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Abstract: Objectives: The intra-pulmonary shunt induced by one-lung ventilation (OLV), is alleviated by increased
pulmonary blood flow by gravitational redistribution and hypoxic pulmonary vasoconstriction. We investigated the
changes of pulmonary venous blood flow (PVBF) and biventricular function during OLV with echocardiography. And
the correlation between PVBF and intra-pulmonary shunt fraction (Qs/Qt) was evaluated. Methods: PVBF of the
left upper pulmonary vein and cardiac function were measured with echocardiography in twenty-five patients who
underwent elective thoracic surgery in left lateral decubitus. Qs/Qt and PaO2 were measured with blood gas analysis. Data was obtained at 10 min after two-lung ventilation in supine (TLV-S) and lateral decubitus position (TLV-L),
and at 10, 20 and 30 min after OLV in lateral decubitus position (OLV-10, -20 and -30). Results: There were significant changes in PVBF among TLV-S, TLV-L and OLV-10 (959.5±280.8, 1416.9±489.7 and 1999.9±670.5 ml/min;
P<0.05, respectively). There were not differences in PVBF, Qs/Qt and PaO2 among OLV-10, -20 and -30. There were
an inverse correlation between percent change of PVBF and change of Qs/Qt (r2 = 0.5; P<0.0001) and positive correlations between the percent change of PVBF and change of PaO2 (r2 = 0.4; P<0.0001) during OLV over TLV-L. No
significant changes in biventricular systolic and diastolic function were observed during positional change and OLV.
Conclusions: A remarkable change of PVBF relevant to gravitational distribution and hypoxic pulmonary vasoconstriction was proved by echocardiography. And PVBF changes could represent the changes of Qs/Qt and PaO2 during
OLV. However, biventricular function was not impaired during OLV.
Keywords: One-lung ventilation, pulmonary venous blood flow, intra-pulmonary shunt, arterial oxygenation, hypoxic
pulmonary vasoconstriction, echocardiography, cardiac function

Introduction
One-lung ventilation (OLV) is required in thoracic surgery, but because the other lung is not
ventilated, a ventilation/perfusion mismatch
may result from the sustained pulmonary perfusion in the non-ventilated lung. Intraoperative
hypoxemia during OLV is a common with an
incidence as 4-10% [1-3], posing a great challenge to anesthesiologists. Fortunately, gravitational redistribution of the pulmonary blood
flow [4, 5] and hypoxic pulmonary vasoconstriction (HPV) acts as a protective mechanism to
alleviate the intra-pulmonary shunt during OLV
[6].
Since intra-pulmonary shunt was demonstrated to correlate with pulmonary blood flow [7],

the importance of pulmonary blood flow distribution resulting from the pulmonary vasculature of the pulmonary vessel has gained attention. To date, intra-pulmonary shunt has been
evaluated by using single-photon emission
computed tomography (SPECT) or blood gas
analysis. Previous studies measured pulmonary
blood flow by using radioactive-labeled microspheres or single-photon emission computed
tomography [7, 8]. However, only few studies
have closely identified the effect of patients’
positional changes and OLV on pulmonary
blood flow during thoracic surgery. As the heart
and lungs are adjacent to each other, a close
interaction exists between them, which is called
cardiopulmonary interaction. Several studies
have examined the postoperative cardiac function after lung surgery [9-11], but the changes
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in cardiac function during lung isolation for surgery have not been systematically evaluated.
Echocardiography has been proven to be relatively noninvasive, widely applicable in intraoperative evaluations and clinically useful [12].
Recently, transesophageal echocardiography
(TEE) can effectively visualize the pulmonary
vein, with higher sensitivity and specificity than
other imaging modalities for measuring pulmonary venous blood flow (PVBF) [13-15]. Accordingly, its application has recently expanded
to include atrial fibrillation ablation procedures
and lung transplantation [14-16]. We investigated the changes of PVBF assessed by echocardiography could represent pulmonary blood
flow redistribution relevant to gravitational
effect and HPV. We evaluated the correlation
between the changes of PVBF and changes in
intra-pulmonary shunt and arterial oxygenation
during thoracic surgery with OLV. We also
observed the change in cardiac performance
using echocardiography in patients undergoing
thoracic surgery with OLV in lateral decubitus
position.
Materials and methods
This study was approval by the institutional
review board of Severance Hospital, Yonsei
University Health System, Seoul, South Korea
(Ref. 4-2014-0486) and registered at Clinical
Trials.gov (NCT 02365311). All of the participants provided written informed consent before
participation.
Patients’ characteristics
We included twenty-five patients with isolated
right lung cancer who were scheduled to undergo video-assisted thoracoscopic surgery in left
lateral decubitus position. The inclusion criteria were healthy patients (classified by the
American Society of Anesthesiologists physical
status class II and III) above 20 years of age.
The exclusion criteria were cardiovascular disease, arrhythmia, severe functional liver or kidney disease, chronic obstructive or restrictive
pulmonary disease and obesity (body mass
index >30 kg/m2).
General anesthetic management
Standard monitoring devices were attached to
the patients as they arrived at the operating
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room. Anesthesia was induced by administering 1.5 mg/kg propofol and 1.0 μg/kg remifentanil. Tracheal intubation with 37- or 39-Fr
left-sided double-lumen tube (Broncho-Cath®;
Mallinckrodt Medical Inc., Athlone, Ireland) was
facilitated with 0.9 mg/kg rocuronium. The
position of the left side double-lumen tube was
confirmed by fiberoptic bronchoscopy. After the
induction of anesthesia, a 20 G radial artery
catheter was inserted. A 7-Fr central venous
catheter (Arrow International®; Reading, PA,
USA) was inserted in the right internal jugular
vein. The length of the central venous catheter
was calculated by using a height-based formula
for placement for the constant placement near
the right atrium [17]. Placement of the catheter
tip was confirmed by portable chest radiography. Anesthesia was maintained with 1.0-3.0%
sevoflurane, 0.1-0.4 μg/kg/min remifentanil
and 4.0-8.0 μg/kg/min rocuronium. An autoflow pressure-controlled ventilation mode (Primus i® ventilator; Dräger™ Medical, Lübeck,
Germany) was used for ventilation in all of the
patients. Tidal volume was set to units of 6 ml/
kg and inspiratory to expiratory ratio of 1:2.
Fractional ratio of inspiratory oxygen (FiO2) was
set at 1.0 until completion of the study.
Respiratory and hemodynamic measurements
The respiratory rate was adjusted to maintain
an end-tidal carbon dioxide tension of 34-42
mmHg. Hemodynamic variables, respiratory
variables and arterial and central venous blood
gas analysis parameters were recorded at five
time points as follows: 10 min after two-lung
ventilation (TLV) in supine position (TLV-S), 10
min after TLV in left lateral decubitus position
(TLV-L), 10 min (OLV-10), 20 min (OLV-20) and
30 min after OLV in left lateral decubitus position (OLV-30). The hemodynamic parameters
measured included heart rate (HR), mean arterial pressure (MAP) and central venous pressure (CVP), while the respiratory variables
included, peak airway pressure (APPeak), mean
airway pressure (APMean) and dynamic compliance (Cdyn). Intra-pulmonary shunt fraction (Qs/
Qt) was also calculated. The oxygen content
(CxO2) in arterial and central venous blood
was calculated using the following equation:
CxO2 = (1.34 × Hb × SxO2) + (0.0031 × PxO2), in
which Hb = hemoglobin concentration (g/dl)
and SxO2 = oxygen saturation. Qs/Qt was determined using the following formula: Qs/Qt =
Int J Clin Exp Med 2015;8(8):13099-13108
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Table 1. Patient characteristic and Intraoperative variables
Characteristic
Age (yr)
Male/Female ratio
Height (cm)
Weight (kg)
Body mass index (kg/m2)
Preoperative PFT
FVC (l)
FVC (% predicted)
FEV1 (l)
FEV1 (% predicted)
FEV1/FVC (% predicted)
DLCO (ml/mmHg/min)
Intraoperative data
Duration of surgery (min)
Duration of anesthesia (min)
Time of OLV (min)
Intake fluid (ml)
Urine output (ml)
Estimated blood loss (ml)
Total ephedrine dose (mg)

(n=25)
63.7±10.8
12:13
161.5±6.3
60.3±8.3
27.4±4.2
3.1±0.8
95.1±13.6
2.4±0.5
104.0±12.3
77.7±7.7
17.4±4.2
147.2±57.4
161.8±62.6
133.2±54.2
504.4±40.3
200.2±118.8
85.6±6.7
4.2±6.6

Values are mean ± SD or number. PFT = pulmonary
function test; FVC = forced vital capacity; FEV1 = forced
expiratory volume in 1 sec; DLCO = diffusion capacity of
lung for carbon monoxide; OLV = one-lung ventilation.

(CcO2-CaO2)/(CcO2-CvO2), where the central
venous oxygen saturation (ScvO2) is considered
to be equal to the mixed venous oxygen saturation (SvO2). CcO2, CaO2, CvO2 are O2 contents in
pulmonary capillary, systemic arterial, and
mixed venous blood, respectively. If MAP
decreased by >20% compared to its post induction value in this study, vasoactive drugs such
as ephedrine were administered. If SpO2 as
measured by pulse oximetry decreased to
<90% during OLV, TLV was performed to terminate the study.
Echocardiographic measurement
The anesthetists inserted a 4 to 7 MHz multiplane TEE probe (6Tc; General Electric, Horten,
Norway) via the esophagus and connected it to
a cardiac ultrasonographic system (Vivid E9;
General Electric, Horten, Norway). Standard
mid-esophageal four-chamber and transgastric
short-axis TEE views were obtained. Echocardiographic measurement values were recorded
at five time points as follows: 10 min after TLV
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in supine position (TLV-S), 10 min after TLV in
left lateral decubitus position (TLV-L) and 10
min (OLV-10), 20 min (OLV-20) and 30 min (OLV30) after OLV in left lateral decubitus position.
The left upper pulmonary vein was located just
lateral to the left atrial appendage, after withdrawal of the probe from the two-chamber view
with a slight turn to the left. It was possible to
calculate the pulsed-wave Doppler velocity flow
of the left upper pulmonary vein when the sector was rotated 30 to 60° or even up to 90°.
Color and pulsed-wave Doppler measurements
were performed. Doppler sample volume was
placed as parallel as possible to the flow, 4 mm
away from left upper pulmonary vein junction
and the left atrium. The largest diameter
obtained at any place was used for left upper
pulmonary vein ostial diameter. Doppler sample blood flow of the left upper pulmonary vein
was assessed by using the velocity time integral (VTI) obtained by pulsed-wave Doppler
measurements and the cross-sectional area
(CSA) of the left upper pulmonary vein. The
PVBF (PVBF) was calculated by using the following formula: PVBF = VTI × CSA × HR. Assuming
a circular shape, the CSA of the LUPV was calculated as follows: CSA = π × (D/2)2, where D is
the pulmonary vein internal diameter. To identify the left ventricular (LV) systolic function and
dimension, LV end-diastolic area (LVEDA), LV
end-systolic area (LVESA) and ejection fraction
(EF) were measured in the mid-esophageal
four-chamber view. Fractional area change
(FAC) was calculated in the mid-esophageal
four-chamber view by using the following formula: FAC = ([EDA-ESA]/EDA) × 100. RV enddiastolic area (RVEDA), RV end-systolic area
(RVESA), RV EF and RV FAC for RV systolic function were measured in the mid-esophageal
four-chamber view. Tricuspid annular plane systolic excursion (TAPSE) was used to assess RV
systolic function [10]. To assess LV and RV diastolic function, pulsed-wave Doppler ultrasonography was used to measure the transmitral
and transtricuspid flow. The peak early (E)
transmitral filling and transtricuspid inflow
velocities and deceleration time (DT) of the E
wave were measured. Mitral annulus velocities
(e’, s’) were measured at the septal annulus
by tissue Doppler imaging. Tricuspid annulus
velocities (e’, s’) were also measured at the lateral annulus by tissue Doppler imaging. E/e’
was calculated by using the above results.
Cardiac output (CO) was assessed based on
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Table 2. Respiratory and hemodynamic variables
PaO2 (mmHg)
PaCO2 (mmHg)
Qs/Qt (%)
SvO2 (%)
APpeak (cmH2O)
APmean (cmH2O)
Cdyn (ml/cmH2O)
MAP (mmHg)
HR (beats/min)
CVP (mmHg)

TLV-S
381.4±90.9
37.3±3.7
25.4±7.9
89.8±4.1
12.6±3.1
4.3±1.3
37.9±7.7
89.4±12.6
78.8±12.6
7.9±2.2

TLV-L
354.2±72.1
38.9±4.8
28.0±10.5
92.2±4.5
13.8±3.8
4.7±1.5
35.2±7.5
87.4±11.4
78.5±11.9
8.0±2.1

OLV-10
232.0±82.5*,†
39.8±2.6
35.5±7.9*,†
87.16±5.0
18.4±2.5*,†
5.9±1.2*,†
23.2±4.7*,†
94.6±13.8
81.9±13.7
10.2±2.1*,†

OLV-20
203.0±67.1*,†
39.5±4.1
38.3±7.0*,†
87.2±5.0
19.0±2.3*,†
6.4±1.4*,†
22.4±4.1*,†
87.1±10.1
83.7±12.7
9.8±3.2*,†

OLV-30
214.5±95.6*,†
39.2±3.9
35.2±6.9*,†
85.9±5.0
18.7±2.3*,†
6.3±1.4*,†
22.5±3.9*,†
85.9±11.3
79.4±17.9
9.8±2.4*,†

P<0.05 compared to TLV-S. †P<0.05 compared to TLV-L. PaO2 = arterial oxygen tension; PaCO2 = arterial carbon dioxide tension; SvO2 = central venous oxygen saturation; APpeak = peak airway pressure; APmean = mean airway pressure; Cdyn = dynamic
compliance; MAP = mean arterial pressure; HR = heart rate; CVP = central venous pressure. TLV-S = 10 min after two-lung
ventilation in supine position; TLV-L = 10 min after two-lung ventilation in left lateral decubitus position; OLV-10, OLV-20 and
OLV-30 = 10 min, 20 min and 30 min after one-lung ventilation in left lateral decubitus position, respectively.
*

Table 3. Left ventricular function
LVEDA (cm2)
LVESA (cm2)
LV EF (%)
LV FAC (%)
CO (l/min)
MV e’ (cm/s)
MV s’ (cm/s)
MV DT (ms)
MV E/e’

TLV-S
22.3±5.5
14.5±5.5
48.5±16.4
38.6±14.3
4.8±1.4
5.1±2.2
4.3±1.4
143.3±64.6
11.1±7.0

TLV-L
24.9±5.4
17.6±5.4
48.6±12.9
37.8±12.2
5.2±1.0
5.2±2.4
4.6±1.8
156.1±71.4
12.2±5.7

OLV-10
25.6±5.8
15.8±4.9
51.3±11.4
37.6±10.7
5.2±1.0
5.5±2.6
4.7±1.5
148.3±45.2
12.1±4.9

OLV-20
23.0±5.4
16.3±10.6
51.4±10.6
39.0±11.0
5.2±1.0
6.4±2.4
5.3±1.5
142.1±49.5
12.1±4.8

OLV-30
23.0±4.9
13.8±4.8
54.4±13.5
40.9±12.8
5.0±1.0
6.2±1.7
5.2±1.3
143.4±44.4
11.1±5.3

LVEDA = left ventricular end-diastolic area; LVESA = left ventricular end-systolic area; EF = ejection fraction; FAC = fractional
area change; CO = cardiac output; MV = mitral valve; MV e’ = peak early diastolic mitral annular velocity; MV s’ = peak systolic
mitral annulus velocity; DT = deceleration time; MV E = transmitral flow E (early diastolic) wave; TLV-S = 10 min after two-lung
ventilation in supine position; TLV-L = 10 min after two-lung ventilation in left lateral decubitus position; OLV-10, OLV-20 and
OLV-30 = 10 min, 20 min and 30 min after one-lung ventilation in left lateral decubitus position, respectively.

Table 4. Right ventricular function
RVEDA (cm2)
RVESA (cm2)
TAPSE (mm)
RV EF (%)
RV FAC (%)
TV e’ (cm/s)
TV s’ (cm/s)
TV DT (ms)
TV E/e’

TLV-S
17.0±4.9
8.6±3.2
18.8±4.7
59.9±13.1
45.9±11.8
4.8±1.7
2.4±1.3
151.1±50.7
8.1±3.9

TLV-L
18.1±4.7
9.6±3.2
19.8±5.5
61.2±10.5
49.1±10.2
4.1±1.7
2.6±1.2
139.3±50.4
7.4±4.0

OLV-10
18.1±4.0
9.1±2.5
19.8±6.2
62.2±15.1
48.5±13.4
4.2±1.8
2.4±0.8
178.9±42.2†
7.4±3.0

OLV-20
18.1±4.4
9.8±3.0
18.4±4.2
62.6±9.9
49.2±9.8
4.7±1.2
2.2±0.9
154.2±45.8
7.0±2.2

OLV-30
17.7±3.4
9.0±3.3
17.8±4.8
62.6±14.2
49.6±13.0
4.6±1.3
2.8±0.7
154.7±40.9
8.2±3.6

†P<0.05 compared to TLV-L. RVEDA = right ventricular end-diastolic area; RVESA = right ventricular end-systolic area; TAPSE
= tricuspid annular plane systolic excursion; EF = ejection fraction; FAC = fractional area change; TV = tricuspid valve; TV e’ =
peak early diastolic tricuspid annular velocity; TV s’ = peak systolic tricuspid annulus velocity; DT = deceleration time; TV E =
transtricuspid flow E (early diastolic) wave; TLV-S = 10 min after two-lung ventilation in supine position; TLV-L = 10 min after
two-lung ventilation in left lateral decubitus position; OLV-10, OLV-20 and OLV-30 = 10 min, 20 min and 30 min after one-lung
ventilation in left lateral decubitus position, respectively.
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Table 5. Intra- and inter-observer variability of
echocardiographic parameters

LVEDA
LV FAC
MV e’
MV DT
TAPSE
RVEDA
VTI

Intra-observer
variability (%)
3.8 (2.9-4.2)
3.3 (2.7-3.9)
1.0 (0.9-1.7)
6.5 (4.7-7.6)
2.3 (1.6-3.4)
2.1 (1.6-2.7)
6.9 (5.3-8.5)

Inter-observer
variability (%)
4.6 (4.7-6.1)
4.5 (2.9-5.1)
1.2 (0.8-2.7)
7.2 (4.8-8.1)
2.5 (1.5-3.5)
3.7 (1.9-4.2)
8.6 (7.2-11.7)

Values are proportion (95% CI). LVEDA = left ventricular
end-diastolic area; FAC = fractional area change; MV =
mitral valve; MV e’ = peak early diastolic mitral annulus
velocity; DT = deceleration time; TAPSE = tricuspid annular plane systolic excursion; RVEDA = right ventricular
end-diastolic area; VTI = velocity-time integral.

number (%), respectively. Continuous variables
at each time point were compared by using the
one-way analysis of variance with Bonferroni
post hoc test. To confirm the hypothesis that
PVBF change induced by HPV can predict intrapulmonary shunt and oxygenation during OLV,
PVBF volume was estimated as the percent (%)
change in PVBF at OLV-10, -20 and -30 over
TLV-L, while changes in Qs/Qt and PaO2
assessed by blood gas analysis were determined in a same fashion. The Pearson correlation test was used to analyze the correlation
between % change of PVBF and change of Qs/
Qt or PaO2 assessed by blood gas analysis during OLV. A P value less than 0.05 was considered statistically significant. SPSS version 20.0
(SPSS Inc., Chicago, IL, USA) was used for all of
the statistical analyses.

stroke volume (SV) by using pulsed-wave
Doppler measurements from the LV outflow
tract. CO was calculated by using the following
equation: CO = SV × HR. The means of all the
variables were measured over three cardiac
cycles of end-expiration. All of the studies were
performed by a single operator. Analysis of the
echocardiographic data was performed by two
anesthesiologists to determine intra-observer
and inter-observer variability (Table 5). A random sample of 25% of the cycles was submitted twice to the first investigator (SH Lee) and
once to a second investigator (NM Kim). The
variabilities were calculated as the mean absolute differences between the two readings
divided by their means. The values expressed
as percentages and 95% confidence intervals
(CIs).

Results

Statistical analysis

Changes in pulmonary venous blood flow and
intra-pulmonary shunt

In the data from a previous study, the mean
(SD) of velocity-time integral (VTI) tracking of
left pulmonary venous blood flow was 24.2
(9.2)% [18]. A sample size of 21 patients was
required to detect about 30% increase (7 cm) in
the VTI of left pulmonary venous blood flow at a
power of 90% and two-sided significance level
of 0.05. To compensate for possible dropouts,
we included 25 patients per group. The power
Analysis and Sample Size 2008 software
(NCSS, LLC; Kaysville, UT, USA) was used to calculate the number of required patients.
Continuous and discontinuous variables in
every result were expressed as mean (SD) and
13103

Patients’ characteristics
Twenty-five enrolled patients completed the
study successfully. Table 1 presents their characteristics, details of pulmonary function and
intraoperative data.
Respiratory and hemodynamic variables
PaO2 and Cdyn were significantly decreased, but
Qs/Qt, APPeak, APMean and CVP were significantly
increased at OLV-10, -20 and -30 compared
with TLV-S and TLV-L (P<0.05). There were no
differences in respiratory and hemodynamic
variables between TLV-S and TLV-L as well as
among OLV-10, -20 and -30 (Table 2).

PVBF showed a significant increase at TLV-L
compared with TLV-S (1416.9±489.7 to
959.5±280.8 ml/min; P<0.05, respectively),
whereas no change was observed in Qs/Qt. The
PVBF significantly increased after conversion
from TLV-L to OLV, as did Qs/Qt at OLV-10, -20
and -30 (1999.9±670.5, 2072.6±605.7 and
2006.1±615.9 ml/min; P<0.05, respectively).
Figures 1 and 2 present that the change of
PVBF and pulsed-wave Doppler of left upper
pulmonary blood flow velocity. No significant
differences in PVBF and Qs/Qt occurred among
OLV-10, -20 and -30. Figure 3 shows the correlation between PVBF and intra-pulmonary
Int J Clin Exp Med 2015;8(8):13099-13108
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OLV-10 compared with TLV-L,
but it was within the normal
range, RV e’ or E/e’ remained
unchanged. No significant changes occurred in the systolic
indices such as biventricular
EF, FAC and s’ or RV TAPSE.
The results of the intra-observer and inter-observer variabilities in echocardiographic examinations were similar
(Table 5).
Discussion
This study demonstrated that
OLV in the lateral decubitus
position induced a dynamic
change of PVBF relevant to
gravitational effect and HPV.
In addition, changes in blood
flow of the left upper pulmonary vein, assessed by using
echocardiography, represented intra-pulmonary shunt and
oxygenation obtained by blood gas analysis during lung
isolation. However, cardiac
performance during OLV remained unchanged.
The traditional estimation of
pulmonary blood flow was
based on older techniques,
such as the technique that
utilizes fluorescence, radioactive-labeled microspheres or
Figure 1. Pulsed-wave Doppler of left upper pulmonary venous blood flow veSPECT [8, 19-21]. However,
locity. A. 10 min after two lung ventilation in supine position. B. 10 min after
those modalities were hardly
two lung ventilation in lateral decubitus position. C. 10 min after one-lung
ventilation in left lateral decubitus position. D. 20 min after one-lung ventilaapplicable during the surgery,
tion in lateral decubitus position. E. 30 min after one-lung ventilation in left
thus the intra-pulmonary shlateral decubitus position.
unt which is closely associated with oxygenation during
shunt. There was an inverse correlation beOLV, has been measured via blood gas analysis
in most previous studies. Our study demontween percent change of PVBF and change of
strated the existing hypothesis that gravity is a
Qs/Qt (r2 = 0.5; P<0.0001) and a positive corphysiologically independent determinant of pulrelations between the percent change of PVBF
monary blood flow distribution. The lateral
and change of PaO2 (r2 =0.4; P<0.0001).
decubitus position itself increased the pulmoChanges in biventricular systolic and diastolic
nary blood flow to the dependent lung by as
function
much as 33%, which seems to be owing to
redistribution by the gravitational effect. Mure
Echocardiographic measurement and calculaet al [8] insisted that pulmonary blood flow was
tion are reported in Tables 3 and 4. A signifinot redistributed in dogs by the positional
changes. However, this is a species variation
cant prolongation in RV DT was observed at
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Figure 2. The change of left upper pulmonary venous
blood flow. *P<0.05 compared to TLV-S. †P<0.05
compared to TLV-L. PVBF = pulmonary venous blood
flow; TLV-S = 10 min after two-lung ventilation in supine position; TLV-L = 10 min after two-lung ventilation in lateral decubitus position; OLV-10 = 10 min
after one lung ventilation in left lateral decubitus
position; OLV-20 = 20 min after one lung ventilation
in lateral decubitus position; OLV-30 = 30 min after
one lung ventilation in left lateral decubitus position.

attributed to geometric differences between
humans (greater lateral dimension) and animals (greater dorsal-ventral dimensions). The
interesting finding of present study was that
HPV was established at early phase of OLV.
Since there was about 66% increase of PVBF at
10 min of OLV than TLV in lateral decubitus
position, without change until the 30 min after
OLV. That is, similar to the arguments of Domino
et al [22, 23] the maximal response of HPV
seems to occur after 10-15 min of OLV. The
increase in PVBF to the ventilated lung during
OLV can be interpreted as pulmonary vasoconstriction at the hypoxic lesion due to HPV. HPV
is a protective autoregulatory mechanism that
is activated when a ventilation-perfusion mismatch occurs [6, 24]. The HPV which acts as a
homeostatic mechanism at hypoxic lesion
improved oxygenation and reduced intra-pulmonary shunt during OLV.
Szegedi et al [4] suggested that oxygenation
during OLV is determined more so based on
gravity than on the effects of HPV. However,
their study was performed in COPD patients,
who could develop comorbidities due to pulmonary vasculature remodeling. In addition, they
measured only PaO2 as a surrogate for intrapulmonary shunt fraction.
The change in PVBF assessed by using echocardiography and that in intra-pulmonary shunt
13105

assessed by using blood gas analysis during
OLV showed a strong correlation. Consequently,
assessment of PVBF by using TEE is considered as a good modality for real-time estimation of the severity of hypoxemia caused by
intra-pulmonary shunt instead of SPECT or
venous blood gas analysis for intra-pulmonary
shunt fraction. The strength of our study was a
comprehensive examination of cardiopulmonary interaction according to positional changes and HPV during OLV on echocardiography. In
particular, none of the existing studies obtained
serial measurements of positional and HPV
changes during OLV. In addition, our study
proved that assessment of changes in PVBF on
echocardiography is a clinically relevant modality that predicts intra-pulmonary shunt determined by using blood gas analysis and simultaneously showed cardiac function during OLV.
Although some previous studies [18, 25] also
assessed the effects on PVBF during OLV, they
did not simultaneously show both components
that gravitation and HPV effect on lung isolation, as was confirmed in our study. Gong et al
[25] found a significant change in PVBF during
OLV with echocardiography. However, their
study was conducted in supine position. Wang
et al [18] stated that intra-pulmonary shunt
fraction measured by TEE was significantly correlated with PaO2. However, they performed
only in lateral position to assess the HPV effect
during lung isolation. We maintained the cardiac output stably during OLV, they couldn’t thus
failed to exclude the influence of increased cardiac output on PVBF. More crucially, they did
not estimate intra-pulmonary shunt fraction by
performing blood gas analyses.
In terms of changes in cardiac performance
after lung resection, pulmonary arterial pressure, RV diastolic diameter, and RV systolic
pressure are known to increase [9, 10]. Furthermore, during thoracic surgery, structural
and functional changes of lung can affect acute
RV function. Because the heart is located in the
left hemithorax, left lateral decubitus position
shifts the axis of the heart through hydrostatic
pressure [26] and can increase intracardiac
pressure [27]. In addition, left lateral decubitus
position distorts the mediastinum to the left
side owing to the weight of the heart. In relation
to RV systolic function, Wilkinson et al [28]
interpreted the increase in RVEDA and RVESA
immediately after OLV as an increase in preInt J Clin Exp Med 2015;8(8):13099-13108

Pulmonary venous blood flow in one-lung ventilation

Figure 3. The correlation between pulmonary venous blood flow and intra-pulmonary shunt. A. There were significant correlations between percent change in pulmonary venous blood flow (PVBF) and change in arterial oxygen
tension (PaO2) during one-lung ventilation. The correlation coefficient (r2) was 0.4 (P<0.0001). B. There were inverse
correlations between percent change in PVBF and change in intra-pulmonary shunt fraction (Qs/Qt) during one-lung
ventilation. The correlation coefficient (r2) was 0.5 (P<0.0001).

load reserve to compensate for the increase in
ventricular afterload. Matyal et al [29] reported
an acute functional change in RV at 10 min
after lung isolation. In this study, RV DT was
prolonged temporarily, until within its normal
range, only in the early phase of OLV. Because
tissue Doppler indices that are independent of
SV or preload were not changed during OLV, RV
function was not impaired. In this study, the
systolic indices of FAC, EF, s’ and TAPSE
remained unchanged during TLV and OLV in lateral decubitus position. In addition, the systolic
function was not significantly affected by the
positional change to the lateral decubitus position or OLV. In relation to LV systolic and diastolic functions, OLV seemed not to affect cardiac performance in patients with normal cardiac function.
This study has several limitations. First, this
study was performed in patient with normal
lung function. When pulmonary vasculature
remodeling was induced, as in chronic obstructive pulmonary disease [30], or when the disease dimension was large, changes in perfusion might have occurred because the “shunted away” lesion was chronically located.
Pulmonary flow redistribution may differ in such
patient groups. Second, we examined only
blood flow of left upper pulmonary vein.
Because the upper pulmonary veins are more
easily seen than the lower pulmonary veins and
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are most parallel to the Doppler beam [31].
However we cannot assure that left upper pulmonary blood flow may represent the change of
blood flow in the entire pulmonary vasculature
including pulmonary artery during OLV. Third,
this study excluded patients who had undergone thoracic surgery in the right lateral decubitus position. Normally, the left lung receives
10% less CO than the right lung [32]. The mediastinum was distorted in left lateral position
due to the weight of the heart, decreasing the
left lung volume and increasing pulmonary vascular resistance [33]. Therefore, gravitational
variations on the left side are prominent.
Ultimately, blood flow distribution and total ventilation are lower and the ventilation/perfusion
ratio is larger in left-sided than in right-sided
OLV [33]. Therefore, including the right lung in
this study may have result in different findings.
Fourth, because this study included only the
patients without cardiovascular disease, prediction of results in patients with heart failure
would be different [34, 35]. Therefore, further
studies targeting patients with cardiovascular
disease are needed in the future. Fifth, because
this study limited the OLV duration to 30 min, it
was conducted in relatively short operative
periods. Lumb et al [36] stated that HPV reflex
is biphasic and that the second phase becomes
reactive again 1 hour after hypoxia. Therefore,
this study may not be applicable to prolonged
OLV.

Int J Clin Exp Med 2015;8(8):13099-13108

Pulmonary venous blood flow in one-lung ventilation
In summary, the change of PVBF was quantified
by using echocardiography during OLV in lateral
decubitus position. Our findings demonstrated
redistribution of the pulmonary perfusion relevant to gravitational effect and HPV during OLV
by using echocardiography. The pattern of PVBF
changes was proven to have a significant correlation with intra-pulmonary shunt and oxygenation during OLV, while the response of HPV
to the intra-pulmonary shunt appeared to start
and become established relatively early phase
of OLV. However, lung isolation itself did not
cause cardiac impairment.
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