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Abstract

Background Microsusceptibility changes in the brain are
well known to correspond with microbleeds or micrometal
fragments in adults, but this phenomenon has not been
explored well in children.

Objective To assess imaging and clinical characteristics of
children with multiple foci of microsusceptibility changes
using susceptibility-weighted imaging (SWI).

Materials and methods Between 2006 and 2008, 12
children with multiple foci of microsusceptibility on SWI
without corresponding abnormal signal on conventional
MRI were identified and were retrospectively assessed.
Results The locations of foci of microsusceptibility included
the cerebral white matter, basal ganglia, brainstem and
cerebellar white matter, without any clear systematic anatomic
distribution. CT (r=5) showed no -calcification at the
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locations corresponding to the microsusceptibility on SWI.
Conventional MR imaging showed white matter volume loss
(n=5), delayed myelination (n=2), acute infarction (n=1),
chronic infarction (n=1), meningitis (n=1), slight signal
abnormality in the white matter (n=1) and no abnormal
findings (n=1). Follow-up SWI (n=3) showed no change of
the microsusceptibility foci. Interestingly, all children had a
history of heart surgery under extracorporeal circulation for
congenital heart disease.

Conclusion Multiple foci of microsusceptibility can be seen
in the brain on SWI in children with congenital heart
disease who underwent heart surgery with extracorporeal
circulation.

Keywords Microbleeds - Heart surgery - Congenital heart
disease - Extracorporeal circulation - Susceptibility-weighted
imaging - Child

Introduction

With the advent of modern MR imaging techniques,
microsusceptibility changes in the brain have been recog-
nized. Major causes of these microsusceptibility changes
were considered to be microbleeds related to microangiop-
athy, moyamoya disease, anticoagulant therapy, angiitis and
diffuse axonal injury [1-11]. Another cause was reported to
be microscopic embolic metal fragments from prosthetic
heart valves [12, 13]. Several investigators reported that
identifying microbleeds was of importance because it could
be an increased risk factor for cerebral bleeding or lacunar
stroke [2, 14—16]. Causes and clinical significance of
microsusceptibility changes have been investigated well in
adults. To our knowledge, however, the imaging and
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clinical characteristics of microsusceptibility changes in
children have not been well established.

Recently, susceptibility-weighted imaging (SWI) has
been introduced as a highly sensitive method for the
visualization of substances with susceptibility effects such
as blood, iron, calcification and air. The SWI sequence is a
high-spatial-resolution, three-dimensional, fast low-angle
shot MR imaging, technique with phase-postprocessing
[17-20]. SWI demonstrates substances with susceptibility
effects as signal loss. Recent studies reported the detect-
ability of microbleeds on SWI to be higher than that on
T2*-weighted imaging advocating the use of the former
when searching for microsusceptibility changes [5, 21]. The
aim of this study was to assess imaging and clinical
characteristics of children with multiple foci of micro-
susceptibility changes in the brain on SWI that were not
visualized on conventional MR imaging.

Materials and methods
Patients

Institutional review board approval and informed consent
were waived for this retrospective study. Between June
2006 and May 2008, all children (age <18 years) who were
suspected of having intracranial haemorrhage or in whom
intracranial haemorrhage needed to be ruled out, underwent
MR imaging including SWI at our institute. MR images of
all these children were assessed by either of two experi-
enced board-certified paediatric neuroradiologists on the
same day of scanning. Cases with multiple foci of micro-
susceptibility changes in the brain on SWI without
corresponding abnormal signal on conventional MR imag-
ing were included. Cases were excluded when abnormal
signal was also visualized on conventional MR imaging at
the location that corresponded with the area of signal loss
on SWI, ie., if a corresponding area with high signal
intensity was seen on Tl-weighted images (e.g., due to
haemorrhage) or low signal intensity on T2-weighted
images (e.g., due to haemosiderin, metal or calcification).
This approach was chosen because the present study
focused on microsusceptibility changes rather than gross
susceptibility changes that are also visible on conventional
MR sequences. Twelve cases (8 boys, 4 girls; age range 0—
5 years, mean age 12.7 months) in whom foci of micro-
susceptibility changes were only noted on SWI were included.
Their images and clinical data were retrospectively assessed.

MR imaging

All scanning was done using a 1.5-T MR unit (Avanto,
Siemens, Erlangen, Germany) with a 33 mT/m maximum
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gradient capability and a maximum slew rate of 125 mT/m/
ms. Scanning was performed with a combination of high-
resolution surface coils for neonates and infants and a head
coil for older children. Sedating agents were used when
necessary. The routine MR imaging protocol included axial
T1-W spin-echo, axial, and sagittal or coronal T2-W fast
spin-echo and axial diffusion-weighted imaging (DWI).
Imaging parameters varied depending on the child’s
development and head size [22]. The imaging parameters
used were: T1-W spin-echo, TR 485—523 ms, TE 9.3—
11 ms, one signal acquired; T2-W fast spin-echo, TR 4,
530—5,360 ms, TE 110—140 ms, one signal acquired,;
DWI, TR 5,000 ms, TE 94 ms, two signals acquired,
generalized autocalibrating partially parallel acquisition
(GRAPPA) 2, diffusion gradients, =0 and 1,000 s/mm?.
Other parameters were as follows: field of view, 141-167 x
150-200 mm; matrix size, 119-144x192-256; slice thick-
ness, 5 mm with a 1-mm intersection gap.

SWI consisted of a strongly susceptibility-weighted,
low-bandwidth (80 Hz/pixel), 3-D, fast low-angle shot
sequence with first-order flow compensated in all three
orthogonal directions. Since poorer visualization of the
venous system had been observed in neonates and infants
compared with older children on standard SWI sequence
(unpublished data), we used a longer TE for neonates and
infants to obtain more susceptibility effect. The parameters
for SWI were: TE 69 ms, TR 60 ms for neonates, TE
59 ms, TR 50 ms for infants and TE 49 ms, TE 40 ms for
children older than 12 months; flip angle 20°; slice
thickness 1.3-2 mm; field of view 150x200-250 mm;
matrix size 130-150x256; GRAPPA 2; acquisition time
approximately 4-5 min. SWI was created using the
magnitude and phase images. The normalized phase mask
was multiplied four times against the original magnitude
image [17, 18]. Finally, a minimum-intensity projection
was done over contiguous two or three sections to display
approximately 4-mm-thick transverse images.

Additional planes and sequences, such as fluid-
attenuated inversion-recovery (FLAIR) and contrast-
enhanced T1-W images, were obtained depending on the
disease.

Data analysis

MR images were retrospectively evaluated by two experi-
enced board-certified paediatric neuroradiologists by using
a picture archiving and communication system (Synapse,
Fuji Medical Systems, Tokyo, Japan) that was routinely
used to view images. The evaluations were done by
consensus between two radiologists. Microsusceptibility
changes on SWI (i.e. microsignal loss) were defined as
small round lesions with signal loss without continuity to
surrounding vascular structures. Assessment of SWI was
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done with all the continuous images on the image viewer
and anatomic locations of microsignal loss noted. Areas
with microsignal loss but without a distinct discrimination
between the signal loss and adjacent veins were excluded.
CT images were assessed for the presence or absence of
calcification at the location corresponding to the signal loss
on SWI, if available. Conventional T1- and T2-W MR
images were also reviewed to assess pre- and co-existing
brain disease or abnormalities. In children who had serial
SWI examinations, SWI and conventional MR images were
reviewed to assess any signal change at the location
corresponding to signal loss on the initial SWI.

Medical records of all children were systematically
reviewed with regard to the presence of neurologic or
systemic diseases and clinical history.

Results

The children’s symptoms that prompted MR imaging
included fever (n=1), weakness of the extremities (n=1),
follow-up examination of chronic infarction (n=1), lack of
physical activity after episode of fever (n=1), developmental
delay (n=1) and baseline study after heart surgery (n=7).
The age distribution was 0-1 years (n=9), 1 year (n=1),
2 years (n=1), and 5 years (n=1).

The locations of foci of microsignal loss included the
cerebral white matter, basal ganglia, brainstem, and
cerebellar white matter (Table 1). No apparent systematic
anatomic distribution of microsignal loss on SWI was
observed (Fig. 1). In five children, CT was performed
between 0 and 52 days before or between 8 and 22 days
after the MR examination. CT showed no calcification at
the locations corresponding to the areas of signal loss on
SWI in all five cases.

Conventional MR findings included white matter vol-
ume loss (n=5), delayed myelination (n=2), acute infarc-
tion (n=1), chronic infarction (n=1), meningitis (»=1) and
slight signal abnormality in the white matter (n=1) and no
abnormal findings (n=1). In two children with infarction,
foci of microsignal loss were found in both normal and
infarcted areas (Fig. 2). In one child with meningitis, MR

Table 1 The distribution of microsignal loss on SWIL. WM cerebral
white matter, BG basal ganglia, BS brainstem

Location of microsignal loss No. of cases (n=12)

WM, BG, BS 4
WM, BG 3
WM, BS 2
WM, BG, cerebellum 2
WM 1

images showed bilateral subdural effusion and SWI showed
multiple foci of microsignal loss in the brain parenchyma
(Fig. 3). In the child with slight signal abnormality in the
white matter, slight hypersignal was observed in the deep
white matter of both parietal lobes on T2-W images,
whereas foci of signal loss on SWI were found in another
location.

Three children had follow-up MR examinations (4 weeks,
5 weeks and 9 months after the initial SWI, respectively).
Follow-up SWI showed no changes in foci of signal loss.
Follow-up conventional MR images showed no new lesions
at the locations corresponding to the areas of signal loss on
the initial SWI.

Interestingly, all children had a history of heart surgery
under extracorporeal circulation for congenital heart disease.
They underwent the operation between 6 and 1,630 days
before the MR examination. Their congenital heart disease
included hypoplastic left heart syndrome (n=3), total
anomalous pulmonary venous connection (n=2), partial
anomalous pulmonary venous connection and atrial septal
defect (n=1), atrial and ventricular septal defect (n=1),
complete transposition of great arteries (n=1), corrected
transposition of great arteries and pulmonary atresia (n=1),
double outlet right ventricle (n=1), tetralogy of Fallot (n=1)
and pulmonary atresia (n=1). Two children had been
receiving anticoagulant therapy (warfarin) for 1 and 2 years
after heart surgery, respectively. Co-existing abnormalities
included chromosomal abnormalities [trisomy 21 (n=1), 22q
deletion (n=1)] and asplenia (n=1).

Discussion

It is well known that multiple foci of microsusceptibility
changes can be observed in adults. Our study demon-
strates that similar findings can be seen in children. In
children, relatively small foci of bleeding have been
reported to occur in cases of trauma, vasculitis and
infection [19]. However, in our series the children did
not have a history of hypertension, angiitis or trauma.
In addition, none of the children had sickle cell disease.
Although minor trauma may not be completely ruled
out in our series, it should be noted that microbleeds
can be seen in the frontal white matter or parieto-
temporal-occipital gray or white matter in most children
with diffuse axonal injury, while several regions
including the thalamus, brainstem, cerebellum and basal
ganglia are less affected in this condition [19]. This
distribution of microbleeds in diffuse axonal injury is
different from that in our series. Furthermore, there was no
characteristic pattern with respect to the location of
microsusceptibility changes; this suggests that the micro-
susceptibility changes on SWI in this series were not
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Fig. 1 Two-year-old boy with hypoplastic left heart syndrome who
underwent Fontan and Norwood surgery with extracorporeal circula-
tion. a Axial SWI shows multiple foci of dotted signal loss (arrows). b

related to a specific brain circulation or disorder, but rather
to a systemic origin. Interestingly, all children in this
series had congenital heart disease and had undergone
heart surgery with extracorporeal circulation. We are
therefore the first to speculate that there may be a relation
between microsusceptibility changes on SWI and a history
of heart surgery with extracorporeal circulation. Since
anticoagulants were used during surgery, we speculate that
multiple foci of microsusceptibility changes on SWI in
this series may be a result of microbleeds due to increased
bleeding tendency.

T2- and ¢ T1-W images show no abnormal signal at the location
corresponding to the area of signal loss on SWI

Several investigators reported that intraparenchymal
haemorrhage occured in approximately 30% of neonates
and infants who had undergone heart surgery, based on
findings at US examination or conventional MR imaging
[23-25]. Although detailed imaging findings were not
described in these reports, the haemorrhage that was seen
in their cases might be different from the microsuscepti-
bility changes seen in our series. Nevertheless, their reports
suggest that intraparenchymal haemorrhage may occur in a
certain population of neonates and infants after heart
surgery and support our speculation that microsusceptibility

Fig. 2 Eleven-month-old girl with partial anomalous pulmonary
venous connection and atrial defect who underwent repair surgery
and closure of the atrial septal defect. MR imaging was performed on
the second day of acute cerebral infarction, which occurred 5 days
after heart surgery. a Axial SWI shows multiple foci of microsignal
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loss (arrows). b Axial T2- and ¢ T1-W images show acute infarction
in the bilateral middle cerebral arterial territories (arrowheads). Note
that foci of signal loss on SWI are found in both the normal and
infarcted areas
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Fig. 3 Eight-month-old boy with meningitis. MR imaging was
performed 2 months after Rastelli operation with atrial ventricular
septal defect. a Axial SWI shows multiple foci of microsignal loss

changes may be due to microbleeds that occurred during or
after heart surgery.

In the current study the onset of microsusceptibility
changes is unknown. Furthermore, although we did not
include cases with abnormal signal on Tl-and T2-W
sequences, we cannot exclude the possibility of pre-
existing disease such as microemboli at the sites of
microsusceptibility changes in some cases. In one child,
multiple foci of microsusceptibility changes were found on
SWI more than 4 years after heart surgery. This child had
been receiving anticoagulants for 2 years after heart surgery
and might have been under conditions of bleeding tendency
for a relatively long period. Currently, there are no data
concerning the time for the microsusceptibility changes to
appear on SWI after microbleeding. In a child with
meningitis in our series, we cannot exclude the cause of
microsusceptibility to be microbleeds related to intracranial
inflammation.

Another possible explanation for the microsusceptibility
changes on SWI may be small migrating metallic agents,
such as fragments of suction tube, entering the vascular
system during operation. However, susceptibility artefacts
of metal are often larger than those of microbleeds and may
be seen on conventional MR images [12]. This suggests
metal is a less likely cause of the dotted signal loss on SWI.
Nevertheless, we cannot completely exclude the possibility
that micrometal may be the cause of microsusceptibility
changes in this series.

It is very unlikely that the microsusceptibility changes that
were seen in this study are due to air or calcium. Generally,
air can be identified as hyposignal on conventional T1- and
T2-W images, but this was not the case in our series.

(arrows). b T2-W and (c¢) contrast-enhanced T1-W images show
bilateral subdural effusion (arrowheads). Images show no abnormal
signal at the location corresponding to the area of signal loss on SWI

Furthermore, the presence of air could also be ruled out
because follow-up SWI showed no changes in signal loss.
CT showed no calcification in the corresponding area,
though it should be mentioned that CT was not performed
simultaneously with MR imaging.

This study had several limitations. First, it was a
retrospective study including a relatively low number of
cases. Nevertheless, all consecutive children who under-
went MR imaging for the detection or exclusion of
intracranial microsusceptibility foci in a period of almost
2 years were reviewed in order to minimise selection bias.
Second, since this was a retrospective study, the timing of
the imaging scans varied depending on the child’s status.
Third, the number of serial SWI scans and the interval
follow-up SWI scans in this study were insufficient to
provide more insight into the signal changes of micro-
susceptibility in time. Fourth, imaging parameters varied
among children depending on age and size. Therefore,
although a relation between multiple foci of microsuscept-
ibility changes and heart surgery with extracorporeal
circulation was suggested in our series, a larger prospective
study (e.g., a prospective study in which MRI with SWI is
performed before and after heart surgery with extracorpo-
real circulation) or case-control study is needed to confirm
our findings and to provide more definitive insight into the
causes of microsusceptibility changes in the brains of
children on SWI. Furthermore, the clinical significance of
these microsusceptibility changes in terms of neurological
symptoms or development should be determined in a
follow-up study. Fifth, cases were excluded when abnormal
signal was also visualized on conventional MR imaging at
the location that corresponded to the area of signal loss on
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SWI. As mentioned previously, this approach was chosen
because the present study focused on microsusceptibility
changes rather than gross susceptibility changes that are
also visible on conventional MR sequences. However, it
might be interesting, for example, for future studies to
investigate T1 hyperintense lesions (that may be related to
either haemorrhage or ischaemia) using SWI. Nevertheless,
this was beyond the scope of the present study.

Conclusion

Multiple foci of microsusceptibility changes can be seen
in the brain on SWI in children with congenital heart
disease who underwent heart surgery with extracorporeal
circulation.
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