedman’s test ranking illustrates that the number of
emboli detected during balloon sizing and device placement was significantly higher than during the other three periods

Table 3. Number of microembolic signals with each successive deployment of the occluder device in the eight patients in whom the device
was opened more than once.

Patient Total number of device deployments

Number of microembolic signals

Deployment 1 2 3 4 5 6

1 4 12 2 1 10
1 1 (new device) 5
2 2 10 3
5 2 15 0
6 9 12 4 1 1 0 0
11 2 14 0
13 4 34 16 0 0
15 5 22 10 9 0 0
23 3 26 9 2

In one patient (patient 1) the device was deployed three times before becoming attached to fixed structures within the atrium when an attempt to draw it
into the delivery catheter was made. It was fully deployed again before being closed and withdrawn from the patient.
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Over 96% of the detected embolic signals were
gaseous. The majority were detected during the
periods of balloon sizing or septal device deployment.
It has been demonstrated, however, that in those
patients in whom the occlusion device was deployed
more than once, the number of microembolic signals
detected decreased with each successive deployment.
Furthermore, in a subgroup of patients in whom solid
microemboli were detected during device placement
and in whom the device was deployed more than
once, solid microemboli were only detected with the
first deployment of the septal occluder. The findings
do not indicate increasing risk of embolus formation
in relation to the length of the procedure, thereby
supporting the common practice of giving a single
dose of heparin. However, most procedures lasted
<60 minutes, and the study population size does
not allow for a statistical evaluation of the effect
of antithrombotic prophylaxis in longer procedure
times. In a recent paediatric study, however, the
measured level of heparinisation correlated negatively
with procedure time.31

A total of only 15 emboli, <0.1% of the total
number detected, were not directly temporally rela-
ted to a specific catheter or device manipulation.
These signals, which we have determined to label as
random, were instead detected during a period
of occluder device preparation or, more commonly,
following balloon inflation. It is important to note
that no signals were detected before the start of the
procedures – venous line access – or after the catheter
devices were removed.
There are three studies investigating the timing

and detection of microemboli during transcatheter
closure of either a patent foramen ovale or secundum
atrial septal defect that have previously been
published.1–3 Ferrari et al monitored 35 adult
patients (age range 24–59 years): 29 during patent
foramen ovale closure and a further six during atrial
septal defect closure. Cerebral microembolic signals
were detected in 33 patients. The highest rates of
signals were observed when the septum was crossed
with a guide wire, when the left atrial disc was
deployed and with balloon sizing. Patients under-
went neuropsychological testing both before and
after the procedure. There was no evidence of a
general neuropsychological impairment following
the procedure and no association between the number
of cerebral microemboli and changes in neuro-
psychological scores.2 Morandi et al examined 29
adult patients (mean age 45± 15 years) undergoing
transcatheter closure of patent foramen ovale. All had
previously suffered a stroke or transient ischaemic
attack. They reported the highest rates of microem-
bolic signals during left disc opening (96% of patients)
and with septal catheterisation (48% of patients),

with an average count of 31 (range 1–135) and
3 (range 1–18), respectively.3

Itoh et al used transcranial Doppler to investigate
the frequency and factors associated with cerebral
microemboli during transcatheter closure of secun-
dum atrial septal defects in 16 patients from a mixed
adult and paediatric population (age range 7.8–42.3
years). The median number of embolic signals was
31.5 (range 3–113), with the majority of signals
being detected during balloon sizing and long sheath
placement and device placement, with median
numbers of 9.6 and 6.5, respectively.1 This contrasts
with the larger number of emboli detected in our
study (63). Itoh et al used single frequency transcranial
Doppler and automated embolic signal detection soft-
ware (FS1) for embolus detection. However, they did
not describe their detection criteria, provide a reference,
or state whether if they had modified their embolus
detection software for paediatric use. We used multi-
frequency Doppler with pre-defined Doppler energy
criteria, and all of the automatically detected emboli
were also manually controlled off-line. The difference in
embolus detection criteria may therefore explain the
difference with regard to the number of emboli detected
in the two studies.
In adult populations undergoing diagnostic left

cardiac catheterisation4,32 or transluminal coronary
angioplasty,33 emboli formation occurs mainly with
angiography and has been shown to be significantly
related to the volume of contrast used4 or the dura-
tion of the procedure.34 No such relationship was
demonstrated in this study. This is due to the fact
that patients in this study underwent only one
angiographic study with contrast injected into the
pulmonary arteries. Itoh et al demonstrated a positive
correlation between time for device manipulation and
total number of microembolic signals (r= 0.77).1

Again, this result was not reproduced in this study,
even when the period for device placement time was
further subdivided into long sheath placement and
device placement time. This is consistent with our
finding that when an occluder device is opened
several times the number of cerebral microembolic
signals decreases with each successive deployment.
In this study, neither the number of total emboli or
gaseous emboli correlated with total procedure time,
fluoroscopic time, or contrast volume.
The microembolic signals – except those labelled

random – were detected in clusters, as opposed to
single embolic signals. Therefore, groups of micro-
emboli enter the cerebral circulation with the
advancement of stiff guide wires, balloon inflation,
or device deployment. There remains some debate
regarding the pathological significance of such
microemboli. Diffusion-weighted magnetic reso-
nance imaging has identified silent, acute brain
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injury following percutaneous cardiac catheterisation
in adult populations.4,34 In one of these studies,
patients with new lesions following catheterisation
had significantly higher numbers of solid micro-
emboli. In addition, cognitive impairment following
catheterisation was shown to be related to the degree
of brain injury demonstrated by magnetic resonance
imaging before the procedure, suggesting differing
degrees of intra-patient tolerance to microembolic
injury.4 Studies in patients with a mechanical heart
valve suggest that gaseous microemboli do not cause
cerebral injury,35,36 whereas the detection of solid
microemboli was significantly higher in patients
who had suffered a cerebrovascular event.37 There are
conflicting results from studies investigating the
effects of cerebral microembolic signals during carotid
endarterectomy and carotid angioplasty and stenting.
Whereas several authors have not found a link
between embolic signals and new onset symptoms of
cerebrovascular disease,38–40 other studies have
demonstrated an association.41–43 The findings of one
of these studies suggest that both solid and gaseous
emboli may be harmful to the brain,41 a finding that
is supported by other authors.44,45

Of all the cerebral microembolic signals detected,
84.4% were detected during either balloon sizing
or device placement. A further 8.5% were detected
with blood tests or saturation measurements from the
left atrium or pulmonary veins. The formation of
cerebral microemboli in this paediatric population
was therefore related to specific manipulations but
not their duration. Although the use of a balloon for
sizing of the septal defect is the accepted standard,
two recent articles have advocated sizing of the septal
defect without the use of a balloon.46,47 In addition,
by refining techniques further, for example the pre-
paration and attachment of the occluder device to its
introducer or by deploying the device at least once in
the vena cava, the burden of cerebral microemboli
could be greatly reduced.

Study limitations

All patients were discharged the day following
cardiac catheterisation. All procedures were described
as uncomplicated and none of the patients developed
new, clinical neurological symptoms at the time of
discharge. Acute, “silent” neurological injury could
not be excluded, however, as diffusion-weighted
magnetic resonance imaging was not performed
either pre or post catheterisation as in this paediatric
population such an investigation would, in the vast
majority of these patients, have required an addi-
tional general anesthetic.
Monitoring as the middle cerebral artery on one

side only, as opposed to monitoring both middle

cerebral arteries simultaneously. In addition, given
that the microemboli tend to come in clusters, it is
almost impossible to be certain that each individual
signal is included.

Conclusion

Cerebral microemboli are frequent during paediatric
cardiac catheterisation and are associated with specific
catheter manipulations. No correlation between the
number of embolic signals and fluoroscopic time or
duration of procedure was demonstrated in this
purely paediatric population. Although the majority
of these emboli are gaseous, it cannot be excluded
that both solid and gaseous emboli may be harmful to
the brain. Transcranial Doppler is a beat-to-beat
online monitoring system that can inform the inter-
ventionalist that microemboli are beginning to enter
the brain’s circulation. This may allow immediate
procedure adjustments that may prevent further
microembolisation.
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