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The effect of relative cerebral hyperperfusion
during cardiac surgery with cardiopulmonary
bypass to delayed neurocognitive recovery
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Ilona Razlevičė,2 Tomas Bukauskas2 and Tadas Lenkutis2

Abstract
Objective:Delayed neurocognitive recovery (dNCR) remains a common complication after surgery and the incidence of it is
determined 30–80% after cardiac surgery with cardiac bypass (CPB) in eldery patients. Many researchers have identified
that neuropsychological complications emerge from insufficient cerebral perfusion. Relative cerebral hyperperfusion also
disrupts cerebral autoregulation and might play a significant role in dNCR development. The aim of this study is to
determine hyperperfusion in the middle cerebral artery during CPB influence to dNCR development and brain biomarker
glial fibrillary acidic protein (GFAP) impact in diagnosing dNCR.
Designs and methods: This prospective - case control study included patients undergoing elective coronary artery bypass
grafting or/and valve surgery with CPB. For cognitive evaluation 101 patients completed Addenbrooke’s cognitive ex-
amination - ACE-III. To determine mild cognitive dysfunction, cut - off 88 was chosen. Mean BFV was monitored with
transcranial Doppler ultrasonography (TCD) and performed before surgery, after induction of anaesthesia, during CPB and
after surgery. Preoperative BFV was converted to 100% and used as a baseline. The percentage change of cerebral blood
flow velocity during CPB was calculated from baseline. Patients with decreased blood flow velocity were included for
further investigation. To measure glial fibrillary acidic protein, blood samples were collected after anaesthesia induction, 24
and 48 h after the surgery. According to the ACE-III test results, patients with relative hyperperfusion were divided into
two groups: with Delayed neurocognitive recovery and without dNCR (non-dNCR group).
Results: 101 patients were examined, 67 (69.1%) men and 29 (29.9%) women, age 67.9 (SD 9.2) Increased percentage of BFV
was determined for 40 (39.60%) patients. There were no differences in sex, haematocrit, paCO2, aortic cross-clamping or
CPB time between the two groups. Percentage change of BFV was 105.60% in the non-dNCR group and 132.29% in the
dNCR group, p = .033. Patients who developed dNCR in the early post-surgical period were significantly older, p < .001 and
had a lower baseline of BFV, p = .004. GFAP concentration significantly increased in the dNCR group 48 hours after
surgery, compared to the non-dNCR group, p = .01.
Conclusions: Relative hyperperfusion during CPB may cause dNCR. Elderly patients are sensitive to blood flow velocity
acceleration during CPB. GFAP concentration increased 48 h after surgery in dNCR group but did not have any connection
with risk factors.
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Introduction

Cardiovascular disease (CVDs) is society’s biggest health
problem. According to World Health Organization data
from 2019, an estimated 17.9 million people died from
CVDs in the world. While these types of diseases are
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often successfully treated through medication, fre-
quently surgery is required to ensure a healthy and
functioning heart.1

Delayed neurocognitive recovery (dNCR) remains a
common complication after surgery and the incidence
of it is determined 30–80% after cardiac surgery with
cardiac bypass (CPB) in eldery patients.2 Many re-
searchers have identified that neuropsychological
complications emerge from insufficient cerebral
perfusion.3,4 Cerebral hyperperfusion may also trigger a
few neurological and neurosurgical conditions. Hy-
perperfusion syndromes cause increased blood pressure,
vasodilatation, breakdown of the blood-brain barrier,
and the development of cerebral oedema.5 Hyper-
perfusion and its effects on dNCR have been observed
and described during cardiac surgery with CPB in
several studies.6,7

The glial fibrillary acidic protein (GFAP) is a specific
biomarker of astrocytes and is detected only in the
central nervous system. GFAP is a monomeric filament
protein found in the astroglial skeleton and is a specific
marker of brain damage.8 Elevation in plasma has been
reported in adults with traumatic brain injury, stroke, or
after cardiac arrest.9,10 It is widely used and a promising
biomarker in research after cardiac surgery and may
help to identify dNCR.

The aim of this study is to determine hyperperfusion
in the middle cerebral artery during CPB influence to
dNCR development and brain biomarker GFAP impact
in diagnosing dNCR.

Materials and Methods

The prospective observational study was performed for
101 patients, undergoing elective cardiac surgery with
CPB. This study was conducted at the Department of
Cardiothoracic and Vascular Surgery in the Hospital of
Lithuanian University of Health Sciences Kauno Kli-
nikos from April 2018 to April 2019. The study was
approved, and permission was obtained from the
Kaunas Bioethics Committee (Nr BE-2–3) and the In-
stitutional Review Board (NCT03641833). All of pa-
tients signed participation in the research agreement.
Patients with anamnesis of neurocognitive diseases,
using agents affecting the central nervous system,
multiple organ dysfunction syndrome, deficiency, ca-
rotid artery atherosclerosis with a reduction in artery
diameter ≥50%, urgent or re-surgery, younger than
18 years were excluded from the study.

The cognitive functions were assessed for all patients
1 day before surgery and 7–10 days after surgery. Test
for cognitive evaluations was chosen according The
Diagnostic and Statistical Manual of Mental Disorders,

Fifth Edition (DSM-5).11 The DSM-5 does not specify
tests and their quantity to assess patients’ cognitive
functions. However, it is recommended to use tests that
assess one or more specific cognitive functions, such as
complex attention, memory, perception. It is advisible
not to tests such as MMSE or MOCA, as they do not
assess specific cognitive functions. ACE-III matches all
requirement. It evaluates cognitive functions widely and
provide broad assessment of cognitive domains.

The Addenbrooke’s cognitive examination (ACE-
III) was chosen for cognitive evaluation. It is a
comprehensive test, which assess cognitive functions
and consists of five parts: assessment of focus and
orientation, memory, language, verbal fluency, and
spatial perception. The maximum score is 100 points,
with a higher score reflecting better cognitive func-
tions. The test is sensitive to cognitive dysfunction and
dementia. Dementia is defined as a patient scoring 82
points or less. Cognitive impairment is diagnosed by
scoring less than 88 points. A cut - off 88 points was
chosen during the study. Cut of point was chosen
acording ACE-III and M-ACE Administration and
Scoring Guide and recommendations after adaptation
in Lithuanian language.12 According to the ACE-III
test results, patients with relative hyperperfusion were
divided into two groups: with dNCR (dNCR group)
and without dNCR (non-dNCR group). Study flow is
shown in Figure 1.

Perioperative period

All patients received of 1–2 mg oral clonazepam for
premedication.

Standard endotracheal anaesthesia was applied. In-
duction was performed with fentanyl 1–2 μg/kg i. v.;
propofol 2–2.5 mg/kg i. v.; rocuronium 0.5–0.7 mg/kg.
Anaesthesia was maintained with sevoflurane (MAC 1–
2%) and fentanyl (10–12 μg/kg) for analgesia. Lungs
were ventilated with a supply of oxygen/air 50–60%.
Middle sternotomy section and standard technique for
anastomosis formation and valve surgery were per-
formed. The CPB circuit was filled with 1200–1500 mL
of Ringer’s acetate crystalloid solution and 10,000 IU of
heparin. The CPB was established using a roller pump,
Stockert III”, and hollow-fiber membranous oxygenator
“Compactflo D703” (Dideco, Mirandola, Italy). After
full CPB support, pump flow was maintained at a
cardiac index of 2.4 L/min/m. The myocardium pro-
tection was achieved using cold (2–4°C) St. Thomas
solution according to clinical protocol. The surgeries
were performed in mild hypothermia (32°C–34°C).

Vital signs monitoring included: electrocardiogram,
heart rate, invasive arterial blood pressure, pulse
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oximetry, oesophageal and body core temperature,
central venous pressure, urine output.

Cerebral perfusion and transcranial doppler
ultrasonography technique

Normal function of the central nervous system depends
on a constant and adequate supply of oxygen, glucose,
and uninterrupted blood flow. The main mechanism of
brain vessels autoregulation is changes in vascular lu-
men (dilation and constriction). There are a number of
factors that can lead to vascular dysregulation.

Transcranial Doppler ultrasonography (TCD) does not
provide information about direct blood flow because the
flow velocity of red blood cells are affected by the di-
ameter of the blood vessels. The change in velocity
measured by the TCD reflects changes in blood flow.
There was a significant correlation between changes in
cerebral blood flow (using 133Xe clearance) and changes
in MCA flow velocity.13

Sonara transcranial Doppler device was issued by,
“Natus Neurology Incorporated”; Wisconsin, USA and
delivered European authorized representative “Natus
Europe GmbH” in 2013. This device was used for TCD

Figure 1. Study design and patient flow. MCA, Middle Cerebral Artery; BFV, Blood Flow Velocity; CPB, Cardiopulmonary Bypass,
GFAP, Glial Fibrillary Acid Protein, ACE-III, Addenbrooke’s Cognitive Evaluation III.
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technique. 2 MHz transducer was used for investigation
and a temporal window was chosen for middle cerebral
artery (MCA) blood flow velocity evaluation. Patients
were excluded from the study if the window was not
found, or the signal was not clear. The mean flow ve-
locity was evaluated 1 day before surgery, after induction
of anaesthesia, and at the beginning, middle and ending
during CPB and post-surgery in operating room. The
average of three bilateral measurements during CPB was
used for calculation. All measurements were performed
by the same operator. Preoperative BFV was converted
to 100% and used as a baseline. The percentage change
of cerebral blood flow velocity during CPB was calcu-
lated from baseline. It was included only these patients,
which blood flow velocity were >100 proc. from baseline
for further investigation

Glial fibrillary acidic protein

Blood samples for GFAPwere collected after anaesthesia
induction, 24 and 48 h after surgery. The samples were
analysed by an enzyme-linked immunosorbent assay kit
and designed for the quantitative measurements of GFAP.
Measurements were made according to the ABCAM
(United Kingdom) manufacturer recommendations.

Statistical methods

The normality of the data was assessed with
Kolmogorov–Smirnov or Shapiro–Wilk tests. Data dis-
tributed non normally, and were expressed as median
(min, max). For nonparametric statistics, groups were
compared by Mann–Whitney U-test. Spearman corre-
lation analysis was performed to determine the associ-
ation between two variables (age and ACE - III test results
after surgery; age and MCA BFV during CPB). The
statistical analysis was performed using IBM SPSS Sta-
tistics software (v. 23.0 Chicago, IL, USA). Statistical tests
were two-sided, with p < 0.05 considered significant.

Results

101 patients were examined, 67 (69,1%) men and 29
(29,9%) women, age was 67.9 (SD 9.2) Increased

percentage of BFV was determined for 40 (39.60%)
patients. Groups were formed according to ACE – III
test results postoperatively. ACE – III test results after
surgery are shown in Table 1.

Patients’ demographic, surgery data are shown in
Table 2.

MCA BFV was significantly lower before surgery,
after induction, during CPB and after surgery in dNCR
group (Table 3).

Percentage change of BFV was 105.60% (Q1 101.89-
Q3 120.82; min 100.21- max 148.02) in the non-dNCR
group and 132.29% (Q1 102.87–139.28; min 101.34-
max 150.26) in the dNCR group, p = .033 (Figure 2).

The relationship between patients age, ACE-III test
results and MCA BFV were assessed. Spearman cor-
relation analysis revealed that age had negative mod-
erate correlation with ACE-III test results after surgery
(Spearman r �0.597, p < .01) and negative moderate
correlation withMCA BFV during CPB (Spearman r�0
.529, p < .01) (Figure 3 and Figure 4).

GFAP significantly increased 24 and 48 h after
surgery in both groups (Table 4). There was no sta-
tistically significant difference in GFAP concentration
comparing non-dNCR and dNCR groups after 24 h
post-surgery. But GFAP concentration significantly
increased in dNCR group 48 h after surgery, comparing
to non-dNCR group. GFAP changes are shown in
Table 4. There was no correlation found between
cognitive test results, MCA BFV or other factors during
surgery and GFAP concentration in blood.

Discussion

It was established, that the most important factors in
developing dNCR are older age and middle cerebral
artery blood flow velocity changes during bypass surgery,
based on this study. MCA BFV and brain damage bio-
marker GFAP were compared in two groups of relative
hyperperfused patients: with and without dNCR.

Analysis of the dNCR development after cardiac
surgery usually focuses on hypoperfusion of the cerebral
arteries. Since the blood flow becomes non-pulsed
during CPB and a fixed blood flow is transmitted
through the CPB device, only indirect indicators can
predict whether brain perfusion during CPB is

Table 1. ACE – III test results after surgery.

Variables Non-dNCR group (n = 30) dNCR-group (n = 10) p-value

ACE-III scores post-surgery 93.00 (91.00–94.00) 83.00 (80.70–87.75) <.001
Min-max 88.00 – 100.00 80.00 – 92.00

ACE – III, Addenbrooke’s Cognitive Examination-III, dNCR, Delayed Neurocognitive Recovery.
Data was distributed non normally and presented as the median (Q1-Q3). p – value – Mann Whitney test.
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sufficient. However, perfusion of the brain due to var-
ious pathophysiological mechanisms is not the same for
all patients. It was sought to find out the effect of hy-
perperfusion on the recovery of neurocognitive func-
tions after cardiac surgery. We found that patients with
dNCR in the early post-surgical period were signifi-
cantly older and had a lower baseline of BFV compared

to non-dNCR group. Older age might be the most
important factor in decreased blood flow velocity. Ac-
cording to the literature, one of the main factors that
may affect the MCA blood flow velocity is age.14,15 It has
been found to reach∼24 cm/s in neonates,∼100 cm/s in
4–6-year-old children, and only ∼40 cm/s in approxi-
mately 70 years old patients.14 This is because

Table 2. Characteristics of study population.

Variables Non-dNCR group (n = 30) dNCR-group (n = 10) p-value

Age (years) 67.17 (65.00–69.00) 73 (71.75–75.00) <0.001
Min-max 58.00 – 75.00 66.00 – 75.00
Sex
Male, n (%) 23 (75.90) 5 (50.00) 0.12
Female, n (%) 7 (24.10) 5 (50.00)

Surgery type, n (%)
CABG 21 (67.70) 7 (70.00) 0.71
CABG+ valve 8 (25.80) 3 (30.00)
Valve 2 (6.5) 0

Ejection fraction (%) 48.00 (35.00–50.00) 50.00 (48.75–55.00) 0.57
Min-max 25.00 – 60.00 34 – 55
Haematocrit during CPB (%) 27.95 (26.2–28.9) 26.90 (26.07–28.32) 0.51
Min- max 24.90 – 30.60 25.4 – 29.50
PaCO2 during CPB (mmHg) 42.10 (40.80–44.00) 41.40 (39.35–43.2) 0.38
Min-max 38.9 – 47.60 39.10 – 44.60
Aortic cross-clamping time (min) 49.00 (35.00–63.00) 40.00 (31.50–71.50) 0.57
Min- max 27.00 – 97.00 26.00 – 120.00
CPB Time (min) 94.00 (80.00–108.00) 81.00 (66.75–112.00) 0.19
Min- max 50.00 – 153.00 47.00 – 173.00
CPB Pump flow (l/min*m2) 3.80 (3.60–4.20) 3.90 (3.45–4.07) 0.75
Min- max 2.80 – 4.94 2.87 – 4.60
Glucose concentration during CPB (mmol/l) 7.10 (6.30–8.00) 7.00 (6.30–7.78) 0.56
Min-max 5.7 – 24.6 5.60 – 8.60
Lactate concentration during CPB (mmol/l) 1.1 (1.00–1.20) 1.1 (0.88–1.25) 0.69
Min-max 0.70 – 2.10 0.7 – 1.5

PaCO2, Partial Pressure of Carbon Dioxide in Arterial Blood; CPB, Cardiopulmonary Bypass; HLM, Heart Lung Machine; ACE-III, Addenbrooke’s
Cognitive Examination, CABG, Coronary Artery Bypass Grafting, dNCR, Delayed Neurocognitive Recovery.
Data was distributed non normally and presented as the median (Q1-Q3). p – value – Mann Whitney test.

Table 3. Middle cerebral artery blood flow velocity changes during surgery.

Non-dNCR group dNCR group p value

MCA BFV before surgery (baseline; cm/s) 42.00 (30.40–48.00) 29.60 (25.50–33.23) .002
Min-max 21.90–71.40 18.90; 44.20
MCA BFV after induction (cm/s) 44.30 (34.60–50.00) 27.85 (23.80–42.60) .02
Min- max 20.40–72.80 19.20; 51.20
MCA BFV bypass (cm/s) 46.00 (37.2–52.40) 37.25 (29.15–40.73) .004
Min- max 25.30; 74.50 25.40; 45.10
MCA BFV post-surgery (cm/s) 44.85 (38.10–44.70) 34.00 (25.10–40.93) .004
Min- max 22.30; 73.60 19.80; 43.70

MCA, Middle Cerebral Artery; BFV, Blood Flow Velocity.
Data was distributed non normally and presented as the median (Q1-Q3). Mann-Whitney U test was performed for comparison between groups.
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Figure 2. Percentage changes of BFV in non-dNCR and dNCR groups. MCA, Middle Cerebral Artery; BFV, Blood Flow Velocity; dNCR,
Delayed Neurocognitive Recovery.

Figure 3. Relation analysis of age and the patient postoperative ACE-III score in both groups. ACE–III, Addenbrooke’s Cognitive
Examination III.
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atherosclerosis increases the systemic stiffness of blood
vessels in elderly patients. Other age-related factors
include co-morbidities leading to increased sensitivity of
the central nervous system to medications used during
surgery, decreased reserve of cognitive functions, and
undiagnosed “silent” brain disease before surgery.16,17

Our results are also confirmed by other researchers: in a
study by ThudiumM., post-surgical delirium was found
in 27% of patients after cardiac surgery, of whom as

many as 67% were diagnosed with cerebral hyper-
perfusion during CPB.6 Percentage change from base-
line MCA BFV was 90 (±21) % in the no-postoperative
delirium group vs. 112 (±32) % in the postoperative
delirium group (p = .01). These results are very similar to
ours, which confirms that relative hyperperfusion has a
significant role on the occurrence of the neurological
damage. Thudium also stated that duration of cerebral
hyperperfusion was highly significantly related to the

Figure 4. Relation analysis of age and the MCA BFV during CPB in both groups. MCA, Middle Cerebral Artery; BFV, Blood Flow
Velocity; CPB, Cardiopulmonary Bypass.

Table 4. GFAP concentration in blood after anaesthesia induction, 24 and 48 hours after surgery.

Non-dNCR group dNCR group p value

GFAP induction (ng/ml) 0.008 (0.004–0.20) 0.014 (0.007–0.23) .19
Min- max 0.0008; 0.43 0.0002; 0.54
GFAP after 24 h (ng/ml) 0.11 (0.006–0.33) 0.03 (0.008–0.06) .16
Min- max 0.001; 0.11 0.0001; 0.925
GFAP after 48 h (ng/ml) 0.015 (0.007–0.04) 0.067 (0.03–0.07) .01
Min- max 0.001; 0.11 0.000; 8.49
P <.001 <.001

GFAP, Glial Fibrillary Acidic Protein.
Data was distributed non normally and presented as the median (min; max). Mann-Whitney U test was performed for comparison between groups.
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development of postoperative data. It was not moni-
tored duration of relative hyperperfusion in this study
and this is one of this study limitation.

Schmidt also found an increase in the speed of the
middle cerebral artery during CPB.18 Eldery patients
have comorbidities, structural changes in car-
diovarcular, pulmonary and other systems, are more
sensitive to drugs.17

Cardiopulmonary bypass may affect degree of hy-
perperfusion. As it is known CPB pump flow is cal-
culated according to height and weight. Cerebral
autoregulation maintains constant cerebral blood flow
than mean arterial pressure is sufficient. But unfortu-
nately, it is not suitable for all patients. As it was found in
this study, some patients already had decreased ACM
BFV before surgery. Relative hyperperfusion was de-
termined for these patients during CPB and it was as-
sociated with negative neurological outcomes, then CPB
pump flow was calculated according to the formula. So,
the effect of relative hyperperfusion increases in patients
with reduced preoperative BFV.

There are many risk factors to dNCR development,
but it was not found any correlations with comorbid-
ities, medications during surgery, CO2, haematocrit,
lactate concentration, glucose level, pump flow, ejection
fraction, extubation time during surgery. These results
could be obtained due to a small sample. Further in-
vestigation should be conducted with bigger sample size.

Glial fibrillary acidic protein is widely used as a bi-
ological marker in various clinical studies. It was found
increased concentrations of GFAP 48 hours after the
surgery in the dNCR group patients in this study. An
association between an increase in GFAP concentration
and delayed neurocognitive dysfunction following
cardiac surgery has also been identified in various
clinical studies not only in adults but also in neonatal
populations.19,20 Other investigation had found a cor-
relation between an increase in GFAP and age.21 GFAP
is known to increase due to microglial activation, a
neuroinflammatory response, and increased oxidative
stress that results in more intense GFAP transcription.21

During cardiac surgery, all the listed mechanisms of
neuronal damage occur under the influence of various
risk factors, such as CPB. Elderly patients are especially
susceptible to such neuronal damage, and it was in them
that our study found dNCR and an increase in GFAP
after cardiac surgery.

Despite the results obtained, we understand that age
is an uncorrected pre-surgical risk factor, it is appro-
priate to identify groups of patients with a higher risk of
dNCR. As it has been established that the structure of
grey and white brain matter is restored in the elderly
during the training of cognitive functions, we suggest

using cognitive training exercises with these patients
prior to the surgery.22 We also recommend monitoring
MCA BFV during surgery and individualise CPB
strategies.

Great attention should also be paid to factors that we
can adjust during the surgery. Statistically significant
difference was not found between paCO2, haematocrit,
or groups of other factors in this study.

There were several limitations in the study. We
conducted the study in only one hospital and examined
a relatively small group of patients. The TCD sensor was
fixed to the patient manually, therefore monitoring was
performed only at selected stages of the surgery. By
fixing the sensor with the help of a helmet, it would be
possible to monitor changes in cerebral blood flow
throughout the surgery. In addition, monitoring was
applied only during the surgery and did not continue in
the intensive care unit, although possible post-surgical
disorders that were not recorded may have contributed
to a post-surgical increase in the concentration of
biomarkers in the brain injury and dNCR. Another
limitation is small sample, which was determined by the
number of patients treated in our hospital. Nevertheless,
we think that this topic in important and worthy in-
terest. To highlight the role of hyperperfusion, a larger
study should be performed. This leads to better patient’s
neurocognitive recovery after cardiac surgery.

Conclusions

Relative hyperperfusion during CPB may cause dNCR.
Elderly patients are sensitive to blood flow velocity
acceleration during CPB. GFAP concentration increased
48 h after surgery in dNCR group but did not have any
connection with risk factors. The use of GFAP to di-
agnose dNCR is promising, but large sample research
should be performed.
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12. Margevièiûtë R, Bagdonas A, Butkus K, et al. Adenbruko
Kognityvinio Tyrimo Metodikos – Taisytos Adaptacija
Lietuviðkai Kalbantiems Gyventojams (ACE-R LT),
2009.

13. Trivedi UH, Patel RL, Turtle MR, et al. Relative changes
in cerebral blood flow during cardiac operations using
Xenon-133 clearance versus transcranial doppler so-
nography. Ann Thorac Surg 1997; 63(1): 167–174.
Available at: https://linkinghub.elsevier.com/retrieve/pii/
S000349759601017X

14. Shaw G, Yang C, Ellis R, et al. Hyperphosphorylated
neurofilament NF-H is a serum biomarker of axonal
injury. Biochem Biophys Res Commun 2005; 336(4):
1268–1277. Available at: https://linkinghub.elsevier.com/
retrieve/pii/S0006291X05019248

15. Yang D, Cabral D, Gaspard EN, et al. Cerebral hemo-
dynamics in the elderly. J Ultrasound Med 2016; 35(9):
1907–1914. Available at: http://doi.wiley.com/10.7863/
ultra.15.10040

16. Rundshagen I. Postoperative cognitive dysfunction.Dtsch
Aerzteblatt. Online, 2014. Available at: https://www.
aerzteblatt.de/10.3238/arztebl.2014.0119

17. Ito A, Goto T, Maekawa K, et al. Postoperative neuro-
logical complications and risk factors for pre-existing
silent brain infarction in elderly patients undergoing
coronary artery bypass grafting. J Anesth 2012; 26(3):
405–411. Available at: http://link.springer.com/10.1007/
s00540-012-1327-4

18. Sellner J, Petzold A, Sadikovic S, et al. The value of the
serum neurofilament protein heavy chain as a bio-
marker for peri-operative brain injury after carotid
endarterectomy. Neurochem Res 2009; 34(11):
1969–1974. Available at: http://link.springer.com/10.
1007/s11064-009-9976-x

19. Vedovelli L, Padalino M, Suppiej A, et al.
Cardiopulmonary-bypass glial fibrillary acidic protein
correlates with neurocognitive skills. Ann Thorac Surg
2018; 106(3): 792–798. Available at: https://linkinghub.
elsevier.com/retrieve/pii/S0003497518305873
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