REVIEW ARTICLE

ABSTRACT

Cardiac sympathetic blockade with high-thoracic epidural anesthesia is con-
sidered beneficial in patients undergoing major surgery because it offers
protection in ischemic heart disease. Major outcome studies have failed
to confirm such a benefit, however. In fact, there is growing concern about
potential harm associated with the use of thoracic epidural anesthesia in high-
risk patients, although underlying mechanisms have not been identified. Since
the latest review on this subject, a number of clinical and experimental studies
have provided new information on the complex interaction between thoracic
epidural anesthesia—induced sympatholysis and cardiovascular control mech- 5
anisms. Perhaps these new insights may help identify conditions in which g
benefits of thoracic epidural anesthesia may not outweigh potential risks. §‘,
For example, cardiac sympathectomy with high-thoracic epidural anesthesia %
decreases right ventricular function and attenuates its capacity to cope with §
increased right ventricular afterload. Although the clinical significance of this Z
pathophysiologic interaction is unknown at present, it identifies a subgroup n::
of patients with established or pending pulmonary hypertension for whom %
outcome studies are needed. Other new areas of interest include the impact of §
thoracic epidural anesthesia—induced sympatholysis on cardiovascular control §
in conditions associated with increased sympathetic tone, surgical stress, and §
hemodynamic disruption. It was considered appropriate to collect and analyze g
all recent scientific information on this subject to provide a comprehensive %
update on the cardiovascular effects of high-thoracic epidural anesthesia and g
cardiac sympathectomy in healthy and diseased patients.
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horacic epidural anesthesia 1s widely applied in tho-

racic and abdominal surgical procedures, because it
provides excellent analgesia and decreases postoperative
pulmonary complications."* Epidural anesthesia with local
anesthetics produces sensory and motor blockade but also
affects the autonomic nervous system. The resultant effects
on the cardiovascular system vary with the level and the
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extent of sympathetic blockade. Involvement of the lower
thoracic region (T6 to L1) by thoracic epidural anesthesia
is associated with increased venous capacitance and redistri-
bution of blood to the dilated splanchnic veins. This results
in decreased venous return to the heart and a reduction
of cardiac preload.” Arterial vasodilation in blocked seg-
ments is counteracted by compensatory vasoconstriction
in unblocked segments, and the effect on cardiac afterload
depends on the balance between blocked and unblocked
segments.* Direct effects of cardiac sympatholysis have not
been the subject of detailed investigation. Many studies
quantified the cardiac effects of thoracic epidural anesthesia
using load-dependent indices of contractile performance,
which does not allow differentiation between direct and
indirect effects. Regardless, the effects of thoracic epidural
anesthesia have generally been considered beneficial to the
cardiovascular system and protective against surgical stress.’
Interestingly, recent systematic reviews have not been able
to confirm improved cardiac outcome in surgical patients
treated with thoracic epidural anesthesia.® In contrast, some
evidence was found for increased cardiovascular problems

in high-risk patients receiving neuraxial block.”® In light
of these concerns, a reappraisal of the cardiovascular effects
associated with the use of thoracic epidural anesthesia
seems appropriate. Since the last published review on this
subject,” new data have emerged from experimental and
clinical studies addressing previously unexplored domains
such as the effects of cardiac sympathectomy on right ven-
tricular function, an important determinant of outcome in
surgery.'"'>We conducted the present review to update the
knowledge in this field, with focus on the effects associated
with high-thoracic epidural anesthesia and cardiac sympa-
thectomy in the normal and diseased cardiovascular system.

Materials and Methods

The databases PubMed, Embase, and Cochrane were
searched by the author and by an independent expert
librarian to identify studies in which the cardiac sympa-
thetic nerves (T1 to T5) are involved in neural blockade
by thoracic epidural anesthesia. An extensive list of used

This article is featured in “This Month in Anesthesiology,” page 5A. Supplemental Digital Content is available for this article. Direct URL citations appear in the printed text and are
available in both the HTML and PDF versions of this article. Links to the digital files are provided in the HTML text of this article on the Journal’s Web site (www.anesthesiology.org).

Submitted for publication October 19, 2017. Accepted for publication October 31, 2018. From the Department of Anesthesiology, Leiden University Medical Center, Leiden, The
Netherlands (J.W., B.T.V., L.PH.J.A.); and Department of Anesthesia and Perioperative Medicine, Ghent University, Ghent, Belgium (P.F.W.).

Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2019; 130:472-91

MARCH 2019

ANESTHESIOLOGY,V 130 ¢ NO 3
Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

20z IMdy 01 uo 1586 Aq Jpd'92000-0 00£0610Z/69598E/ZLYIE/0E L /4pd-8jonie/ABo


www.anesthesiology.org

Wink et al.

medical subject headings (MeSH) terms is presented in
Supplemental Digital Content 1 (http://links.Iww.com/
ALN/B822). This initial search strategy yielded 1,189 ref-
erences. An additional 20 references were obtained through
subsequent hand search for relevant articles and authori-
tative texts in cited references. Only articles published in
English were included. Articles were considered relevant if
cardiac sympathetic blockade by thoracic epidural anesthe-
sia was demonstrated. If assessment of neural blockade was
not reported, articles were excluded unless epidural punc-
ture was mentioned to be at the cervical or high thoracic
level or when the combination of puncture level and dose
of local anesthetics were shown earlier to induce cardiac
sympathetic blockade. Editorials, letters to the editor, case
reports, abstracts only, studies assessing pain, or studies tar-
geting children as the study population were excluded.

The first author (J.W.) evaluated titles and abstracts and
selected articles according to relevance and to the inclu-
sion and exclusion criteria. The remaining articles were
reviewed full-text and screened for eligibility accord-
ing to the inclusion and exclusion criteria. The figure in
Supplemental Digital Content 2 (http://links.Iww.com/
ALN/B823) presents a low diagram of the literature search.
The authors’ main objective of this search was to compose
an updated narrative review regarding the specific effects of
thoracic epidural anesthesia on cardiac function.

Search Results

The search results and study selection flowchart are pre-
sented in Supplemental Digital Content 2 (http://links.
lww.com/ALN/B823). From the initial 1,209 records
identified through database searching and cited reference
searching, 577 were duplicates or not in the English lan-
guage, and 560 records were excluded because the studies
did not meet our inclusion criteria.

Cardiac Neurophysiology

The central nervous system exerts a beat-to-beat control on
cardiac function. Specific areas in the brain involved in emo-
tional behavior, stress responses, and homeostatic reflexes
affect cardiac function.” These brain areas give excitatory
input to the preganglionic sympathetic fibers originating
from the intermediolateral cell column of the spinal cord.
Preganglionic sympathetic neurons synapse on postgan-
glionic noradrenergic cardiac nerves in the paravertebral
ganglia (fig. 1). It is generally assumed that the cardiac sym-
pathetic outflow emerges from spinal levels T1 to T5, with a
main supply to the ventricles from T'1 to T4." Preganglionic
parasympathetic fibers originate predominantly in the
nucleus ambiguus and also in the dorsal motor nucleus of
the vagal nerve. Upon entering the heart, the postganglionic

Thoracic Epidural Anesthesia and the Heart

sympathetic and parasympathetic nerves converge into the
cardiac plexus. Electrical or chemical stimulation of neu-
ronal tissue within the cardiac sympathetic nervous system,
usually the right or left stellate ganglion, has yielded relevant
information regarding the interplay between the cardiac
autonomic nervous system and cardiac function. In general,
cardiac sympathetic stimulation in animals"' and humans*
increases inotropy, dromotropy, and chronotropy of the heart.
Increases in peak systolic pressure of the left ventricle (20 to
167%) and maximum positive rate of pressure change (dP/
de ;20 to 213%) after unilateral or bilateral stellate gan-
glion stimulation indicate substantial increases in contractil-
ity of the left ventricle in animals®'®"**" and humans.” Left
ventricle relaxation (lusitropy) was also shown to improve
substantially after cardiac sympathetic stimulation.'®*%
Sympathetic and parasympathetic activity depends on
chemo- or mechanosensory input from multiple cardiac
regions, the coronary vasculature, and from major intratho-
racic and cervical vessels. The nucleus of the solitary tract
receives input from these chemo- or mechanosensory recep-
tors via the glossopharyngeal and vagal nerve and is the first
relay for several cardiac and cardiovascular reflexes (fig. 2).

The Baroreceptor Reflex

High-pressure stretch receptors in the aortic arch and the
carotid sinus are triggered when mechanical deformation
of the vessel wall occurs. Increased blood pressure activates
these mechanoreceptors, resulting in inhibition of sympa-
thetic outflow and a subsequent decrease in total peripheral
resistance, heart rate (HR), and myocardial contractility.® In
addition to this sympathoinhibitory pathway there is a car-
dioinhibitory pathway that upon excitation of the cardiova-
gal neurons of the nucleus ambiguous results in a decrease
in HR.%

Cardiac Reflexes

Atrial Stretch Reflex. Distension of low pressure receptors at
the (pulmonary) vein—atrial junctions is signaled via vagal
afferents to increase sympathetic activity and reduce vagal
tone to the sinoatrial node. This results in increased HR
without increased myocardial contractility (Bainbridge
reflex).?”” Conversely, low atrial pressure causes bradycardia.
This positive feedback reflex, creating a direct relation-
ship between filling pressures and HR, is rarely observed
in clinical practice because it is weaker than and inferior
to the baroreflex, a negative feedback system. It is typically
observed in neonates and infants, however, where the baro-
reflex is not yet fully developed. In theory, the Bainbridge
reflex can become more prominent in clinical conditions
associated with impaired baroreflex function.®

Ventricular Reflex. Both ventricles contain mechanosensors
and chemosensors, most of which can sense mechanical and
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Fig. 1. Overview of cardiac innervation. Shown is a schematic drawing of the cardiac visceral innervation system. Cardiac innervation
starts with a signal from the heart or baroreceptors (e.g., on the aorta), relayed by sensory nerves (blue) giving feedback on, for instance, the
levels of oxygen, carbon dioxide, and blood pressure. The brain will give a signal to parasympathetic or sympathetic nerves to either relax
or stimulate the heart. Parasympathetic innervation is achieved mainly via the vagal nerve (green), which will synapse in cardiac ganglia
from where postganglionic nerves innervate the sinoatrial (SA) node, atrioventricular (AV) node, and ventricular myocytes. Sympathetic
neurons (rea) start in the gray matter of the spinal cord, where interneurons (orange) from the brain project to the sympathetic neurons.
Via the ventral root of the spinal cord, sympathetic nerves synapse in the sympathetic chain, from where postganglionic nerves will enter
the heart. Modified with permission from Végh et al. (Végh AMD, Duim SN, Smits AM, Poelmann RE, ten Harkel ADJ, DeRuiter MC, Goumans
MJ, Jongbloed MRM: Part and Parcel of the Cardiac Autonomic Nerve System: Unraveling Its Cellular Building Blocks during Development.

J Cardiovasc Dev Dis 2016, 3:28).

chemical changes simultaneously.” Either chemical stimu-
lation, potentially elicited by a host of chemicals (e.g., after
myocardial infarction), and possibly mechanical stimulation
by decreased end-systolic volumes®’?! activates these recep-
tors to decrease sympathetic outflow and increase parasym-
pathetic tone. This results in bradycardia, vasodilatation, and
hypotension, a response known as the Bezold—Jarisch reflex.
This cardioinhibitory reflex was suggested to play a cardio-
protective role, but this has never been confirmed.*
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Coronary Baroreflex. Coronary arteries contain arterial
baroreceptors that buffer pressure changes. However, these
coronary artery receptors operate at much lower pres-
sures than aortic and carotid baroreceptors.™ Increases in
coronary artery pressure cause limited reflex activity, but
coronary arterial hypotension induces a powerful sys-
temic vasoconstrictor response. The coronary baroreflex
is considered a defense mechanism against myocardial
hypoperfusion.”

Wink et al.
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Fig. 2. Cardiac and cardiovascular reflexes. HR, heart rate; SVR, systemic vascular resistance.

Cardiovascular Effects of Thoracic Epidural
Anesthesia

The focus of this section is primarily on thoracic epidural
anesthesia studies in which the cardiac sympathetic nerves
(T1 to T5) are involved in neural blockade. This definitely
includes high-thoracic epidural anesthesia but may also
apply to midthoracic epidural analgesia with cranial spread
of anesthetic blockade.

Effect on Cardiovascular Reflexes

Baroreceptor control of HR depends on an integrative role
of the parasympathetic and sympathetic nervous system.
This balance is affected when cardiac sympathetic inner-
vation is blocked by thoracic epidural anesthesia. Multiple
studies have demonstrated that baroreflex sensitivity is
altered by cardiac sympathectomy during cervicothoracic
epidural anesthesia.**>” However, in some studies thoracic
epidural anesthesia attenuated the reduction in HR after
blood pressure increase (pressure test) without chang-
ing the cardiac acceleration in response to blood pressure
decrease (depressor test),*** whereas others demonstrated
the opposite.””?® Yet another study reports that cervical but
not lumbar epidural significantly depresses both “up- and

9

down-sequence” baroreflex sensitivities.” However, in

this study spontaneously occurring fluctuations in arterial

pressure and heart period were used as indices of barore-
flex function, a method that has been criticized.*’ The con-
trasting results in the studies mentioned in the Effect on
Cardiovascular Reflexes section above may relate to het-
erogeneous study design, differences in the management
of thoracic epidural anesthesia—induced preload changes,
and the use of general anesthesia. Finally, age differences
between study populations may also have contributed to
the differential effects of thoracic epidural anesthesia on
baroreflex control.

Sympathetic control of HR can operate indirectly by
influencing vagal activity, as well as directly by acting as
a cardiac accelerator. Both mechanisms could be involved
in the effects of thoracic epidural anesthesia on barorecep-
tor control of HR. Regardless, it appears that cardiac sym-
pathetic blockade by thoracic epidural anesthesia at least
partially suppresses the baroreceptor reflex. There are no
studies addressing the effect of cardiac sympathectomy on
other cardiovascular reflexes.

It has been suggested that life-threatening paradox-
ical bradycardia in hypotensive patients undergoing
spinal and epidural anesthesia is attributable to attenu-
ation of baroreflex control with subsequent unmasking
of the reversed Bainbridge or Bezold—Jarisch reflex.*'™*
Similarly, during severe hemorrhage the Bezold—Jarisch
reflex may predominate, resulting in bradycardia and
hypotension (fig. 2).*
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Summary
* Cardiac sympathetic blockade by thoracic epidural anes-

thesia at least partially suppresses the baroreceptor reflex.

* Extensive neural blockade by thoracic epidural anesthe-
sia with reduction of preload to the heart may evoke
hypotension and bradycardia. This has been attributed
to impairment of the baroreflex and unmasking of a
reversed Bainbridge reflex.

Effect on Heart Rate

Chronotropic control of the heart is mediated by the balance
between sympathetic and parasympathetic tone and is domi-
nated by parasympathetic tone.* The effects of thoracic epi-
dural anesthesia on HR depend on the prevailing sympathetic
tone, the extent of neural blockade with its proportional impact
on pre- and afterload, and the in- or exclusion of cardiac sym-
pathetic nerves. Indeed, thoracic epidural anesthesia effects on
HR are not solely related to blockade of preganglionic cardiac
accelerator nerves but also reflect thoracic epidural anesthesia
induced changes in preload and afterload (fig. 2) as described
in great detail by Veering and Cousins.* Clinical studies report
no change”™ or minor reductions in HR***™5¢ after tho-
racic epidural anesthesia, including cardiac sympathetic nerves.
Age might affect HR response to thoracic epidural anesthesia
because ageing is accompanied by an increase in sympathetic
nervous system activity at rest.”” Two studies assessed cardio-
vascular effects of thoracic epidural anesthesia in different age
groups; however, the results are conflicting. Holman et al.*®
showed that HR reductions after thoracic epidural anesthe-
sia were most pronounced in the elderly group, whereas we
reported HR reductions only in the younger age group with
no changes in the middle or older age groups.” Interestingly,
[-blockers, the chronotropic effects of which might be com-
parable with those of thoracic epidural anesthesia, were found
to result in a more pronounced reduction in HR in young as
compared with older healthy volunteers.®

Summary

* The reported effects of thoracic epidural anesthesia on
HR are mild and not uniform. Changes result from the
complex interaction between direct cardiac sympathetic
blockade and cardiovascular reflexes that occur second-
ary to altered preload and afterload.

* Current studies do not indicate a consistent effect of age
on HR response to thoracic epidural anesthesia.

Effect on Ventricular Contractility

The majority of thoracic epidural anesthesia studies use
load-dependent indicators of global left ventricular per-
formance indicators, such as ejection fraction, fractional
area change, fractional shortening, cardiac output (CO),
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and stroke volume for the assessment of cardiac function
(tables 1-3).°! Load-independent assessment of cardiac per-
formance requires advanced and often invasive technology,
such as pressure—volume catheters. Newer echocardio-
graphic techniques allowing calculation of the slope of the
end-systolic pressure—length relationship or indices of myo-
cardial velocity and deformation may offer a valid noninva-

sive alternative for this purpose.®>%*

Effects on Left Ventricular Contractile Performance. Several
studies have shown a reduction in inotropic state (intrinsic
function) after blockade of cardiac sympathetic innervation
by thoracic epidural anesthesia. In anesthetized dogs, the

) of

max-

maximal rate of ventricular pressure increase (dP/dt
the left ventricle decreased after induction of thoracic epi-
dural anesthesia but not after induction of lumbar epidural
anesthesia.®* These results suggest a reduction in left ven-
tricular contractility attributable to blockade of cardiac sym-
pathetic innervation. This is supported by results obtained
in pigs, where load-independent indices of contractility
based on pressure—volume loop analysis decreased after
thoracic epidural anesthesia but not after lumbar epidural
#30 In spite of the diminished contractility of the
left ventricle after thoracic epidural anesthesia, there was no

anesthesia.

change in global ventricular performance, because of a con-
comitant reduction of afterload.*>*% Echocardiographic
studies in awake and healthy volunteers compared the car-
diac effects of thoracic epidural anesthesia versus lumbar epi-
dural anesthesia and also found that only thoracic epidural
anesthesia, but not lumbar epidural anesthesia, decreased
ejection fraction, fractional area change, or fractional short-
ening and increased left ventricular end-diastolic volume or
left ventricular end-systolic volume. They also suggest that
the reduction in left ventricular cardiac function is attrib-
utable to cardiac sympathetic denervation.’>**® Our group
recently evaluated cardiac performance in awake resting
patients scheduled for lung surgery using tissue Doppler-
based measurement of myocardial velocities. We found no
effect of thoracic epidural anesthesia on left ventricular
systolic pump performance; however, the results may have
been confounded by our study design, which included pre-
interventional volume loading. CO increased after thoracic
epidural anesthesia, presumably because of the combination
of increased external volume loading and thoracic epidural
anesthesia—induced afterload reduction. This study in dif-
ferent age groups showed no effects of age on cardiovas-
cular response to thoracic epidural anesthesia.”” Using the
slope of the end-systolic pressure—length relationship as a
load-independent measure of left ventricular contractil-
ity, Goertz et al.’ demonstrated in patients under general
anesthesia that thoracic epidural anesthesia but not lum-
bar epidural anesthesia decreases left ventricular contrac-
tility by 50% (fig. 3). The results of the studies mentioned
in the Effects on Left Ventricular Contractile Performance
section above suggest that there is a clinically relevant

Wink et al.
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Fig. 3. Arithmetic means (+ SD) of the maximal elastance
() of the left ventricle. ***P < 0.001 versus group 3 (control)
and versus group 4 (lumbar epidural anesthesia [LEA]). ESPLR,
end-systolic pressure length relationship, TEA, thoracic epidural
anesthesia. Modified with permission from Goertz et al. (Goertz
AW, Seeling W, Heinrich H, Lindner KH, Schirmer U: Influence of
high-thoracic epidural anesthesia on left ventricular contractility
assessed using the end-systolic pressure-length relationship.
Acta Anaesthesiol Scand 1993; 37:38—-44.)

influence of the cardiac sympathetic nervous system on
baseline left ventricular function. Blockade of cardiac sym-
pathetic nerves by thoracic epidural anesthesia is associ-
ated with a reduction in left ventricular contractility—the
magnitude of which is likely related to the level of sym-
pathetic tone. In cardiovascular healthy patients, the cardi-
odepressant effects of thoracic epidural anesthesia seem to
be well tolerated with preservation of CO. Use of thoracic
epidural anesthesia in these patients is safe. The impact of
cardiac sympathectomy in patients with limited cardiac
reserve has not been studied specifically.

Summary

* Load-independent indices demonstrate a 40 to 50%
reduction in left ventricular contractility after cardiac
sympathetic blockade by thoracic epidural anesthesia.

e Thoracic epidural anesthesia can be safely applied in
patients with normal cardiovascular function.

o There are no studies addressing the clinical impact of
thoracic epidural anesthesia—induced cardiac sympa-
thectomy in patients with limited cardiac reserve.

Effect on Right Ventricular Contractile Performance

The sympathetic nervous system plays an important role in
the regulation of right ventricular function.This is illustrated
by a 100% increase in contractile force of the right ven-
tricle after right and left stellate ganglion stimulation, both
containing a significant portion of the sympathetic nerves
innervating the heart.” Only a few studies have assessed the
effects of cardiac sympathetic inhibition by thoracic epi-
dural anesthesia on right ventricular performance. Animal
studies using load-independent parameters of contractility
did not find decreases in baseline contractility of the right

Anesthesiology 2019; 130:472-91
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ventricle after induction of thoracic epidural anesthesia
during general anesthesia**’ but indicated that thoracic
epidural anesthesia inhibited the positive inotropic effect to
increased afterload (fig. 4). This mechanism, referred to as
homeometric autoregulation, enables the right ventricle to
maintain stroke volume without compensatory dilatation of
the right ventricle.””" In awake patients thoracic epidural
anesthesia reduced right ventricular isovolumetric acceler-
ation, suggesting decreased right ventricular contractility.
However, changes in loading conditions prevented clear
conclusions regarding effects of thoracic epidural anesthesia
on right ventricular contractility.” We recently investigated
the effects of thoracic epidural anesthesia on right ventric-
ular contractility in patients during lung surgery and one-
lung ventilation. Using fixed-rate pacing and employment
of pressure—volume loop analyses, load-independent indices
of intrinsic right ventricular function were obtained before
and after induction of thoracic epidural anesthesia during
general anesthesia. Our data demonstrated thoracic epidural
anesthesia—induced impairment of baseline right ventricular
contractility,”' as reflected by changes in the slope and vol-
ume intercept of the end-systolic pressure volume relation-
ship (fig. 5). In addition there was a 25 to 30% reduction in
stroke work. These observations slightly differed from the
animal studies in which thoracic epidural anesthesia inhibited
the increase in right ventricular function but did not reduce
baseline right ventricular performance. However, baseline
measurements in our clinical study were obtained during
one-lung ventilation, a condition known to induce hypoxic
pulmonary vasoconstriction. It was postulated therefore that
sympathetic tone and right ventricular afterload might have
been elevated already before the initiation of thoracic epi-
dural anesthesia. This was not the case in the animal studies
in which baseline values were obtained during normal ven-
tilation.”"’? R egardless of this discussion, both animal studies
and clinical studies were concordant in showing that car-
diac sympathectomy with high-thoracic epidural anesthesia
directly affects right ventricular function. These effects may
not have much clinical impact in subjects with normal car-
diovascular function but could be of importance in patients
with preexisting or pending right ventricular dysfunction
and pulmonary hypertension. It is interesting to note that
epidural analgesia was found to be an important contribut-
ing factor to major perioperative complications in patients
undergoing pneumonectomy,” although that evidence
appeared not robust enough to support a change in prac-
tice. Similarly, in a secondary analysis of the PeriOperative
ISchemic Evaluation (POISE) study, Leslie et al.* found evi-
dence for increased cardiovascular problems in high-risk
patients receiving neuraxial block. It is clear that prospective
outcome studies in high-risk patients are urgently needed to
address this issue. For some patients undergoing major sur-
gery who are at risk for right ventricular failure or for those
being treated with thoracic epidural anesthesia who develop
sudden right ventricular failure in the postoperative period,

Wink et al.

20z Iidy 01 uo 3s8nb Aq Jpd'9z000-0 00£0610Z/69598E/ZLY/E/0E L/4Ppd-8lo1E/ABO|OISBYISBUEB/WOD IBYDIBA|IS ZESE//:dJY WOI) papEo|umoq



Wink et al.

Thoracic Epidural Anesthesia and the Heart

A 14 B 3.5
—_— C .
————— TEA LI
12 4 3.0 4
2 :
3 v
b ]
10 4 £ 25
g :
T E
= E]
= =
> F: 8.2110 S Z 20
= 81  p:0.0001 I“‘ _____ '
—e— C ) o “I
——w-—— TEA *
o | —=— LEa % 15 +
e Y % '
S epidural P Baseline epidural PA occlusion
3.0 14
—e— C 1
————-— TEA
e I I 121 | s LEA I
5 2.0 S — _I ——————— =
£ = i
£ S E 081
0 ™~ I
Q \\ 3
g 1.5 4 F: 4.6160 ~o w
q >
jar} p: 0.0050 S x 064
—— [ )i
104 | ———w—— TEA .t "t 0.4
— i — LEA
re
00 0.0 e
Baseline epidural PA occlusion epidural

Baseline PA occlusion

Fig. 4. Right and left ventricular contractility during baseline, epidural anesthesia, and acute pulmonary artery (PA) occlusion in control
(C) animals and animals with a thoracic or lumbar epidural anesthesia (LEA). The effects of epidural anesthesia on the slope of the
preload-recruitable stroke work relationship (Mw; A and B) and the slope of the end-systolic pressure—volume relationship (Ees; C and D)
during baseline, epidural anesthesia, and during acute PA occlusion in the left ventricle (LV) and right ventricle (RV). The values are presented
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(Missant C, Claus P, Rex S, Wouters PF: Differential effects of lumbar and thoracic epidural anesthesia on the haemodynamic response to
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potent alternative analgesic techniques such as paravertebral
blocks could also provide a solution.

Summary

» Cardiac sympathetic blockade by thoracic epidural anes-
thesia directly reduces right ventricular contractility.

* The clinical importance of this effect is not known at
present.

Effect on Left Ventricular and Right Ventricular Diastolic
Function

Ventricular relaxation and compliance are important deter-
minants of diastolic function, an essential component
of cardiac pump performance. Impaired relaxation and

reduced compliance of the ventricle have been associated
with increased perioperative risk for 30-day cardiovascular
events and long-term cardiovascular mortality.” The effects
of thoracic epidural anesthesia on diastolic function, let
alone the relevance of these temporary effects on clinical
outcome, have not been well established. In normal condi-
tions, contraction and relaxation are functionally coupled.
Sympathetic stimulation of cardiac -1 receptors causes a
rise in cyclic adenosine monophosphate, which enhances
calcium release during systole but also facilitates removal
of the excess calcium during diastole.'** 27 Tt would
be reasonable to expect that if thoracic epidural anesthe-
sia—induced cardiac sympathectomy causes a mild decrease
in contractile performance, it would also decrease relax-
ation proportionally. However, most studies have reported
unchanged left ventricular diastolic function after thoracic

Anesthesiology 2019; 130:472-91
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Fig. 5. Schematic right ventricle (RV) pressure—volume loops
based on mean end-diastolic and end-systolic pressures and
volumes during one-lung ventilation at baseline (black loop) and
after induction of TEA (red loop). The increase in volume intercept
of ESPVR at 25 mm Hg (ESV,,) and the rightward shift and more
shallow slope of the end-systolic pressure—volume relationship
(ESPVR) after thoracic epidural anesthesia indicate a decreased
contractile performance. EDPVR, end-diastolic pressure—volume
relationship; Eed, slope of the end-diastolic pressure-volume
relationship, Ees, slope of the end-systolic pressure-volume
relationship. Reprinted with permission from Wink et al. (Wink J,
de Wilde RB, Wouters PF, van Dorp EL, Veering BT, Versteegh MI,
Aarts LP, Steendijk P: Thoracic epidural anesthesia reduces right
ventricular systolic function with maintained ventricular—pulmo-
nary coupling. Circulation 2016; 134:1163-75).

epidural anesthesia in patients with normal cardiovascular
status but used load-dependent parameters.®”* We recently
studied the effect of thoracic epidural anesthesia on dia-
stolic right ventricular and left ventricular function in dif-
ferent age groups using tissue Doppler imaging.””® Peak
velocity of the mitral and tricuspid annular motion during
early diastole were used to assess left ventricular and right
ventricular diastolic function.”” Baseline diastolic function
was significantly lower in older patients, but thoracic epi-
dural anesthesia did not reduce diastolic function in any
of the age groups.” Animal studies using invasive load-in-
dependent measurement techniques also demonstrated that
diastolic function of the left ventricle and right ventricle
remained unchanged after thoracic epidural anesthesia.®
Using a similar technique in patients undergoing lung sur-
gery, we found that the decrease in right ventricular inotro-
pic state after thoracic epidural anesthesia was accompanied
by a discrete reduction in right ventricular relaxation prop-
erties.”"” Thoracic epidural anesthesia effects on diastolic
function are mild and well tolerated in healthy patients;

Anesthesiology 2019; 130:472-91
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whether this also applies to patients with established dia-
stolic dysfunction remains to be investigated. This latter
group of patients is particularly sensitive to preload changes
and for that reason needs specific attention when thoracic
epidural anesthesia is applied.

Summary

* The direct effect of thoracic epidural anesthesia on dia-
stolic function is minimal.

* Patients with diastolic dysfunction are extremely sensi-
tive to changes in preload, which almost invariably occur
with thoracic epidural anesthesia. Particular attention is
required to prevent the hemodynamic consequences of
preload reduction after thoracic epidural anesthesia in
this subset of patients.

Effects in the Healthy Coronary System

Coronary arteries are innervated by the parasympathetic
and sympathetic nervous system. Parasympathetic stimula-
tion results in coronary vasodilatation.” Sympathetic o-ad-
renoceptor—mediated coronary vasoconstriction has been
demonstrated,*®! but adrenergic activation of the heart will
also induce P-adrenoceptor-mediated coronary vasodila-
tation.® Indirectly, adrenergic activation raises myocardial
oxygen demand, resulting in increased myocardial blood
flow wia local vasodilatory mechanisms.* These sympa-
thetic-mediated mechanisms compete with local metabolic
vasodilatation, making control of myocardial perfusion a
complex phenomenon.®

Hirabayashi et al.*® assessed thoracic epidural anesthesia
effects on coronary circulation in healthy dogs. Coronary
perfusion pressure, coronary blood flow, and systemic arte-
rial pressure decreased after thoracic epidural anesthesia
and lumbar epidural anesthesia. Interestingly, thoracic epi-
dural anesthesia only increased calculated coronary vascular
resistance. The authors suggest that the increased coronary
vascular resistance is an autoregulatory response to the
decreased myocardial oxygen demand after thoracic epidural
anesthesia as a consequence of a lower arterial pressure, HR,
and myocardial contractility. Their data are consistent with
an earlier animal study that reported decreases in arterial
pressure and increases of coronary diastolic pressures after
induction of thoracic epidural anesthesia.** Whether these
thoracic epidural anesthesia—induced changes in diastolic
pressure and resistance in coronary arteries are autoregu-
latory responses to decreased myocardial oxygen demand
or direct effects of blockade of sympathetic efferents to the
coronary arteries remains unclear. A recent clinical study
in patients with normal cardiovascular physiology failed to
demonstrate any effect of thoracic epidural anesthesia on
myocardial blood flow in rest. On the other hand, during
sympathetic stimulation by the cold pressor test, there was
a 70% increase in myocardial blood flow in the control

Wink et al.
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group, whereas myocardial blood flow in the thoracic
epidural anesthesia group remained the same.* However,
with a mean difference in increase of rate pressure product
between the thoracic epidural anesthesia and control group
of 2,215 (mm Hg/min), the increase in cardiac work and
myocardial oxygen demand, if any, in the thoracic epidural
anesthesia group was substantially lower. Therefore, the lack
of an augmented myocardial flow response during the cold
pressor test could have been an autoregulatory response as
suggested in animal studies. Although unique for the fact
that it is one of the only studies in men on this subject, the
data should be interpreted with caution because myocardial
contrast echocardiography is not an accurate technique to
quantify myocardial perfusion.®

Summary

Thoracic epidural anesthesia effects on normal coronary
arteries are primarily governed by the reduction in myo-
cardial oxygen demand.

Cardiovascular Effects during Stress

The concept of cardiac sympathetic innervation being pri-
marily essential in the state of exercise and not in rest is
illustrated in heart transplant patients. Reinnervation of
the surgically denervated heart occurs only in some car-
diac transplant patients. Cardiac pump performance at rest,
as measured by global and regional ejection fraction, does
not differ between patients with and without reinnervation.
However, the group with reinnervation has a significantly
better chronotropic and inotropic response to exercise, result-
ing in better exercise performance.”” Several animal studies
suggest that cardiovascular effects of thoracic epidural anes-
thesia are more pronounced during stress. Thoracic epidural
anesthesia had no or minimal effect on HR in baseline
conditions, yet the substantial increase of HR during raised
right ventricular afterload was blunted after thoracic epidural
anesthesia.**"%% In addition, thoracic epidural anesthesia
prevented the increase in contractility of the right ventricle
and left ventricle to acutely raised right ventricular afterload,
resulting in a decrease of CO and stroke volume (fig. 4).**"
In dogs the cardiovascular response to severe hypoxemia was
almost completely abolished by high epidural anesthesia.”
Although the level of neuroaxial block was not determined
in the latter study, HR increase to hypoxia was clearly sup-
pressed, indicating involvement of the cardiac sympathetic
efferents in epidural blockade. Several clinical studies demon-
strated that thoracic epidural anesthesia significantly reduced
increases in blood pressure or HR after laryngoscopy and
intubation,” ™ whereas baseline values were only minimally
changed by thoracic epidural anesthesia. In these studies
thoracic epidural anesthesia involved blockade of the sym-
pathetic innervation to the heart as well as to the adrenal
glands. In a study by Dohi et al.,”* cardiac sympathetic block-
ade by thoracic epidural anesthesia or adrenal sympathetic

Thoracic Epidural Anesthesia and the Heart

blockade by lumbar epidural anesthesia did not attenuate the
circulatory response to laryngoscopy or intubation. These
contrasting results suggest that sympathetic innervation both
to the heart and adrenal glands contributes to the circulatory
response after laryngoscopy and intubation. Kirné et al.”® also
showed more pronounced effects of thoracic epidural anes-
thesia in humans during stress. They reported significant tho-
racic epidural anesthesia—induced reductions in the cardiac
norepinephrine spillover compared with a control after, but
not before, the surgical stress of sternotomy. Thoracic epidural
anesthesia exercise studies in healthy volunteers showed that
increases in HR during exercise were blunted after thoracic
epidural anesthesia, and the decrease in HR appeared to be
more substantial with increasing workloads.”>” Interestingly,
thoracic epidural anesthesia did not completely abolish the
HR response to stress or exercise, suggesting either incom-
plete cardiac sympathetic blockade by thoracic epidural anes-
thesia or involvement of the adrenal glands.

Ottesen” studied the effects of selective blockade of the
sympathetic cardiac segments by thoracic epidural anesthe-
sia in rest and during physical exercise in volunteers using a
pulmonary artery catheter. During maximal exercise, stroke
volume was maintained, and CO decreased only because of
a reduction in HR after thoracic epidural anesthesia. The
preservation of stroke volume does not indicate preserva-
tion of cardiac function, however, because higher end-dia-
stolic volumes in the presence of reduced ejection fraction
would also preserve stroke volume. Unfortunately, intrinsic
ventricular function was not assessed in this study; hence
comparisons between thoracic epidural anesthesia effects
on ventricular function during rest and during stress could
not be made.

In conclusion, both experimental and clinical studies
suggest that cardiovascular effects of thoracic epidural anes-
thesia are more pronounced during stress or exercise than
in resting conditions. Data from thoracic epidural anesthe-
sia studies performed in resting conditions do not provide
information on its role in the perioperative period, which is
typically characterized by surgical and hemodynamic stress.
The reduction in cardiac metabolic demands and blunt-
ing of the stress response have generally been considered
beneficial properties of cardiac sympathectomy with tho-
racic epidural anesthesia. This is undoubtedly the case for
patients with ischemic heart disease but may not apply for
other subgroups where the endogenous sympathetic stress
response is required to restore cardiovascular homeostasis.
Interestingly, systematic reviews failed to show a beneficial
effect on cardiovascular outcome in patients treated with
thoracic epidural anesthesia.

Summary

* Thoracic epidural anesthesia effects are more pro-
nounced during elevated sympathetic tone.

* Elevation of sympathetic tone is an established short-
term survival mechanism to preserve cardiovascular
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homeostasis in the face of hemodynamic disruption.
As such, sympathicolysis by thoracic epidural anesthe-
sia could interfere with this endogenous defense mech-
anism when hemodynamic challenges occur in the
perioperative setting.

Effects of Thoracic Epidural Anesthesia in
Cardiovascular Disease

Ischemic Heart Disease

Coronary blood flow is regulated primarily by change in
myocardial oxygen demand® induced by variations in wall
tension, contractile state, and HR. In addition, large coro-
nary epicardial coronaries and coronary resistance vessels
are densely innervated by the sympathetic nervous system.*
Experimental animal studies have demonstrated that tho-
racic epidural anesthesia improves endocardial blood flow
during acute myocardial infarction,* reduces myocardial
acidosis and ischemia after coronary artery occlusion,””®
99-101 and

improves recovery from myocardial stunning.'” In patients

reduces myocardial ischemic injury and infarct size,

with coronary artery disease, thoracic epidural anesthe-
sia has been demonstrated to increase myocardial oxygen
availability'® and to improve myocardial oxygen balance
by reducing HR, preload, and afterload, without affecting
coronary perfusion pressure.'” Reiz ef al.'™ showed that
in patients with coronary artery disease, thoracic epidural
anesthesia reduces coronary vascular resistance and myo-
cardial oxygen consumption. This cardioprotective role of
thoracic epidural anesthesia is further supported by obser-
vations that thoracic epidural anesthesia compared with
controls decreased loading conditions of the heart and
myocardial oxygen demand after sternotomy.”

Coronary atherosclerosis and endothelial dysfunction are
associated with an exaggerated response to coronary O-ad-
renergic activation that results in a reduced coronary blood
flow response during sympathetic stimulation.''*® Cardiac
sympathetic inhibition by thoracic epidural anesthesia
might therefore improve coronary function in patients with
coronary artery disease. Indeed, thoracic epidural anesthesia
resulted in an increased luminal diameter in stenotic epicar-
dial coronary arteries but not in the nonstenotic epicardial
coronaries.'” Whether this resulted in increased myocardial
blood flow, a phenomenon referred to as reverse coronary
steal, is unknown because myocardial blood flow was not
measured in this study. In a more recent study by Nygird
et al.,"" the effects of thoracic epidural anesthesia on myo-
cardial blood flow were assessed in patients with coronary
artery disease. Whereas in patients without thoracic epidural
anesthesia myocardial blood flow was unchanged during
sympathetic stimulation, patients with thoracic epidural
anesthesia demonstrated increases in myocardial blood flow
at all vascular territories. After sympathetic stimulation by
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the cold pressor test, coronary vascular resistance increased
in the group without thoracic epidural anesthesia and
decreased in stenotic and nonstenotic vessels with thoracic
epidural anesthesia. Thoracic epidural anesthesia—induced
changes in myocardial blood flow were less than 10% at
rest, whereas 17 to 100% increases in myocardial blood
flow were shown during the cold pressor test.'"” These data
suggest that coronary sympathetic innervation is of minor
importance at rest yet plays an important role during sym-
pathetic stimulation.''"!'"?

Thoracic epidural anesthesia has been used in patients
with ischemic heart disease for the treatment of refrac-
tory angina pectoris, reducing the incidence of myocardial
ischemia, decreasing the number and duration of ischemic
episodes, producing symptomatic relief of angina, and
improving quality of life."”'"® In addition to improving
myocardial oxygen balance, these thoracic epidural anes-
thesia—induced results may at least partially be attributable
to the pain relief obtained by blockade of spinal afferents.
The improvement in myocardial oxygen balance after tho-
racic epidural anesthesia may also affect myocardial func-
tion in patients with coronary artery disease. In awake
patients with coronary artery disease, global and regional
wall motion during stress-induced myocardial ischemia has
been shown to improve after induction of thoracic epidural
anesthesia.'"® These results were confirmed in patients with
coronary artery disease during general anesthesia and tho-
racic epidural anesthesia. Despite lower coronary perfusion
pressures after the induction of thoracic epidural anesthe-
sia, segmental wall motion was unchanged in patients with
coronary artery disease, whereas segmental wall motion
decreased in the patient group without coronary artery dis-
ease.'”” Thoracic epidural anesthesia significantly improved
regional left ventricular wall motion and reduced ischemia
and coronary risk in patients with coronary artery disease in
another study."® Schmidt et al.'"” report improved diastolic
and maintained systolic left ventricular function after tho-
racic epidural anesthesia in coronary artery disease patients.
Another study using a derivative of tissue Doppler imag-
ing demonstrated thoracic epidural anesthesia—induced
improvements of diastolic and systolic left ventricular func-
tion in patients with ischemic heart disease.'

Clinical studies have been performed assessing the
effect of thoracic epidural anesthesia on myocardial dam-
age determined by the amount of postoperative troponin
in coronary artery bypass graft patients. The potential myo-
cardial protective effect of thoracic epidural anesthesia is
supported by decreases in postoperative cardiac troponin
[ and T after cardiac surgery,®!'"®!'?! whereas other studies
failed to demonstrate an effect of thoracic epidural anes-
thesia on postoperative troponin as a marker of myocar-
dial damage.'**7' A potential influence of thoracic epidural
anesthesia on the incidence of perioperative myocardial
infarction is favored by some studies'?~'?’ but remains to be
clarified. A recent meta-analysis by Svircevic et al.”’ found
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no significant effect of thoracic epidural anesthesia on the
incidence of perioperative myocardial infarction. Although
2,731 patients from 28 studies were included, the authors
concluded that the meta-analysis was underpowered and
estimated the need for a sample size of 10,000 patients to
obtain statistical significance for the reported reduction in
the incidence of myocardial infarction from 3.8 to 2.8%
after thoracic epidural anesthesia. In fact, the majority of
meta-analyses available today failed to show a significant
clinical impact of thoracic epidural anesthesia on cardiovas-
cular outcome.This is in contrast with the well documented
effects of thoracic epidural anesthesia on the cardiovascular
system as reported in physiology studies. The apparent dis-
crepancy may be related to the fact that clinical studies have
not zoomed in on specific risk groups but included very
heterogeneous populations instead. As a result, any poten-
tial beneficial effect in a particular subgroup, as well as any
potentially detrimental effect of thoracic epidural anesthesia
in a specific risk population, may go unnoticed and even
cancel out a statistical effect on outcome. Ideally, random-
ized controlled trials should focus on specific patient pop-
ulations, guided by the observations from pathophysiology
studies, to better define the benefits and risks of thoracic
epidural anesthesia and optimize its application in clinical
practice.

Summary

Thoracic epidural anesthesia improves coronary function
and myocardial oxygen balance in patients with ischemic
heart disease, which results in increased myocardial perfor-
mance and a reduction of the number and duration of isch-
emic episodes.

Pulmonary Hypertension

Acute pulmonary hypertension is a frequently encoun-
tered phenomenon in cardiothoracic surgery and during
hypoxic pulmonary vasoconstriction in the critically ill. This
is important because pulmonary hypertension may result
in right ventricular failure, and right ventricular function
has been shown to be an important determinant of out-
come.'™"? Jahn et al®¥ demonstrated that in a model of
ovine pulmonary embolism, induction of thoracic epidural
anesthesia contrary to lumbar epidural anesthesia improves
hemodynamic variables mainly as a result of a decrease in
pulmonary vascular resistance. Effects of thoracic epidural
anesthesia on right ventricular contractility were not mea-
sured, and extension of neural blockade was not assessed.
Hemodynamic deterioration caused by pulmonary embo-
lism was reduced by thoracic epidural anesthesia and aggra-
vated by lumbar epidural anesthesia. The authors suggest that
reduction of sympathetic outflow to the heart and lungs is
the underlying mechanism for the beneficial results of tho-
racic epidural anesthesia during pulmonary hypertension.

Thoracic Epidural Anesthesia and the Heart

They also suggest that increased sympathetic tone in the
unblocked thoracic spinal levels associated with lumbar epi-
dural anesthesia is responsible for the hemodynamic aggra-
vation during pulmonary hypertension.This is in contrast to
the results of earlier experimental studies demonstrating that
in respiratory distress syndrome, during pulmonary artery
constriction and in pulmonary artery embolism, right ven-
tricular contractility increases proportionally to an increase
in right ventricular afterload (homeometric autoregulation).
In anesthetized pigs, induction of thoracic epidural anesthesia
has been shown to abolish this inotropic response to acutely
raised right ventricular afterload (fig. 4). Combined with an
increase in pulmonary vascular resistance, induction of tho-
racic epidural anesthesia resulted in a significant decrease in
CO.*3" Moreover, lumbar epidural anesthesia had no effect
on the hemodynamic response to pulmonary hypertension
(fig. 4). Results indicate that the sympathetic nervous sys-
tem might have an important role in the described inotropic
response of the right ventricle to pulmonary hypertension.
In humans, however, thoracic epidural anesthesia did not
affect the native positive inotropic response of the right ven-
tricle to increased afterload (fig. 5).”' Cardiac output was
maintained. Of importance is that all patients were paced
at a constant rate to accurately assess cardiac contractility.
This way HR reduction by thoracic epidural anesthesia
was prevented, and cardiovascular effects might have been
more profound without pacing. Overall, cardiac sympathetic
blockade by thoracic epidural anesthesia reduces right ven-
tricular contractile performance. The clinical importance of
this finding is unknown. The role of the right ventricle has
been neglected for a long time, and it has never been investi-
gated whether temporary changes in right ventricular func-
tion, whether drug-induced or epidural-induced, change
outcome. In cardiovascular healthy patients during normal
circumstances, this is not a safety concern. However, during
conditions of acutely raised right ventricular afterload, tho-
racic epidural anesthesia might interfere with the capacity of
the right ventricle to adapt to increases in afterload, resulting
in decreases in CO and cardiovascular collapse.

Summary

High-thoracic epidural anesthesia limits cardiac reserve and
the capacity of the right ventricle to adapt to increases in
right ventricular afterload, which can decrease CO.

Conclusions

There has been renewed interest in the cardiovascular
effects of thoracic epidural anesthesia since the latest review
on this subject was published 10 yr ago.” The beneficial
hemodynamic effects and cardioprotective properties of
thoracic epidural anesthesia, demonstrated in a number
of experimental studies, did not translate in better cardiac
outcome for patients undergoing surgery who were treated
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with thoracic epidural anesthesia. More recent exploratory
studies even suggested that thoracic epidural anesthesia
was associated with increased cardiovascular problems in
high-risk patients. Mechanisms underlying such a potential
harmful effect and characteristics of high-risk populations,
however, remain speculative.

Recent experimental and clinical studies have added
information on the complex interaction between thoracic
epidural anesthesia—induced sympatholysis and cardiovas-
cular homeostasis. Using more advanced methodology, they
clearly demonstrate that cardiac sympathetic blockade by
high-thoracic epidural anesthesia reduces left ventricular
and right ventricular contractility. This direct effect of tho-
racic epidural anesthesia is well tolerated in healthy sub-
jects because concomitant arteriolar vasodilation and the
subsequent decrease in left ventricular afterload facilitate
cardiac ejection. Hence overall pump performance and
CO are preserved, provided that alterations in preload are
accounted for. Such a compensatory decrease in afterload,
however, does not occur in the pulmonary circulation, and
a direct reduction of right ventricular inotropic state can
have more impact on pump performance.

The cardiovascular effects of thoracic epidural anesthesia
as studied in baseline conditions at low sympathetic tone do
not fully reveal the impact of sympatholysis on cardiovascu-
lar homeostatic mechanisms when activated by surgical stress
or by hemodynamic disruptions such as hypovolemia and
bleeding. Thoracic epidural anesthesia attenuates baroreflex
function and may unmask primary cardiac reflexes to altered
volume status. It is not known to what extent the attenuation
of endogenous cardiovascular reflexes affects outcome in the
overall population treated with thoracic epidural anesthesia.

Finally, the effects of cardiac sympathectomy with
high-thoracic epidural anesthesia vary with the pathophys-
iologic substrate. In patients with coronary artery disease,
the use of thoracic epidural anesthesia improves myocar-
dial oxygen balance and produces relief of angina. Thoracic
epidural anesthesia was consistently shown to enhance left
ventricular diastolic and systolic function in this population.

In conclusion, the conviction that thoracic epidural
anesthesia has beneficial hemodynamic effects may not
apply to all patients. Although protective in particular
pathophysiologic conditions such as ischemic heart disease,
cardiac sympatholysis may also attenuate the capacity of the
heart to respond to hemodynamic challenges in particu-
lar subgroups. This should be considered whenever patients
treated with thoracic epidural anesthesia develop hemody-
namic instability in the perioperative setting.

Acknowledgments

The authors thank librarian José Plevier, drs. (doctorandus),
Walaeus Library, Leiden University Medical Center, Leiden,
The Netherlands, for excellent help with the literature
search for our study.

Anesthesiology 2019; 130:472-91
Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Research Support

Support for this study was provided solely from institutional
and/or departmental sources.

Competing Interests

The authors declare no competing interests.

Correspondence

Address correspondence to Dr. Wink: Leiden University
Medical Center, PO. Box 9600, 2300 RC, Leiden, The
Netherlands. j.wink@lumec.nl. Information on purchas-
ing reprints may be found at www.anesthesiology.org
or on the masthead page at the beginning of this issue.
ANESTHESIOLOGY's articles are made freely accessible to all
readers, for personal use only, 6 months from the cover date
of the issue.

References

1. Ballantyne JC, Carr DB, deFerranti S, Suarez T, Lau
J, Chalmers TC, Angelillo IF, Mosteller F: The com-
parative effects of postoperative analgesic therapies
on pulmonary outcome: Cumulative meta-analyses
of randomized, controlled trials. Anesth Analg 1998;
86:598-612

2. Block BM, Liu SS, Rowlingson AJ, Cowan AR, Cowan
JA Jr,Wu CL: Efficacy of postoperative epidural analge-
sia: A meta-analysis. JAMA 2003; 290:2455-63

3. Arndt JO, Hock A, Stanton-Hicks M, Stithmeier KD:
Peridural anesthesia and the distribution of blood in
supine humans. ANESTHESIOLOGY 1985; 63:616-23

4. Baron JE Payen D, Coriat P, Edouard A, Viars P:
Forearm vascular tone and reactivity during lumbar
epidural anesthesia. Anesth Analg 1988; 67:1065-70

5. Freise H,Van Aken HK: Risks and benefits of thoracic
epidural anaesthesia. Br J Anaesth 2011; 107:859-68

6. Wijeysundera DN, Beattie WS, Austin PC, Hux JE,
Laupacis A: Epidural anaesthesia and survival after
intermediate-to-high risk non-cardiac surgery: A pop-
ulation-based cohort study. Lancet 2008; 372:562-9

7. Powell ES, Cook D, Pearce AC, Davies P, Bowler GM,
Naidu B, Gao F; UKPOS Investigators: A prospective,
multicentre, observational cohort study of analge-
sia and outcome after pneumonectomy. Br J Anaesth
2011;106:364-70

8. Leslie K, Myles P, Devereaux P, Williamson E, Rao-
Melancini P, Forbes A, Xu S, Foex P, Pogue J, Arrieta
M, Bryson G, Paul J, Paech M, Merchant R, Choi P,
Badner N, Peyton P, Sear J, Yang H: Neuraxial block,
death and serious cardiovascular morbidity in the
POISE trial. Br J Anaesth 2013; 111:382-90

Wink et al.

20z Iidy 01 uo 3s8nb Aq Jpd'9z000-0 00£0610Z/69598E/ZLY/E/0E L/4Ppd-8lo1E/ABO|OISBYISBUEB/WOD IBYDIBA|IS ZESE//:dJY WOI) papEo|umoq



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Wink et al.

Clemente A, Carli F: The physiological eftects of tho-
racic epidural anesthesia and analgesia on the cardiovas-
cular, respiratory and gastrointestinal systems. Minerva
Anestesiol 2008; 74:549—-63

Haddad E Doyle R, Murphy DJ, Hunt SA: Right
ventricular function in cardiovascular disease: Part II.
Pathophysiology, clinical importance, and manage-
ment of right ventricular failure. Circulation 2008;
117:1717-31

Reed CE, Dorman BH, Spinale FG: Mechanisms of
right ventricular dysfunction after pulmonary resec-
tion. Ann Thorac Surg 1996; 62:225-32

Okada M, Ota T, Okada M, Matsuda H, Okada K,
Ishii N: Right ventricular dysfunction after major
pulmonary resection. ] Thorac Cardiovasc Surg 1994;
108:503-11

Palma JA, Benarroch EE: Neural control of the heart:
Recent concepts and clinical correlations. Neurology
2014;83:261-71

Bonica JJ: Autonomic innervation of the viscera
in relation to nerve block. ANESTHESIOLOGY 1968;
29:793-813

Winter J, Tanko AS, Brack KE, Coote JH, Ng GA:
Differential cardiac responses to unilateral sympathetic
nerve stimulation in the isolated innervated rabbit
heart. Auton Neurosci 2012; 166:4—14

Zhou W, Yamakawa K, Benharash P, Ajijola O, Ennis D,
Hadaya J, Vaseghi M, Shivkumar K, Mahajan A: Effect
of stellate ganglia stimulation on global and regional
left ventricular function as assessed by speckle track-
ing echocardiography. Am J Physiol Heart Circ Physiol
2013;304:H840-7

Randall WC, Szentivanyi M, Pace JB, Wechsler JS, Kaye
MP: Patterns of sympathetic nerve projections onto
the canine heart. Circ Res 1968;22:315-23

Yanowitz F, Preston JB, Abildskov JA: Functional distri-
bution of right and left stellate innervation to the ven-
tricles: Production of neurogenic electrocardiographic
changes by unilateral alteration of sympathetic tone.
Circ Res 1966; 18:416-28

Zarse M, Plisiene J, Mischke K, Schimpf T, Knackstedt
C, Gramley E Miihlenbruch G, Waldmann M, Schmid
M, Hatam N, Graf ], Schuster D, Hanrath P, Pauza D,
Schauerte P: Selective increase of cardiac neuronal sympa-
thetic tone: A catheter-based access to modulate left ven-
tricular contractility. ] Am Coll Cardiol 2005; 46:1354-9
Vaseghi M, Zhou W, Shi J, Ajijjola OA, Hadaya ]J,
Shivkumar K, Mahajan A: Sympathetic innervation of
the anterior left ventricular wall by the right and left
stellate ganglia. Heart Rhythm 2012;9:1303-9
Schlack W, Thiamer V: Unilateral changes of sympa-
thetic tone to the heart impair left ventricular function.
Acta Anaesthesiol Scand 1996; 40:262—71

Ajjjola OA, Howard-Quijano K, Scovotti J, Vaseghi
M, Lee C, Mahajan A, Shivkumar K: Augmentation of

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Thoracic Epidural Anesthesia and the Heart

cardiac sympathetic tone by percutaneous low-level
stellate ganglion stimulation in humans: A feasibility
study. Physiol Rep 2015;3:1-10

Burwash IG, Morgan DE, Koilpillai CJ, Blackmore GL,
Johnstone DE, Armour JA: Sympathetic stimulation
alters left ventricular relaxation and chamber size. Am J
Physiol 1993;264:R1-7

Henning R]J, Khalil I: Autonomic nervous stimula-
tion affects left ventricular relaxation more than left
ventricular contraction. J Auton Nerv Syst 1989;
28:15-25

Henning RJ, Levy MN: Effects of autonomic nerve
stimulation, asynchrony, and load on dP/dtmax and on
dP/dtmin. Am ] Physiol 1991; 260:H1290-8

Heesch CM: Reflexes that control cardiovascular func-
tion. Am J Physiol 1999; 277:5234—43

Furnival CM, Linden RJ, Snow HM: Reflex effects on
the heart of stimulating left atrial receptors. J Physiol
1971; 218:447-63

Wouters P: Cardiovascular control mechanisms, Core
Topics in Cardiac Anesthesia, 2nd edition. Edited by
Mackay JH, Arrowsmith JE. Cambridge, Cambridge
University Press, 2012, pp 28-31

Armour JA, Huang MH, Pelleg A, Sylvén C:
Responsiveness of in situ canine nodose ganglion affer-
ent neurones to epicardial mechanical or chemical
stimuli. Cardiovasc Res 1994; 28:1218-25

Jacobsen ], Sefelt S, Brocks V, Fernandes A, Warberg
J, Secher NH: Reduced left ventricular diameters at
onset of bradycardia during epidural anaesthesia. Acta
Anaesthesiol Scand 1992; 36:831-6

Sander-Jensen K, Marving J, Secher NH, Hansen IL,
Giese J, Warberg J, Bie P: Does the decrease in heart
rate prevent a detrimental decrease of the end-systolic
volume during central hypovolemia in man? Angiology
1990; 41:687-95

Hainsworth R: Cardiovascular control from cardiac
and pulmonary vascular receptors. Exp Physiol 2014;
99:312-9

McMahon NC, Drinkhill MJ, Hainsworth R:Vascular
responses to stimulation of carotid, aortic and coronary
artery baroreceptors with pulsatile and non-pulsatile
pressures in anaesthetized dogs. Exp Physiol 1996;
81:969-81

Bonnet E Szekely B, Abhay K, Touboul C, Boico O,
Saada M: Baroreceptor control after cervical epidural
anesthesia in patients undergoing carotid artery sur-
gery. ] Cardiothorac Anesth 1989; 3:418-24
Takeshima R, Dohi S: Circulatory responses to baro-
reflexes, Valsalva maneuver, coughing, swallowing,
and nasal stimulation during acute cardiac sympa-
thectomy by epidural blockade in awake humans.
ANESTHESIOLOGY 1985; 63:500—8

Dohi S, Tsuchida H, Mayumi T: Baroreflex control of
heart rate during cardiac sympathectomy by epidural

Anesthesiology 2019; 130:472-91
Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

487

20z Iidy 01 uo 3s8nb Aq Jpd'9z000-0 00£0610Z/69598E/ZLY/E/0E L/4Ppd-8lo1E/ABO|OISBYISBUEB/WOD IBYDIBA|IS ZESE//:dJY WOI) papEo|umoq



REVIEW ARTICLE

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

488

anesthesia in lightly anesthetized humans. Anesth Analg
1983; 62:815-20

Goertz A, Heinrich H, Seeling W: Baroreflex control
of heart rate during high thoracic epidural anaesthesia:
A randomised clinical trial on anaesthetised humans.
Anaesthesia 1992; 47:984-7

Licker M, Spiliopoulos A, Tschopp JM: Influence of
thoracic epidural analgesia on cardiovascular auto-
nomic control after thoracic surgery. Br J Anaesth
2003;91:525-31

Tanaka M, Goyagi T, Kimura T, Nishikawa T: The
effects of cervical and lumbar epidural anesthesia on
heart rate variability and spontaneous sequence baro-
reflex sensitivity. Anesth Analg 2004; 99:924—9

Lipman RD, Salisbury JK, Taylor JA: Spontaneous
indices are inconsistent with arterial baroreflex gain.
Hypertension 2003; 42:481-7

Barbieri R, Triedman JK, Saul JP: Heart rate control
and mechanical cardiopulmonary coupling to assess
central volume: A systems analysis. Am ] Physiol Regul
Integr Comp Physiol 2002; 283:R1210-20

Sancetta SM, Lynn RB, Simeone FA, Scott RW,
Heckman G, Janouskovec H: Studies of hemodynamic
changes in humans following induction of low and
high spinal anesthesia. Circulation 1952; 6:559-71
Crystal GJ, Salem MR: The Bainbridge and the
“reverse” Bainbridge reflexes: History, physiology, and
clinical relevance. Anesth Analg 2012; 114:520-32
Baron JE Decaux-Jacolot A, Edouard A, Berdeaux A,
Samii K: Influence of venous return on baroreflex con-
trol of heart rate during lumbar epidural anesthesia in
humans. ANESTHESIOLOGY 1986; 64:188-93

Robinson BE Epstein SE, Beiser GD, Braunwald E:
Control of heart rate by the autonomic nervous sys-
tem: Studies in man on the interrelation between
baroreceptor mechanisms and exercise. Circ Res 1966;
19:400-11

Veering BT, Cousins MJ: Epidural neural block-
ade, Neural Blokade in Clinical Anesthesia and
Pain Medicine, 4th edition. Edited by Cousins M],
Bridenbaugh PO, Carr DB, Horlocker TT, Philadelphia,
Wolters Kluwer/Lippincott Williams & Wilkins, 2009,
pp 241-95

Goertz AW, Seeling W, Heinrich H, Lindner KH,
Schirmer U: Influence of high thoracic epidural anes-
thesia on left ventricular contractility assessed using
the end-systolic pressure—length relationship. Acta
Anaesthesiol Scand 1993; 37:38—44

Magnusdottir H, Kirné K, Ricksten SE, Elam M:
High thoracic epidural anesthesia does not inhibit
sympathetic nerve activity in the lower extremities.
ANESTHESIOLOGY 1999; 91:1299-304

Rex S, Missant C, Segers P, Wouters PF: Thoracic epi-
dural anesthesia impairs the hemodynamic response to
acute pulmonary hypertension by deteriorating right

Anesthesiology 2019; 130:472-91

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

ventricular-pulmonary arterial coupling. Crit Care
Med 2007; 35:222-9

Missant C, Claus P, Rex S, Wouters PF: Differential
effects of lumbar and thoracic epidural anaesthesia on
the haemodynamic response to acute right ventricular
pressure overload. Br J Anaesth 2010; 104:143-9
Wink J, Wolterbeek R, Aarts LP, Koster SC, Versteegh
MI, Veering BT: Upper thoracic epidural anaesthesia:
Effects of age on neural blockade and cardiovascular
parameters. Acta Anaesthesiol Scand 2013;57:767-75
Wattwil M, Sundberg A, Arvill A, Lennquist C:
Circulatory changes during high thoracic epidural
anaesthesia—influence of sympathetic block and of sys-
temic effect of the local anaesthetic. Acta Anaesthesiol
Scand 1985;29:849-55

Tanaka K, Harada T, Dan K: Low-dose thoracic epi-
dural anesthesia induces discrete thoracic anesthesia
without reduction in cardiac output. Reg Anesth 1991,
16:318-21

Owczuk R, Steffek M, Wujtewicz MA, Szymanowicz
W, Twardowski P, Marjanski T, Wojciechowski ],
Zienciuk A, Rzyman W, Wujtewicz M: Effects of tho-
racic epidural anaesthesia on cardiac repolarization.
Clin Exp Pharmacol Physiol 2009; 36:880-3

Loick HM, Schmidt C,Van Aken H, Junker R, Erren
M, Berendes E, Rolf N, Meissner A, Schmid C, Scheld
HH, Mollhoff T: High thoracic epidural anesthesia,
but not clonidine, attenuates the perioperative stress
response via sympatholysis and reduces the release of
troponin T in patients undergoing coronary artery
bypass grafting. Anesth Analg 1999; 88:701-9
Funayama T, Aida S, Matsukawa T, Okada K, Kumazawa T:
Systemic, but not pulmonary, hemodynamics are depressed
during combined high thoraco-cervical epidural and gen-
eral anesthesia in dogs. Can J Anaesth 2003; 50:454-9
Rooke GA: Cardiovascular aging and anesthetic impli-
cations. ] Cardiothorac Vasc Anesth 2003; 17:512-23
Holman SJ, Bosco RR, Kao T'C, Mazzilli MA, Dietrich
KJ, Rolain RA, Stevens RA:What constitutes an effec-
tive but safe initial dose of lidocaine to test a thoracic
epidural catheter? Anesth Analg 2001; 93:749-54
Wink J, Veering BT, Aarts LP, Wouters PF: Effect of
increasing age on the haemodynamic response to tho-
racic epidural anaesthesia: An observational study. Eur J
Anaesthesiol 2014; 31:597-605

Fleg JL, Schulman S, O’Connor E Becker LC,
Gerstenblith G, Clulow JE Renlund DG, Lakatta EG:
Effects of acute P-adrenergic receptor blockade on
age-associated changes in cardiovascular performance
during dynamic exercise. Circulation 1994;90:2333—41
Robotham JL, Takata M, Berman M, Harasawa Y:
Ejection fraction revisited. ANESTHESIOLOGY 1991;
74:172-83

Suga H, Sagawa K, Shoukas AA: Load independence of
the instantaneous pressure—volume ratio of the canine

Wink et al.

20z Iidy 01 uo 3s8nb Aq Jpd'9z000-0 00£0610Z/69598E/ZLY/E/0E L/4Ppd-8lo1E/ABO|OISBYISBUEB/WOD IBYDIBA|IS ZESE//:dJY WOI) papEo|umoq

Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Wink et al.

left ventricle and effects of epinephrine and heart rate
on the ratio. Circ Res 1973; 32:314-22

A’roch R, Gustafsson U, Johansson G, Poelaert J,
Haney M: Left ventricular strain and peak systolic
velocity: Responses to controlled changes in load and
contractility, explored in a porcine model. Cardiovasc
Ultrasound 2012; 10:22

Connelly KA, Royse C, Royse AG: Tissue Doppler
Em and instantaneous end-diastolic stiffness: Validation
against pressure—volume loops in patients undergoing
coronary artery bypass surgery. Heart Lung Circ 2011;
20:223-30

Hotvedt R, Refsum H, Platou ES: Cardiac electro-
physiological and hemodynamic effects of B-adreno-
ceptor blockade and thoracic epidural analgesia in the
dog. Anesth Analg 1984; 63:817-24

HirabayashiY, Shimizu R, Fukuda H, Saitoh K, Igarashi
T: Effects of thoracic vs. lumbar epidural anaesthesia
on systemic haemodynamics and coronary circulation
in sevoflurane anaesthetized dogs. Acta Anaesthesiol
Scand 1996; 40:1127-31

Niimi Y, Ichinose F Saegusa H, Nakata Y, Morita S:
Echocardiographic evaluation of global left ventricu-
lar function during high thoracic epidural anesthesia. J
Clin Anesth 1997;9:118-24

Shiga T: Thoracic epidural blockade preserves left ven-
tricular early diastolic filling assessed by transesopha-
geal echocardiography. J Anesth 1998; 12:7-12

de Vroomen M, Cardozo RH, Steendijk P, van Bel F
Baan J: Improved contractile performance of right ven-
tricle in response to increased RV afterload in new-
born lamb. Am J Physiol Heart Circ Physiol 2000;
278:H100-5

Wauthy P, Pagnamenta A, Vassali E Naejje R,
Brimioulle S: Right ventricular adaptation to pulmo-
nary hypertension: An interspecies comparison. Am
Physiol Heart Circ Physiol 2004; 286:H1441-7
Wink J,de Wilde RB,Wouters PE van Dorp EL,Veering
BT, Versteegh MI, Aarts LP, Steendijk P: Thoracic epi-
dural anesthesia reduces right ventricular systolic func-
tion with maintained ventricular-pulmonary coupling.
Circulation 2016; 134:1163-75

Talbot NP, Balanos GM, Dorrington KL, Robbins
PA: Two temporal components within the human
pulmonary vascular response to approximately 2h
of isocapnic hypoxia. ] Appl Physiol (1985) 2005;
98:1125-39

Flu'WJ, van Kuijk JP, Hoeks SE, Kuiper R, Schouten O,
Goei D, Elhendy A,Verhagen HJ, Thomson IR, Bax J],
Fleisher LA, Poldermans D: Prognostic implications of
asymptomatic left ventricular dysfunction in patients
undergoing vascular surgery. ANESTHESIOLOGY 2010;
112:1316-24

Korner PI: Integrative neural cardiovascular control.
Physiol Rev 1971;51:312-67

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Thoracic Epidural Anesthesia and the Heart

Mor-AviV, Lang RM, Badano LP, Belohlavek M, Cardim
NM, Derumeaux G, Galderisi M, Marwick T, Nagueh
SE Sengupta PP, Sicari R, Smiseth OA, Smulevitz B,
Takeuchi M, Thomas JD,Vannan M,Voigt JU, Zamorano
JL: Current and evolving echocardiographic techniques
for the quantitative evaluation of cardiac mechan-
ics: ASE/EAE consensus statement on methodology
and indications endorsed by the Japanese Society of
Echocardiography. Eur ] Echocardiogr 2011; 12:167-205
Nagueh SE Smiseth OA, Appleton CP, Byrd BF 3rd,
Dokainish H, Edvardsen T, Flachskampf FA, Gillebert TC,
Klein AL, Lancellotti P, Marino P, Oh JK, Popescu BA,
Waggoner AD: Recommendations for the evaluation of
left ventricular diastolic function by echocardiography: An
update from the American Society of Echocardiography
and the European Association of Cardiovascular Imaging.
J Am Soc Echocardiogr 2016;29:277-314

Firstenberg MS, Greenberg NL, Main ML, Drinko JK,
Odabashian JA, Thomas JD, Garcia MJ: Determinants
of diastolic myocardial tissue Doppler velocities:
Influences of relaxation and preload. J Appl Physiol
(1985) 2001; 90:299-307

Zile MR, Baicu CE Gaasch WH: Diastolic heart failure:
Abnormalities in active relaxation and passive stiffness
of the left ventricle. N Engl ] Med 2004; 350:1953-9
Feigl EO: Parasympathetic control of coronary blood
flow in dogs. Circ Res 1969; 25:509-19

Feigl EO: Neural control of coronary blood flow. J Vasc
Res 1998; 35:85-92

Raizner AE, Chahine RA, Ishimori T, Verani MS,
Zacca N, Jamal N, Miller RR, Luchi RJ: Provocation
of coronary artery spasm by the cold pressor test:
Hemodynamic, arteriographic and quantitative angio-
graphic observations. Circulation 1980; 62:925-32
Miyashiro JK, Feigl EO: Feedforward control of coro-
nary blood flow via coronary f-receptor stimulation.
Circ Res 1993; 73:252—-63

Klocke FJ: Coronary blood flow in man. Prog
Cardiovasc Dis 1976; 19:117—-66

Klassen GA, Bramwell R S, Bromage PR, Zborowska-Sluis
DT: Effect of acute sympathectomy by epidural anesthe-
sia on the canine coronary circulation. ANESTHESIOLOGY
1980;52:8-15

Bulte CS, Boer C, Hartemink KJ, Kamp O, Heymans
MW, Loer SA, de Marchi SEVogel R, Bouwman RA:
Myocardial microvascular responsiveness during acute
cardiac sympathectomy induced by thoracic epidural
anesthesia. ] CardiothoracVasc Anesth 2017;31:134—-41
Thomas JD: Myocardial contrast echocardiography
perfusion imaging: Still waiting after all these years. J
Am Coll Cardiol 2013; 62:1362—4

Bengel FM, Ueberfuhr P, Schiepel N, Nekolla SG,
Reichart B, Schwaiger M: Effect of sympathetic rein-
nervation on cardiac performance after heart trans-
plantation. N Engl ] Med 2001; 345:731-8

Anesthesiology 2019; 130:472-91
Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

489

20z Iidy 01 uo 3s8nb Aq Jpd'9z000-0 00£0610Z/69598E/ZLY/E/0E L/4Ppd-8lo1E/ABO|OISBYISBUEB/WOD IBYDIBA|IS ZESE//:dJY WOI) papEo|umoq



REVIEW ARTICLE

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

490

Jahn UR, Waurick R, Van Aken H, Hinder E Booke
M, Bone HG, Schmidt C, Meyer J: Thoracic, but not
lumbar, epidural anesthesia improves cardiopulmonary
function in ovine pulmonary embolism. Anesth Analg
2001; 93:1460-5, table of contents

Jahn UR, Waurick R, Van Aken H, Hinder E Meyer
J, Bone HG: Therapeutic administration of thoracic
epidural anesthesia reduces cardiopulmonary deterio-
ration in ovine pulmonary embolism. Crit Care Med
2007; 35:2582—6

Peters J, Kutkuhn B, Medert HA, Schlaghecke R,
Schiittler ], Arndt JO: Sympathetic blockade by
epidural anesthesia attenuates the cardiovascular
response to severe hypoxemia. ANESTHESIOLOGY 1990;
72:134—44

Kumar A, Anand R, Wadhawan S, Rahal A: Effects of
thoracic epidural anaesthesia on the haemodynamic
response during induction and endotracheal intuba-
tion and on induction dose of propofol. ] Anaesth Clin
Pharmacol 2010; 26:213—-8

Licker M, Farinelli C, Klopfenstein CE: Cardiovascular
reflexes during anesthesia induction and tracheal intu-
bation in elderly patients: The influence of thoracic
epidural anesthesia. ] Clin Anesth 1995; 7:281-7
NakataniT, SaitoY, Sakura S, Kanata K: Haemodynamic
effects of thoracic epidural anaesthesia during induc-
tion of anaesthesia: An investigation into the effects of
tracheal intubation during target-controlled infusion
of propofol. Anaesthesia 2005; 60:530—4

Dohi S, Nishikawa T, Ujike Y, Mayumi T: Circulatory
responses to airway stimulation and cervical epidural
blockade. ANESTHESIOLOGY 1982;57:359—-63

Kirno K, Friberg P, Grzegorczyk A, Milocco I, Ricksten
SE, Lundin S: Thoracic epidural anesthesia during
coronary artery bypass surgery: Effects on cardiac
sympathetic activity, myocardial blood flow and metab-
olism, and central hemodynamics. Anesth Analg 1994;
79:1075-81

Ottesen S: The influence of thoracic epidural analgesia
on the circulation at rest and during physical exercise
in man. Acta Anaesthesiol Scand 1978; 22:537—47
Tsuchida H, Omote T, Miyamoto M, Namiki A,
Ichihara K, Abiko Y: Effects of thoracic epidural anes-
thesia on myocardial pH and metabolism during isch-
emia. Acta Anaesthesiol Scand 1991; 35:508—-12

Fujita S, Tsuchida H, Kanaya N, Kokita N, Kawamata
M, Namiki A, Ichihara K: Effects of thoracic epidural
anesthesia on changes in ischemic myocardial metabo-
lism induced by intracoronary injection of endothelin
in dogs. ] Cardiothorac Vasc Anesth 1996; 10:903-8
Vik-Mo H, Ottesen S, Renck H: Cardiac effects of
thoracic epidural analgesia before and during acute
coronary artery occlusion in open-chest dogs. Scand J
Clin Lab Invest 1978; 38:737—46

Anesthesiology 2019; 130:472-91

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Groban L, Zvara DA, Deal DD,Vernon JC, Carpenter
RL: Thoracic epidural anesthesia reduces infarct
size in a canine model of myocardial ischemia and
reperfusion injury. ] Cardiothorac Vasc Anesth 1999;
13:579-85

Davis RE DeBoer LW, Maroko PR:Thoracic epidural
anesthesia reduces myocardial infarct size after cor-
onary artery occlusion in dogs. Anesth Analg 1986;
65:711-7

Rolf N, Van de Velde M, Wouters PE Mollhoff T,
Weber TP,Van Aken HK:Thoracic epidural anesthesia
improves functional recovery from myocardial stun-
ning in conscious dogs. Anesth Analg 1996;83:935—-40
Lagunilla J, Garcia-Bengochea ]JB, Fernindez AL,
Alvarez J,Rubio J,Rodriguez J,Veiras S: High thoracic
epidural blockade increases myocardial oxygen avail-
ability in coronary surgery patients. Acta Anaesthesiol
Scand 2006; 50:780—6

Blomberg S, Emanuelsson H, Ricksten SE: Thoracic
epidural anesthesia and central hemodynamics in
patients with unstable angina pectoris. Anesth Analg
1989; 69:558—62

Reiz S, Nath S, Rais O: Effects of thoracic epidural
block and prenalterol on coronary vascular resistance
and myocardial metabolism in patients with coronary
artery disease. Acta Anaesthesiol Scand 1980; 24:11-6
Nabel EG, Ganz P, Gordon ]B, Alexander RW,
Selwyn AP: Dilation of normal and constriction of
atherosclerotic coronary arteries caused by the cold
pressor test. Circulation 1988; 77:43-52

Zeiher AM, Drexler H, Wollschlaeger H, Saurbier B,
Just H: Coronary vasomotion in response to sym-
pathetic stimulation in humans: Importance of the
functional integrity of the endothelium. ] Am Coll
Cardiol 1989; 14:1181-90

Heusch G, Baumgart D, Camici P, Chilian W,
Gregorini L, Hess O, Indolfi C, Rimoldi O: a-Ad-
renergic coronary vasoconstriction and myocardial
ischemia in humans. Circulation 2000; 101:689-94
Blomberg S, Emanuelsson H, Kvist H, Lamm C,
Pontén J, Waagstein F Ricksten SE: Effects of tho-
racic epidural anesthesia on coronary arteries and
arterioles in patients with coronary artery disease.
ANESTHESIOLOGY 1990; 73:840-7

Nygird E, Kofoed KE Freiberg J, Holm S, Aldershvile J,
Eliasen K, Kelbaek H: Effects of high thoracic epidural
analgesia on myocardial blood flow in patients with
ischemic heart disease. Circulation 2005; 111:2165-70
Di Carli ME Tobes MC, Mangner T, Levine AB,
Muzik O, Chakroborty P, Levine TB: Effects of car-
diac sympathetic innervation on coronary blood flow.
N Engl ] Med 1997, 336:1208-15

Lorenzoni R, Rosen SD, Camici PG: Effect of
al-adrenoceptor blockade on resting and hyperemic

Wink et al.

20z Iidy 01 uo 3s8nb Aq Jpd'9z000-0 00£0610Z/69598E/ZLY/E/0E L/4Ppd-8lo1E/ABO|OISBYISBUEB/WOD IBYDIBA|IS ZESE//:dJY WOI) papEo|umoq

Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



113.

114.

115.

116.

117.

118.

119.

120.

121.

Wink et al.

myocardial blood flow in normal humans. Am ]J
Physiol 1996;271:H1302-6

Olausson K, Magnusdottir H, Lurje L, Wennerblom
B, Emanuelsson H, Ricksten SE: Anti-ischemic and
anti-anginal effects of thoracic epidural anesthesia
versus those of conventional medical therapy in the
treatment of severe refractory unstable angina pecto-
ris. Circulation 1997; 96:2178-82

Richter A, Cederholm I, Fredrikson M, Mucchiano
C, Trift' S, Janerot-Sjoberg B: Effect of long-term tho-
racic epidural analgesia on refractory angina pecto-
ris: A 10-year experience. ] Cardiothorac Vasc Anesth
2012;26:822-8

Gramling-Babb P, Miller MJ, Reeves ST, Roy RC, Zile
MR: Treatment of medically and surgically refractory
angina pectoris with high thoracic epidural analgesia:
Initial clinical experience.Am Heart ] 1997;133:648-55
Kock M, Blomberg S, Emanuelsson H, Lomsky M,
Stromblad SO, Ricksten SE: Thoracic epidural anes-
thesia improves global and regional left ventricular
function during stress-induced myocardial ischemia
in patients with coronary artery disease. Anesth Analg
1990; 71:625-30

Saada M, Catoire P, Bonnet E Delaunay L,
Gormezano G, Macquin-Mavier I, Brun P: Effect
of thoracic epidural anesthesia combined with gen-
eral anesthesia on segmental wall motion assessed
by transesophageal echocardiography. Anesth Analg
1992;75:329-35

Berendes E, Schmidt C, Van Aken H, Hartlage MG,
Wirtz S, Reinecke H, Rothenburger M, Scheld HH,
Schliiter B, Brodner G, Walter M: Reversible cardiac
sympathectomy by high thoracic epidural anesthesia
improves regional left ventricular function in patients
undergoing coronary artery bypass grafting: A ran-
domized trial. Arch Surg 2003; 138:1283-91

Schmidt C, Hinder E Van Aken H, Theilmeier G,
Bruch C, Wirtz SP, Biirkle H, Giihs T, Rothenburger
M, Berendes E: The effect of high thoracic epidural
anesthesia on systolic and diastolic left ventricular
function in patients with coronary artery disease.
Anesth Analg 2005; 100:1561-9

Jakobsen CJ, Nygaard E, Norrild K, Kirkegaard H,
Nielsen J, Torp P, Sloth E: High thoracic epidural
analgesia improves left ventricular function in patients
with ischemic heart. Acta Anaesthesiol Scand 2009;
53:559-64

Wafaa G,Ahmed AAA-A, Soad Sayed El-Gaby, Hanna
Fouad Mohamed: Effect of high thoracic epidural

122.

123.

124.

125.

126.

127.

128.

129.

130.

Thoracic Epidural Anesthesia and the Heart

analgesia on left ventricular function in patients with
coronary artery disease undergoing elective non-car-
diac surgery. Res J Cardiol 2011; 4:28-37

Barrington M]J, Kluger R, Watson R, Scott DA, Harris
KJ: Epidural anesthesia for coronary artery bypass sur-
gery compared with general anesthesia alone does not
reduce biochemical markers of myocardial damage.
Anesth Analg 2005; 100:921-8

Kendall JB, Russell GN, Scawn ND, Akrofi M, Cowan
CM, Fox MA:A prospective, randomised, single-blind
pilot study to determine the effect of anaesthetic
technique on troponin T release after off-pump coro-
nary artery surgery. Anaesthesia 2004; 59:545-9
Jakobsen CJ, Bhavsar R, Nielsen DV, Ryhammer PK,
Sloth E, Greisen J: High thoracic epidural analgesia
in cardiac surgery: Part 1. High thoracic epidural
analgesia improves cardiac performance in cardiac
surgery patients. ] Cardiothorac Vasc Anesth 2012;
26:1039-47

Caputo M, Alwair H, Rogers CA, Ginty M, Monk
C, Tomkins S, Mokhtari A, Angelini GD: Myocardial,
inflammatory, and stress responses in off-pump coro-
nary artery bypass graft surgery with thoracic epidural
anesthesia. Ann Thorac Surg 2009; 87:1119-26
Palomero Rodriguez MA, Suarez Gonzalo L, Villar
Alvarez E Varela Crespo C, Moreno Gomez Limon I,
Criado Jimenez A:Thoracic epidural anesthesia decreases
C-reactive protein levels in patients undergoing elective
coronary artery bypass graft surgery with cardiopulmo-
nary bypass. Minerva Anestesiol 2008; 74:619-26
Stenger M, Fabrin A, Schmidt H, Greisen ], Erik
Mortensen P, Jakobsen CJ: High thoracic epidural
analgesia as an adjunct to general anesthesia is asso-
ciated with better outcome in low-to-moderate risk
cardiac surgery patients. ] Cardiothorac Vasc Anesth
2013;27:1301-9

Scott NB, Turfrey DJ, Ray DA, Nzewi O, Sutcliffe NP,
Lal AB, Norrie J, Nagels W], Ramayya GP: A pro-
spective randomized study of the potential benefits of
thoracic epidural anesthesia and analgesia in patients
undergoing coronary artery bypass grafting. Anesth
Analg 2001; 93:528-35

Beattie WS, Badner NH, Choi P: Epidural analge-
sia reduces postoperative myocardial infarction: A
meta-analysis. Anesth Analg 2001; 93:853—8

Svircevic V, van Diyk D, Nierich AP, Passier MP,
Kalkman CJ, van der Hetjden GJ, Bax L: Meta-analysis
of thoracic epidural anesthesia versus general anesthesia
for cardiac surgery. ANESTHESIOLOGY 2011; 114:271-82

Anesthesiology 2019; 130:472-91
Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

491

20z Iidy 01 uo 3s8nb Aq Jpd'9z000-0 00£0610Z/69598E/ZLY/E/0E L/4Ppd-8lo1E/ABO|OISBYISBUEB/WOD IBYDIBA|IS ZESE//:dJY WOI) papEo|umoq



