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Abstract: Accumulation of b-amyloid (Ab) plaques is a pathological

hallmark of Alzheimer disease. Ab levels in animals and adults were

reported to be associated with postoperative cognitive dysfunction

(POCD). Our goal was to determine the plasma levels of Ab in infants

and young children after cardiac surgery with cardiopulmonary bypass

(CPB).

Forty-two infants and young children aged from 1 to 35 months

undergoing cardiac surgery with general anesthetics were prospectively

enrolled from January to June 2014 at a tertiary medical center.

Perioperative plasma samples were obtained, and Ab42 and Ab40

levels were measured using ELISA. Other clinical characteristics of

the patients were also recorded.

Plasma levels of Ab42 and Ab40 decreased dramatically 2 hours

after surgery and remained significantly lower 6 hours after operation.

Baseline Ab42 level correlated significantly with surgical intensive care

unit (SICU) length of stay (LOS) and was an independent predictor for

SICU LOS on multivariate analysis.

Cardiac surgery with CPB decreases plasma Ab levels. Plasma

levels of Ab42 and Ab40 might be used as novel biomarkers for

predicting outcomes in the patient population.

(Medicine 95(6):e2684)

Abbreviations: Ab = b-amyloid, AD = Alzheimer disease, BBB =

blood–brain barrier, CPB = cardiopulmonary bypass, CSF =

cerebrospinal fluid, LOS = length of stay, MV = mechanical
li Cheng, MD, Xia MD,
hu, MD

Adjusted Classification for Congenital Heart Surgery, RAGE =

receptor for advanced glycation end-products, SICU = surgical

intensive care unit.

INTRODUCTION

b-amyloid (Ab) are peptides of 36 to 43 amino acids
and the main component of the amyloid plaque in

Alzheimer’s disease (AD). It is widely accepted that Ab
oligomers are drivers of neurodegeneration and AD.1 The most
common isoforms of Ab are Ab42 and Ab40. They play
important roles not only in AD but also in postoperative
cognitive dysfunction (POCD).2 POCD is a complication fol-
lowing surgery that is characterized by a decline in cognitive
functions such as memory, the ability to concentrate, and
information processing. The symptoms of POCD vary among
patients, but most complaints involve difficulties with memory,
or in handling daily activities at home as well as at work.3

POCD has been associated with a higher risk of increased
length of stay (LOS), postdischarge institutionalization, and
mortality.4

Many clinical studies showed that POCD is often associ-
ated with cardiac surgery.5,6 Newman et al6 reported that the
incidence of cognitive decline was 53% at discharge, 36% at 6
weeks, 24% at 6 months, and 42% at 5 years after coronary-
artery bypass grafting. The use of cardiopulmonary bypass
(CPB) has been described as a major contributor to the high
incidence of POCD in this setting.7,8 It has long been assumed
that cerebral embolism associated with CPB may account for
POCD. Indeed, transcranial Doppler monitoring consistently
demonstrates the presence of small particulate or air emboli
during cardiac manipulations. In patients undergoing on-pump
coronary artery bypass surgery, poor left ventricular function,
elevated preoperative creatinine, prolonged ICU stay, and
higher educational level have been determined as independent
predictors of POCD occurrence.9 Alternatively, there are evi-
dences to support that anesthesia induces POCD. Inhalational
anesthetic isoflurane can induce caspase activation and apop-
tosis, enhance Ab aggregation, and increase cytotoxicity.10,11

Zhang et al12 found isoflurane was associated with an increase
of Ab40 levels in cerebrospinal fluid (CSF) 24 hours after
surgery and desflurane was associated with a decrease in
CSF Ab42 levels 2 hours after the surgery. Several studies
using nuclear magnetic resonance (NMR) spectroscopy showed
that smaller size anesthetic agents, such as isoflurane and
desflurane, may cause greater Ab oligomerization by interact-
ing with residues on the peptide chain.13 Plasma Ab42 and
Ab40 have been documented as markers for POCD.14 There-
ed that a combination of surgical trauma
ads to a primary inflammatory response
results in neuroinflammation and Ab
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accumulation in the CSF due to synaptic impairment. The net
effect is an increase in the risk of developing POCD.15

POCD is well studied in adults but has been under-
investigated in children. Since the first reported evidence of
impaired cognition in children after halothane/nitrous oxide
anesthesia,16 less than 10 studies on POCD in children have
been published.17 Until now, no study examining Ab42 and
Ab40 levels in children has been reported yet. In the present
study, we hypothesized that Ab42 and Ab40 levels were altered
after cardiac surgery with CPB in children. The patients in the
present study were infants and young children less than 3 years
old. Therefore, it was not feasible to assess POCD in this
population. The primary endpoint of the study was to determine

Hu et al
the effects of heart surgery with CPB on plasma levels of Ab42
and Ab40. The secondary endpoint was to study whether Ab42
and Ab40 levels were associated with adverse outcomes.

MATERIALS AND METHODS

Patient Population
This prospective study was conducted at the Children’s

Hospital, Zhejiang University. The protocol was approved by
the Medical Ethics Committee of the Children’s Hospital,
Zhejiang University. Informed consents were obtained from
the guardians or legal representatives of the patients before
enrollment. Eligible participants were American Society of
Anesthesiologists I to III patients aged ranging from 1 to 35
months of who had congenital heart disease requiring CPB
under general anesthesia. The exclusion criteria included
patients younger than 1 month and older than 36 months;
patients born prematurely; patients with abnormal liver, renal
function, or major chromosomal abnormalities; patients show-
ing pulmonary inflammation before surgery; patients with
pulmonary edema due to cardiac dysfunction and requiring
extracorporeal membrane oxygenation support after the oper-
ation; and patients refusing to participate in the study.

Anesthesia and Cardiopulmonary Bypass
Protocol

All patients were evaluated by standard echocardiography
and/or cardiovascular angiography before surgery. The patients
were orally intubated in the operating room. Anesthesia was
managed according to a standard protocol, including induction
with sevoflurane (2–5%) in oxygen, ketamine (1.0–2.0 mg/kg),
midazolam (0.10–0.20 mg/kg), fentanyl (2–5 mg/kg), vecuro-
nium (1 mg/kg) and maintenance with fentanyl (15–25 mg/kg)
and sevoflurane (1–3%) in oxygen. Neuromuscular blockadewas
achieved with vecuronium (0.1 mg/kg, once every 60 minutes).
The CPB circuit, which was identical for all patients, included a
microporous hollow fiber membrane oxygenator (Dideco 901,
Dideco, Mirandola, MO, Italy; Medtronic, Inc, Minnea-polis) and
a Stockert III roll pump (Stockert Instrumente, Munich, Bavaria,
Germany). Before aortic cannulation, 400 to 450 U/kg heparin
was administered with the target kaolin-ACT value more than
450 seconds. The bypass circuit was primed with lactated Ringer
solution, colloid (20% albumin, plasma 150 mL), mannitol
(2.5 mL/kg), packed red blood cells (1.5 U), heparin (1000 IU
for Dideco 901; 1250 IU for Medtronic, Inc.), and 5% sodium
bicarbonate (5 mL/kg). Pump flow rates ranged from 3.0 to
2.0 L/min/m2. Core temperature was controlled at 30 to 328C

using a heat exchanger in the bypass circuit. At the end of CPB,
in order to maintain the fluid balance, the modified ultrafiltra-
tion was used to remove the excess fluid in the body according
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to the hematocrit (maintenance of hematocrit >30%) and the
monitored blood pressure (aortic blood pressure: 75–110/50–
78 mm Hg; left atrial pressure: 5–12 mm Hg; right atrial
pressure: 5–14 mm Hg according to the patient’s age and
weight).

Weaning From Mechanical Ventilation Protocol
The patients were transferred to the surgical ICU immedi-

ately after operation and subjected to mechanical ventilation
(MC) using Servo i ventilators (Siemens, Munich, Germany).
Patients were weaned from MV when they met the following
criteria: stable hemodynamic profile, normal cardiac rhythm,
adequate oxygenation on fraction of inspired oxygen �0.4,
maintenance of pH> 7.35 and PaCO2< 45 mm Hg, the level
of consciousness consistent with adequate airway protective
reflexes, absence of accessory respiratory muscle recruitment,
and approval by the attending cardiac intensivists.

Data Collection and Definitions
Demographic and operative data were collected, including

the age at surgery, weight, gender, Risk Adjusted Classification
for Congenital Heart Surgery (RACHS-1), duration of CPB,
aortic cross-clamp time, duration of MV, and the ratio of arterial
oxygen pressure to the fraction of inspired oxygen (PaO2/FiO2).
Additionally, an inotrope score was calculated at 24 hours
following CPB. Furthermore, all patients were followed to
determine surgical intensive care unit (SICU) LOS. No patient
was lost during SICU observation.

Plasma Ab40 and Ab42 Measurement
For each patient, 1 mL of fresh blood was drawn into a

vacuum tube containing EDTA at preoperation and at 0, 2, 6,
12, 24, 48, and 72 hours postoperation. After centrifugation at
3000 rpm for 5 minutes at 48C, the plasma was divided into
aliquots and frozen at �808C until assay. Plasma Ab levels
were measured via commercial Ab40 and Ab42 ELISA kits
(Invitrogen, Camarillo, CA) according to the manufacturer’s
instructions.

Statistical Analysis
Variables were presented as mean values and standard

deviations if normally distributed, and otherwise as median
values and interquartile ranges. Continuous data were compared
using 1-way analysis of variants (ANOVA) or Kruskal–Wallis
ANOVA with Dunn post hoc test as indicated. A Pearson
correlation test was performed to determine the correlation
between continuous data, and Spearman correlation test for
MV time. Associations were determined using univariable
analysis. Variables associated with postoperative SICU LOS
at a P-value �0.15 were then included in a list of potential
independent risk factors for multivariable linear regression
analysis. All statistical analyses were performed using SPSS
(SPSS 16.0 for Windows; SPSS, Chicago, IL). A P-value<0.05
was considered statistically significant.

RESULTS

Participants
Forty-two infants and children younger than 3 years who
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underwent cardiac surgery with CPB were enrolled into the
study. Demographic and operative data are shown in Table 1.
Table 2 lists types of cardiac lesion and RACHS-1. The study
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TABLE 1. Demographic and Operative Data of the Patients

Characteristics Results

Age, mo 8.42� 5.98
Gender, M:F 28:14
Weight, kg 7.18� 2.27
CPB time, min 67.51� 18.70
Aortic cross-clamp time, min 42.76� 16.25
SICU LOS, d 4.76� 1.96
Mechanical ventilation time, h,

median (IQR)
22.66 (9.25–30)

Data are presented as mean�SD or as median (75th–25th inter-
quartile range (IQR)).

CPB¼ cardiopulmonary bypass, LOS¼ length of stay, SICU¼
surgical intensive care unit.

TABLE 2. Cardiac Disease Classification and Corresponding
Complexity of the Surgery

Type of Lesion No. (%)

VSD plus ASD 9 (21.4)
VSD 17 (40.5)
ASD 6 (14.3)
AVC 1 (2.4)
TOF 3 (7.1)
TAPVC plus ASD or VSD 6 (14.3)
Total 42

RACHS-1 No. (%)

Risk category �2 32 (76.2)
Risk category 3 10 (23.8)

Data are presented as counts (%).
ASD¼ atrial septal defect; AVC¼ atrioventricular canal; RACHS-

1¼Risk Adjustment for Congenital Heart Surgery 1; TAPVC¼ total
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procedures were well tolerated. All patients survived and
were discharged.

anomalous pulmonary venous drainage; TOF¼ tetralogy of Fallot;
VSD¼ ventricular septal defect.
Plasma Ab42 and Ab40 Levels After Surgery
We first assessed the effects of cardiac surgery with CPB

on plasma levels of Ab42 and Ab40 at baseline and at 0, 2, 6,

TABLE 3. Perioperative PaO2/FiO2, plasma lactate and plasma A

Variables Baseline
0 h

Postoperation
2 h

Postoperation
6 h

Postope

PaO2/FiO2,

mm Hg

477� 221 320� 106 372� 90 374�

Lactate, mmol/L 0.95� 0.28 1.65� 0.64 1.71� 0.80 1.46�
Ab42, pg/ml 9.90� 7.78 7.01� 4.78 3.49� 3.00 5.07�
Ab40, pg/ml 109.14� 74.94 78.98� 41.20 50.04� 37.18 67.65�

Data are presented as mean�SD.
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12, 24, 48 and 72 hours postoperation (Table 3). As shown in
Figure 1, Ab42 levels were significantly decreased at 2 hours
postoperation as compared to baseline (3.49� 3.00 pg/mL vs
9.90� 7.78 pg/mL; P< 0.001) and remained significantly
lower at 6 hours postoperation (5.07� 4.94 pg/mL; P< 0.01)
(Figure 1A). Similarly, cardiac surgery with CPB resulted in a
decrease over time in Ab40 levels. Ab40 levels were signifi-
cantly reduced at 2 hours after surgery as compared to baseline
(50.04� 37.18 pg/mL vs 109.14� 74.94 pg/mL; P< 0.001) and
persisted at a lower levels at 6 hours after operation
(67.65� 50.97 pg/mL; P< 0.01) (Table 3, Figure 1B). These
findings demonstrate that cardiac surgery with CPB decreased
the plasma Ab levels at 2 and 6 hours after the surgery.

Correlation Between Baseline Ab Levels and
Clinical Parameters

Since Ab levels at baseline were reported to be correlated
with clinical outcomes in adult patients with cardiac surgery,18 an
univariate correlation analysis was performed between Ab42/40
levels and clinical parameters including CPB time, aortic clamp
time, MV time, age, weight, PaO2/FiO2 and SICU LOS. There
was a significant correlation between Ab42 level at baseline and
MV time (r¼ 0.372, P¼ 0.022) as well as Ab42 level immedi-
ately after surgery and MV time (r¼ 0.365, P¼ 0.026). There
were also significant correlations between Ab42 level at baseline
and PaO2/FiO2 6 hours (r¼�0.378, P¼ 0.019), 12 hours
(r¼�0.339, P¼ 0.037), as well as 24 hours (r¼�0.330,
P¼ 0.043) postoperation. At 2 hours postoperation, there was
a significant correlation between Ab42 level and the SICU LOS
(r¼ 0.363, P¼ 0.027). However, Ab40 level at baseline was only
significantly correlated with PaO2/FiO2 (r¼�0.336, P¼ 0.034)
at 6 hours postoperation.

POCD after surgery has been associated with prolonged
hospital LOS.19 Due to young age of the study patients,
determination of POCD was not possible. Therefore, we sought
to determine the association between SICU LOS and other
clinical parameters using univariate correlation analysis. These
parameters included age, weight, CPB time, aortic cross-clamp
time, MV time, lactate baseline, PaO2/FiO2 ratio, Ab40, and
Ab42 levels during the operation. There was a positive corre-
lation between the SICU LOS and baseline Ab42 levels
(r¼ 0.352, P¼ 0.030) (Table 4). Other factors associated with
SICU LOS included CPB time, aortic clamp time, MV, age, and
weight, which has been documented in the literature.20

Independent Prognostic Values of Certain

Ab42 Levels in Infants and Young Children
Factors
We also performed multivariate regression analysis to

determine independent factors associated with increased SICU

b42 and Ab40 expression

ration
12 h

Postoperation
24 h

Postoperation
48 h

Postoperation
72 h

Postoperation

114 380� 137 372� 131 428� 171 429� 218

0.79 1.25� 0.63 1.09� 0.72 0.94� 0.27 0.86� 0.23

4.94 6.25� 4.90 9.80� 8.93 8.98� 5.70 8.65� 6.21

50.97 77.49� 55.93 103.32� 65.92 95.03� 46.11 89.16� 48.95
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disruption was reported after cardiac surgery.26 In previous
studies, both cardiac surgery and anesthetics were demonstrated
to increase Ab levels in CSF.12,27 Unfortunately, the Ab levels

FIGURE 1. (A) Box-and-whisker plot of plasma Ab42 levels follow-
ing cardiac surgery with CPB. Distribution of Ab42 levels among
42 patients at preoperation, 0, 2, 6, 12, 24, 48, and 72 hours
postoperation. Box plots demonstrate median with interquartile
ranges; error bars indicate 10th to 90th percentile values; and
black dots show maximum and minimum levels. (B) Box-and-
whisker plot of plasma Ab40 levels following cardiac surgery with
CPB. Distribution of 40 levels among 42 patients at preoperation,
0, 2, 6, 12, 24, 48, and 72 hours postoperation. Box plots demon-

TABLE 4. Factors Associated With Increased SICU LOS by
Univariate Analysis

Characteristics r P

Age, mo �0.426 0.009
Weight �0.445 0.006
CPB time 0.610 0.000
Aortic cross-clamp time 0.482 0.000
Mechanical ventilation time 0.759 0.000
Lactate baseline 0.451 0.005
PaO2/FiO2 baseline �0.289 0.009
Ab40

Ab40 baseline 0.256 0.126
Ab40 0 h postoperation �0.226 0.179
Ab40 2 h postoperation �0.137 0.419
Ab40 6 h postoperation 0.038 0.822
Ab40 12 h postoperation 0.016 0.923
Ab40 24 h postoperation 0.248 0.138
Ab40 48 h postoperation 0.161 0.340
Ab40 72 h postoperation 0.137 0.420

Ab42
Ab42 baseline 0.352 0.030
Ab42 0 h postoperation 0.228 0.195
Ab42 2 h postoperation 0.363 0.027
Ab42 6 h postoperation 0.059 0.736
Ab42 12 h postoperation 0.120 0.485
Ab42 24 h postoperation 0.272 0.115
Ab42 48 h postoperation 0.313 0.067
Ab42 72 h postoperation 0.441 0.009
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LOS (Table 4). All variables with a P� 0.15 on univariate
regression were included into the subsequent multivariate
regression analysis. CPB time (P¼ 0.001), Ab42 at baseline
(P¼ 0.003), MV time (P¼ 0.005), and PaO2/FiO2 baseline
(P¼ 0.020) were independent predictors of prolonged SICU
LOS (Table 5). CPB time, MV time, and PaO /FiO have been

strate median with interquartile ranges; error bars indicate 10th to
90th percentile values; and black dots show maximum and
minimum levels.
2 2

reported as predictors of long SICU LOS following cardiac

TABLE 5. Potential Independent Risk Factors With SICU LOS
by Stepwise Multiple Linear Regression Analysis

Characteristics t P

CPB time 3.478 0.001
Ab42 baseline 3.278 0.003
Mechanical ventilation time 3.099 0.005
surgery in children.21 Therefore, plasma levels of Ab42 at
baseline may serve as a new predictor of SICU LOS.

DISCUSSION
To our knowledge, this is the first report that cardiac

surgery with CPB results in a rapid and significant decrease
in plasma Ab42 and Ab40 levels in infants and young children
at 2 and 6 hours postoperation. In addition, baseline Ab42 level

is an independent predicator for prolonged SICU LOS after
surgery. These findings suggest POCD also occurs in these
young patients as documented in the adult population.22

4 | www.md-journal.com
The reduction in Ab42 and Ab40 levels may result from
the accumulation of Ab peptide in the brain through the
damaged blood–brain barrier (BBB) during and immediate
after surgery with general anesthesia. In the present study,
sevoflurane was used for both induction and maintenance phase
of anesthesia. Sevoflurane recently has been shown to induce
structural changes in brain vascular endothelial cells and
increase BBB permeability.23 MMP-2 and 9 have also been
demonstrated to increase the permeability of BBB by disrupting
tight junction proteins in BBB.24 In an animal study with rats,
surgery increased MMP-2 and MMP-9 protein expression and
BBB permeability as evidenced by Evans blue leakage into the
hippocampus. Furthermore, sevoflurane inhalation potentiated
the effect of surgery on BBB.25 In patients, MRI-detected BBB

CPB¼ cardiopulmonary bypass.
PaO2/FiO2 baseline �2.494 0.020

CPB¼ cardiopulmonary bypass.
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outcomes following cardiac surgery with CPB. Further studies

We would like to thank Cheng Ding in the statistics
in CSF were not examined due to difficulties in obtaining the
informed consent for lumbar puncture in the study population.

It has been demonstrated that the receptor for advanced
glycation end-products (RAGE) mediated Ab transport across
the BBB and accumulation in the brain. In mice lacking RAGE
expression, peripheral Ab was not transported into the brain.28

RAGE was recognized as a receptor involved in Ab-induced
neuronal dysfunction.29 In children undergoing cardiac surgery
necessitating CPB, our group showed that plasma soluble
RAGE was immediately increased after surgery and enables
prediction of acute lung injury.30 In adults under the same
procedure, plasma soluble RAGE levels were increased sig-
nificantly 2 hours postoperation and associated with prolonged
LOS.31 In the present study, the reduction in plasma Ab42 and
Ab40 levels occurred at 2 and 6 hours postoperation. Our results
demonstrated that an increase in soluble RAGE levels is
accompanied by a decrease in Ab levels. These findings are
consistent with the reports that RAGE is responsible for the Ab
transport to the brain.

We found that baseline Ab42 but not Ab40 has a pre-
dicative value for SICU LOS. It has been reported recently that
CSF Ab42, not Ab40, predicts early-onset dementia in Parkin-
son disease.32 Ab42 has an identical amino acid sequence with
Ab40, except for additional 2 amino acids at the C terminus.
Ab42 constitutes only 10% of total Ab in the plasma.33

However, Ab42 is a major component of senile plaques and
cerebrovascular amyloid deposits.34 In vitro, Ab42 solution
forms soluble oligomers rapidly, whereas oligomerization of
Ab40 solution requires prolonged incubation. Furthermore,
Ab42 solution is more toxic to cultured human neuroblastoma
SH-SY5Y cells than that of Ab40.35 There are also differential
changes in Ab42 and Ab40 with age. Insoluble Ab42 in the
brain increased progressively with age which helps to explain
the occurrence of AD in the senior population.36

The mechanisms for POCD after cardiac surgery are not
well understood. Some believe POCD is the result of cerebral
inflammation caused by neuronal injuries and/or systemic
inflammation. Biomarkers of neuronal injury such as neuron
specific enolase and S100B have been correlated with POCD
after cardiac surgery with CPB.37,38 Others propose that the
underlying mechanisms may be similar to that of cognitive
impairment in AD, which are believed to result from the
accumulation of Ab in the brain. It has been reported that
plasma Ab levels increase with age and are positively associ-
ated with cognitive impairment or AD.39 Preoperative plasma
levels of Ab42 and Ab40 are associated with early POCD after
cardiac surgery.18 Furthermore, cardiac surgery with CPB may
induce increased postoperative Ab levels in CSF.27 The present
study showed that plasma Ab levels were decreased immedi-
ately after surgery, which may result from the accumulation of
Ab in the brain. The increased Ab levels in the brain might lead
to POCD and prolonged SICU LOS. Indeed, we found plasma
level of Ab42 at baseline is an independent predictor of SICU
LOS. Therefore, POCD may also be present in infants and
young children after cardiac surgery with CPB.

Our study does have several limitations. First, we were
unable to assess postoperative changes in cognitive function due
to the young age of the patients. Therefore, the relationship
between plasma Ab levels and POCD development was not
examined. Second, although plasma Ab42 and Ab40 levels
before and after surgery were examined, the corresponding

Medicine � Volume 95, Number 6, February 2016
Ab42 and Ab40 levels in CSF were not ascertained due to
the difficulties in obtaining informed consent in most of the
study patients. Despite these limitations, our results support that

Copyright # 2016 Wolters Kluwer Health, Inc. All rights reserved.
levels of plasma Ab42 and Ab40 levels are decreased immedi-
ately following cardiac surgery with CPB. In addition, baseline
Ab42 levels might be an important biomarker for predicting

Ab42 Levels in Infants and Young Children
pertaining to the role of Ab levels and POCD in older children
following cardiac surgery with CPB are required.
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