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Background: During cardiosurgical procedures that use extracorporeal circulation (ECC), a variety of 
neurological complications can occur, and postoperative cognitive deficits remain an unsolved problem. 
Among the sources of these complications are intraoperatively detectable cerebral microemboli, which 
mainly consist of air. This study’s purpose was to assess neuroprotective effects of reducing these gaseous 
microemboli using a dynamic bubble trap (DBT) in patients undergoing pulmonary endarterectomy (PEA) 
for the treatment of chronic thromboembolic pulmonary hypertension (CTEPH).
Methods: Patients undergoing PEA were randomly assigned to receive either a DBT (n=47) or no 
additional device (controls, n=46) during ECC. Neuropsychological testing was performed before and  
3 months after PEA. The primary endpoint was cognitive improvement in the DBT group (n=29) compared 
with the control group (n=42). As secondary endpoint, ischemic brain micro-lesions were analyzed on 
postoperative days 6 through 10 using diffusion-weighted magnetic resonance imaging (MRI). 
Results: Analysis of interaction effects revealed improved performance in visual long-term memory 
(P=0.008, η2=0.099), verbal long-term memory (P=0.030, η2=0.067), verbal short-term memory (P=0.014, 
η2=0.083), and attention and processing speed (P=0.043, η2=0.056) from pre- to post-testing in the DBT 
group compared to control group. In MRI, postoperative ischemic micro-lesions could only be detected in 
one patient; another patient suffered a severe bihemispheric embolic stroke. 
Conclusions: DBT positively influences memory function after PEA. This effect is most likely caused by 
the reduction of gaseous microemboli.
Trial Registration: This study is registered in the German Clinical Trials Register, ID: DRKS00021499.
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Introduction

Chronic thromboembolic pulmonary hypertension 
(CTEPH) is a rare disease of the pulmonary vasculature 
and a specific type of pulmonary hypertension (1-3) 
characterized by obstruction or occlusion of subsegmental, 
segmental or larger pulmonary arteries by the fibrotic 
residuals of pulmonary embolism (4). Removing the 
obstructing material  by performing a pulmonary 
endarterectomy (PEA) is the gold standard for operable 
CTEPH. It should be noted, however, that in many patients 
with CTEPH, mean pulmonary pressure (mPAP) at rest can 
be normalized by surgical or multimodality treatment, and 
patients feel healthy, but it is unlikely that all pulmonary 
vessels will return to normal (5). The goal of PEA surgery is 
that patients with reduced PAP recover to achieve improved 
functional status and quality of life (6). Therefore, PEA is 
the most effective treatment for CTEPH (7). To achieve the 
goal of removing the obstructing material, extracorporeal 
circulation (ECC) with several episodes of circulatory arrest 
is necessary to obtain a blood-free surgical area, and deep 
hypothermia is required to reduce metabolic activity and 
protect organ function (8). 

Few studies address neuropsychological outcomes 
after PEA. In the PEACOG study, cognitive function 
improved 3 months after PEA (9). Another study by Vanini 
et al. found a post-surgical improvement in motor speed, 
which was accompanied by improved quality of life and 
reduced symptoms of depression and anxiety (8). Such 
favorable neuropsychological changes may be attributed 
to improved cardiac output (9) and enhanced post-surgical 
hemodynamics (8). 

Previous studies reported associations between the use of 
ECC during surgical procedures and the presence of various 
neurological complications (10,11). These side effects can 
be partly attributed to intraoperatively detectable cerebral 
microemboli, of which the majority appear to consist of 
air (12). In this context, scientific evidence mainly refers to 
cardiosurgical procedures: Although severe neurological 
complications such as brain infarctions or global ischemia 

have become rare with the use of ECC, postoperative 
cognitive decline (POCD) remains an unsolved problem 
(13-15). The pathophysiology of POCD remains the 
subject of controversial debate, but the consequences 
of cognitive impairment are well described. Besides a 
decline in health-related quality of life (HQL) (16,17), 
POCD can contribute to premature retirement, as well as 
increased social dependency (18). Data from cardiac surgery 
suggest that the use of a dynamic bubble trap (DBT) in 
the arterial line of the heart-lung machine significantly 
reduces the intraoperative embolization rate, yielding 
a significant improvement in cognitive performance at 
three months following surgery (11). Patients undergoing 
PEA may be exposed to an increased level of gaseous 
embolism due to proportionally long perfusion times at 
the ECC. Therefore, these patients should benefit notably 
from a filter system that can eliminate a large part of the 
gaseous emboli from the arterial circulation, resulting in 
better neuropsychological test performance. Following 
the results of other studies (8,9), patients undergoing 
PEA are not expected to show cognitive deterioration. 
Accordingly, it is assumed that the neuropsychological 
performance of patients receiving a DBT will experience 
greater improvement compared to patients who receive 
the standard ECC procedure without the use of a DBT. 
The aim of this two-arm randomized controlled trial was 
to evaluate the neuroprotective effect of reducing gaseous 
microemboli using a DBT in patients undergoing PEA for 
the treatment of CTEPH. 

We present the following article in accordance with the 
CONSORT reporting checklist (available at https://dx.doi.
org/10.21037/jtd-21-831).

Methods

Patient enrollment and study design

This study was designed as a prospective, double-blind, 
single-center, two-arm randomized controlled trial. Between 
April 2012 and March 2018, 764 PEA surgeries were 
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performed in this center, with many patients ineligible for 
the study due to the distance of the clinic from the place of 
residence. One hundred patients scheduled for PEA surgery 
at the Kerckhoff Clinic in Bad Nauheim were prospectively 
enrolled in this study and randomized into two groups. 
Patients in the DBT group received a DBT (Kardialgut, 
Petersdorf, Germany) placed in the arterial line of the ECC 
between the arterial filter and the arterial cannula. Patients 
in the control group received the standard ECC procedure 
without the use of an additional device. Randomization 
was implemented using a computer-generated list with an 
1:1 allocation ratio. The randomization list was generated 
by the study coordinator prior to the first patient in. A 
member of the thoracic surgery secretariat managed the list 
and informed the perfusionist about the group allocation 
for each patient. This person was not involved in any other 
processes of the study.

Patients and all investigators were blinded to group 
assignment. Eligible patients were all  adults aged  
≥18 years and scheduled for an elective PEA. Because 
neuropsychological testing is language-dependent, another 
inclusion criterion was that German be the participants’ 
native language. Exclusion criteria were pre-existing 
neurological or psychiatric diseases (cerebral infarction, 
craniocerebral trauma, dementia or manifest depression) 
that might influence neuropsychological testing. Only 
patients living within 300km of the clinic were selected for 
the study. For the follow-up testing, the effort to travel to 
the clinic was otherwise considered too strenuous. 

The present study complies with the Declaration of 
Helsinki (as revised in 2013) and was approved by the 
ethics committee of Justus-Liebig University Giessen 
(AZ 157/11). Written informed consent was obtained 
from all participants prior to study inclusion. This study 
is registered in the German Clinical Trials Register, ID: 
DRKS00021499.

Clinical outcomes

As the primary endpoint, the DBT group’s interaction 
effects were tested against those of the control group and 
defined as having statistically better performance in at least 
two neuropsychological tests three months after surgery 
compared to baseline testing. The primary outcome 
measure were the results of the neuropsychological test 
battery. We assumed better neuropsychological outcomes 
in the DBT group, as previous cardiosurgical studies 

have shown the effectiveness of DBT filters in reducing 
microemboli (11,19). As secondary endpoints, we assessed 
the impact of PEA surgery on symptoms of depression and 
anxiety at follow-up, as well as the extent of acute ischemic 
brain lesions in the entire sample and between the groups. 

Sample size estimation

According to own study results using the DBT (11), we 
assumed a medium-size effect with respect to the primary 
hypothesis. On basis of 80% power (α=0.05, one-tailed) 
and an effect magnitude of Cohen’s d=0.6, the inclusion of 
36 patients per group was estimated as the optimal sample 
size. From our previous studies, we expected a dropout 
rate of 20% with respect to neuropsychological follow-up 
examination, so we planned to include 50 patients per study 
group.

Surgery

The aim of PEA surgery is to remove all obstructive fibrotic 
thromboembolic material from the pulmonary arteries. In 
all patients, the surgical procedure was performed under 
conditions of cardiopulmonary bypass and nonpulsatile 
flow. PEA was performed in accordance with standardized 
surgical and anesthetic methods (20). Using a median 
sternotomy, ECC was established and hypothermia (≤20 ℃)  
was induced to facilitate the desobliteration of both 
pulmonary arteries during periods of deep hypothermic 
circulatory arrest. 

Neuropsychological assessment

Neuropsychological testing was performed at baseline 
(1–2 days before surgery) and at 3 months (±2 weeks) 
postoperatively by an experienced psychologist using a 
battery of well-established tests. All neuropsychological 
test data have continuous metric niveau. The cognitive 
test battery assesses verbal and visual short- and long-term 
memory, attention and processing speed, cognitive flexibility 
and word fluency (Table 1). The allocation of single tests 
to the respective cognitive domains was based on the tests’ 
content. Symptoms of depression and anxiety were assessed 
using the validated German version of the Hospital Anxiety 
and Depression Scale (HADS) (27). In all domains, parallel 
test forms were used if available to avoid learning effects 
from pre- to postoperative neuropsychological testing.
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Magnetic resonance imaging (MRI)

Cranial MRI was performed 6 to 10 days after surgery using 
a 3-T scanner (Skyra; Siemens, Erlangen, Germany). The 
protocol included a T2-weighted turbo spin-echo sequence 
[slice thickness =3 mm, field of view (FOV) =220×220 mm2, 
matrix =512×391, repetition time (TR) =7.490 ms, echo time 
(TE) =100 ms], a T2-weighted turbo spin-echo sequence 
for dark fluid (slice thickness =3 mm, FOV =220×220 mm2,  
matrix =320×224, TR =7.000 ms, TE =81 ms) a T1-
weighted FLASH sequence (slice thickness =3 mm, FOV 
=220×220 mm2, matrix =320×320, TR =250 ms, TE 
=2.49 ms), and a diffusion-weighted echo-planar imaging 
sequence (slice thickness =3 mm, FOV =220×220 mm2,  
matrix =160×160, TR =7.720 ms, TE =64 ms, slice gradients 
of b-values =0 and 1,000 s/mm2). Two blinded, experienced 
observers used the diffusion-weighted sequence for 
registration of acute ischemic lesions.

Statistical analysis

Group differences regarding patients’ characteristics 
(demographics, baseline neuropsychological test results and 
intra- and postoperative data) were descriptively analyzed 
using chi-square tests, t-tests or Mann-Whitney-U-test 
depending on the respective variable’s level of measurement. 

For the primary outcome, the DBT group was tested 
against the control group using repeated analyses of 

variance (ANOVA) with groups as a between-subjects factor 
(DBT vs. control) and assessment time as within-subjects 
factor (baseline and 3-month follow-up assessment) for all 
cognitive tests. The secondary outcomes were analyzed as 
follows: the progress of symptoms of depression and anxiety 
were tested for group differences using repeated ANOVA. 
The incidence of acute brain lesions was examined in terms 
of the frequency between the groups using Pearson’s chi-
square test. Assumptions for repeated ANOVAs were 
tested using Levene test for homogeneity of variance. 
Normal distribution was tested using the Shapiro-Wilk test. 
However, the ANOVA is robust against violation of normal 
distribution (28). Additional covariates were included in 
the analysis to control for potential confounding effects 
related to age and gender. In variance analyses, the eta 
square (η2) was calculated as the effect size measure, with 
η2≥0.01 defining a small effect, η2≥0.06 a medium effect 
and η2≥0.14 a large effect (29). All analyses were performed 
using SPSS software (SPSS, Chicago, IL, USA). The level 
of significance was set at 0.05.

Results

Between April 2012 and March 2018, 764 PEA surgeries 
were performed at the Department of Cardiac Surgery of 
the Kerckhoff Heart and Thorax Centre in Bad Nauheim, 
Germany with 100 patients eligible for study participation. 

Table 1 Allocation of neuropsychological tests and tasks to cognitive domains

Cognitive domain Test Task

Visual memory SKT Pictorial Memory (21) Recalling objects immediately

NVLT (22) Recalling objects after delay

Recognize objects

Recognize repeated symbols

Verbal memory VLMT (23) Recalling items of word list (learning process)

Recalling words immediately

Recalling words after delay

Recognize words

Attention and processing speed Digit symbol test (24) Drawing symbols in boxes below numbers

Number cancellation (25) Cancelling target numbers in a choice list

Cognitive flexibility SKT Interference list (21) Naming an interfering letter (e.g., “S” instead of “T”)

Word fluency RWT (26) Changing formal lexical and semantic categories

SKT, Syndrom-Kurztest; NVLT, non-verbal learning test; RWT, word fluency test; VLMT, Verbaler Lern- und Merkfähigkeitstest.
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In total, 93 patients randomly were allocated to one of the 
two groups. Another seven patients were accidently not 
randomized. These patients were not excluded from the 
study but were assigned to the control group because they 
had already received neuropsychological testing and agreed 
to participate in the study. For another three patients, 
the DBT could not be used because the device has a flow 
limitation, which means that the DBT cannot be used in 
severely overweight patients. These three patients were 
therefore transferred to the control group. The decision 
on this was made by the perfusionist. To assess whether the 
groups differed from pre- to post-testing, 71 patients were 
included in the neuropsychological data analysis (29 in the 
DBT group, 42 in the control group). Magnetic resonance 
imaging (MRI) was performed on 41 patients (23 in the 
control group, 18 in the DBT group). The reasons for the 
imbalance in group size, and for dropouts and participants 
lost to follow-up, are shown in Figure 1. 

Patient characteristics and clinical parameters

The patients’ characteristics, surgical details and postoperative  
complications are shown in Table 2 and Table 3. The 
two groups differed only in terms of body mass index 
(BMI) (P=0.027); all other characteristics and clinical 
parameters were equally distributed. Furthermore, the 

occurrence of postoperative complications did not differ 
between the groups. The most common complication was 
supraventricular arrhythmia. Severe complications, such 
as multiorgan failure or reperfusion edema, were rare. 
Two patients, one from each group, died after surgery. 
One patient died from many postoperative complications, 
including reperfusion edema. Another patient died as a 
result of postoperative pneumonia. Another patient in the 
DBT group suffered a severe bihemispheric embolic stroke 
that required intensive care therapy, transfer to another 
stroke-specialized hospital and neurological rehabilitation 
immediately thereafter, so this patient was not included in 
the follow-up testing. 

Primary endpoint: Interaction effects of neuropsychological 
performance 

Table 4 shows the results of neuropsychological testing 
before the PEA and at the 3-month follow-up. At baseline, 
statistically homogenous performance in the two groups 
was found in all measures except the “Number cancellation 
test.” In this subtest, which measures attention and 
processing speed, the control group achieved better results 
than the DBT group [t(69) =‒2.03; P=0.046]. Across all 
tests, higher scores reflected better performance except 
for the “Number cancellation test” and the “SKT - 

Assessed for eligibility (n=100)

Randomized (n=93)

Allocation

Follow-up

Analysis

Enrollment

Non-randomized (n=7),  
Transfer to control group 

Control group (n=46)
Reasons for not receive allocated intervention:
No baseline test (declined to participate n=1)
Transfer from DBT group (+3)
Non-randomized (+7)
• Received no DBT (n=55)

Neuropsychological follow-up (n=42)
Reasons for lost follow-up:
Death (n=1)
Declined to participate (n=10)
Current hospital treatment (n=1)
No reasons stated (n=1)

DBT (Dynamic bubble trap) group (n=47)
Reason for not receive allocated intervention:
No baseline test (declined to participate n=2)
Preoperative Stroke (n=1)
Transfer to control group (3), because of flow
limitation of the DBT or information about group
assignment has not arrived at Cardiotechnology

Neuropsychological follow-up (n=29)
Reasons for lost follow-up:
Death (n=1)
Current hospital treatment (n=1)
Medical history of stroke (n=1)
Surgery postponed (n=1)
Declined to participate (n=6)
Organisational reasons (n=2) 

Neuropsychological data (n=42)
Magnetic resonance imaging (n=23)

Neuropsychological data (n=29)
Magnetic resonance imaging (n=18)

Figure 1 Consolidated Standards of Reporting Trials (CONSORT) flow chart illustrating all steps in the study from enrolment to group 
allocation and follow-up.
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Table 2 Study patients’ baseline and clinical characteristics

Clinical characteristics DBT group Control group P value

Age, mean ± SD, years 59.9±11.9 54.5±15.0 0.062

Gender, n (%) Male: 24 (58.5); Female: 17 (41.5) Male: 23 (45.1); Female: 28 (54.9) 0.200

Education, mean ± SD, years 12.6±3.2 11.7±4.1 0.31

BMI, mean ± SD, kg/m² 26.8±4.0 30.8±7.9 0.027*

Diabetes mellitus, n (%) 4 (9.8) 3 (5.9) 0.486

Arterial hypertension, n (%) 14 (34.1) 19 (37.3) 0.757

Coronary heart disease, n (%) 7 (17.1) 7 (13.7) 0.657

mPAP, mean ± SD, mmHg 38.82±12.71 37.29±11.24 0.55

PVR, mean ± SD, dyn/s/cm² 544.44±268.11 544.71±340.61 0.99

Renal insufficiency, n (%) 5 (12.2) 6 (11.8) 0.329

*, significant differences with P<0.05. Renal insufficiency was defined by creatinine value above the in-house norms (man: >1.2 mg/dL,  
women: >0.9 mg/dL). DBT, dynamic bubble trap; BMI, body mass index; Mpap, mean pulmonary artery pressure; PVR, pulmonary 
vascular resistance.

Table 3 Study patients’ surgical details, postoperative data and complications

DBT group Control group P value

Surgical details

Duration of surgery, mean ± SD, min 430.7±63.0 417.6±44.7 0.289

Duration of circulatory arrest, mean ± SD, min 35.2±10.4 31.7±8.6 0.085

Lowest body temperature, mean ± SD, ℃ 17.9±1.2 17.7±1.2 0.588

Duration of cardiopulmonary bypass, mean ± SD, min 282.9±34.5 273.5±48.6 0.323

Duration of aortic clamping, mean ± SD, min 106.2±35.8 106.0±20.6 0.732

Postoperative data

Duration of stay in ICU, mean ± SD, days 4.3±4.3 2.6±1.3 0.069

Duration of stay in ward, mean ± SD, days 14.3±4.6 13.4±4.4 0.331

Postoperative complications 

Delirium, n (%) 2 (4.9) 3 (5.9) 0.833

Arrhythmia, n (%) 9 (22.0) 12 (23.5) 0.858

Acute renal failure, n (%) 4 (9.8) 1 (2.0) 0.101

Infection, n (%) 5 (9.8) 5 (12.2) 0.714

Pericardial effusions, n (%) 2 (4.9) 7 (13.7) 0.156

Rethrombosis, n (%) 0 3 (5.9) 0.114

Multiorgan failure, n (%) 2 (4.9) 0 0.111

Reperfusion edema, n (%) 3 (7.3) 3 (5.9) 0.782

Stroke, n (%) 1 (2.4) 0 0.262

Death, n (%) 1 (2.4) 1 (2.0) 0.876

Others, n (%) 9 (22.0) 7 (13.7) 0.301

DBT, dynamic bubble trap; ICU, intensive care unit.
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Table 4 Scores on neuropsychological tests at baseline and 3 months after surgery for the control group and DBT group

Cognitive 
domain

Neuropsychological  
test

Baseline 3-month follow-up

P value η2
Control group 

(n=42), mean ± SD
DBT Group  

(n=29), mean ± SD
Control group 

(n=42), mean ± SD
DBT Group  

(n=29), mean ± SD

Visual  
memory

SKT - Recalling objects 
immediately

7.1±1.9 7.0±1.7 6.9±1.7 7.4±1.9 0.229 0,021

SKT - Recalling objects 
after delay

6.17±2.2 5.7±2.0 5.8±1.9 6.6±1.8 0.008* 0.099

SKT - Recognizing 
objects 

10.8±1.2 10.8±1.0 10.5±1.7 10.9±1.5 0.304 0.015

NVLT - Recognizing 
repeated symbols

12.8±3.6 13.6±3.00 12.4±4.0 13.3±3.2 0.806 0.001

Verbal  
memory

VLMT - Recalling items 
on word list 

48.6±11.5 45.5±11.1 48.5±12.3 47.6±10.3 0.090 0.041

VLMT - Recalling words 
immediately

10.3±3.4 8.6±4.3 10.3±3.7 10.0±3.7 0.014* 0.083

VLMT - Recalling words 
after delay

10.2±3.6 8.5±4.2 10.1±4.0 9.7±3.8 0.030* 0.067

VLMT - Recognizing 
words

11.9±3.5 10.4±4.3 12.2±3.5 11.5±3.9 0.159 0.027

Cognitive 
flexibility

SKT -Interference list 
(sec)

25.1±9.8 24.4±8.6 24.3±7.7 23.2±6.2 0.894 0.000

Word  
fluency

RWT - Formal lexical 
category change

18.1±5.6 18.6±6.2 19.6±6.3 18.8±5.8 0.094 0.040

RWT - Semantic 
category change

24.6±6.4 23.1±4.8 22.5±5.7 23.5±5.9 0.138 0.032

Attention and 
processing 
speed

Digit symbol test 44.8±11.1 41.6±12.6 45.3±12.8 44.4±12.6 0.043* 0.056

Number cancellation 
(sec)

7.5±2.0 8.7±2.7 8.0±2.6 9.1±2.9 0.968 0.000

Psychological 
symptoms

Depression 6.42±3.74 5.56±2.08 3.88±3.47 3.00±2.88 0.976 0.000

Anxiety 8.20±4.33 7.04±4.30 5.76±4.41 4.30±3.61 0.692 0.001

Higher test scores reflect better performance except for the “Number cancellation test” and the “SKT – Interference list”. P values refers 
to the interactions effects of repeated analyses of variance (ANOVA). DBT, dynamic bubble trap; SKT, Syndrom-Kurztest; NVLT, non-verbal 
learning test; RWT, word fluency test; VLMT, Verbaler Lern- und Merkfähigkeitstest.

Interference list.” When testing visual memory, the DBT 
group showed improved performance in visual long-
term memory compared to the control group in “SKT 
– Recalling objects after delay” [F(1.67) =7.47, P=0.008, 
η2=0.099]. Significant group differences were also found in 
the domain of verbal memory. Patients in the DBT group 
exhibited improved performance compared to control 
group in “VLMT – Recalling words immediately” [F(1.67) 
=6.31, P=0.014, η2=0.083] and “VLMT – Recalling words 

after delay” [F(1,67) =4.89, P=0.030, η2=0.067]. A significant 
group difference was also found in the cognitive domain 
of attention and processing speed. In the “digit symbol 
test”, the DBT group showed a significantly improved 
performance compared to the control group [F(1.67) 
=4.256, P=0.043, η2=0.056]. The interaction effects for 
these tests are shown graphically in Figure 2. For all other 
interaction effects, no significant changes between pre- and 
postoperative neuropsychological testing could be observed.
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Secondary outcomes

Depression and anxiety scores
In baseline testing, anxiety and depression scores did not 
differ significantly between the groups. There were also 
no significant differences in depression and anxiety scores 
between the groups (interaction) in follow-up testing 
(see Table 4). When examined across the entire sample, 
symptoms of depression and anxiety improved significantly 
after surgery [F(1.67) = 57.50, P<0.001, η2=0.462; F(1.67) = 
48.05, P<0.001, η2=0.418, respectively]. 

Acute ischemic brain lesions
MRI was performed on 41 patients (44.6%). An acute 
ischemic brain lesion was detected in 2 out of 18 patients 
in the DBT group (11%). One of these patients suffered 
a clinically silent micro-infarction (i.e., a neurological 
examination revealed no focal deficit, and the patient 
negated subjective symptoms). The other patient suffered a 
severe bihemispheric embolic stroke that required intensive 
care therapy. In the control group, none of the 23 patients 
who underwent MRI suffered acute brain micro-lesions.

Figure 2 Interaction effects of neuropsychological functions between the DBT (dynamic bubble trap) group and control group. The mean 
values for the number of correct items at the baseline and 3-month follow-up assessment for SKT (Syndrom-Kurztest), VLMT (Verbaler 
Lern- und Merkfähigkeitstest) and Digit Symbol Test for the two investigated groups are given. A higher test value indicates better test 
performance. The figure shows that the DBT group improved to a greater extent compared to the control group. While the performance in 
the control group remained almost identical, there was an improved test performance in the DBT group compared to baseline testing.
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Discussion

PEA is marked by a long duration of ECC with a probably 
high load of microembolization, which may have a negative 
impact on cognitive function. To our knowledge, this is the 
first study comparing the effectiveness of the DBT device 
with standard care on cognitive function and ischemic 
micro-lesions in patients undergoing PEA.

The main findings of the study are as follows: (I) in 
the DBT group, neuropsychological test performances 
improved in terms of visual and verbal memory compared to 
the control group 3 months postoperatively, (II) symptoms 
of depression and anxiety improved significantly after 
surgery independent of group allocation, and (III) no group 
differences regarding the incidence of micro-infarctions 
were detected in MRI.

The study’s results support the use of an intraoperative 
filter that reduces gaseous microemboli during PEA with 
ECC. Studies in cardiac surgery have already demonstrated 
that DBT use effectively eliminates gaseous microemboli 
and that this elimination can improve cognitive function 
(11,19,30). Although other studies have already shown 
an improvement in cognitive performance after PEA 
(8,9), our data indicate that the targeted reduction of 
gaseous microembolism leads to a greater improvement in 
neuropsychological performance. This result demonstrates 
the essential role of gaseous embolism in the development 
of postoperative cognitive deficits. 

The reasons for the improved neuropsychological 
performance after PEA, as reported in previous studies, 
seem to be various, but it can be hypothesized that these 
positive changes can be mainly explained by the improved 
oxygen supply and hemodynamic situation, as these factors 
may contribute to increased cognitive performance. 
Patients’ awareness of having survived a complex surgical 
procedure intended to treat a life-threatening disease, 
accompanied by an enhanced quality of life (31) and 
increased social activity are further reasons that may 
contribute to increased cognitive performance. In addition, 
postoperative depression and anxiety scores improved, 
potentially contributing to ameliorated cognition. 

Because of the imbalance in group sizes due to various 
reasons of cross over, a sensitivity analysis was performed in 
which four subjects from the control group were removed 
from the analysis. No follow-up testing was available for 
the other patients who were mistakenly not randomized or 
transferred to the control group because of a high BMI. The 
sensitivity analysis also showed that the statistical effects 

of improved neuropsychological performance remained 
statistically significant in the DBT group compared to the 
control group. 

It is notable that the ICU stay was longer in the control 
group compared to the DBT group. Long ICU stay may 
increase the risk for hypoactive delirium which is difficult 
to diagnose correctly and may be overlooked. Delirium may 
affect cognitive function. The presence of delirium, both 
hyperactive and hypoactive, was evaluated on the intensive 
care unit. If delirium was suspected, the department of 
psychocardiology was involved to confirm the diagnosis 
after a thorough clinical evaluation. Accordingly, we do not 
assume that patients with delirium were undiagnosed. The 
incidence of delirium did not differ statistically between 
groups. Therefore, the 3-month outcome should be 
independent of the presence of delirium.

So far, the rate of peri-interventional ischemic stroke 
during PEA has not been assessed systematically. In a 
systematic review, Patel et al. reported acute cerebral 
ischemic lesions detected by DWI MRI in 15–61% of 
patients following on-pump cardiac surgery (32). Compared 
to these data, the frequency of acute cerebral ischemia after 
PEA in our cohort was considerably lower: one patient 
suffered a severe embolic stroke, and another patient 
displayed a small asymptomatic ischemic lesion on MRI. 
It has already been shown that patient age, the presence of 
subacute ischemic lesions and leukoencephalopathy, as well 
as atherosclerosis of the proximal aorta and the aortic arch, 
increase the risk of intraoperative ischemic lesions during 
ECC (33,34). These are mainly age-related conditions that 
are less present in the younger population observed here, 
which might partially explain the lower stroke rate. 

Strengths and limitations

The strength of this study is that it is a randomized, 
controlled trial in which the investigators were blinded to 
the outcome of the randomization. In addition, the PEA 
was performed by only two experienced surgeons. 

A first and major limitation of the study is the imbalance 
in its group sizes resulting from the fact that seven patients 
were allocated to the control group without randomization. 
Another three patients initially randomized to the DBT 
group had to be transferred to the control group because 
DBT use was not possible in these severely overweight 
patients due to flow limitations of the DBT. A high BMI 
should be considered as an exclusion criterion in future 
studies. 
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 In addition, only 41 patients received an MRI. In 
some cases, patients refused examination, or MRI could 
not be performed for medical or organizational reasons. 
Furthermore, no long-term effects were assessed in this 
study.

Conclusions

Our results provide support that intraoperative DBT use 
has a positive influence on neuropsychological outcomes 
after PEA. This effect is most likely caused by the reduction 
of gaseous microemboli by the use of the DBT. This study’s 
results justify the consideration whether DBT can be used 
in all patients undergoing PEA in the future.
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