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Objectives: This study was undertaken to estimate the incidence and burden of 
cerebral microhemorrhage (CM) in patients with heart disease who underwent 
cardiopulmonary bypass (CPB), as detected on susceptibility‑weighted imaging (SWI), 
a magnetic resonance (MR) sequence that is highly sensitive to hemorrhagic products. 
Materials and Methods: With Institutional Review Board waiver of consent, MR 
imaging (MRI) of a cohort of 86 consecutive pediatric patients with heart failure 
who underwent heart transplantation evaluation were retrospectively reviewed for 
CM. A nested case–control study was performed. The CPB group consisted of 23 
pediatric patients with heart failure from various cardiac conditions who underwent 
CPB. The control group was comprised of 13 pediatric patients with similar cardiac 
conditions, but without CPB history. Ten patients in the CPB group were female (age: 
5 days to 16 years at the time of the CPB and 6 days to 17 years at the time of the 
MRI). The time interval between the CPB and MRI ranged from 11 days to 4 years 
and 5 months. Six patients in the control group were female, age range of 2 days 
to 6 years old. The number of CM on SWI was counted by three radiologists (PK, 
EK and DK). The differences in number of CM between groups were tested for 
significance using Mann–Whitney U‑test, α = 0.05. Using the univariate analysis of 
variance model, the differences in number of CM between groups were also tested 
with adjustment for age at MRI. Results: There are statistically significant differences 
in CM on SWI between the CPB group and control group with more CM were 
observed in the CPB group without and with adjustment for age at MRI (P < 0.001). 
Conclusions: Exposure of CPB is associated with increased prevalence and burden 
of CM among pediatric patients with heart failure.
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Neurological complications after CPB are a known cause 
of morbidity and mortality in this population.[5‑9] The 
neurological complications include seizures, intracranial 
hemorrhage, cranial nerve abnormalities, disorders 

Introduction

Many children with heart failure from congenital 
heart disease (CHD) and other acute heart 

conditions need to undergo cardiac surgery with 
cardiopulmonary bypass (CPB) to survive.[1,2] One‑third 
of the babies born with major congenital anomalies have 
CHD worldwide.[3] The first cardiac surgery performed 
with CPB was in 1953,[4] and the first successful cardiac 
transplantation in a newborn baby was performed at our 
institution on November 20, 1985. The survival rate 
of CHD patients has been increasing due to advances 
in cardiovascular diagnosis and surgery over the past 
decades.[3]
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of the peripheral nervous system, and persistent 
irritability.[6] Contributing factors to these neurological 
complications include gaseous microemboli, reperfusion 
syndrome, hypothermic circulatory arrest, and low‑flow 
CPB.[5,9]

A recent study found that the most common abnormal 
magnetic resonance imaging (MRI) finding in pediatric 
patients who underwent CPB was white matter injury, 
followed by focal infarction.[10] Intracranial hemorrhage 
was observed in only a few patients in both pre‑ and 
post‑operative MRIs.[10]

Susceptibility‑weighted imaging (SWI) is a magnetic 
resonance (MR) sequence that is highly sensitive to 
the presence of hemosiderin.[11‑13] It has been shown 
to be 3–6 times more sensitive than conventional 
T2*‑weighted gradient‑echo (T2*GE) sequences to 
detect microhemorrhages.[14] SWI has demonstrated 
microhemorrhages in cerebral amyloid angiopathy, 
posttraumatic injuries, intra‑arterial hemolytic disorders, 
and petechial hemorrhages after acute cerebral 
ischemia.[3,15‑18] Although it has not yet been described 
in the literature, we have also observed cerebral 
microhemorrhage (CM) in pediatric patients who 
underwent CPB. The purpose of this study is to estimate 
the prevalence of CM in pediatric patients with heart 
failure, undergoing CPB.

Materials and Methods
Patients
We retrospectively reviewed 86 pediatric patients who 
underwent cardiac transplantation evaluation at Loma 
Linda University Medical Centre for heart failure 
from 2001 to 2010 after receiving permission from our 
Institutional Review Board. The medical record for 
each patient was reviewed for demographics and CPB 
history. Inclusion criteria for the CPB group consisted 
of postoperative MRI with SWI. Inclusion criteria for 
the control group consisted of MRI with SWI without 
CPB. Exclusion criteria for both CPB and control groups 
include congenital brain anomaly, central nervous system 
infection, congenital metabolic disorder, anticoagulation 
disorders, large intracranial hemorrhage, acute infarction/
ischemia, and poor quality SWI. Forty‑one patients (41/86) 
who underwent CPB had preoperative MRI but not have 
a postoperative MRI, and nine patients (9/86) with poor 
quality SWI were all excluded from the study.

Cardiopulmonary bypass group
The 23 patients in the CPB group had a variety of heart 
conditions including hyperplastic left ventricle (9), double 
outlet right ventricle (4), Shone’s complex (2), pulmonary 
atresia (1), tetralogy of Fallot (2), Ebstein’s anomaly (1), 

double outlet left ventricle (1), atrioventricular septal 
defect (1), viral cardiomyopathy (1), and myocarditis (1). 
Ten patients were female. Age at CPB ranged from 
5 days to 16 years at the time of surgery. The time 
interval between the CPB and MRI ranged from 11 days 
to 4 years [Table 1].

Control group
Thirteen pediatric patients with similar cardiac 
conditions and SWI, but without CPB surgery, 
comprised the control group. The patients in this 
group had the following heart conditions: Hyperplastic 
left ventricle (3), dilated cardiomyopathy (3), double 
outlet right ventricle (1), Ebstein’s anomaly (2), viral 
cardiomyopathy (1), restrictive cardiomyopathy (1), 
hypoplastic right ventricle (1), and dextro‑transposition 
of great arteries (one). Six patients were female. Age at 
MRI ranged from 2 days to 6 years [Table 1].

Susceptibility weighted imaging
Each patient underwent a MRI using a conventional 
1.5‑T MRI system (Magnetom Vision, Siemens 
Medical Solutions, Iselin, NJ, USA). The SWI 
sequence consists of a strongly susceptibility‑weighted, 
low bandwidth (78 Hz/pixel), three‑dimensional fast 
low‑angle shot sequence (TR/TE 1⁄4 57/40 ms, FA 
1⁄4 20_), with first‑order flow compensation in three 
orthogonal directions. Thirty‑two partitions of 2 mm 
were acquired using a rectangular field of view (5/8 of 
256 mm) and a matrix size of 160 × 512, resulting in 
16 slices with an effective slice thickness of 4 mm. 
The acquisition time was 4.25 min. Images underwent 
additional postprocessing, using a phase mask that led 
to an enhancement of the phase differences between 
paramagnetic substances and surrounding tissue.[19]

Susceptibility‑weighted imaging assessment
Each patient’s SWI series was evaluated by three 
radiologists, blinded to CPB status. The number of 
CM was counted and agreed by consensus. Any 
nonvenous focal area of low‑signal intensity on SWI 
measuring <5 mm in diameter was considered to be 
a microhemorrhage [Figures 1 and 2]. Total CM was 
recorded for each patient up to 50. Greater than one lesion 
was considered to be positive for the presence of CM.

Table 1: Patient demographics
Control CPB

n 13 23
Sex (male:female) 7:6 13:10
Mean age at MRI (months) 15 41
Mean age at CPB (months) ‑ 26
Cardiac shunting (+/−) 8/5 20/3
+/−: With or without, MRI: Magnetic resonance imaging, 
CPB: Cardiopulmonary bypass
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Statistical analysis
The prevalence of CM was calculated for each group. 
The differences in median CM number between groups 
were tested for significance using Mann–Whitney U‑test, 
α = 0.05. The differences of right to left shunting and sex 
were tested using Pearson Chi‑square tests. Correlation 
between age at MRI and number of CMs was also tested 
using Spearman’s rho. Using the univariate analysis of 
variance model, the differences in number of CM between 
groups were also tested with adjustment of age at MRI.

Results
Twenty‑three patients in our CPB group had 
0–50+ intracranial microhemorrhages on SWI 
[Figures 1 and 2]. In the control group, there were 
0–10 microhemorrhages on SWI. There was increased 
prevalence of cerebral hemorrhage in the CPB group 
compared to the control group (91% vs. 46.2%). There 
was a statistically significant difference in CM on SWI 
between the CPB group and control group with more 
CM observed in the CPB group (P < 0.001). Using the 
univariate analysis of variance model to adjust for age at 
MRI, the CPB group patients had statistically significant 
increase number of CMs compared with the control 
group (P < 0.001). Pearson Chi‑square test showed no 
significant differences of right to left shunting and sex 
between the CPB group and control group (P = 0.08 and 
P = 0.88, respectively). Spearman’s rho test showed a 
positive correlation between age at MRI and number of 
CMs (r = 0.5; P < 0.001).

Discussion
In our study, compared to controls, the 23 patients who 
underwent CPB showed higher prevalence and greater 
burden of CMs compared with the control group both 
with and without the adjustment of age at MRI.

Intracranial microhemorrhages are seen in patients with 
thrombotic microangiopathy caused by disorders such 
as thrombotic thrombocytopenic purpura, disseminated 
intravascular coagulation, hemolytic uremic syndrome, 
and malignant hypertension.[20] In the setting of CPB, we 

suspected that the gaseous microemboli may be the cause 
of CM observed in this study. Gaseous microemboli are 
generated by the CPB circuit components or turbulent 
flow in the tubing,[9] and upon entering the cerebral 
circulation, they can cause brain hypoxia, ischemia, or 
necrosis by blocking capillaries and larger arterioles.[9] 
The immune system can also potentially react against 
these microemboli and cause more tissue damage,[9] 
similar to the cascade of events described in thrombotic 
microangiopathy.[20]

Congenital cardiac disease with right to left shunting is a 
known risk factor of cerebrovascular emboli. One study 
estimated that CHD patients have 10–100 times higher 
risk of development cerebrovascular accidents (CVAs) 
than the normal population.[12] The prevalence of CVA in 
patients with CHD with cyanotic lesions and shunting is 
elevated 10‑fold.[12] Some of the CM we observed in our 
cohort may be related to right to left shunting. However, 
the difference of right to left shunting between the CPB 
group and control group is not statistical significant.

Previous studies have shown that solid and air 
emboli are introduced during CPB from the CPB 
circuit, manipulation of the heart and great vessels, 
administration of medication, and blood drawn from the 
circuit.[21,22] Neuromonitoring tools, such as transcranial 
Doppler ultrasonography and near‑infrared spectroscopy, 
have been used to detect these microemboli.[22‑25] Multiple 
studies have suggested that these emboli are the cause of 
acute neuropsychological dysfunction postoperatively in 
patients who underwent CPB.[8,22] Brown et al. studied the 
brain specimens of 36 patients who died within 3 weeks 
after CPB and found thousands of cerebral microemboli 
in patients soon after CPB.[26] These studies support our 
MR findings of increased prevalence of CM in patients 
with CPB compared with the control group.

Using conventional MRI but not SWI, Mahle et al., 
Miller et al., Dent et al., and Algra et al. found that 
the two most common abnormal postoperative brain 
MR findings in pediatric patients who underwent 
CPB were periventricular leukomalacia and focal 

Figure 1: Axial susceptibility‑weighted imaging images of a 16‑year‑old 
male with a history of teratology of Fallot and repair demonstrated 
multiple cerebral microhemorrhages.

Figure 2: Axial susceptibility‑weighted imaging images of a 6‑year‑old 
female with a history of unbalanced atrioventricular canal, double 
outlet right ventricle, and pulmonary atresia, and cardiac transplantation 
demonstrated multiple cerebral microhemorrhages.
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ischemic lesions.[10,27‑29] In our study, most of these 
microhemorrhages detected on SWI were not detectable 
on conventional sequences. This is likely because SWI 
is 6 times more sensitive to the detection of CMBs 
compared to conventional T2*GE[14] and may explain 
why Algra et al. observed intracranial hemorrhage in 
only a few CPB patients.[10]

There are some limitations in our study. First, our sample 
size is small and may not fully represent the general 
study populations. Second, right to left shunting is a 
confounder in this population. We propose to overcome 
these limitations by conducting a prospective study to 
study the MR brain findings of pediatric patients with 
heart failure who undergo heart transplantation evaluation 
and review the preoperative and postoperative brain 
MRI in patients who underwent CPB. In addition, the 
association of number of microhemorrhage and long‑term 
neurological outcomes should also be evaluated.

Our study shows that there is increased frequency 
and burden of microhemorrhage in pediatric patients 
undergoing CPB and that CM may be the most common 
postoperative findings in this population. One quarter of the 
CHD patients underwent cardiac surgery with utilization 
of CPB.[1,2] Neurological complications ranging from 
behavioral disorder to seizures occur after CPB in 25% 
of the patients.[6] The cause of neurological compilations 
is not clearly known, but there are several contributing 
factors. Moreover, one of the contributing factors of 
neurological complications is gaseous microemboli.[9,22,30]

Conclusion
We propose that history of CPB should be considered 
in the differential diagnosis in pediatric cardiac patients 
with CMs on SWI, along with cardiac shunting and 
anticoagulation therapy. Although the exact mechanism 
on how these microhemorrhages occur is unknown, CMs 
on SWI may be a useful marker of the effect of pediatric 
CPB on neurological outcomes.
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