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ACKGROUND/OBJECTIVE The purpose of this study was to clar-
fy the spatial relationship between the left phrenic nerve (LPN)
nd key cardiac structures in order to minimize the risk of phrenic
erve injury during interventions.

ETHODS The course and relationship of the LPN to various
ardiac structures were examined by gross dissection and histo-
ogic sections of 22 human cadavers.

ESULTS The nerve descended on the fibrous pericardium along
ne of three courses: over the anterior surface of the left ventricle
18%), over the lateral margin of the left ventricle (59%), and in
posteroinferior direction (23%). The endocardium of the roof of

he left atrial appendage was �4 mm from the LPN in 2 (9%)
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pex of the left atrial appendage in 7 (31%) specimens. Regardless
f the position of the nerve in relation to the high left ventricular
all, the nerve was �3 mm from the epicardial surface in 8 (36%)
pecimens and passed �6 mm from the epicardium of the right
entricular outflow tract in 2 (9%) specimens.

ONCLUSION During electrophysiologic interventions, the LPN is
specially at risk when procedures are performed in the vicinity of
he left atrial appendage and high left ventricular wall.

EYWORDS Anatomy; Ablation; Atrial tachycardia; Atrial append-
ge; Ventricular tachycardia

Heart Rhythm 2009;6:764–768) © 2009 Heart Rhythm Society. All

pecimens. The nerve passed �2.5 mm from the epicardium of the rights reserved.
ntroduction
natomic and electroanatomic reconstruction studies have

hown a close relationship between the right phrenic nerve
nd its proximity to the superior vena cava and the right
uperior pulmonary vein.1,2 In addition, the proximity of the
eft phrenic nerve (LPN) to the left atrial appendage (LAA)
as been well established.1,3 A multicenter study showed
hat of almost 4,000 patients who underwent atrial fibrilla-
ion ablation, 18 patients sustained phrenic nerve injury.4 It
s well recognized that focal atrial tachycardia may arise
rom any part of the atrial myocardial region, and the LAA
s one of the major sites.5 The risk of inducing LPN injury
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unding from the Royal Brompton and Harefield Hospital Charitable
und. Address reprint requests and correspondence: Dr. Siew Yen Ho,
ardiac Morphology Unit, National Heart and Lung Institute, Imperial College
ondon Dovehouse Street, London SW3 6LY, United Kingdom. E-mail
ddress: yen.ho@imperial.ac.uk. (Received January 19, 2009; accepted
s a known complication of atrial ablation when transmural
esions are created inside or around the roof of the orifice of
he LAA.4 Reports have described original techniques for
reventing LPN injury during epicardial catheter ablation at
he LAA and high lateral left ventricular wall given the
lose contact of the LPN with these structures.6,7 Indepen-
ent of the type of ablation (endocardial/epicardial), cathe-
er (4 mm, 8 mm, irrigated tip, balloon), or energy source
radiofrequency, ultrasound, cryothermia, and laser) used,
he risk of LPN injury exists. For a better understanding of
he anatomic relationship of the LPN to various cardiac
tructures, we extended our previous work1 to provide more
etailed information on the course of the LPN relative to the
AA, the high left ventricular wall, and right ventricular
utflow tract, from both the endocardial and epicardial as-
ects.

aterials and methods
fter local institutional ethics approval was obtained, 22
uman cadavers (14 male and 8 female; average age 64
ears, range 52–78 years) from the Department of Anatomy,
niversity of Extremadura (Badajoz, Spain) were studied.
ll did not have signs of cardiac surgery or a history of
trial arrhythmia. Ten cadavers were dissected, and the

. doi:10.1016/j.hrthm.2009.02.029
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765Sánchez-Quintana et al Anatomic Relationships of Left Phrenic Nerve
ther 12 used for histologic sections. Anterior thoracotomy
as performed to reveal the mediastinal pleura and the
brous pericardium. The left lung was partially removed to
isualize the great arteries (aorta and pulmonary trunk) and
he LPN, which was accompanied by the pericardiophrenic
ein and artery in the fibrous pericardium. Once the left
ulmonary hilum was exposed and the LPN dissected, cal-
pers were used to measure the minimal distances between
he LPN and the endocardium and epicardium of the roof of
he mouth of the LAA, between the nerve and the endocar-
ium and epicardium of the apex of the atrial appendage,
etween the nerve and the epicardium of the high left
entricular wall, and between the nerve and the right ven-
ricular outflow tract if it coursed over the tract. Tissue
locks were excised from 12 specimens. The blocks con-
ained the LPN and the full thicknesses of at least the LAA
nd lateral region of the left atrium, fibrous pericardium,
scending aorta, high left ventricular wall, and part of the
ight ventricular outflow tract. From each specimen, four
locks approximately 5 mm thick were sectioned in trans-
erse (six specimens) and frontal (six specimens) planes.
he blocks were processed and serially sectioned at 12 �m

or histologic examination. Sister sections were stained with
asson trichrome technique and van Gieson stain. On the

istologic sections the same minimal distances as those
btained using the calipers were measured using an image
nalysis program (SigmaScanPro 5.0, Jandel Scientific, San
afael, CA, USA) so that the data could be correlated with
acroscopic dissections.

tatistical analysis
esults of quantitative measurements are expressed as mean �
D and range.

esults
he LPN is the most important branch of the left cervical
lexus. It originates mainly from the fourth cervical nerve

igure 1 Anatomic relationship between left phrenic nerve (LPN) and
art of the pulmonary trunk. From there, it takes one of three courses: an
lose to the apex of the left ventricle. At the location shown in C, the nerv
broken line). AD � anterior descending coronary artery; Ao � aorta; GC

eft inferior pulmonary vein; LPA � left pulmonary artery; LS � left superior p
ut also receives contributions from the third and fifth
ervical spinal nerves, descending along the neck anterior to
he scalenus muscles and proximal part of the left subcla-
ian artery. Inside the chest it runs dorsal to the left bra-
hiocephalic vein, anterolateral to the aortic arch and pul-
onary trunk where it runs on the surface of the fibrous

ericardium to course between the mediastinal pleura of the
eft lung and the lateral surface of the left ventricle. In the
ung hilum, the nerve passes anterior to the left superior and
nferior pulmonary veins. It terminates at the diaphragm
ehind the tip of the left ventricle. The nerve and its ac-
ompanying pericardiophrenic artery and vein form the
ericardiophrenic neurovascular bundle, which is sur-
ounded by a fat pad of variable thickness (0.1–1.2 mm)
dherent to the pericardium. The mean thickness of the
brous pericardium measured on histology was 0.5 � 0.1
m (range 0.2–1 mm). In all 22 cases, the relationships of

he nerve to left heart structures depended on which of the
ollowing three courses the nerve took as it descended
oward the cardiac apex: (1) along a course related to the
nterior surface of the heart (anterior course); (2) passed
eftward along a course related to the apex of the LAA and
btuse margin of the left ventricle (lateral course); or (3)
assed posteriorly to the inferior (“posterior”) surface of the
eft ventricle (inferior course; Figure 1).

In 4 (18%) specimens, the LPN took an anterior course
nd was related to the anterior interventricular groove, high
art of the right ventricular outflow tract, anterior part of
igh left ventricular wall, and left main coronary artery or
reat cardiac vein (Figures 1 and 2). When the course of the
erve was lateral, it descended close to the tip of the LAA
nd obliquely along the obtuse margin of the left ventricle
13 specimens [59%]; Figures 1, 3A, and 3B) to be related
o the epicardium of the high left ventricular wall. In 5
23%) specimens (Figures 1, 3C, and 3D), the nerve had an
nferior course. It passed posteriorly and inferiorly, with a
lose relationship to the roof of the mouth of the LAA and

he LPN (arrows) descends lateral to the aortic arch, alongside the distal
), lateral (B), or inferior (C), to penetrate the left part of the diaphragm
close relationship with the roof of the mouth of the left atrial appendage

eat cardiac vein; LAA � left atrial appendage; LB � left bronchus; LI �
heart. T
terior (A
e has a

V � gr

ulmonary vein; PT � pulmonary trunk.
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o the epicardium of the high inferolateral left ventricular
all and inferior left ventricular vein. Along this course, its
escent in the left hilum was anterior to the pulmonary
eins, especially the superior vein where the minimal dis-
ance was 9.3 � 2.5 mm. The minimal distances (and
anges) between the LPN and cardiac structures are listed in
able 1.

igure 2 Histologic section in transverse plane stained with Masson tri
LPN) in its anterior course. The LPN is adherent to the fibrous pericardiu
reat cardiac vein. Ao � aorta; GCV � great cardiac vein; LAA � left at
v � pericardiophrenic vein.

igure 3 A, B: Histologic sections in transverse plane from two hearts
he left atrial appendage (LAA) (A) and left marginal artery (LMA) (B). C
n relation to the roof of the mouth of the left atrial appendage when the
orta; DA � Anterior descending coronary artery; LCx � left circumflex

v � pericardiophrenic vein; RVOT � right ventricular outflow tract.
iscussion
PN injury
mong cardiovascular surgeons, phrenic nerve injury is a
nown complication of myocardial hypothermia due to ice
lush during cardioplegic arrest. Recovery has been ob-
erved in 90% of cases.8 LPN stimulation also is a well-
ecognized complication after cardiac resynchronization

technique, with a magnification of the location of the left phrenic nerve
ed to the high anterior left ventricular wall, left main coronary artery, and
endage; LCA � left main coronary artery; Pa � pericardiophrenic artery;

the lateral course of the left phrenic nerve (LPN) in relation to the tip of
tologic sections in transverse (C) and frontal (D) planes showing the LPN
kes an inferior course. AD � anterior descending coronary artery; Ao �
LV � left ventricle; MV � mitral valve; Pa � pericardiophrenic artery;
chrome
m relat
rial app
showing
, D: His
LPN ta
artery;
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herapy using left ventricular veins.9,10 Although the vari-
ble thickness of the fat pad around the pericardiophrenic
eurovascular bundle and the fibrous pericardium may pro-
ide some protection when intervening in the pericardial
pace, the distances from some cardiac structures still are
elatively small. For example, the LPN passed �3 mm from
he left marginal vein in 43% of postmortem heart speci-
ens studied previously.1 In patients with nonischemic car-

iomyopathy and ventricular tachycardia, a common target
rea is the lateral left ventricular wall. A report by Fan et
l11 mapped the LPN close to this area, thus highlighting the
mportance of identifying its course prior to carrying out
picardial ablations.

We previously described two patterns of distribution of
he LPN where it either descended along a path related to
he anterior surface of the left ventricle or passed leftward
long a course related to the obtuse margin of the left
entricle.1 On closer examination, the second pattern had
wo variants depending on whether the nerve coursed to the
ateral margin of the left ventricle or, less commonly, veered
ore posterolaterally and inferiorly over the surface of the

eft ventricle (Figures 1B and 1C). Notably, the first report
f occurrence of LPN injury during catheter ablation con-
erned a patient who had undergone ablation of a left
osterolateral accessory pathway.12

PN and epicardial or endocardial roof of the
outh of the LAA
he LAA is one of the major sources of focal atrial tachy-
ardias.5 In an article describing 50 foci of atrial tachycar-
ias originating from the left atrium, 13 were at the base of
he LAA.13 However, LPN injury can occur during radio-
requency delivery at the proximal roof of the appendage, as
eported in two patients.4 In 23% of our specimens, the LPN
oursed over the roof of the neck of the appendage.

Use of a nonradiofrequency source of energy seems
nlikely to prevent this complication, as phrenic nerve in-
ury has been reported with ultrasound,4,14,15 laser,13,15 and
ryotherapy.8,16,17 The phrenic nerve is vulnerable to heat as

able 1 Minimal distance from anterior, lateral, and inferior co

Minimal dis

Endocardiu

PN-RLAA (anterior course) 8.5 � 1.5
PN-RLAA (lateral course) 7.3 � 1.5
PN-RLAA (inferior course) 5.5 � 1.5
PN-ALAA (anterior course) 7 � 1.5
PN-ALAA (lateral course) 5 � 1.5
PN-ALAA (inferior course) 6 � 1.5
PN-RVOT (anterior course) 10.5 � 2 (
PN-HLVW (anterior course) —
PN-HLVW (lateral course) —
PN-HLVW (inferior course) —

ALAA � apex of left atrial appendage; HLVW � high left ventricular wa
entricular outflow tract.
ell as to cold. It can be injured by a variety of catheters s
izes/types (standard 4 mm, 8 mm, 4-mm irrigated tip,
alloon). However, the balloon or cryoballoon design ap-
ears more prone to cause phrenic nerve injury.14,18,19 Us-
ng 64-slice multidetector computed tomography, Matsu-
oto et al20 identified the LPN in 78 (74%) of 106 patients

nd noted that it crossed the LAA (72 [91%] patients). Our
tudy showed that, after the LPN passed over the LAA, its
elationship to the left heart structures depended on whether
t descended along a path posteroinferiorly (5 [23%] spec-
mens) or along a lateral path (13 [59%] specimens). In the
rst variant, the nerve passed close to the roof of the mouth
f the LAA (Figures 3C and 3D) at a distance �4 mm to the
ndocardium and �2 mm to the epicardium in 2 (40%) of
he 5 specimens. In the remaining specimens, the minimal
istances between the LPN and the roof of the LAA were
reater (Table 1).

PN and epicardial or endocardial surfaces at the
pex of the atrial appendage and left ventricular
all

n terms of proximity to endocardium or epicardium of the
ip of the LAA, the nerve passed close by in 5 (23%)
pecimens where its distance to the endocardium was �4
m, and in 7 (31%) specimens its distance to the epicar-

ium was �2.5 mm.
Epicardial catheter ablation is increasingly important in

he treatment of ventricular arrhythmias.21 LPN injury is a
ecognized complication after radiofrequency delivery to
he posterolateral left ventricular epicardium at the level of
he mitral valve annulus.14 Although pace mapping can
dentify sites close to the phrenic nerve so as to avoid
blations in its vicinity, no specific approaches to prevent
hrenic nerve injury during catheter ablation have been
escribed. The course of the LPN along the basal border of
he left ventricle is variable. In 2 (9%) specimens, the nerve
as located �4 mm from the high anterior left ventricular
all and left main coronary artery. In 8 (36%) specimens,

he nerve was located �3 mm to the epicardium of the
btuse margin of the left ventricular wall, and in 2 (9%)

of the left phrenic nerve to various cardiac structures

and range (mm)

Epicardium

5.5–12.5) 5 �1 (range 2.5–7.5)
4.5–10.5) 4 � 1 (range 2.5–5.5)
3.5–7.5) 3 � 1 (range 1.5–5.5)
3.5–9.5) 4.5 � 1.5 (range 2–6)
2.5–7.5) 2.5 � 1 (range 1.5–4.5)
3.5–8.5) 3.5 � 1 (range 2–5)

–13) 6 � 1.5 (range 5–8)
3.5 � 0.5 (range 2.5–5.5)
2.3 � 0.5 (range 1.5–5)

2 � 0.5 (range 1.5–4.5)

� left phrenic nerve; RLAA � roof of left atrial appendage; RVOT � right
urses

tance

m

(range
(range
(range
(range
(range
(range

range 7

ll; LPN
pecimens it was located �3 mm to the epicardium of the
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igh inferolateral left ventricular wall and inferior left ven-
ricular vein. Electroanatomic maps can incorporate tags at
hese sites to help the operator avoid the LPN.

PN and epicardial or endocardial surfaces of the
igh right ventricular outflow tract
he right ventricular outflow tract is a common target for
blation of focal ventricular tachycardia.22 Little is known
bout the spatial relationship between the LPN and the right
entricular outlet. Our study showed that when the LPN
akes an anterior course, it likely will pass over the lateral
argin of the high right ventricular outflow tract. In two of

ur specimens, the LPN was �6 mm from the epicardial
urface.

Although not seen in the present series, the LAA can be
longated in some hearts, and its tip portion overlaps the
ight ventricular outlet (S.Y. Ho, unpublished data). When
he LPN takes an anterior course in such cases, ablations at
he tip of the appendage may place the LPN at risk for
njury. On the other hand, the overlying appendage can
rovide some protection for the LPN when ablating inside
he outflow tract region.

tudy limitations
espite the obvious limitations associated with using ca-
averic material for obtaining measurements (shrinkage and
hange of the elastic properties of the tissues) in a small
eries, we believe the spatial relationships are valid because
he LPN travels in the fibrous pericardium, which forms a
over that supports the nerve. We hope our observations
ill engender interest among other researchers for investi-
ations in much larger series.

onclusion
lthough imaging techniques such as 64-slice multidetector

omputed tomography enable adequate detection of the
PN in relation to cardiac anatomy,20 information on the
istances between structures remains scarce. This study
ighlighted the variable courses of the LPN and showed
hat, in some cases, the LPN can be extremely close to
ardiac structures that commonly are ablated.
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