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Introduction
Left ventricular outflow tract obstruction (LVOTO) is one of the defining features of hypertrophic
cardiomyopathy (HCM) and one of the main determinants of prognosis (1,2).

Although the

importance of obstruction was recognized since the original description by Teare and Brock (3-5), its
exact cause and methods for its relief are still being hotly debated. We believe that a rational
approach to solving these issues depends on through understanding of the specific structure and
functions of the left ventricular outflow tract (LVOT) in health and disease. There is now compelling
evidence that the LVOT performs a series of vital sophisticated functions which are mediated by the
design characteristics, structure and biological properties of its component parts and that dysregulation
of one or more of these functions results in obstruction and other abnormalities. We here review the
integrated functions of the LVOT, its structural and functional relationships, with particular reference
to its component parts (the major players) and their role in HCM. This knowledge is essential to
evolve tailored restorative techniques for treating HCM.

Integrated Functions of the LVOT
Unlike the right ventricular outflow tract which consists of a relatively simple muscular tube joining
the trabecular part of the right ventricle to the pulmonary artery, the LVOT is a very complex structure
which consists of several components which change their shape and size during different parts of the
cardiac cycle and interact with each other and the surrounding structures (particularly the mitral valve)
in a highly coordinated fashion (6). This has important implications in maintaining the specific
pattern of flow in the inflow, apex and outflow, a process which has evolved in animals with looped
hearts and highly dynamic circulation (7). In addition, the specific pattern of flow in the LVOT
influences the development of vortices in the root of the aorta and the type of flow in the ascending
aorta and arch which are thought to have important biological functions (8). This has implications for
optimizing coronary flow, left ventricular work and distribution of flow to various organs as well as
influencing the biologic properties of the aortic wall through mechanotransduction (9,10).

The Structure-Function Relationship of the LVOT
The sophisticated functions of the LVOT are executed by its component parts which form its
boundaries. These include the uppermost part of the muscular interventricular septum (IVS), the
membranous septum, the 2 fibrous trigones and the subaortic curtain with the anterior leaflet of the
mitral valve and the aortic root.
•

The Interventricular Septum

The anterior boundary of the LVOT is formed by the uppermost part of the IVS which is skewed
slightly towards the left and is attached laterally to the left fibrous trigone and medially to the right
fibrous trigones through the membranous septum (Figure 1). The uppermost part of the IVS has
specific developmental origins from proepicardial cells from the first heart field (this, at least in
theory, could explain the specific behaviour of the cells of this part of the septum to different
environmental factors, eg, biochemical or mechanical) (11,12). The exact fiber orientation and the
instantaneous movements of this part of the septum have not been adequately studied. Defining these
movements in health and disease could have important implications to further understanding of the
overall function of the LVOT.
There is marked inter-species and intra-human variation in the vascular supply to the IVS.
Whereas dogs have a single descending septal artery which originates and runs parallel to the left
anterior descending artery, there is significant variation in the number and distribution of septal
arteries in human hearts (13-15). This can have major clinical and therapeutic implications in the
management of HCM, particularly in relation to alcohol septal ablation (16).
•

The Membranous Septum

The membranous septum is a small triangular structure below the commissure between the right and
non-coronary sinuses. It separates the LVOT on one hand from the junction of the right atrium and
right ventricle on the other. The membranous septum also provides smooth continuity between the

muscular septum and the right fibrous trigone (Figure 2). The bundle of His lies just below the lower
limb of the triangle and runs from right to left towards the muscular septum where it divides in a fanshaped manner. The membranous septum does not appear to perform any dynamic functions in the
LVOT.
•

The Fibrous Trigones and Subaortic Curtain

The fibrous trigones perform very important static and dynamic functions which include providing
anchors for the rest of the fibrous skeleton of the heart (17) (Figure 3). The subaortic curtain is a
fibrous sheet of tissue which links the aortic annulus (ventriculo-aortic junction) to the anterior leaflet
of the mitral valve below and is attached on either side to the fibrous trigones (Figure 2). These act as
hinge mechanisms for the subaortic curtain to move forwards and backwards during the cardiac cycle
which constitutes one of the essential functions of the LVOT in its interaction with the mitral orifice
(Figure 4). This interaction is necessitated by the fact that the LVOT and the mitral valve share the
same orifice in the left ventricular myocardium which enabling the flask LV to deliver a bolus of
blood at high speed against high pressure.
Apart from the important dynamic functions of the subaortic curtain, it continues as the
anterior leaflet of the MV which hangs in the LV. Together, they act as a partition between the inflow
and outflow. This partition results into acceleration of blood in the inflow with reversal of flow at the
apex and further acceleration into the outflow (7). This is thought to be an essential feature of
dynamic circulations with a heart in contrast to tubular hearts which results in a very sluggish
circulation (Figure 5) (7,18,19).
•

The Aortic Root

The LVOT is joined to the ascending aorta by a highly dynamic tubular structure, the aortic root,
which is often considered as part of the LVOT. The top part of the muscular IVS is thought to play an
important part in this dynamism. The aortic root is composed of the annulus, sinuses of Valsalva and
sinotubular junction. It plays an important role in aortic valve mechanics and gives origin to the two
coronary arteries. Each component has a specific micro- and macrostructure which is tightly regulated

to suit its function. The component parts change their size and shape during different parts of the
cardiac cycle. This has been extensively studied in vivo in animal models using radio-opaque markers
or ultrasound crystals (20-22). Interestingly, the aortic root increases its size at all levels during
isometric ventricular systole, prior to ejection. This increase is not symmetrical and is higher in the
regions of the left coronary cusp. In contrast, the annular dimension diminishes during ejection. The
net result is a smooth laminar flow during systole with slight convergence at the level of the valve and
well-formed vortices in the sinuses (7). This pattern of flow is thought to optimize left ventricular
function and workload, coronary flow and possibly aortic valve and wall mechanics (9,10,23).

The Outflow Tract in HCM
A series of structural and/or functional changes affects virtually all the components parts of the LVOT
in HCM resulting in dysregulation of its function. These changes can be self-perpetuating and
progressive due to the fact that the disturbed hemodynamics can produce further anatomic
abnormalities. The main components which are affected in HCM include the IVS, the trigones, the
subaortic curtain, the mitral valve and the subvalvular mitral apparatus (24).

Although these

abnormalities are interrelated and form part of a continuum, for the sake of convenience and planning
surgical therapy, they will be described separately.
•

The Muscular Interventricular Septum

The hypertrophic process in HCM is selective and appears to preferentially affect the IVS, which
prompted such terms as asymmetric septal hypertrophy (5). The thickening of the septum varies in
extent, level and distribution and has been classified into sigmoid, reverse curve, apical or neutral
(25). The hypertrophic septum starts bulging a few millimetres below the aortic annulus and extends
to variable distance into the ventricle, most often to a level below the tip of the papillary muscles.
Circumferentially, the hypertrophic muscle extends from the junction with the membranous septum to
the left fibrous trigone laterally. In the majority of cases, the lateral extent of the hypertrophy comes
in contact with the anterior leaflet of the mitral valve, resulting in narrowing of the angle of the left

fibrous trigone or complete obliteration in some cases (Figure 1B). The degree of hypertrophy tends
to taper medially towards the membranous septum and the right fibrous trigone which is often
obliterated by a fibrous shelf which extends for variable distances onto the membranous septum or
anterior leaflet of the mitral valve.
The hypertrophic septum can also vary in thickness, ranging from 15mm to 50mm in extreme
cases. It is often covered by a layer of fibroelastic tissue at the area of highest hemodynamic
turbulence, which often corresponds to the region of contact between the mitral valve and the septum
during systole (systolic anterior motion [SAM]). In addition, patchy foci of fibrosis which can
sometimes resemble dystrophic calcification are seen within the muscle itself at the time of surgery.
This is possibly a secondary process due to local ischemia or a primary occurrence due to abnormal
signalling within the ventricular muscle (eg., excessive TGFβ signalling) (26).
•

The Fibrous Trigones and Subaortic Curtain

As mentioned previously, the movement of the fibrous trigones is a key component of the systolodiastolic excursion of the aortic-mitral apparatus. The septal hypertrophy and narrowed opening angle
at the level of the trigones create a disturbed pattern of flow through this area which results in a
fibrotic reaction at the level of the trigones (Figure 6A). Fibrosis can also extend in the region of the
subaortic curtain between both trigones. In the most severe cases, this can form a thick and raised
membrane which can directly contribute to narrowing of the LVOT.

Together, these fibrotic

processes can significantly reduce the mobility and excursion of the trigones and the subaortic curtain
during the cardiac cycle which results in a dynamic process of LVOTO, which is often overlooked.
The fibrous over-layers should be completely removed at the time of surgery in order to restore
normal aortic and mitral valve dynamics (Figure 6B).
•

The Mitral Valve

Several structural and functional abnormalities of the mitral valve are present in HCM and contribute
substantially to LVOT dysfunction. The dynamic changes result in systolic anterior motion (SAM) of
the mitral valve which contributes to both LVOTO as well as mitral regurgitation which is very

commonly present in these patients. Understanding the mechanism of SAM is fundamental for
diagnosing, monitoring and treating LVOTO and mitral regurgitation without resorting to mitral repair
or replacement. The abnormalities which contribute to SAM include:
1) The increase in the length of the anterior and posterior leaflets of the mitral valve (27-29)
which are part of the phenotype of HCM and are present at birth (12).
2) Hypertrophy of the left ventricular wall below the posterior mitral annulus.
3) Anterior displacement of the anterior papillary muscle (30,31)
4) Fixation of the papillary muscles to the free ventricular wall by muscular or fibrous bands
5) Inability of the subaortic curtain to move backwards during systole due to obliteration of the
fibrous trigones.
Together, these abnormalities result in abnormal coaptation of the mitral valve leaflets, characterized
by the posterior leaflet coapting with the mid portion of the anterior leaflet, leaving a major part of its
surface (the distal part) free (Figure 7A). This part of the leaflet causes dynamic obstruction due to a
combination of suction by the gentle Venturi effect of the rapid flow in the LVOT produced by the
septal bulge, as well by a drag mechanism by the bolus of blood pushing the leaflet towards the
septum (32,33). This results in the acute bend of that part of the anterior leaflet which is seen as a
sharp angle on echocardiographic examination (Figure 7A). This movement results in LVOTO and
possibly reopening of the mitral valve during systole (Figure 7A-C). Similar changes can occur in
patients with floppy mitral valve syndrome with voluminous cusps who undergo mitral repair with
insertion of a rigid ring.
Further, structural abnormalities of the mitral valve produce a “fixed” element of LVOTO.
These include extension of the papillary muscle to the mitral valve leaflets and importantly the
occasional presence of accessory mitral valve tissue with or without accessory papillary muscle
(Figure 8). In addition, varying degrees of hypertrophy and abnormalities in the shape of papillary
muscles contribute to midventricular obstruction.
•

Midventricular Obstruction

This is a specific form of intracavitary obstruction due to hypertrophy of the two papillary muscles
combined with the presence of bands on the septum and free wall. These produce a sphincter-like
mechanism and require specific procedures for their relief (34).
•

The Aortic Root

The structure and function of the aortic root and pattern of flow in HCM have not yet been adequately
studied.

Understanding the role of the aortic root to LVOT dysfunction should enhance our

understanding of the pathophysiology of LVOTO.

Relevance to Therapy
Complete correction of LVOTO in HCM depends on a thorough understanding of the different
components causing obstruction and/or dysfunction. Assessment of the causative mechanisms using
integrated imaging techniques (eg., echocardiography and cardiac magnetic resonance) is a key
element in evolving tailored restorative procedures. In addition, novel imaging modalities allowing
tracking of aortic and mitral annular movements during the cardiac cycle as well the instantaneous
movements of both valves will further enhance our understanding of the pathophysiology of the
disease.
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Figure Legends

Figure 1

A) Surgical view of the normal components of the left ventricular outflow seen
through an open aortic valve.
B) Surgical view of the left ventricular outflow in HCM showing marked hypertrophy
of the muscular septum leading to a reduction of the septo-mitral angle at the level of
the fibrous trigones.

Figure 2

Photograph of a human left ventricular outflow tract lay open, showing the
relationship between its various component parts. The right and left fibrous trigones
act as a hinge mechanism between the aortic and mitral valves during the cardiac
cycle. In HCM, the muscular septum is hypertrophic but tends to taper medially
towards the membranous septum.
AML: anterior mitral leaflet; LC: left coronary cusp; LFT: left fibrous trigone; MS:
membranous septum; Musc Sep: muscular septum; NC: non-coronary cusp; RC: right
coronary cusp; RFT: right fibrous trigone

Figure 3

Fibrous skeleton of the heart showing the relationship between the aortic and mitral
valve and highlighting the role of the fibrous trigones acting as hinges to allow full
expansion of each orifice during different phases of the cardiac cycle (From
Zimmerman et al. (17)).

Figure 4

Diagram and three-dimensional echocardiographic illustration of the movement of the
subaortic curtain which extends between the left and right fibrous trigones (arrows)
during the cardiac cycle. Notice the deformation of the aortic valve annulus during
(A) systole and (B) diastole. This movement is essential for optimal flow dynamics in
the left ventricle because both valves share the same orifice. In HCM, fibrosis of the
trigones reduces the mobility of the subaortic curtain, creating a fixed obstruction of
the LVOT.
AML: anterior mitral leaflet; AV: aortic valve

Figure 5

Flow acceleration through the left ventricle is aided by its looped configuration as
well as its partition into inflow and outflow byt the subaortic curtain and the anterior
leaflet of the mitral valve.

Figure 6

(A) Photograph showing a thick fibrous layer at the level of the right fibrous trigone
in a patient with HCM at the time of surgery (arrow). This fibrous cap fixes the
trigones and reduces the mobility of the subaortic curtain during the cardiac cycle.
(B) Photograph showing surgical removal of the fibrous tissue covering the right
fibrous trigone (arrow).
AML: anterior mitral leaflet; MS: membranous septum; NCC: non-coronary cusp

Figure 7

Echocardiographic analysis of a patient with HCM showing:
A) In HCM, the line of coaptation is displaced towards the septum due to
abnormalities in the subvalvular apparatus which move it towards the septum. In
addition, the posterior leaflet meets the anterior leaflet proximal to its tip, leaving its
distal portion exposed to blood movement through the ventricle. A combination of
Venturi effect at the level of the bulging septal wall and drag effect caused by blood
exiting the left ventricle cause systolic anterior motion of the mitral valve and left
LVOT obstruction. Notice the sharp bend of the anterior leaflet at the level where it
coapts with the posterior leaflet (arrow).
B) Systolic anterior motion results in malcoaptation of the mitral valve leaflets
(arrow).
C) A posteriorly-directed jet of mitral regurgitation is seen in the majority of patients
with HCM as a result of systolic anterior motion.
LA: left atrium; LV: left ventricle; LVOT: left ventricular outflow tract

Figure 8

Echocardiographic analysis of a patient with HCM showing:
A) The presence of accessory mitral valve tissue at the level of the interventricular
septum (arrow). During diastole, the tissue rests against the septal wall.

B) At the beginning of systole, the accessory mitral valve tissue starts bulging out
(arrow) from the septum, while systolic anterior motion of the anterior leaflet of
the mitral valve is initiated.
C) In systole, the accessory tissue is fully expanded (arrow) and, together with the
anterior leaflet of the mitral valve, causes severe dynamic obstruction of the
LVOT.
AML: anterior mitral leaflet; LA: left atrium; LV: left ventricle; LVOT: left
ventricular outflow tract

Figure 1

A) Surgical view of the normal components of the left ventricular outflow seen
through an open aortic valve.
B) Surgical view of the left ventricular outflow in HCM showing marked hypertrophy
of the muscular septum leading to a reduction of the septo-mitral angle at the level of
the fibrous trigones.

Figure 2

Photograph of a human left ventricular outflow tract lay open, showing the
relationship between its various component parts. The right and left fibrous trigones
act as a hinge mechanism between the aortic and mitral valves during the cardiac
cycle. In HCM, the muscular septum is hypertrophic but tends to taper medially
towards the membranous septum.
AML: anterior mitral leaflet; LC: left coronary cusp; LFT: left fibrous trigone; MS:
membranous septum; Musc Sep: muscular septum; NC: non-coronary cusp; RC: right
coronary cusp; RFT: right fibrous trigone

Figure 3

Fibrous skeleton of the heart showing the relationship between the aortic and mitral
valve and highlighting the role of the fibrous trigones acting as hinges to allow full
expansion of each orifice during different phases of the cardiac cycle (From
Zimmerman et al. (17)).

Figure 4

Diagram and three-dimensional echocardiographic illustration of the movement of the
subaortic curtain which extends between the left and right fibrous trigones (arrows)
during the cardiac cycle. Notice the deformation of the aortic valve annulus during
(A) systole and (B) diastole. This movement is essential for optimal flow dynamics in
the left ventricle because both valves share the same orifice. In HCM, fibrosis of the
trigones reduces the mobility of the subaortic curtain, creating a fixed obstruction of
the LVOT.
AML: anterior mitral leaflet; AV: aortic valve

Figure 5

Flow acceleration through the left ventricle is aided by its looped configuration as
well as its partition into inflow and outflow byt the subaortic curtain and the anterior
leaflet of the mitral valve.

Figure 6

(A) Photograph showing a thick fibrous layer at the level of the right fibrous trigone
in a patient with HCM at the time of surgery (arrow). This fibrous cap fixes the
trigones and reduces the mobility of the subaortic curtain during the cardiac cycle.
(B) Photograph showing surgical removal of the fibrous tissue covering the right
fibrous trigone (arrow).
AML: anterior mitral leaflet; MS: membranous septum; NCC: non-coronary cusp

Figure 7

Echocardiographic analysis of a patient with HCM showing:
A) In HCM, the line of coaptation is displaced towards the septum due to
abnormalities in the subvalvular apparatus which move it towards the septum. In
addition, the posterior leaflet meets the anterior leaflet proximal to its tip, leaving its
distal portion exposed to blood movement through the ventricle. A combination of
Venturi effect at the level of the bulging septal wall and drag effect caused by blood
exiting the left ventricle cause systolic anterior motion of the mitral valve and left
LVOT obstruction. Notice the sharp bend of the anterior leaflet at the level where it
coapts with the posterior leaflet (arrow).
B) Systolic anterior motion results in malcoaptation of the mitral valve leaflets
(arrow).
C) A posteriorly-directed jet of mitral regurgitation is seen in the majority of patients
with HCM as a result of systolic anterior motion.
LA: left atrium; LV: left ventricle; LVOT: left ventricular outflow tract

Figure 8

Echocardiographic analysis of a patient with HCM showing:
A) The presence of accessory mitral valve tissue at the level of the interventricular
septum (arrow). During diastole, the tissue rests against the septal wall.
B) At the beginning of systole, the accessory mitral valve tissue starts bulging out
(arrow) from the septum, while systolic anterior motion of the anterior leaflet of
the mitral valve is initiated.
C) In systole, the accessory tissue is fully expanded (arrow) and, together with the
anterior leaflet of the mitral valve, causes severe dynamic obstruction of the
LVOT.
AML: anterior mitral leaflet; LA: left atrium; LV: left ventricle; LVOT: left
ventricular outflow tract

