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BACKGROUND: Blockade of cardiac sympathetic fibers by thoracic 
epidural anesthesia may affect right ventricular function and interfere 
with the coupling between right ventricular function and right ventricular 
afterload. Our main objectives were to study the effects of thoracic 
epidural anesthesia on right ventricular function and ventricular-pulmonary 
coupling.

METHODS: In 10 patients scheduled for lung resection, right ventricular 
function and its response to increased afterload, induced by temporary, 
unilateral clamping of the pulmonary artery, was tested before and after 
induction of thoracic epidural anesthesia using combined pressure-
conductance catheters.

RESULTS: Thoracic epidural anesthesia resulted in a significant decrease 
in right ventricular contractility (∆ESV25: +25.5 mL, P=0.0003; ∆Ees: 
-0.025 mm Hg/mL, P=0.04). Stroke work, dP/dtMAX, and ejection 
fraction showed a similar decrease in systolic function (all P<0.05). 
A concomitant decrease in effective arterial elastance (∆Ea: -0.094 
mm Hg/mL, P=0.004) yielded unchanged ventricular-pulmonary coupling. 
Cardiac output, systemic vascular resistance, and mean arterial blood 
pressure were unchanged. Clamping of the pulmonary artery significantly 
increased afterload (∆Ea: +0.226 mm Hg/mL, P<0.001). In response, 
right ventricular contractility increased (∆ESV25: -26.6 mL, P=0.0002; 
∆Ees: +0.034 mm Hg/mL, P=0.008), but ventricular-pulmonary coupling 
decreased (∆(Ees/Ea) = -0.153, P<0.0001). None of the measured 
indices showed significant interactive effects, indicating that the effects 
of increased afterload were the same before and after thoracic epidural 
anesthesia.

CONCLUSIONS: Thoracic epidural anesthesia impairs right ventricular 
contractility but does not inhibit the native positive inotropic response 
of the right ventricle to increased afterload. Right ventricular-pulmonary 
arterial coupling was decreased with increased afterload but not affected 
by the induction of thoracic epidural anesthesia.
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thoracic epidural anesthesia (TEA) is considered to 
be the gold standard anesthetic approach in lung 
surgery and also widely applied in patients undergo-

ing cardiac surgery. TEA provides excellent analgesia, 
decreases postoperative pulmonary complications,1,2 
and may have a positive effect on the immune and the 
coagulation systems.3,4 Furthermore, experimental stud-
ies have shown that TEA provides cardiac protection 
from ischemia-reperfusion injury5 and partly normalizes 
the myocardial blood flow response to sympathetic stim-
ulation.6 Especially in the elderly population, these risk 
reductions are highly relevant.

However, blockade of the cardiac sympathetic fibres 
by TEA may affect right ventricular (RV) function and in-
terfere with the coupling between the RV function and RV 
afterload. A possible negative effect of TEA on the regu-
lation of RV contractility could be highly relevant in surgi-
cal patients, particularly those with already depressed 
RV function and in conditions of pulmonary hypertension. 
Experimental studies have shown that increased after-
load leads to enhanced RV systolic function, which en-
ables the right ventricle to maintain stroke volume with-
out having to involve the Frank‒Starling mechanism.7–9 
This mechanism is referred to as homeometric auto-
regulation10 and is believed to be an intrinsic myocar-
dial mechanism triggered by stretch of the myocardium, 
leading to a cascade of signaling events finally resulting 

in a transient increase of Ca2+ transient amplitude and an 
increase in myocardial force.11

There is limited information on the effects of TEA on 
RV function. Recently, Wink et al evaluated the effects 
of TEA on RV function in humans, but results were in-
conclusive.12 Recent animal studies13,14 demonstrated 
that in pigs, TEA did not decrease baseline contractil-
ity of the RV but strongly inhibited the positive inotropic 
response of the right ventricle to acute pulmonary hy-
pertension, suggesting an important role for the sympa-
thetic nervous system. If this phenomenon is confirmed 
in humans, then it is highly relevant for daily practice in 
cardiothoracic surgery because pulmonary hypertension 
is frequently encountered, and RV function is an impor-
tant determinant of early and late outcome.

Therefore, we investigated the effects of TEA on RV 
function in patients subjected to lung resection surgery. 
RV function was assessed by invasive pressure-volume 
loop analysis using combined pressure-conductance 
catheters.15,16 This approach enables quantification of 
intrinsic RV function independent of loading conditions. 
Baseline RV function and the response of RV function 
to increased afterload, induced by temporary, partial 
clamping of the pulmonary artery, was tested before and 
after induction of TEA.

MethOds
The protocol of this study was reviewed and approved by the 
Committee on Medical Ethics of the Leiden University Medical 
Center (Nederlands Trial Register, NTR 2844). Between 
January 2012 and December 2014, patients >18 years of 
age scheduled for lung resection under thoracic epidural and 
general anesthesia were asked to participate in this study and 
were enrolled after written informed consent. Patients with con-
traindications for thoracic epidural, a history of lung resection 
surgery, pregnancy or lactation, or participation in a trial on 
investigational drugs within 3 months before the study were 
excluded. Further exclusion criteria were occurrence of an 
allergic reaction to the local anesthetic, signs of dural punc-
ture, signs of intrathecal or intravascular injection of lidocaine, 
technical failure of epidural catheter placement or unilateral, 
or no analgesic block after epidural injection of a test dose 
lidocaine.

epidural Procedure
The epidural catheter was inserted and tested for correct posi-
tioning the day before surgery to avoid possible influence of 
the epidural test dose on measurements during surgery. After 
skin infiltration with lidocaine 1.0%, an 18-gauge Tuohy needle 
was introduced at the T3‒T4 interspace using a paramedian 
approach with the patient in the sitting position. The epidural 
space was identified using the hanging drop technique. A 
20-gauge lateral eye catheter was introduced 5 cm into the 
epidural space in the cephalad direction. After catheter inser-
tion, a test dose of 3 mL lidocaine 2% was given through the 
catheter. Analgesia was assessed bilaterally in the anterior 
axillary line and arms by temperature discrimination using ice 

clinical Perspective

What is new?
•	 Thoracic epidural anesthesia (TEA) is a widely 

applied analgesic technique in cardiothoracic and 
upper abdominal surgery; however, TEA is associ-
ated with cardiac sympathectomy, and the present 
study shows that it directly impairs right ventricular 
contractility in patients scheduled for lung resection 
surgery.

•	 In addition, the study demonstrates homeometric 
autoregulation in the human right ventricle. 

•	 This inotropic response, which enables the right 
ventricle to maintain stroke volume when faced with 
increased afterload independent of the Frank-Star-
ling mechanism, was not affected by TEA.

What are the clinical implications?
•	 The results of this study are highly relevant for daily 

practice in cardiothoracic surgery because pulmo-
nary hypertension is frequently encountered and 
right ventricular function is an important determi-
nant of early and late outcome.

•	 The data of this study suggest that TEA should be 
used with caution in patients with preexisting right 
ventricular dysfunction or those at risk for periop-
erative right ventricular failure.
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blocks 15 minutes after epidural injection of lidocaine. Results 
from both sides were averaged. The following parameters were 
measured: time to initial onset of analgesia at the T3‒T4 der-
matomes, highest and lowest level of analgesia after 15 min-
utes, and the maximum number of spinal segments blocked 
after 15 minutes. After measurements, patients returned to the 
ward with a syringe pump infusing 2 mL/hr NaCl 0.9% through 
the epidural catheter to prevent closure of the catheter.

general anesthesia
On the day of surgery, patients were premedicated with mid-
azolam 7.5 mg (if <65 years of age) or 5 mg (if >65 years 
of age) orally 45 minutes before induction of anesthesia. A 
14-gauge intravenous (IV) catheter was placed in the arm 
for the administration of fluids and medication. Anesthesia 
was induced and maintained with propofol, remifentanil, and 
rocuronium. Dosage of propofol and remifentanil was adjusted 
as necessary to achieve a bispectral index (BIS) between 40 
and 60. Muscle relaxation was monitored using a train of four 
(TOF) watch, and rocuronium was infused to achieve maximally 
one twitch with a TOF watch. Starting at induction of anesthe-
sia, an electrolyte solution (NaCl 0.9%) was administered at a 
rate of 5 mL/kg/hr and maintained until the end of this study. 
Patients were intubated with a double lumen tube. Single-lung 
ventilation was started after lateral thoracotomy and main-
tained during measurements.

Monitoring
ECG, heart rate (HR), noninvasive blood pressure (NIBP), and 
oxygen saturation were monitored starting at induction of 
anesthesia. A TOF watch was used to monitor muscle relax-
ation. After local infiltration of the skin with lidocaine 1%, a 
20-gauge arterial line was inserted in the radial artery to con-
tinuously monitor mean arterial pressures (MAPs), systolic 
blood pressure (SBP), and diastolic blood pressure (DBP). In 
addition, continuous cardiac output (CO) was monitored with 
the LiDCOplus hemodynamic monitor (software version 3.02; 
LiDCO Ltd, Cambridge, United Kingdom), which analyzes and 
processes the arterial pressure signal obtained from a primary 
blood pressure monitor (PulseCO, LiDCO Ltd, Cambridge, 
United Kingdom). Initial calibration was performed using the 
calculated average of five consecutive thermodilution CO val-
ues from the pulmonary artery catheter with bolus injections 
equally distributed over the ventilatory cycle (coefficient of 
variation <5.0%).17,18 Venous access for the insertion of central 
lines was obtained under guidance of ultrasound. Hypotension 
(decrease in systolic blood pressure >30% below the preanes-
thetic value or to <90 mm Hg) was treated with phenylephrine 
100 μg IV. Bradycardia (heart rate <50 beats/min) was treated 
with atropine sulfate (0.25 to 0.5 mg IV).

A Swan-Ganz pacing Pulmonary Artery Catheter (PAC) 
(Edwards Lifesciences LLC, Irvine, CA) was inserted via the 
internal jugular vein for CO measurements. The electrodes inte-
grated into the PAC were used for atrial pacing to obtain a con-
stant fixed heart rate during all measurements. In addition, the 
PAC was used to perform hypertonic saline (10%, 5 mL) injec-
tions required for calibration of the pressure-volume catheter.19

A 7 French pressure-volume catheter (CA-71103-PL, CD 
Leycom, Zoetermeer, The Netherlands) was positioned into 

the right ventricle via the internal jugular vein under guidance of 
trans esophageal echo (TEE) and online pressure-volume signals. 
Display of pressure-volume loops, beat-to-beat in real time (250 
samples/s) was obtained after connection to an intracardiac func-
tion monitor (Inca©, CD Leycom, Zoetermeer, The Netherlands). 
Data were used to assess RV function and hemodynamics and 
ventricular-pulmonary coupling16,20 using custom-made software 
(Circlab, Leiden University, Leiden, The Netherlands).

surgical Procedure
Via a lateral thoracotomy, the right or left pulmonary artery 
was encircled with retraction tape (Mersilene retraction tape 4 
mm, Ethicon, Johnson & Johnson, CA) to facilitate temporarily 
increased afterload by unilateral pulmonary artery occlusion. 
This encircling was done either inside or directly outside the 
pericardium depending on the anatomy of the pulmonary artery. 
Occlusion of the artery was achieved by using this retraction 
tape as a tourniquet or with a vascular clamp. Because the 
occlusion periods were short (≈5 minutes), usage of heparin to 
prevent blood clots in the pulmonary artery was unnecessary.

Measurements Protocol
Measurements were performed before (referred to as base-
line) and during clamping of the pulmonary artery, sequentially 
before (control), and after induction of TEA.

Measurements started after isolation of either the right or 
left pulmonary artery and confirmation of hemodynamic steady 
state, normoxia, and normocapnia. Right atrial pacing was per-
formed at 10 beats/min above spontaneous heart rate (HR) to 
obtain the same constant HR in control and blocked (TEA) con-
ditions. RV function was assessed by pressure-volume loops. 
To avoid respiratory influences, pressure-volume measure-
ments were performed with the ventilation suspended at end 
expiration. After baseline measurements, conditions of stable 
increased RV afterload were created by temporarily clamping 
of the right or left pulmonary artery. Pressure-volume measure-
ments were repeated during stable increased afterload. After 
completion of measurements, clamping of the left or right pul-
monary artery was discontinued.

Subsequently, sensory blockade was induced by adminis-
tration of 9 mL of lidocaine 2% through the epidural catheter. 
After waiting 15 minutes to achieve maximal sensory blockade 
and confirmation of stable hemodynamics, normoxia, and nor-
mocapnia, the hemodynamic measurements were repeated as 
described previously. After completion of all study measure-
ments, surgery was continued.

data acquisition and analysis
General hemodynamics was monitored with the LiDCOplus 
hemodynamic monitor after initial calibration with the aver-
aged CO value of five consecutive bolus CO measurements 
measured with pulmonary artery catheter. RV function was 
determined from RV pressure loops. The RV conductance 
data were calibrated as previously described. Slope fac-
tor alpha was determined by matching with thermodilution-
derived CO, and parallel conductance was determined 
by hypertonic saline injections.19 Pressure-volume signals 
acquired during steady state yielded HR, end-diastolic and 
end-systolic volume (EDV, ESV), stroke volume (SV), ejection 
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fraction (EF), CO, end-diastolic and end-systolic pressure 
(EDP, ESP), stroke work (SW), peak rate of ventricular pres-
sure increase (dP/dtMAX), peak rate of ventricular pressure 
decrease (dP/dtMIN), and isovolumic relaxation time constant 
Tau (τ). The end-systolic and end-diastolic pressure-volume 
relations (ESPVR, EDPVR) were determined using single-
beat approaches21 and provided load-independent indices of 
systolic and diastolic RV function. Systolic RV function was 
quantified by the slope (Ees) and the volume intercept at 25 
mm Hg (ESV25) of the ESPVR. Diastolic RV function was quan-
tified by the slope (stiffness, Eed) and intercept at 7 mm Hg 
(EDV7) of the EDPVR. RV afterload was determined by effec-
tive arterial elastance Ea, calculated as ESP/SV. Ventricular-
pulmonary coupling was quantified as Ees/Ea.16,20 CO and 
MAP from the LiDCOplus hemodynamic monitor (software 
version 3.02;LiDCO Ltd, Cambridge, United Kingdom) and RV 
EDP as a measure for central venous pressure (CVP) were 
used to calculate the systemic vascular resistance as SVR = 
80(MAP-CVP)/CO.

statistical analysis and sample size
The main statistical aim was to detect possible physiologically 
relevant differences in RV function and ventricular-pulmonary 
coupling between control and TEA. In this regard, an ≈20% 
to 30% change in hemodynamic indices was considered 
physiologically relevant. Our protocol determines within-sub-
ject changes between conditions. Previous studies typically 
indicated a 20% within-group variability (defined as standard 
deviation divided by mean: σ/µ) for the main hemodynamic 
indices. This within-group variability was used as a conser-
vative estimate for the expected within-subject variability in 
the present study. Consequently, the effect size (defined as 
the mean differences between conditions divides by standard 
deviation: ES = (µ1 - µ0)/σ) is >1. The required sample size 
was calculated as n = (Zα/2 + Zβ)

2/ES2. Thus, to determine dif-
ferences >20% with type I error <5% (Zα/2 = 1.960) and type 
II error <10% (Zβ = 1.282), power analysis yields a sample 
size of ≈10.

Data are presented as mean (SD) or mean (range). All sta-
tistical computations were done using R (the R Development 
Core Team, www.R-project.org) and the R-package for Linear 
and Nonlinear Mixed Effects Models (NLME) (Pinheiro J, Bates 
D, DebRoy S, Sarkar D and R Core Team [2015]. R package 
version 3.1–122, http://CRAN.R-project.org/package=nlme). 
All indices were fitted with a linear mixed effects model (model 
A) using TEA and pulmonary artery clamping as fixed effects 
and the subject as random effect. In addition, we applied a 
linear mixed model (model B) using not only the effects men-
tioned previously, but also a possible interaction between 
the two fixed effects (TEA x pulmonary clamping). For each 
index, we compared these two models using the Bayesian 
Information Criterion (BIC) and reported the model with the low-
est BIC, hence, the absence of interaction P values for some 
of the outcomes. Visual inspection of Q-Q plots of the stan-
dardized residuals showed one outlier. A sensitivity analysis 
was performed excluding the outlier, showing similar results 
with P values becoming more significant. After checking that 
the outlier was not due to measurement error, we decided to 
retain the observation in our analysis. P values <0.05 were 
considered significant.

results
Fifteen patients gave informed consent and were en-
rolled in this study. Five of these patients were not in-
cluded in the final analysis because of failure of epidural 
placement (n=1), unusual high upper border of sensory 
block after epidural test dose (n=1), hemodynamic insta-
bility requiring inotropic support (n=1), surgical failure to 
isolate the pulmonary artery (n=1), and insufficient qual-
ity of PV loops (n=1).

table 1. Patient characteristics and characteristics 
of neural Blockade 15 Minutes after epidural test 
dose

Patient characteristics n=10

Age (y) 60 (50–69)

Sex (male/female) 4/6

ASA (I/II/III) 5/5/0

Height (cm) 169 (156–189)

Weight (kg) 79 (59–128)

Diabetes (y/n) 1/9

B-blocker (y/n) 2/8

Antihypertensive medication (y/n) 2/8

B-blocker 1/9

ACE blockers 1/9

Calcium antagonist 1/9

Operation side (left/right) 4/6

Epidural test dose  

Lidocaine 2%, epidural 60 mg

Time to initial onset of analgesia at the 
T3‒T4 dermatomes (min)

3.0 (1.5–5.0)

Highest level of analgesia (dermatome) T2 (C8–T3)

Lowest level of analgesia (dermatome) T6 (T1–L1)

Maximum number of spinal segments 
blocked

6 (3–11)

Baseline hemodynamic and respiratory variables 

  HR (beats/min-1) 

   Control 88 (11)

   TEA 88 (11)

  Pao
2
 (kPa)

   Control 16.0 (9.3)

   TEA 17.1 (13.2)

  PaCO
2
 (kPa) 

   Control 5.8 (1.0)

   TEA 5.9 (1.4)

Data are presented as mean (SD) or mean (range). ASA indicates 
American Society of Anesthesiologists; HR, heart rate; and TEA, thoracic 
epidural anesthesia. 
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conditions and interventions
Patients were normoxic and normocapnic at control and 
TEA conditions, with comparable Po2 and Pco2 values 
(Table 1). HR was kept at a constant level by atrial pac-
ing (Table 1). PA clamping resulted in a significant ≈30% 
increase in ESP, at both control (27.5±4.5 to 37.5±7.2 
mm Hg, 36% increase) and TEA (24.5±2.6 to 32.3±5.4 
mm Hg, 32% increase). Figure 1 shows a representative 
example (patient #4) combining 5 seconds of continuous 
signals from all four conditions obtained by the pressure-
volume catheter (RV volume, pressure, dP/dt, ECG, and 
pressure-volume loops).

effects of tea
RV systolic function significantly decreased after TEA. The 
increase in ESV25 and the decrease in Ees reflect a right-
ward shift and shallower slope of the ESPVR, both indicat-
ing a decrease in intrinsic RV contractile state (Table 2 
and Figure 2). The decreased systolic function is further 
supported by significant reductions in ESP, EF, SW, SW/
EDV, dP/dtMAX, and (dP/dtMAX)/EDV (Table 2 and Figure 3).

CO and SV remained unchanged after TEA. Stable 
systemic hemodynamics are indicated by unchanged 

MAP and SVR (Table 3), and pulmonary flow was main-
tained by a reduction in Ea, which compensated for 
the reduced RV and PA systolic pressure. RV SV was 
maintained despite the increase in RV ESV by a com-
pensatory increase in RV EDV. The decrease in RV EDP 
indicates that this increase in EDV did not result from 
altered loading but from improved diastolic RV function. 
The intrinsic myocardial effect is evidenced by the re-
duced stiffness Eed and increased volume intercept of 
the EDPVR (EDV7).

The significant reductions in dP/dtMIN and (dP/dtMIN)/
EDV after TEA indicate limitations in early active relax-
ation, which are consistent with the decreased systolic 
function.22,23 Prolongation of Tau was not significant 
and too limited to cause incomplete relaxation at the 
present HRs.24

effects of Pa clamping
Unilateral clamping of the PA resulted in an increased 
afterload as expected, evidenced by a ≈50% increase 
in Ea. During clamping, CO decreased slightly and SV 
did not decrease significantly, with both EDV and ESV 
remaining virtually unchanged despite the significantly 
higher ESP. These effects indicating effective homeo-

Figure 1. Representative (patient #4) pressure-volume signals obtained during 5 s in all 4 conditions.  
The control conditions (baseline and pulmonary artery [PA] clamping) are shown in black, corresponding TEA conditions in red. 
Right ventricular (RV) volume, pressure, dP/dt, and ECG were recorded from the pressure-volume catheter.  dP/dt indicates rate 
of ventricular pressure increase; PA, pulmonary artery; RV, right ventricle; and TEA, thoracic epidural anesthesia. 
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table 2. the effects of thoracic epidural anesthesia and clamping of the Pulmonary artery on systolic and 
diastolic right Ventricular Function

 condition
Baseline

Mean (sd)
Pa clamp
Mean (sd)

tea effect
P (95% ci)

Pa clamp effect
P (95% ci)

tea–Pa clamp 
interaction
P (95% ci)

Systolic function

 SW (ml.mm Hg) Control 1553 (619) 1967 (1069) -292 (-535 to -49) 414 (171 to 657) -224 (-568 to 120)

TEA 1260 (595) 1451 (662) P=0.0203 P=0.0017 NS

  SW/EDV 
(mm Hg)

Control 12.6 (3.8) 15.4 (5.7) -3.6 (-5.3 to -2.0) 2.8 (1.2 to 4.5) -1.5 (-3.9 to 0.9)

TEA 8.9 (2.3) 10.2 (3.3) P=0.0001 P=0.0018 NS

  Ees (mm Hg/ml) Control 0.30 (0.08) 0.33 (0.09) -0.025 (-0.049 to -0.001) 0.034 (0.010 to 0.058) n/a

TEA 0.27 (0.11) 0.31 (0.11) P=0.0443 P=0.0079)  

  ESV
25

 (ml) Control 57 (22) 30 (24) 25.5 (13.0 to 38.0) -26.6 (-39.2 to -14.1) 6.5 (-11.2 to 24.3)

TEA 82 (29) 62 (29) P=0.0003 P=0.0002 NS

  dP/dt
max

 
(mm Hg/sec)

Control 367 (105) 401 (137) -88 (-126 to -50) 34 (-4 to 71) -22 (-75 to 32)

TEA 279 (65) 291 (75) P=0.0001 P=0.0794 NS

  dP/dt
max

/EDV
  (mm Hg/sec/ml)

Control 3.13 (1.39) 3.37 (1.62) -1.08 (-1.36 to -0.81) 0.14 (-0.14 to 0.42) n/a

TEA 2.15 (0.85) 2.19 (0.87) P<0.001 NS  

  ESV (ml) Control 65 (17) 70 (17) 14.1 (4.3 to 23.9) 5.3 (-4.5 to 15.1) 3.9 (-10.0 to 17.8)

TEA 79 (28) 88 (34) P=0.0066 NS NS

  ESP (mm Hg) Control 27.5 (4.5) 37.5 (7.2) -3.0 (-5.6 to -0.5) 10.0 (7.4 to 12.6) -2.1 (-5.8 to 1.5)

TEA 24.5 (2.6) 32.3 (5.4) P=0.0229 P<0.0001 NS

  EF (%) Control 48.3 (6.7) 44.3 (7.9) -3.7 (-7.1 to -0.2) -4.0 (-7.5 to -0.6) -1.1 (-6.0 to 3.7)

TEA 44.6 (8.0) 39.5 (7.8) P=0.0370 P=0.0236 NS

Diastolic function 

  τ (ms) Control
60.1 (8.7) 76.9 (14.2) 5.0 (-4.5 to 14.5) 16.8 (7.3 to 26.3)

-3.6 (-17.0 to 9.9)
NS

TEA 65.1 (15.9) 78.3 (20.1) NS P=0.0012  

  dP/dt
min

  
(mm Hg/sec)

Control -240 (63) -330 (87) 36 (10 to 62) -90 (-116 to -64) 29 (-9 to 66)

TEA -204 (43) -266 (53) P=0.0092 P<0.0001 NS

  dP/dt
min

/EDV
  (mm Hg/sec/ml)

Control -1.96 (0.43) -2.71 (0.87) 0.60 (0.41 to 0.80) -0.60 (-0.80 to -0.40) n/a

TEA -1.51 (0.34) -1.96 (0.51) P<0.0001 P<0.0001  

  EDV (ml) Control 125 (29.1) 127 (35.4) 15.9 (5.7 to 26.1) 2.5 (-7.7 to 12.7) -0.5 (-14.9 to 13.9)

TEA 140 (43.3) 142 (43.3) P=0.0035 NS NS

  EDP (mm Hg) Control 9.6 (3.3) 10.0 (3.3) -1.16 (-1.78 to -0.54) 0.54 (-0.08 to 1.16) n/a

TEA 8.3 (2.4) 9.0 (2.2) P=0.0007 P=0.0830  

  Eed (mm Hg/ml) Control 0.05 (0.03) 0.06 (0.03) -0.010 (-0.019 to 0.000) 0.006 (0.004 to 0.015) n/a

TEA 0.04 (0.02) 0.05 (0.03) P=0.0415 NS  

  EDV
7
 (ml) Control 89 (96) 61 (107) 21.9 (-11.4 to 55.2) -27.8 (-61.1 to 5.5) -0.9 (-48.0 to 46.2)

TEA 111 (115) 82 (95) NS P=0.0983 NS

(Continued )
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metric autoregulation were all similar at control and dur-
ing TEA: statistical analysis indicates that for none of 
these indices an interactive effect was present.

The homeometric autoregulation, ie, maintained RV vol-
umes despite altered loading, is enabled by an increase in 
intrinsic systolic RV function in response to the increased 
afterload. The ESPVR is shifted leftward (decrease in ESV25) 
and steeper (increase in Ees) after clamping (Figure 4). The 
same positive inotropic effect is also reflected by changes 
in SW and SW/EDV. The effects on pre-ejection indices 
dP/dtMAX and (dP/dtMAX)/EDV were less pronounced. The 
EDPVR is virtually unchanged after clamping, indicating no 
clear changes in intrinsic diastolic function. dP/dtMIN and 
(dP/dtMIN)/EDV significantly improved with clamping, which 
may suggest improved active relaxation but presumably 
largely reflects the load dependency of these parameters 
(because ESP increased ≈50%). In contrast, however, Tau 
was significantly prolonged, which cannot be explained by 
load dependency of this parameter.25

effects of tea and Pa clamp on Ventricular-
Pulmonary coupling
Theoretically, optimal mechanical RV-pulmonary cou-
pling corresponds to an Ees/Ea ratio equal to 1.26 In 
the present study, Ees/Ea was 0.64±0.21 in control, 
and with TEA the coupling ratio remained unchanged 
(0.64±0.17) because both Ees and Ea decreased by the 
same extent (Table 2 and Figure 5). Thus, TEA did not 
affect ventricular-pulmonary coupling. With PA clamping, 
Ea increased more than Ees; thus, the ventricular-arterial 

coupling significantly decreased despite the significant 
improvements in contractile performance of the RV. 
This afterload-induced reduction in coupling was virtually 
identical in control and TEA; thus, TEA apparently did not 
influence this mechanism (Figure 5).

discussiOn
It is well established that RV function is an important 
determinant of early and late outcome in cardiothoracic 
surgery, and RV dysfunction and postexercise deteriora-
tion of RV pump function have been demonstrated after 
pulmonary surgery.27,28

Furthermore, perioperative RV function is highly clini-
cally relevant and may be challenged particularly because 
poor RV function and increased pulmonary artery pres-
sures are frequently encountered in cardiothoracic sur-
gery patients. TEA is widely applied in cardiac, lung, and 
upper abdominal surgeries as well as in chest trauma, but 
the impact of TEA on RV function is not well established. 
In this context, we studied 3 aspects of RV function: base-
line contractile function, the ability of the right ventricle 
to respond to increased afterload via homeometric auto-
regulation, and ventricular-pulmonary coupling.

Both the left and right ventricles are densely innervat-
ed by sympathetic fibers,29,30 which either directly inner-
vate the myocardium or synapse with intrinsic cardiac 
ganglia,31 but studies directly assessing TEA effects on 
ventricular function are scarce. With regard to LV perfor-
mance, conflicting results with either decreased,13,32,33 
unaltered,12or even improved systolic function34 have 

General

  Ea (mm Hg/ml) Control 0.49 (0.15) 0.75 (0.28) -0.094 (-0.155 to -0.033) 0.225 (0.164 to 0.286) n/a

TEA 0.43 (0.12) 0.63 (0.17) P=0.0037 P<0.001  

  Coupling Ees/Ea Control 0.64 (0.21) 0.48 (0.15) 0.002 (-0.061 to 0.065) -0.153 (-0.216 to -0.090) n/a

TEA 0.64 (0.17) 0.49 (0.12) NS P<0.0001  

Values at baseline and PA clamp are presented as mean (SD). Effects were determined by a linear mixed effects model (see Statistical Analysis for 
details) and presented as mean (95% confidence interval). P values of the effects are presented in full when P<0.1 and as NS (nonsignificant) when P>0.1. 

Interaction of TEA and PA clamp effects was tested for all indices, but the interaction did not reach significance for any of the indices. For those outcome 
variables where the model fit did not improve by adding the interaction term, results from the model without interaction term are presented and n/a is 
shown in the last column. 

dP/dtmax indicates peak rate of RV pressure increase; dP/dtmax/EDV, peak rate of RV pressure increase divided by end-diastolic volume; dP/dtmin, 
peak rate of ventricular pressure decrease; dP/dtmin/EDV, peak rate of ventricular pressure decrease divided by end-diastolic volume; Ea, effective arterial 
elastance; EDP, end-diastolic pressure; EDV, end-diastolic volume; EDV, end-diastolic volume; EDV7, volume intercept of end-diastolic pressure-volume 
relation, quantified at pressure 7 mm Hg; Eed, slope of the end-diastolic pressure-volume relation; Ees/Ea, ventricular-pulmonary coupling ratio; Ees, the 
slope of the end-systolic pressure-volume relationship; EF, ejection fraction; ESP, end-systolic pressure; ESV, end-systolic volume; ESV25, volume intercept 
of end-systolic pressure-volume relation, quantified at pressure 25 mm Hg; RV, right ventricle; PA, pulmonary artery; RV, right ventricle; SW, stroke work; 
SW/EDV, stroke work divided by end-diastolic volume; τ (tau), time constant of ventricular relaxation; and TEA, thoracic epidural anesthesia.

table 2. continued

 condition
Baseline

Mean (sd)
Pa clamp
Mean (sd)

tea effect
P (95% ci)

Pa clamp effect
P (95% ci)

tea–Pa clamp 
interaction
P (95% ci)
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been reported. Experimental animal studies13,14 found no 
significant change in RV systolic and diastolic function 
after TEA but reported important negative effects of TEA 
on right ventricular-pulmonary coupling.13,14 In general, 
interpretation of these studies is complicated by HR 
changes and the vascular effects of TEA altering loading 
conditions. We recently reported decreases in RV iso-
volumetric acceleration (IVA) in patients undergoing TEA, 
but changes in loading conditions prevented clear con-
clusions regarding effects of TEA on RV contractility.12

We therefore used fixed-rate pacing and used pres-
sure-volume loop analyses to obtain load-independent 
indices of intrinsic RV function to investigate the effects 
of TEA in patients scheduled for lung surgery.16,35,36 We 
have chosen to use a fixed HR during the entire protocol 
to exclude confounding HR effects on intrinsic cardiac 
function, a phenomenon referred to as the force-frequen-
cy relationship. This mechanism, leading to enhanced 
function at higher HR, was recently demonstrated in the 
human RV.37 Furthermore, we specifically manipulated 
RV afterload to study two additional aspects via which 
TEA may affect hemodynamics: RV homeometric auto-
regulation and ventricular-pulmonary coupling.

In brief, our study demonstrated that cardiac sympa-
thetic blockade with TEA decreases baseline contractil-
ity of the RV but does not affect homeometric autoregu-
lation and ventricular-arterial coupling.

The impairment of RV systolic function in our study 
was evidenced by changes of the slope and intercept of 
the ESPVR and also reflected by a 25% to 30% reduction 

in stroke work (Figure 3). This finding may be clinically 
highly relevant because RV systolic function is an impor-
tant determinant of outcome in cardiothoracic surgery 
as mentioned previously. Via concomitant improvements 
in RV diastolic function and decreases in Ea, TEA did not 
decrease CO in our study. It should be noted that RV 
function was relatively normal in our patient group, but 
TEA might be detrimental in patients with already dimin-
ished RV function or pulmonary hypertension.

RV function can also be assessed by challenging 
the RV with increased afterload. The first physiologi-
cal response of the ventricle to increased afterload is 
dilatation (raising end diastolic volume) to maintain SV 
via the Frank‒Starling mechanism. A secondary mecha-
nism, referred to as homeometric autoregulation (or An-
rep11 or Slow Force Response38), is initiated by stretch 
of the myocardium, leading to an increase in contrac-
tility enabling the RV to maintain SV.7–9 The underlying 
mechanisms are complex, comprising various signaling 
pathways, and are only partly elucidated.38 To our knowl-
edge, the present study is the first in vivo human study 
demonstrating a positive inotropic response of the RV to 
acutely increased afterload. Moreover, this effect was 
evident with and without TEA despite the decreases in 
baseline contractility after TEA. Both with and without 
TEA, SV was maintained and CO was only slightly re-
duced after clamping of the PA without increasing EDV.

We also studied ventricular-pulmonary coupling. RV 
pressure-volume loops allow for the determination of Ees, 

Figure 2. Schematic RV pressure-volume loops based 
on mean end-diastolic and end-systolic pressures and 
volumes at baseline (black loop) and after induction of 
TEA (red loop).  
The increase in ESV25 and the rightward shift and shallower 
slope of the ESPVR after TEA indicate a decreased contractile 
performance. EDPVR indicates end-diastolic pressure-volume 
relationship; ESPVR, end-systolic pressure-volume relation-
ship; ESV25, volume intercept of ESPVR at 25 mm Hg; RV, 
right ventricle; and TEA, thoracic epidural anesthesia.

Figure 3. TEA effects on RV systolic function indices 
presented as % changes versus control baseline.  
Error bars indicate the 95% confidence interval (CI). All ef-
fects were statistically significant (see Table 2), indicating 
decreased systolic RV function after TEA. dP/dtmax indicates 
peak rate of ventricular pressure increase; dP/dtmax/EDV, 
peak rate of ventricular pressure increase divided by end-
diastolic volume; Ees, the slope of the end-systolic pressure-
volume relationship; EF, ejection fraction; ESP, end-systolic 
pressure; ESV, end-systolic volume; ESV25, volume intercept 
of end-systolic pressure-volume relation; SW, stroke work; 
SW/EDV, stroke work divided by end-diastolic volume; and 
TEA, thoracic epidural anesthesia. 
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a load-independent parameter of myocardial contractility, 
and of Ea, a measure of total RV afterload. The ratio Ees/
Ea is known as the ventricular-pulmonary coupling. Theo-
retically, matching of Ees and Ea, thus Ees/Ea=1,26 al-
lows for the maximal SW, whereas myocardial efficiency, 
defined as the ratio of SW to myocardial oxygen con-
sumption per beat, is optimal at Ees/Ea=2.39,40 However, 
there is a broad range for Ees/Ea of approximately 0.5 to 
2.0, in which SW is still close to optimal (<5% decrease), 
and the same applies to efficiency, which remains close 
to optimal for Ees/Ea values from 1.0 to 3.0.41

In awake human subjects and animal studies, RV Ees/Ea 
values were found to be ≈1.5 to 2.0.42–44 In our study, the 
coupling ratio was 0.64, which seems suboptimal, presum-
ably resulting from relatively low Ees and high Ea values. 
Most anesthestics, including propofol, are known to have 
myocardial depressant effects,45 which possibly explains 
the relatively low values of Ees in our patients compared 
with the values in awake humans.42 The relatively high Ea 
values in our patients might be the result of one lung ventila-
tion (OLV) and associated hypoxic pulmonary vasoconstric-
tion. Because aging effects such as arterial and ventricular 
stiffening might influence Ees and Ea, age differences be-
tween study populations could also be relevant.

Interestingly, TEA did not alter ventricular arterial cou-
pling because Ees and Ea were reduced to the same 

extend, and thus Ees/Ea was maintained. In contrast, 
pulmonary artery clamping resulted in a reduced ventric-
ular-pulmonary coupling. Clamping typically increased Ea 
by 50%, but because Ees increased only by about 10%, 
Ees/Ea dropped significantly. Thus, despite the homeo-
metric autoregulation, the increased afterload condition 
was associated with decreased ventricular-pulmonary 
coupling. Statistical analysis indicated that there was 
no significant interactive (TEA x clamping) effect, thus 
the effect of clamping on ventricular-pulmonary coupling 
was the same with and without TEA.

These results are partly in contrast with the previ-
ously mentioned animal studies,13,14 where TEA did not 
affect baseline RV contractility but inhibited the positive 
inotropic response of the RV to acute pulmonary hyper-
tension and reduced ventricular-pulmonary coupling. 
Species-related differences in sympathetic innervation 
of the right ventricle46 and sympathetic tone may ex-
plain these conflicting results. Methodological differ-
ences in anesthetic management, surgical approach, 
and the technique used to increase RV afterload may 
also contribute to the distinct findings. Data regard-
ing involvement of the autonomic nervous system in 
homeometric autoregulation have been conflicting. For 
the left ventricle, the positive inotropic response to in-
creased afterload was not abolished by sympathetic 

table 3. the effects of thoracic epidural anesthesia and clamping of the Pulmonary artery on general 
hemodynamics

 condition
Baseline 

Mean (sd)
Pa clamp Mean 

(sd)
tea effect  
P (95% ci)

Pa clamp effect  
P (95% ci)

tea‒Pa clamp 
interaction  
P (95% ci)

Hemodynamics

 RV SV (ml) Control 60.1 (16.3) 57.2 (22.6) 1.8 (-3.7 to 7.4) -2.8 (-8.4 to 2.8) -4.4 (-12.3 to 3.5)

TEA 61.9 (20.3) 54.7 (13.0) NS NS NS

 CO (l/min) Control 5.2 (1.2) 5.0 (1.7) 0.00 (-0.33 to 0.32) -0.43 (-0.76 to -0.10) n/a

TEA 5.4 (1.6) 4.8 (1.0) NS P=0.0119  

 MAP (mm Hg) Control 78.1 (10.7) 75.4 (12.9) 1.1 (-6.2 to 8.4) -2.7 (-10.0 to 4.6) 3.7 (-6.6 to 14.0)

TEA 79.2 (13.6) 80.2 (14.2) NS NS NS

  Msys
PAP 

(mm Hg)
Control 25.6 (4.8) 32.1 (5.7) -3.4 (-4.8 to -2.0) 6.0 (4.6 to 7.4) n/a

TEA 22.7 (2.8) 28.1 (4.6) P<0.0001 P<0.0001  

  SVR (dynes/ 
s/cm5)

Control 1111 (409) 1112 (481) 29 (-139 to 198) 2 (-167 to 170) 22 (-217 to 260)

TEA 1140 (369) 1163 (426) NS NS NS

  PVR (dynes/ 
s/cm5)

Control 245 (78) 377 (108) -48 (-88 to -8) 132 (92 to 172) -17 (-74 to 40)

TEA 197 (54) 312 (79) P=0.0209 P<0.0001 NS

Values at baseline and PA clamp are presented as mean (SD). Effects were determined by a linear mixed-effects model (see Statistical Analysis for 
details) and presented as mean (95% confidence interval). P values of the effects are presented in full when P<0.1 and as NS (nonsignificant) when P>0.1. 

Interaction of TEA and PA clamp effects was tested for all indices, but the interaction did not reach significance for any of the indices. For those outcome 
variables where the model fit did not improve by adding the interaction term, results from the model without interaction term are presented and n/a is 
shown in the last column. 

CO indicates cardiac output; MAP, mean arterial pressure; M
SYS

PAP, mean systolic pulmonary artery pressure; PA, pulmonary artery; PVR, pulmonary 
vascular resistance; RV, right ventricle; SV, stroke volume; SVR, systemic vascular resistance; and TEA, thoracic epidural anesthesia.D
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and parasympathetic denervation in dogs.47 For the 
right ventricle, however, experimental studies in both 
dogs and pigs have suggested a role for the autonomic 
nervous system in modulating the inotropic response 
of the ventricle to high afterload.13,14,48,49 Interestingly, 
we observed rather high baselines values of Ea in the 
pulmonary circulation of our patients. This finding was 
most likely related to the presence of hypoxic vaso-
constriction in the nondependent lung during OLV.50 It 
is therefore possible that the negative inotropic effect 
of TEA observed in our patients compares to the nega-
tive inotropic effects reported in animals subjected to 
increased afterload. Most important, the common find-
ing in our human data, and those previously reported 
in animals, is that TEA-induced sympatholysis may re-
duce RV contractile performance. We assume that the 
magnitude of this effect may vary depending on the 
prevailing hemodynamic conditions and sympathetic 
tone. Our patients were paced at constant HR to allow 
a more accurate assessment of ventricular contractil-
ity. We acknowledge that this intervention may have 
attenuated the full effect of TEA on global cardiac per-
formance because it excluded the potential reduction in 
HR after sympatholysis, and thus the cardiodepressant 
effects could have been more profound without pacing.

Our study has other potential limitations. We used a 
study design in which each subject served as its own 
control rather than a placebo-controlled design. The im-
portant statistical advantage (in addition to ethical and 
economic considerations) is offset by a potentially con-

founding spillover effect. However, because the effects 
of clamping and TEA were generally opposite, a spillover 
effect would tend to mask rather than confound the ob-
served significant findings.

The power analysis of this study was based on the 
comparison between TEA and control and yielded a sam-
ple size of 10 patients. The relatively small sample size 
may have limited the power to detect a possible interac-
tion between TEA and pulmonary clamping.

Two patients were using antihypertensive drugs (β-
blocker and calcium antagonist, and ACE inhibitor), 

Figure 5. The effects of TEA and PA clamp on Ees, Ea, 
and Ees/Ea.  
Black symbols indicate the control condition, red symbols 
TEA. The PA clamp effects (horizontal brackets) were 
significant for all three parameters, whereas the TEA effects 
(vertical brackets) were significant for Ees and for Ea but not 
for Ees/Ea. The parallel dashed lines illustrate that the PA 
clamp effect was similar at control and TEA, as evidenced by 
the absence of interaction between the PA clamp effect and 
the TEA effect in the statistical analysis. Ea indicates effective 
arterial elastance; Ees, slope of the end-systolic pressure-
volume relationship; Ees/Ea, ventricular-pulmonary coupling 
ratio; PA, pulmonary artery; and TEA, thoracic epidural anes-
thesia. Values are presented as mean±SD. *, significant; NS, 
nonsignificant. For detailed statistics, see Table 3.

Figure 4. Schematic RV pressure-volume loops based 
on mean end-diastolic and end-systolic pressures and 
volumes.  
Black loops represent the control conditions, solid at base-
line, and dashed during PA clamp. The red loops represent 
the same conditions during TEA. The figure illustrates that ho-
meometric autoregulation was maintained after TEA. EDPVR, 
end-diastolic pressure-volume relationship; ESPVR, end-sys-
tolic pressure-volume relationship; PA, pulmonary artery; RV, 
right ventricle; and TEA, thoracic epidural anesthesia. 
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which were not discontinued for the study, and could 
have influenced the measurements. Separate analysis 
did not identify this subgroup as outliers.

We were not able to measure the analgesic spread of 
TEA during the study measurements because patients 
were anesthetized. However, correct positioning of the 
epidural catheter was verified the day before surgery to 
exclude the possible influence of the epidural test dose. In 
addition to adequate analgesic blockade after the epidural 
test dose (Table 1), all patients had proficient postopera-
tive pain relief from analgesic blockade, confirming proper 
positioning of the epidural catheter. We used an epidural 
loading dose of 9 mL of lidocaine 2% based on the results 
of an earlier study51 to effectively block all cardiac sympa-
thetic fibres (T1-T5). Maximum blockade was expected to 
be achieved ≈15 minutes after epidural injection.51 The ex-
tent of analgesic blockade after this rather large initial load-
ing was not confined to selective blockade of the cardiac 
sympathetic innervation and will certainly have comprised 
a large number of dermatomes. TEA with blockade of the 
low thoracic region (T6‒L1) results in an extensive sympa-
thetic block, with expected decreases in pre- and afterload 
as a result of increase venous capacitance. However, MAP 
and SVR remained unchanged probably because the infu-
sion of propofol and remifentanil could be lowered after 
TEA while maintaining a BIS between 40 and 60.52 Con-
sequently, none of the patients was given atropine and/or 
phenylephrine during measurements. The lower dose of 
propofol and remifentanil, with subsequently less cardiode-
pressive effect after induction of TEA, would imply that the 
negative inotropic effects of TEA observed in this study are 
an underestimation of the actual effect.

In this study, the pressure-volume catheter was inserted 
via the jugular vein, entering the right ventricle via the tri-
cuspid valve. Previous experimental and theoretical stud-
ies have shown that with this approach, RV volume chang-
es in the outflow tract are picked up with relatively lower 
sensitivity, and a straight catheter position from pulmonary 
artery toward the apex would be more ideal.53 However, 
that approach would require catheter placement with open 
thorax and apical or pulmonary artery puncture, which was 
not considered ethical in this human study. We therefore 
used a percutaneous approach via the tricuspid valve us-
ing echo guidance and careful inspection of the pressure 
and volume tracings to optimize catheter position. Occa-
sionally, a single-volume segment showed an out-of-phase 
signal reflecting a position in the right atrium and was re-
moved from the total volume signal. The thermodilution-
based calibration corrected for underestimation of total SV 
related to partial sensing of the outflow tract.

cOnclusiOns
Our data are the first to demonstrate a direct negative 
inotropic effect of TEA on RV contractility in humans. 
The decrease in RV contractility was well tolerated in our 

patients as TEA concomitantly lowered RV afterload and 
preserved homeometric autoregulation and ventricular-
pulmonary coupling. However, a potential reduction in 
the contractile reserve of the RV could be important to 
consider in patients with preexisting or pending RV dys-
function as well as pulmonary hypertension.
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