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Lund exhaust on hemodynamic parameters and
inflammatory mediators in patients undergoing cardiac
valve replacement under cardiopulmonary bypass
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Abstract. The effect of Lund exhaust technique on hemody-
namics and inflammatory mediators in patients undergoing
cardiac valve replacement under cardiopulmonary bypass was
evaluated. A total of 60 patients with heart disease undergoing
elective heart valve replacement under elective cardiopulmo-
nary bypass were randomly divided into Lund exhaust group
(group A) and control group (group B), with 30 patients in
each group. Group A underwent Lund exhaust during cardio-
pulmonary bypass, while group B was identical to group A
except for not using the Lund exhaust technique during
cardiopulmonary bypass. The hemodynamic parameters at
different time-points showed that the indexes of MAP, PASP,
CO, CI, PCWP, CVP and SVR in T}, T,, T; and T, moments
between group A and group B were statistically significant
(p<0.05). There was no statistical significance in IL-6, IL-8,
IL-10, TNF-a and TIMP-1 between group A and group B
patients at the T, moment (p>0.05). The levels of IL-6, IL-8,
IL-10, TNF-a and TIMP-1 in group B patients at T,, T,, T,
and T, moments were statistically significant compared with
those in group A (p<0.05). The IL-6, IL-8, TNF-a indexes of
group B patients were statistically significant at the T; moment
compared with those in group A (p<0.05). The IL-10 and
TIMP-1 of two groups were not statistically significant at the
Ts; moment. The operating time, CPB time, aortic clamp time,
intraoperative blood loss, postoperative tube time, ICU stay
time, hospital stay time and pulmonary infection of patients
in group A were significantly less than those in group B. In
conclusion, Lund exhaust technology can significantly reduce
the fluctuation of hemodynamics, decrease the expression of
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inflammatory factors, improve lung function, and is conducive
to the rehabilitation of patients.

Introduction

Valvular heart disease refers to the mitral valve, three tricuspid
valve, aortic valve and pulmonary valve for rheumatic fever,
mucoid degeneration, degenerative changes, congenital
malformation, trauma, infection or appearance of necrosis
lesions, affecting the flow of blood resulting in abnormal
cardiac function and eventually leading to heart failure. The
most frequently involved valve is the mitral valve, followed
by the aortic valve. The disease often occurs at the age of
20-40 years, and 2/3 are female, and with more rheumatic
fever history (1,2). Heart valve disease is an increasingly
common and serious disease. There is no effective biological
diagnosis or treatment strategy. The only option is to perform
prosthetic valve replacement (3).

It is a common technique in modern surgery undergoing
cardiac valve replacement with cardiopulmonary bypass
(CPB). Although there is rich experience in the conventional
cardiac valve surgery, the postoperative complications and
the mortality rate is much higher than other treatments (e.g.
mortality rate up to 2-5%) (4). CPB machine makes the heart
vein blood flow through the outside systemic circulation and
provide the oxygenated blood back to the artery system with
temperature regulation and filtration (5,6). Moreover, CPB
pipeline helps blood components avoid the non-physiological
interface contaction, bubble residue, ischemia-reperfusion,
temperature changes and other factors that trigger the activation
and injury of vascular endothelial cells and other conse-
quences (7,8).

There are many studies on the complications of cardiac
valve replacement under CPB worldwide. For example, the
study of Yang et al (9) found that sevoflurane is better than
propofolum in perioperative myocardial protection, inhibiting
inflammatory reaction and shortens the hospitalization time
of propofol and ICU. Under extracorporeal circulation use
of tranexamic acid in cardiac surgery can effectively reduce
intraoperative and postoperative bleeding. Liu et al (4)
showed that under extracorporeal circulation with heart valve
replacement surgery tranexamic acid can effectively reduce
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postoperative bleeding. CPB is prone to brain damage in
heart valve replacement surgery. The mechanism may be the
inflammatory reaction caused by anesthesia, operation trauma
and stress reaction, which results in the increase of blood-
brain barrier permeability, secondary brain edema and brain
damage. At the same time, the formation of cerebral thrombosis
and the changes of cerebral ischemia, hypoxia and imbalance
of oxygen supply and demand caused by low blood perfusion
during the course of CPB patients are also important causes of
brain injury (10,11). Dexmedetomidine can reduce the release
of neuroendocrine hormones and inflammatory mediators,
maintain intracranial metabolism, and protect the brain in
patients with ischemic brain injury (12). Residual bubbles in
heart surgery stranded in the heart cavity and pulmonary vein
system in cardiac resuscitation after cardiac cardioversion or
after cardiopulmonary can easily bypass access to the left
heart system, left ventricular dysfunction, fatal arrhythmia
and short or long-term abnormal nerve function after surgery.

There are relatively few studies on this subject. In this
study, we examined patients who underwent open heart valve
surgery using the Lund exhaust technology and those that
did not undergo Lund exhaust technology (control group).
We examined hemodynamic parameters, mean arterial
pressure (MAP), central venous pressure (CVP), pulmonary
arterial pressure (PASP), pulmonary capillary wedge pres-
sure (PCWP), systemic circulation resistance (SVR), cardiac
output (CO) and cardiac index (CI), as well as the levels of
inflammatory mediators [plasma interleukin-6 (IL-6), plasma
interleukin-8 (IL-8), plasma interleukin-10 (IL-10), tumor
necrosis factor a (TNF-a) and plasma tissue inhibitor of
metalloproteinase (TIMP-1)] at different time-points in order
to investigate the clinical efficacy and safety of this technology.

Patients and methods

Patients enrolled in the study. The study was carried out in Sir
Run Run Shaw Hospital of Zhejiang University (Hangzhou,
China). Informed consent was signed by all the participants or
their families. Sixty patients, aged 35-65 years, were selected
from May 2016 to May 2017 in our hospital undergoing
cardiac valve replacement under CPB and ASA II-IV (ASA
grade according to the American Society of anesthesiologists).
Inclusion criteria were: the circulatory system was stable
and the patient had no autoimmune diseases. There was no
cardiovascular and systemic complications, and there was
no obvious abnormality or impairment of liver and kidney
function. CPB undergoing cardiac valve replacement was
successful (stop CPB and succeed once, a successful heart
resuscitatio and no abnormal bleeding). Exclusion criteria
were: patients with cardiovascular related diseases and
liver and kidney dysfunction, CPB failure and thus repeat
of CPB, reoperation and CPB again after operation, those
with immune system and hematological diseases, the use of
glucocorticoids before operation, combined with other surgical
complications or adverse reactions and others. Preoperative
cardiac function was assessed by NYHA classification and
plasma concentrations of amino terminal natriuretic peptide
(NT-proBNP). Sixty patients were randomly divided into the
Lund exhaust group (group A) and control group (group B),
30 cases in each group. The difference in age, body mass,
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Table I. Patient characteristics (mean + SD).

Patient characteristics ~ Group A (n=30)  Group B (n=30)

Age (year) 53.42+6.49 56.90+8 41*
Weight (kg) 59.50+6.67 61.44+8.75*
Height (cm) 170.09+£7.73 171.75+6.63*
Sex (M/F) 18/22 19/21*
ASA class 1I-1V JISAYS

EF (%) 55.7£5.21 57.4+5.53"

“For group B, compared with group A, p<0.05.

cardiac output and ASA classification between the two groups
was not statistically significant (p>0.05), as shown in Table 1.
The Ethics Committee of Sir Run Run Shaw Hospital of
Zhejiang University approved the study and informed consent
was signed by all the prticipants or their families.

Methods

Anesthesia. The ECG, blood pressure, pulse oxygen satura-
tion and end tidal carbon dioxide partial pressure (ECG) were
monitored in the two groups after admission. The central
venous pressure (CVP) was monitored by internal jugular vein
puncture under local anesthesia of lidocaine. All patients were
given anesthesia induction with midazolam 0.1-0.2 mg/kg,
vecuronium 0.15-0.2 mg/kg, sufentanil 1-2 yg/kg, etomidate
0.15-0.3 mg/kg, endotracheal intubation for mechanical venti-
lation. All patients were given vecuronium 0.1-0.15 mg/(kg'h),
sufentanil 0.5-1.5 pg/(kg-h), propofol 6-10 mg/(kg-h) to main-
tain anesthesia. The mean arterial pressure (MAP) remained
at 60-80 mmHg. Hemodynamic parameters of all patients
were closely monitored and recorded.

CPB methods. All patients underwent median sternotomy
by longitudinal incision of the pericardium to expose the heart,
heparin 3 mg/kg anticoagulation to maintain the activation of
whole blood coagulation time (ACT) >480 sec. All patients
were treated with a Jostar artificial heart lung machine (Maquet
Critical Care AB, Sweden), with a pre-cast liquid crystalline
adhesive over 1:1, with the addition of a strengthening dragon,
20% mannitol, and 5% sodium bicarbonate. The nasopharynx
temperature was maintained at 28-30°C in all patients. After
blocking-up the ascending aorta, myocardial perfusion was
performed by perfusion of 4:1 oxygenated blood cardioplegia.
After the end of CPB, protamine and heparin (1.5:1) were
routinely given.

Twenty-five patients from group A were treated with
Lund exhaust technique. The Lund exhaust technique is to
complete the operation in the heart after aortic root open
and fully attract aorta through small incision bilateral
pleural lung collapsed during CPB, placed 20 continuous
suction exhaust with ventricular apex artery trocar left.
The heart rebeating group without left ventricular ejection,
started a half tidal volume in the bubble or by the esophageal
echocardiography under continuous monitoring ventilation
with end expiratory positive pressure at 5 cm H,O, myocar-
dial stunning was not observed after recovery of the left
ventricular preload; air embolism was not found in the left
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Table II. Comparison of hemodynamics at different time-points before and after operation in two groups (n=30, mean + SD).

Indices Groups T, T, T, T, T, T,

MAP Group A 81.23+9.08 76.69+8.53 77.92+6.06 80.85+7.73 80.31+6.36 83.08+9.66
(mmHg)  Group B 83.10+9.93 72.90+10.04* 83.40+7.43* 86.60+10.59* 88.60+10.99* 83.50+9.58
PASP Group A 24.31+6.88 22.62+6.16 23.54+7.83 21.15£3.16 20.01+3.69 21.77+4.19
(mmHg)  Group B 21.10+5.86 17.60+5.36 26.20+5.77* 26.70+5.56* 23.50+4.65 20.90+4.58
Cco Group A 3.78+0.84 4.29+0.73 4.87+0.84 5.21+0.76 541+043 5.35+0.45
(I/min) Group B 3.18+0.57 3.18+0.65° 3.46+0.37° 4.11+0.54° 4.31+0.61 4.77+0.31
CI Group A 2.32+0.74 2.47+0.55 2.52+0.53 3.21+0.76 3.31+0.86 3.42+0.78
1/(min‘m?) Group B 2.04+0.55 2.19+0.55* 2.26+0.62* 2.12+0.68* 2.45+0.65* 3.06+0.63
PCWP Group A 16.50+3.03 19.10+4.76 16.1x4 .01 14.20+3.61 14.80+2.89 13.40+2.72
(mmHg)  Group B 15.70£3.56 13.70+3.13 12-.50+3.69* 1091£3.71a 11.20+1.62* 13.51£1.58
Cvp Group A 9.80+2.66 10.80+2.62 11.40+4.14 10.50+3.24 10.30+2.83 10.10£2.92
(mmHg)  Group B 11.50+2.81 7.90+2.513° 7.40+3.983° 8.21+2.463° 8.10+2.903° 11.40+3.633%
SVR Group A 1,582.50+141.86 1472.60+198.81 1469.50+195.16 1,111.67+177.68 12954+149.06 1418.01x142.16
(kPa's/l) ~ Group B 1,677.10+157.65 1,779.8+160.73* 1,759.4+174.75* 1,599.5£199.17* 1,494.9+141.07* 1,590.2+154.60

*For group B, compared with group A, p<0.05.

ventricular cavity after the normal tidal volume ventilation
at the same time. The left ventricular ejection was resumed
and the circulatory stability was stopped. Transesophageal
heart echocardiography (Tee) was performed to observe the
inadvertent internal air bubble and clamp the apical exhaust
duct.

Patients from group B were maintained at complete
pleural position during CPB, meanwhile, after the heartbeat
standard tidal volume ventilation with pure oxygen, the
airway pressure was kept at 10 cm H,O of lung inflation.
Cardiac cavity evacuation procedure and the evacuation
time standard was the same as in group A. The hemo-
dynamic parameters [mean arterial pressure (MAP),
central venous pressure (CVP), pulmonary arterial pres-
sure (PASP), pulmonary capillary wedge pressure (PCWP),
systemic circulation resistance (SVR), cardiac output (CO),
and cardiac index (CI)] of the two groups were recorded
before anesthesia induction (T,), immediately after the
shutdown (T,), 1 h after surgery (T,), 3 h after surgery (T5),
6 h after surgery (T,) and 24 h after surgery (Ts). Patients
were treated with 5 ml venous blood placed into the EDTA
anticoagulant tube at each time-point. After centrifuga-
tion for 2 min (2,500 x g), the supernatant was extracted
and cryopreserved at -20°C. After blood collection at each
time-point, the concentrations of IL-6, IL-8, IL-10, TNF-a
and TIMP-1 were determined by enzyme-linked immuno-
sorbent assay.

Statistical analysis. The data are expressed by mean addition
and subtraction standard deviation (mean + SD), and the data
were processed by statistical product and service solutions
(SPSS) 20 statistical software (IBM Corp., Armonk, NY,
USA). The t-test was used between the two groups, and the
Chi-square test was used to analyse the data. The three groups
were compared by single factor analysis of variance. The
difference of p<0.05 was statistically significant.

Results

Table IT showed that the MAP, PAP, CO, CI, T;, PCWP, CVP
and SVR in the patients of group A and the group B were not
statistically significant at the time of T, and Ts (p>0.05). The
MAP, PAP, CO, CI, PCWP, CVP and SVR indexes in group B
were statistically significant compared with those in group A
at the time of T, T,, T;, and T, (p<0.05). The hemodynamic
parameters of patients in group A at each time-point fluctuated
less than those in group B.

There was no statistical significance in IL-6, IL-8, IL-10,
TNF-a and TIMP-1 between group A and group B patients
at the T, time (p>0.05). The levels of IL-6, IL-8, B, IL-10,
TNF-a and TIMP-1 in group B patients at T, T,, T; and T,
moments were statistically significant compared with those in
group A (p<0.05). The indexes of IL-6, IL-8 and TNF-a in
group B patients were statistically significant at the T5 moment
compared with those in group A (p<0.05). The IL-10 and
TIMP-1 of two groups were not statistically significant at the
Ts moment (p>0.05) (Table III).

The operating time, CPB time, aortic clamp time, intra-
operative blood loss, postoperative tube time, ICU stay
time, hospital stay time and pulmonary infection of patients
in group A were significantly less than those in group B
(Table IV).

Discussion

Many studies and clinical work show that cardiac valve replace-
ment under CPB has a definite curative effect on patients with
valvular heart disease, but there are many complications (residual
bubbles remaining in the heart cavity and pulmonary vein system
tend to enter the left ventricular system after cardiac arrest or after
cardiopulmonary bypass, resulting in left ventricular dysfunction
and hemodynamic abnormalities). Therefore, how to reduce or
even eliminate the residual bubbles remaining in the heart cavity
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Table III. Comparison of inflammatory mediators at different time-points before and after operation in the two groups (n=30,

mean + SD).

Indices Groups T, T, T, T, T, T

IL-6 Group A 4.17+1.68 102.73+54.75 151.74+78.73 178.01£28.21 136.84+61.91 103.28+69.55
Group B 6.13+2.74 141.89+29.34* 223.65+47.72*  211.18+93.63*  172.36+25.13" 82.56+17.58"

IL-8 Group A 17.71£547 31.34+24.30 38.13+19.79 28.61£7.28 21.75+8.51 16.67+£5.31
Group B 20.31+4.13 46.23+8.23" 57.23+8.42* 35.89+9.52¢ 30.75+15.41* 26.34+18.34*

IL-10  Group A 13.93+0.38 413.98+141.12 435.85+42.38 162.85+31.57 79.68+5.93 9.87+0.45
Group B 12.04+0.51 52049+£194.23*  579.33+53.41*  210.35+11.92* 129.28+4.73* 10.55+2.71

TNF-a.  Group A 22.71£4.70 25.45+3.52 24.95+6.06 28.34+8.31 18.98+3.14 20.42+5.29
Group B 18.43+3.81 43.28+6.94* 57.47+9.25* 63.17+9.62° 71.35+6.78" 43.69+9.63

TIMP-1 Group A 3382.39+527.42 2,188.24+124.31 2,141.21£13245 1,573.15+¢123.01 1,236.34x£101.27 1,356.55+126.37

Group B 3,249.63+367.27 2,711.14+£191.02* 2,437.94+195.87¢

1,823.65£97.19* 1,690.2+143.60* 1,349.48+92.13

*For group B, compared with group A, p<0.05.

Table IV. Comparison of intraoperative and postoperative
conditions between the two groups (n=30, mean + SD).

Patient characteristics Group A (n=30) Group B (n=30)

Operating time (min) 213.71+23.78  246.59+34.56"
CPB time (min) 99.62+16.32  118.73+£21.13*
Aortic clamp time (min) 77.56+7 .41 89.65+9.23*
Intraoperative blood 550+50.71 660+78.63*
loss (ml)

Postoperative tube 6.71£0.65 9.6+0.82%
time (h)

ICU stay time (h) 39.50+5.63 48.73+6.21*
Hospital stay time (days) 14.30+3.46 18.30+£5.41*
Pulmonary infection (case) 1 3

*For group B, compared with group A, p<0.05.

and pulmonary vein system remains an important problem to be
solved. The concept of Lund was proposed by Professor Eker
of Lund University in Sweden (13,14), which is mainly used to
improve the prognosis of patients with severe traumatic brain
injury. According to the Lund concept, we named our exhaust
method Lund exhaust technology.

MAP, CVP, PASP, PCWP, SVR, CO and CI are the main
indexes of the hemodynamic response. MAP is the average
of arterial blood pressure during a cardiac cycle, and the
average arterial pressure in normal adults is 70-105 mmHg.
It was found that the increase of MAP from 65 mmHg to
normal level can improve microcirculation (15) in patients
with hypertensive septic shock. The mean arterial pressure of
radial artery reliably reflects the mean arterial pressure (16) in
simple cardiac surgery in children.

CVP is the pressure of the upper and inferior vena cava into
the right atrium, which is measured by the upper or inferior vena

cava or the right atrium. It reflects the right atrial pressure, and is
one of the main indexes of clinical hemodynamic observation.
CVP was affected by 3 factors: cardiac function, circulating
blood volume and vascular tension. The determination of CVP
is important for understanding the effective circulating blood
volume and cardiac function. The normal value is 0.05-0.12 kPa
(5-12 cm H,0) (17). In resting state, the normal systolic pressure
of adult pulmonary artery was 18-25 mmHg, and the systolic
pressure and mean pressure of pulmonary artery were more
than 30 and 20 mmHg in resting state, which was pulmonary
hypertension (18). PCWP is the most common and important
monitoring indicator in clinical hemodynamic monitoring.
It can reflect the left ventricular filling pressure and can be
used to determine the left ventricular function in patients with
hemorrhagic shock. If PCWP is lowered, prompt blood volume
should be indicated. Patients with cardiogenic shock, if PCWP
is elevated, indicate left heart failure or pulmonary edema, and
their normal value is 6-12 mmHg (19). SVR refers to the blood
flow resistance during circulation in the body. It originates
from frictional resistance between blood flow and the walls of
blood vessels as well as frictional resistance within the blood.
It is related to blood viscosity, length of blood vessel, elasticity
and radius of vessels. CO refers to the total volume of blood
produced by a single ventricle per minute, which can be used to
determine cardiac function, diagnose heart failure and low back
syndrome, estimate prognosis, and guide treatment. CI refers to
the body surface area (square meters) calculated cardiac output
(known as the heart index) and can be of different sizes of
patients for direct comparison.

The results of this study showed that there was no differ-
ence in MAP, CVP, PASP,PCWP, SVR, CO, and CI before and
after anesthesia induction in group B compared with group A.
The indexes of MAP, PAP, CO, CI, PCWP, CVP and SVR in
group B were statistically significant when the patients were
stopped immediately, 1 h after operation, 3 h after operation
and 6 h after operation compared with group A. Especially
SVR in group B was significantly higher than that of group A.
The hemodynamic indexes of patients in group B fluctu-
ated significantly at each time-point compared with those
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in group A, indicating that the Lund exhaust technique can
reduce the fluctuation of hemodynamics and maintain the
stability of heart and lung function in patients. However,
at 24 h after operation, there was no difference in hemody-
namic parameters between the two groups, indicating that the
residual bubble remaining in the heart cavity and pulmonary
vein system basically restored the hemodynamic effects.
IL-6, IL-8, and IL-10 are early markers of tissue damage
sensitive material. The concentration, size, operation time and
severity of infection and postoperative complications, were
directly related to the extent of the damage and increased
after operation (20-22). IL-6 can induce B cell differentiation,
produce antibodies, and induce T cell activation, prolifera-
tion and differentiation, as well as participate in the immune
response of the organism, and function as a promoter of
inflammatory reaction. IL-8 can stimulate neutrophils, T
lymphocytes and eosinophils chemotaxis, promote neutrophil
degranulation, release elastase, endothelial injury, microcir-
culation of blood stasis, tissue necrosis, organ function injury
caused by IL-10 and is a negative regulatory factor, mainly
produced by Th2 cells, activated B cells, monocytes, macro-
phages involved in immune cells, inflammatory cells, tumor
cells and other cell biological regulation, playing an important
role in autoimmune diseases, serious infectious diseases, cancer
and transplantation immunity in a variety of diseases (23).
TNF-a is an inflammatory mediator of the earliest and most
important process of inflammation. It can activate neutrophils
and lymphocytes to endothelial cell permeability increase,
regulating synthesis of other tissue metabolic activity and
prompt other cytokines (24). TIMP-1, a tissue inhibitor of
metalloproteinases, is a glycoprotein that is expressed in a
variety of organisms. TIMP-1 is an inhibitory molecule that
regulates matrix metalloproteinases (MMPs), and disintegrin-
metalloproteinases (ADAMs and ADAMTSs). In regulating
MMPs, TIMPI1 plays a crucial role in extracellular matrix
(ECM) composition, wound healing and pregnancy (25).
Clinical studies have shown that surgical trauma, anes-
thesia, and stress can produce strong peripheral inflammatory
reaction, promote inflammatory cytokines, such as TNF-a,
IL-1, IL-6, IL-8, IL-10 and other large, inflammatory reaction
and activation of microglia induced by excessive expansion
of the central system (26). In this experiment, Lund exhaust
technology we used in surgical CPB undergoing cardiac valve
replacement, by detecting the concentration of plasma IL-6,
IL-8, IL-10, TNF-a and TIMP-1 to reveal whether Lund
exhaust technology reduces the expression of inflammatory
cytokines. Table IIT data showed that the IL-6, IL-8, IL-10,
TNF-a and TIMP-1 in the two groups were not statistically
significant before the induction of anesthesia. The levels
of IL-6, IL-8, IL-10, TNF-a, and TIMP-1 in group B were
significantly higher than those in group A at downtime, 1 h
after operation, 3 h after operation and 6 h after operation.
In group B, the fluctuation of inflammatory factors at each
time-point was larger than that in group A. Twenty-four hours
after surgery, the two groups of patients with IL-10, TIMP-1
indicators were not statistically significant. Compared with
anesthesia before induction, there was no statistical signifi-
cance, indicating that IL-10, and TIMP-1 were restored at 24 h
after surgery. Twenty-four hours after surgery, the two groups
of patients with IL-6, IL-8, TNF-a indicators were statistically
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significant, and compared with pre-anesthesia induction, they
were also statistically significant. The IL-6, IL-8 and TNF-a
in group A were closer to the preoperative group than those in
group B, indicating that IL-6, IL-8 and TNF-a did not recover
at 24 postoperative fashion, but the Lund exhaust technique
could promote the recovery of inflammatory factors. Table IV
data show that Lund exhaust technology can significantly
improve patients' lung function, and help patients with intra-
operative stability and postoperative rehabilitation.

In conclusion, Lund exhaust technology can significantly
reduce the hemodynamic changes of patients, decrease secre-
tion of inflammatory factors during and after operation, as
well as improve lung function, factors that are worthy of
clinical promotion.
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