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ABSTRACT

Introduction: Over the last decade, totally endoscopic 
procedures on the beating heart and on the arrested heart 
have made their way into cardiac surgery. Single-lung ventila-
tion (SLV) is a prerequisite for performing totally endoscopic 
coronary artery bypass surgery (TECAB). The aim of the 
present study was to evaluate the infl uence of SLV on peri-
operative respiratory parameters and to determine additional 
predictors of respiratory problems in these patients.

Patients and Methods: We investigated 16 female and 
69 male patients (median age, 59 years; range, 38-90 years) 
who underwent either arrested heart TECAB (n = 76) or beat-
ing heart TECAB (n = 9). We analyzed the correlations of the 
SLV, cardiopulmonary bypass (CPB), aortic cross-clamping, 
and overall procedure times with perioperative respiratory 
parameters and length of intensive care unit (ICU) stay.

Results: Preoperative values for forced vital capacity and the 
forced expiratory volume in 1 second were negatively correlated 
with postoperative pulmonary dysfunction. Longer total opera-
tive times were correlated with prolonged mechanical ventila-
tion, tube continuous positive airway pressure ventilation (tube 
CPAP) time, and ICU and hospital stays. Increased CPB times 
were associated with longer tube CPAP times, higher grades of 
pulmonary dysfunction, and a prolonged hospital stay. A pro-
longed aortic-occlusion time increased the postoperative time 
to extubation and the hospital stay. Postoperative pulmonary 
dysfunction was associated with a history of smoking, a poor 
preoperative respiratory status, and a prolonged CPB time. 
SLV, however, did not correlate with postoperative time to 
extubation or with length of ICU stay. Only in patients who 
underwent conversion to sternotomy (n = 13) was SLV associ-
ated with prolonged mechanical ventilation.

Conclusions: Preoperative respiratory status showed no 
major infl uence on postoperative respiratory outcome in 

selected patients. Longer operative, CPB, and aortic cross-
clamping times led to reversible lung injury after TECAB. 
Prolonged SLV times, however, did not increase the post-
operative time to extubation or the length of ICU stay in 
TECAB patients.

INTRODUCTION

Postoperative respiratory dysfunction is a well-recognized 
complication in cardiac surgery patients [Messent 1992; Tönz 
1995; Nashef 1999]. A major risk factor is preoperative respi-
ratory dysfunction, which is often present in patients with a 
history of smoking or chronic obstructive pulmonary disease 
[Manganas 2007]. Furthermore, an intraoperative systemic 
infl ammatory response, which is triggered by the exposure 
of blood to nonphysiological surfaces (eg, cardiopulmonary 
bypass [CPB] circuits) and the release of splanchnic endotox-
ins, is well known to cause injury to the pulmonary microvas-
cular and alveolar capillary membranes and subsequent respi-
ratory dysfunction in CPB patients [Jansen 1992; Casey 1993; 
Jensen 2007]. An additional risk factor for intraoperative pul-
monary trauma and subsequent respiratory dysfunction is the 
collapse of the lung during CPB [Knoll 2006].

The recent advances in arrested heart and beating heart 
coronary artery bypass grafting (CABG) procedures per-
formed via a minithoracotomy or even totally endoscopically 
[Bonatti 2006] require single-lung ventilation (SLV) and CO2 
insuffl ation to offer adequate exposure during internal mam-
mary artery (IMA) harvesting and the subsequent grafting of 
the target vessel [Vassiliades 2002; Mierdl 2005].

The use of SLV increases the time of lung collapse during 
minimally invasive cardiac surgery procedures and hence, 
presumably, the risk of pulmonary trauma [Campos 2005; 
Mirzabeigi 2005; Knoll 2006]. Therefore, our aim in the 
present study was to evaluate the impact of SLV on postop-
erative respiratory function in cardiac patients undergoing 
totally endoscopic coronary artery bypass surgery (TECAB) 
procedures.

PATIENTS AND METHODS

Eighty-fi ve consecutive patients undergoing arrested heart 
or beating heart TECAB procedures (grafting of single left 
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IMA [LIMA] to the left anterior descending artery [LAD]) 
were investigated at a single center.

Anesthesia
Following induction of anesthesia with midazolam 

(1-2 mg/kg), fentanyl (7-10 μg/kg) and rocuronium 
(0.6 mg/kg)and placement of a left-sided double-lumen 

endobronchial tube (Broncho-Cath®; Mallinckrodt Lab-
oratories, Athlone, Ireland), normoventilation was used 
(end-tidal CO2 concentration, 38-42 mm Hg). Anesthe-
sia was maintained with remifentanil (0.2-0.5 μg/kg per 
minute) and propofol or sevofl urane. A central venous 
line, a Swan-Ganz catheter, and percutaneous defi brilla-
tor patches were placed. Bilateral radial arterial pressure 

Table 1. Summary of Demographic Data and Pulmonary Function Test Results*
Total (n = 85) TECAB (n = 72) Conversion (n = 13) P

Age, y 58.3 (38-90) 58.1 (38-90) 59.2 (46-71) .642

BMI, kg/m2 26.7 (19-36) 26.7 (19-33) 26.9 (21-36) .883

EuroSCORE 1.1 (0-5) 1.14 (0-4) 1.15 (0-4) .822

History of MI, n 20 (24%) 14 (19%) 6 (46%) .394

Ejection fraction, % 64 (39-89) 63.9 (39-89) 64.6 (60-71) .819

Arterial hypertension, n 74 (89%) 65 (90%) 11 (85%) .080

Hyperlipidemia, n 78 (92%) 66 (92%) 12 (92%) .867

Diabetes mellitus, n 7 (8%) 5 (7%) 2 (15%) .293

Chronic venous insuffi ciency, n 1 (1%) 1 (1%) 0 (0%) .671

Renal insuffi ciency, n 1 (1%) 1 (1%) 0 (0%) .671

History of smoking, n 34 (43%) 31 (43%) 6 (46%) .806

FVC, % 98.0 (65-132) 98.5 (65-132) 95.1 (77-117) .460

FEV1, % 92 (64-150) 92.7 (64-150) 87.7 (75-105) .642

*Data are for all patients who underwent totally endoscopic coronary artery bypass (TECAB) surgery (Total), patients who underwent their TECAB proce-
dures completely endoscopically (TECAB), and patients who converted to standard coronary artery bypass surgery procedures (Conversion). Data are presented 
as the median (range) where indicated. BMI indicates body mass index; MI, myocardial infarction; FVC, forced vital capacity; FEV1, forced expiratory volume in 
1 second.

Table 2. Summary of Intraoperative and Postoperative Data*
Total (n = 85) TECAB (n = 72) Conversion (n = 13) P

SLV time, min 202 (56-390) 198 (56-360) 231 (120-390) .365

Operation time, min 371 (205-724) 343 (205-655) 530 (319-724) <.001†

CPB time, min 135 (55-428) 119 (55-331) 219 (93-428) <.001†

Aortic-occlusion time, min 81 (28-230) 72.5 (28-211) 125.1 (37-230) .034†

No. of intraoperative RBC units 1 (0-19) 1 (0-19) 2.5 (0-7) .002†

No. of intraoperative FFP units 2 (0-25) 1.34 (0-25) 5.00 (0-10) <.001†

Mechanical ventilation time, h 14 (0-260) 12.5 (0-260) 19.8 (6-115) .078

Tube CPAP time, h 5 (0-103) 4.6 (0-103) 9.6 (0-68) .213

Mask CPAP time, h 5 (1-23) 4.8 (1-23) 4.8 (2-9) .892

Pneumonia, n 3 (4%) 2 (3%) 1 (8%) .05

ICU stay, h 39 (11-389) 33.1 (11-389) 73.8 (16-282) .099

Hospital stay, d 7 (2-22) 6.7 (2-21) 10.2 (6-22) .001†

Pulmonary dysfunction grade (0-3) 0 (0-2) 0 (0-2) 0 (0-1) .688

*Data are for all patients who underwent totally endoscopic coronary artery bypass (TECAB) surgery (Total), patients who underwent their TECAB proce-
dures completely endoscopically (TECAB), and patients who converted to standard coronary artery bypass surgery procedures (Conversion). Data are presented 
as the median (range) where indicated. SLV indicates single-lung ventilation; CPB, cardiopulmonary bypass; RBC, red blood cell; FFP, fresh frozen plasma; CPAP, 
continuous positive airway pressure ventilation; ICU, intensive care unit.

†Statistically signifi cant difference (P < .05).
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lines and transesophageal echocardiography completed 
the monitoring.

The pressure-controlled ventilation mode was used during 
the SLV period. In the event of critical desaturation (eg, pulse 
oximetry–measured oxygen saturation <90%), high-frequency
jet ventilation (TwinStream® Multi Mode Respirator for 
SHFJV®; Carl Reiner, Vienna, Austria) was applied to the 
collapsed lung. At the end of the SLV period, lung recruit-
ment used an inspiratory pressure hold at 50 to 60 cm H2O 
for 30 to 60 seconds. The subsequent pressure-controlled 
ventilation protocol for double-lung ventilation prescribed a 
positive end-expiratory pressure of 10 cm H2O.

TECAB Surgery
The patients were positioned in a 30° right lateral decu-

bitus position. After setup of the da Vinci™ Surgical System 
(Intuitive Surgical, Sunnyvale, CA, USA), a camera port was 
introduced into the left fi fth intercostal space on the anterior 
axillary line under the collapsed left lung. CO2 was insuffl ated 

at target pressures of 10 to 12 mm Hg. Instrument ports were 
then inserted via thoracoscopic vision through the third and 
seventh intercostal spaces on the midclavicular line. The IMA 
was located, and the endothoracic fascia and transverse tho-
racic muscle were removed from the IMA pedicle to enable 
adequate visualization of the vessel. Using electrocautery at 
20 W and endoscopic clips for division of the pedicle side 
branches, we harvested the IMA from the fi rst to the fi fth 
intercostal spaces. Heparin was administered to achieve a 
target activated coagulation time (ACT) of 450 seconds. 
After endoscopic placement of a temporarily occluding bull-
dog clamp, we prepared the distal portion of the graft and 
checked for a free fl ow.

In parallel with these steps, we exposed the femoral 
artery and femoral vein in the left groin. After systemic 
heparinization, the right atrium was cannulated with a 
25F or 27F venous-return cannula (96370; Medtronic, 
Minneapolis, MN, USA) under transesophageal echocar-
diographic control. A 21F Remote Access Perfusion CPB 

Table 3. Summary of Correlation of Pre- and Intraoperative Parameters with Postoperative Outcome Variables for All Patients 
(n = 85)*

Ventilation Time Tube CPAP Time Mask CPAP Time Pulmonary Dysfunction ICU Stay Hospital Stay

History of smoking

P .688 .455 .266 .1 .555 .65

BMI

r2 0.011 –0.051 0.035 0.04 0.111 –0.153

P .927 .682 .822 .717 .312 .165

FVC

r2 –0.140 –0.172 –0.293 –0.534† –0.107 0.036

P .283 .212 .074 <.01 .382 .768

FEV1

r2 –0.006 –0.149 –0.238 –0.748† –0.039 0.077

P .964 .277 .150 <.01 .747 .530

SLV time

r2 0.021 0.046 0.185 0.147 0.067 0.089

P .877 .755 .281 .258 .607 .496

Operation time

r2 0.476† 0.343† –0.14 0.156 0.281† 0.419†

P <.001 .005 .925 .187 .009 <.001

Aortic-occlusion time

r2 0.278† 0.124 0.189 0.222 0.217 0.366†

P .023 .350 .236 .052 .058 .001

CPB time

r2 0.109 0.275† 0.30 0.0226† 0.037 0.390†

P .466 .035 .871 .048 .793 <.001

*CPAP indicates continuous positive airway pressure; ICU, intensive care unit; BMI, body mass index; FVC, forced vital capacity; FEV1, forced expiratory 
volume in 1 second; SLV, single-lung ventilation; CPB, cardiopulmonary bypass.

†Statistically signifi cant difference (P < .05).
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system (Estech, San Ramon, CA, USA) was inserted. The 
pericardial fat pad was grasped with long-tip endoscopic 
forceps and removed from the pericardium with elec-
trocautery. The LAD was identifi ed after incision of the 
pericardium at the sternal border and an additional lateral 
incision of the visible pericardium. CPB was started. In 
cases of an arrested heart TECAB procedure, we infl ated 
the ascending aorta occlusion balloon for the induction 
of cardioplegia. Then, the target vessel was exposed and 
incised with a lancet endoscopic knife under running car-
dioplegia. The LIMA was then sutured robotically to the 
target vessel with a Pronova 7-0 (part no. 8713; Ethicon/
Johnson & Johnson, New Brunswick, NJ, USA) running 
suture. The aortic-occlusion balloon was defl ated, and 
the heart was defi brillated if necessary. After rewarming 
and weaning from CPB, the patient was decannulated. 
Heparin anticoagulation was reversed with protamine 
(1:1) to an ACT of <200 seconds. The left lung was rein-
fl ated, and a chest tube was inserted into the left pleura. 
The other 2 thoracic ports were closed. We have previ-
ously described the operative technique [Bonatti 2006]. A 
video of an arrested heart TECAB LIMA-to-LAD pro-
cedure is available at OR-LIVE.com (http://www.orlive.
com/umm/videos/tecab-totally-endoscopic-coronary-
artery-bypass) and on the Minimally Invasive Robotic 

Association Web site (http://www.miraweb.org/2010videos/
MIRA2010postgrad_Bonatti/index.html).

In the beating heart version, LIMA harvesting was carried 
out as described above. The anastomosis of the LIMA and the 
target vessel was carried out on the beating heart with the aid 
of an endostabilizer and local occlusion of the target vessel 
with Silastic tapes. The target ACT was 300 seconds in beat-
ing heart cases. The endostabilizer was brought in through a 
subcostal port.

Postoperative pulmonary dysfunction was graded as 0 
(no clinical symptoms, normal chest x-ray, <20% reduction 
in lung function), 1 (mild dyspnea, mild chest x-ray changes, 
lung function reduced by 20%–39%), 2 (moderate dyspnea, 
moderate chest x-ray changes, lung function reduced by 
40%–65%), or 3 (severe dyspnea, severe chest x-ray changes, 
lung function reduced by >65%).

Statistical Analysis
Data are given as the median (range). The Spearman test 

and the Mann-Whitney U test were used for statistical analy-
sis of correlations. Changes in blood gas values were assessed 
with analysis of variance. A P value <.05 was regarded as sta-
tistically signifi cant. The statistical analysis software package 
SPSS® 15.0 for Windows® (SPSS, Chicago, IL, USA) was 
used for statistical analysis.

Figure 1. Postoperative arterial oxygen partial pressure (PaO
2
) values in patients who underwent the complete totally endoscopic coronary artery bypass 

surgery (TECAB) procedure (n = 72) and in those who underwent conversion to standard coronary artery bypass grafting (n = 13). PaO
2
 measurements 

were made at the end of surgery, at arrival in the intensive care unit (ICU), before extubation, after extubation, and after transfer to the ward. NS indicates 
not statistically signifi cant. *P < .05.
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RESULTS

The 85 enrolled patients (69 male, 16 female; median 
age, 58.3 years; range, 38-90 years) underwent arrested heart 
TECAB (n = 76) or beating heart TECAB (n = 9) (Table 1). 
Conversion to standard CABG was necessary in 13 (15%) of 
the 85 patients.

Demographic data, comorbidities, and the results of pre-
operative lung function tests were comparable for the patients 
who successfully completed the TECAB procedure (total 
TECAB group) and for those who underwent conversion to 
standard CABG (conversion group) (Table 1).

The 2 groups were comparable with respect to median 
SLV time (Table 2): total TECAB group, 198 minutes (range, 
56-360 minutes); conversion group, 231 minutes (range, 
120–390 minutes); however, operation, CPB, and aortic-
occlusion times were signifi cantly longer in the conversion group 
(Table 2). Moreover, units of red blood cells and fresh frozen 
plasma were administered more frequently in the conversion 
group (Table 2).

The postoperative grade of pulmonary dysfunction 
(ie, 0-3) increased with lower results in preoperative pulmo-
nary function tests (Table 3). Furthermore, longer operation 
times increased postoperative ventilation and tube continuous 
positive airway pressure ventilation (tube CPAP) times and 
lengths of intensive care unit (ICU) and hospital stays (Table 3). 
The overall CPB time was positively correlated with tube 
CPAP time, grade of pulmonary dysfunction, and length of 
hospital stay. Similarly, aortic-occlusion time was positively 
correlated with both length of hospital stay and ventilation 
time (Table 3). SLV time, however, had no effect on the post-
operative parameters (Table 3).

A subgroup analysis showed that an increased operation, 
aortic-occlusion, or CPB time led to an increased ventila-
tion time and an increased length of hospital stay in the total 
TECAB group (Table 4). In the conversion group, operation 
time, aortic-occlusion time, and CPB time were all positively 
correlated with length of ICU stay (Table 5).

A postoperative blood gas analysis showed arterial oxygen 
partial pressure (PaO2) to be signifi cantly lower in the 

Table 4. Summary of Correlations of Pre- and Intraoperative Parameters with Postoperative Outcome Variables in Patients (n = 72) 
Who Underwent Totally Endoscopic Coronary Artery Bypass Surgery (TECAB) Completely Endoscopically*

Ventilation Time Tube CPAP Time Mask CPAP Time Pulmonary Dysfunction ICU Stay Hospital Stay

History of smoking

P .579 .529 .674 .260 .909 .597

BMI

r2 0.019 0.015 –0.008 0.074 0.162 –0.143

P .878 .910 .963 .536 .175 .231

FVC

r2 –0.198 –0.253 –0.291 –0.577† 0.026 0.030

P .150 .094 .100 <.01 .845 .821

FEV1

r2 –0.067 –0.168 0.288 –0.724† –0.031 0.045

P .627 .265 .104 <.01 .627 .735

SLV time

r2 –0.073 0.025 0.169 0.161 0.073 0.115

P .612 .880 .354 .244 .910 .406

Operation time

r2 0.288† 0.233 –0.004 0.172 0.101 0.236

P .022 .094 .980 .162 .412 .053

Aortic-occlusion time

r2 0.291† 0.093 0.176 0.259 0.040 0.336†

P .024 .520 .311 .877 .749 .006

CPB time

r2 0.313† 0.151 0.071 0.214 0.052 0.285†

P .015 .296 .687 .087 .682 .021

*Abbreviations are expanded in the fi rst footnote to Table 3.
†Statistically signifi cant difference (P < .05).
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conversion group than in the total TECAB group after extu-
bation and before transfer to the ward (Figure 1). In contrast, 
the arterial CO2 partial pressures (PaCO2) in the 2 groups 
were comparable (Figure 2).

DISCUSSION

SLV has increasingly been used in recent years, espe-
cially for thoracic surgeries. Some studies have demonstrated 
adverse effects of SLV on oxygenation in such patients [Karzai 
2009]. SLV has not been used as frequently in cardiac surgery. 
Only during the last decade, when minimally invasive and 
endoscopic techniques made their way into cardiac surgery, 
has SLV become an issue for cardiac patients. In the present 
study, we investigated the effects of SLV on the outcomes of 
patients undergoing TECAB procedures.

We found that SLV did not increase the postoperative time 
to extubation or the length of ICU stay after TECAB. In our 
series of TECAB patients, the SLV duration had no effect on 
postoperative respiratory parameters (eg, blood gas changes, 
pulmonary insuffi ciency, time to extubation, length of ICU 
stay). The SLV time increased the postoperative mechani-
cal ventilation time only in patients who underwent conver-
sion to standard CABG. This result might be because pul-
monary microtrauma caused by SLV in these patients might 
have been aggravated by sternotomy-induced thoracic cage 

trauma. Even in these patients, however, SLV did not infl u-
ence any other respiratory parameters (tube CPAP time, mask 
CPAP time, pulmonary insuffi ciency) and did not prolong the 
ICU or hospital stay.

Mierdl et al [2007] investigated the infl uence of SLV on 
myocardial ischemia in patients with single-vessel coronary 
disease by evaluating so-called segmental myocardial wall 
motion abnormities (SMWAs) during TECAB and mini-
mally invasive direct coronary artery bypass (MIDCAB) 
procedures. SMWAs, which had no effect on hemodynamic 
stability, were observed more often in TECAB patients 
than in MIDCAB patients. Moreover, these SMWAs were 
no longer present after revascularization, weaning from 
CPB, and CO2 defl ation. Therefore, the authors concluded 
that the risk of perioperative myocardial ischemia was 
marginal.

In contrast to the results of other investigators, Brock et al 
showed that “high-pressure” (eg, 10-15 mm Hg) of CO2 insuf-
fl ation impaired hemodynamics [Ohtsuka 1999; Brock 2000; 
Byhahn 2001]. Patients with a normal or slightly reduced 
ejection fraction tolerated “moderate-pressure” CO2 insuf-
fl ation (eg, 8-10 mm Hg) without signifi cant hemodynamic 
deterioration, even in combination with SLV [Ohtsuka 1999]. 
Similarly, Vassiliades [2002] found that moderate-pressure 
CO2 insuffl ation did not compromise hemodynamic stability; 
however, airway resistance and PaCO2 levels were increased 

Figure 2. Postoperative arterial carbon dioxide partial pressure (PaCO
2
) values in patients who underwent the complete totally endoscopic coronary artery 

bypass surgery (TECAB) procedures (n = 72) and in those who underwent conversion to standard coronary artery bypass grafting (n = 13). PaCO
2
 measure-

ments were made at the end of surgery, at arrival in the intensive care unit (ICU), before extubation, after extubation, and after transfer to the ward. NS 
indicates not statistically signifi cant.
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in a series of endoscopic IMA takedowns, whereas PaO2 levels 
were decreased [Vassiliades 2002]. At our center, low-pressure 
CO2 insuffl ation (eg, 6-8 mm Hg) was successfully established 
during TECAB procedures with adequate hemodynamic and 
respiratory stability.

Our analysis of the demographic data for the patients in 
the present study was not able to identify risk factors for a less 
favorable outcome in the patients for whom conversion from 
TECAB to conventional sternotomy became necessary. The 
patient’s preoperative respiratory status (forced expiratory 
volume in 1 second, vital capacity), however, was correlated 
with the rate and severity of postoperative pulmonary insuf-
fi ciency but not with other respiratory parameters (eg, time to 
extubation, tube CPAP time, mask CPAP time, or length of 
ICU or hospital stay).

In conclusion, we have shown that SLV time did not 
increase the postoperative time to extubation or the length of 
ICU stay after TECAB procedures. In contrast, conversion 
to standard sternotomy, which prolonged the operation time, 

increased the rate and severity of postoperative pulmonary 
insuffi ciency and prolonged the time to extubation and the 
length of the ICU or hospital stay.
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