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Learning objectives

Localize membranous, muscular, and infundibular septal defects

Explain the left-to-right shunt and the remodeling it produces

Predict the natural history of small versus large defects

Recognize the path to irreversible pulmonary vascular disease



Definition: Incomplete ventricular septation

e A ventricular septal defect (VSD) is an
opening in the interventricular septum

e |t permits blood to communicate
LEFT __, RIGHT between right and left ventricles
VENTRICLE VENTRICLE
e |ts physiologic importance depends on
J . J defect size and accompanying

malformations

Left ventricle - Septal opening - Right ventricle

Original simplified chamber schematic - not to anatomical scale



VSD within congenital heart disease

e Congenital heart disease includes
septal, obstructive, and outflow-tract
defects

e VSD is a septal lesion and a common
cause of congenital left-to-right

Obstructive Outflow ,
shunting

Septal defects . :
lesions anomalies

e A VSD may be isolated or part of a
complex malformation

Conceptual comparison - not a specimen or quantitative scale



VSD is the most common listed malformation

e VSD as the most common congenital

D ¢ cordiac defect

ASD e 10% * |ts tabulated share is 42% of the
defects in the cited series

Pul tenosi 8%
=AML S enos's- ° e Frequency depends on how small,
spontaneously closing defects are

PDA - 20 counted

Selected congenital cardiac malformations - relative shares



The denominator changes the incidence

e Routine neonatal echocardiography
detects numerous tiny septal openings

e The source reports small muscular

Screen-detected __ Persistent clinically VSDs or ASDs in over 5% of live births
openings significant defects

e Many close in infancy; Counting all of
them inflates the burden of persistent
CHD

Conceptual comparison - not a specimen or quantitative scale



Congenital origin: When malformations arise

e Major cardiovascular morphogenesis
occurs during gestational weeks 3-8

e The four-chambered architecture
develops through coordinated growth
and septation

Weeks 3—

3 » Growth » Septation » VSD

e Faulty closure can leave a persistent
communication across the septum

Conceptual stages - temporal progression, not a patient timeline



Two developmental heart fields

e The first cardiac progenitor wave
contributes to the left ventricle

e The second contributes to the right
Second field > RV / ventricle, outflow tract, and much of

First field > LV — outflow the atria

e Normal partitioning requires
coordination between these
developing structures

Conceptual comparison - not a specimen or quantitative scale



Septation completes four-chamber anatomy

e A primitive beating heart tube is
established early in embryogenesis

e (Cardiac chambers take shape before

ACELS R Four definitive septation is complete

Growth » Septation »
tube P chambers

e By roughly day 50, ventricular and
atrial septation produces four
chambers

Conceptual stages - temporal progression, not a patient timeline



Why septal development can fail

Developmenta . Incomplete

. . VSD
| perturbation septation

Schematic causal sequence - arrows indicate the conceptual direction

Cardiac morphogenesis requires cell
migration, tissue remodeling, and
coordinated gene expression

Perturbations can affect localized
septal structures without preventing
live birth

The precise cause of most congenital
cardiac defects remains unknown



Etiology is genetically heterogeneous

e Both inherited factors and
environmental exposures contribute to
CHD

Genetic Environmenta Variable

variation | exposure henotype ) . , )
P P P e No identifiable genetic defect is found

\ / / in most affected patients

e Similar structural defects can result
Cardiac developmental risk from different developmental
disturbances

Broad CHD associations - not specific causal assignments to VSD



Interacting cardiac transcription factors

o GATA4, TBX5, and NKX2.5 in some
GATA4 septal-defect cases

e These factors physically interact and
coregulate cardiac developmental
targets

TBX5 NKX2.5 e A defect in the network may disrupt
normal septum formation

Interacting transcription factors

Interactions are contextual, not proof of a single VSD genotype



GATA4: A nonsyndromic association

e The congenital heart disease gene
table lists GATA4 with ASD or VSD

GATA4

e GATA4 encodes a transcription factor

Transcription factor
e Thisis an etiologic association—not a

universal molecular explanation for
ASD / VSD VSD

Associations derived from the CHD gene table



TBXS: A syndromic association

e TBX5 is listed with Holt—Oram
syndrome

TBXS5

e ASD, VSD, or conduction defects among
its cardiac manifestations

Holt—Oram syndrome

e \/SD can therefore be one feature of a

r r developmental syndrom
Septal / conduction findings broader developmental syndrome

Associations derived from the CHD gene table



Other syndromes may include VSD

e DiGeorge syndrome/22q11.2 deletion
is associated with VSD among other
defects

e CHARGE and Noonan syndromes also
appear in the table of cardiac

DiGeorge / CHARGE / Noonan / Ras- . )
manifestations

TBX1 CHD7 pathway genes

e AVSD alone does not establish any of
these syndromic diagnoses

Conceptual comparison - not a specimen or quantitative scale



Environmental contributors are nonspecific

e Congenital rubella, teratogens, and
maternal diabetes among CHD causes

Congenital Teratogen Maternal
infection exposure conditions e Folate supplementation early in

pregnancy is associated with lower

\ / / CHD incidence

e These are broad CHD associations, not

Cardiac developmental risk - .
P VSD-specific causal assignments

Broad CHD associations - not specific causal assignments to VSD



Isolated and associated VSDs

e VSD can be an isolated opening or
coexist with other cardiac
malformations

e The source reports only 20%—30% of
VSDs presenting in childhood are

Isolated defect — Associated defect isolated

e Clinical interpretation therefore
requires attention to additional
structural lesions

Conceptual comparison - not a specimen or quantitative scale



Location and magnitude define morphology

e V/SDs by their position in the septum
Ventricular septal defect and defect magnitude

e Membranous lesions predominate;
Muscular and infundibular lesions form
the remainder

'

Membranous Muscular Infundibular e Anatomic classification does not, by
itself, specify shunt severity

Classified by site of the opening; Size is a separate descriptor



Membranous VSD is the dominant subtype

e About 90% of VSDs are located in the
membranous interventricular septum

e The membranous region lies near the
LEFT _* RIGHT aortic valve
VENTRICLE VENTRICLE

e This high septal position differs from

muscular and infundibular locations

Aortic valve region - Membranous septum - VSD opening

Original simplified chamber schematic - not to anatomical scale



The membranous defect: Spatial reasoning

e The defect is high in the
interventricular septum near the valve

Valve-level landmarks plane
[ VSD ] e A high septal opening still connects the
two ventricular chambers

Interventricular septum
e A precise gross specimen would be

preferable to a schematic for operative
] localization

Aortic valve e Upper septum

Regional schematic - positional relationships simplified



Infundibular VSD

e The source identifies an infundibular

Valve-level landmarks subtype below the pulmonary valve

[ VSD ] e This location belongs to the minority of
nonmembranous VSDs

Interventricular septum

e The pulmonary valve is a key landmark
for recognizing the defect

Pulmonary valve e Infundibular region

Regional schematic - positional relationships simplified



Muscular VSD

e Muscular defects lie within the

Valve-level landmarks muscular interventricular septum

e They may be single or multiple

Interventricular septum
¢ Small muscular defects have a

[ VSD ] substantial potential for spontaneous
closure

Muscular septum e Single opening

Regional schematic - positional relationships simplified



Multiplicity: A practical distinction

Multiple muscular

Single VSD — VSDs

Conceptual comparison - not a specimen or quantitative scale

Most VSDs are solitary

Multiple openings are especially
encountered in the muscular septum

Describing a defect therefore includes
both location and number



Anatomic summary of VSD variants

e Membranous: Around 90%, adjacent to

the aortic valve region
Site Anatomic relation Pattern

e Infundibular: Located beneath the

Membranous Near aortic valve Most common
pulmonary valve

Below pulmonary

Less common
valve

Infundibular
e Muscular: Located in muscular septum,

sometimes multiple
Muscular Muscular septum Can be multiple

Editable comparison based on Robbins descriptions



The central pathophysiology is shunting

e A shuntis an abnormal channel
allowing blood to move between
circulatory compartments

e With VSD, the defect connects the

LEET RIGHT systemic and pulmonary ventricular
VENTRICLE VENTRICLE

 Flow direction reflects the
y . y pressure/resistance conditions of the

circulation

Systemic side - LV - VSD - Pulmonary side - RV

Original simplified chamber schematic - not to anatomical scale



An uncomplicated VSD begins left-to-right

e Systemic-side pressure ordinarily favors
flow from left ventricle to right

ventricle
LV =5 RV PuImon/]zjry flow
e Oxygenated blood recirculates through
the pulmonary circuit
e |nitial left-to-right shunting does not
No initial cyanosis itself produce cyanosis

Pathway abstraction - direction represents the mechanism described



Defect size alters the circulatory effect

e The defect’s magnitude influences the
amount of shunted blood

e Associated right-sided malformations
also modify the physiologic

Smaller VSD S Larger VSD conseguences

e A small opening may be tolerated; A
large one may generate substantial
load

Conceptual comparison - not a specimen or quantitative scale



Why left-to-right flow increases lung exposure

e Blood that crosses into the right
ventricle is pumped back through
pulmonary vessels

Extra e The lungs receive extra flow that would

LV - RV —  pulmonary  — Vascular stress not occur with an intact septum
flow

e This alters the normally low-pressure,
low-resistance pulmonary bed

Schematic causal sequence - arrows indicate the conceptual direction



The pulmonary circulation is low resistance

e Normal pulmonary vessels are adapted
to lower pressures than systemic
vessels

e Significant shunts chronically increase

Normalgouollmonary —  Chronic VSD shunt pulmonary blood flow and pressure
e

e Progressive exposure initiates
maladaptive arterial remodeling

Conceptual comparison - not a specimen or quantitative scale



Why large VSDs cause early difficulty

e A large defect permits a major left-to-
right communication

e Clinically important problems virtually
Large defect - early Small defect - delayed from birth in large VSDs

impact detection

e Small lesions can remain unnoticed for
many years

Conceptual comparison - not a specimen or quantitative scale



Right-ventricular pressure remodeling

e Large VSDs produce early right-
ventricular hypertrophy

e The shunt-associated pulmonary
Shunt-related RV pressure load contributes to this

RV wall stress —
pressure hypertrophy response

e Right-ventricular hypertrophy is a
structural sign of hemodynamic burden

Schematic causal sequence - arrows indicate the conceptual direction



Left-ventricular volume remodeling

e The source figure describes left-
ventricular volume hypertrophy in VSD

Return to left
heart

Pulmonary flow
e Recirculated pulmonary blood returns
to left-sided cardiac chambers

e This creates a volume component of
LV volume burden the ventricular adaptation

Pathway abstraction - direction represents the mechanism described



Pressure and volume effects coexist

e A substantial VSD affects more than
one chamber

e Right ventricular pressure hypertrophy

and left ventricular volume
RV - pressure loading — LV -volume loading hypertrophy can coexist

e The relative dominance depends on
the hemodynamic context

Conceptual comparison - not a specimen or quantitative scale



Pulmonary arteries respond initially

e Increased pulmonary flow and
pressure stimulate medial hypertrophy

. _ e Small muscular pulmonary arteries also
High flow / Medial . Vessgl vasoconstrict
pressure hypertrophy narrowing

e These early adaptations help limit
downstream capillary pressure

Schematic causal sequence - arrows indicate the conceptual direction



Long-term vasoconstriction becomes damaging

Prolonged Intimal
—

. Resistance T
exposure obstruction

Schematic causal sequence - arrows indicate the conceptual direction

Persistent vasoconstriction is not a
benign steady state

Prolonged stress promotes obstructive
lesions in the arterial intima

The remodeled vascular bed loses its
normal low-resistance character



Pulmonary vascular disease is progressive

Vascular N Resistanc Shunt

AUV injury e P g change

Conceptual stages - temporal progression, not a patient timeline

Large uncorrected defects may
progress to irreversible obstructive
pulmonary vascular disease

Increasing vascular resistance
progressively raises the pressure seen
by the right ventricle

The shunt changes as the pressure
relationship between ventricles
changes



Shunt reversal is a late transition

e \When pulmonary resistance
approaches systemic resistance, shunt

direction can reverse

Pulmonary
resistance

> RV > LV
e Venous blood is then delivered to the
systemic arterial circulation

e Cyanosis arises from systemic
Cyanosis admixture of poorly oxygenated blood

Pathway abstraction - direction represents the mechanism described



Eisenmenger syndrome

Untreated . Pulmonary . Right-to-left
large VSD arteriopathy shunt

Schematic causal sequence - arrows indicate the conceptual direction

Eisenmenger syndrome is reversal of a
longstanding left-to-right shunt

The mechanism is acquired severe
pulmonary vascular disease

It signals that the original congenital
shunt has reached an advanced
pathologic stage



Why cyanosis is absent initially

e Early left-to-right shunting does not
bypass oxygenation of venous blood

e Therefore initial isolated VSD is not a
Early - left-to-right — Late - right-to-left cyanotic defect

e Cyanosis after reversal reflects
admixture of venous blood into
systemic blood

Conceptual comparison - not a specimen or quantitative scale



Consequences of chronic hypoxemia

e Persistent cyanotic shunts with
increased red-cell counts

e Digital clubbing and hypertrophic

Systemic osteoarthropathy may occur with
. —  Polycythemia — Clubbing :
hypoxemia prolonged hypoxia

e These consequences belong to the
advanced right-to-left phase

Schematic causal sequence - arrows indicate the conceptual direction



Paradoxical embolism becomes possible

e Right-to-left channels allow venous
emboli to bypass pulmonary filtration

Right-to-left
channel

Venous embolus
e Such emboli can enter the systemic

arterial supply

e This is a consequence of shunt
direction rather than a defining feature
of every VSD

Systemic circulation

Pathway abstraction - direction represents the mechanism described



Pathology connects defect and vasculature

e Septal anatomy establishes an
abnormal route for blood

e The resulting load changes chamber

Septal | | Chamber | | Vascular | | o el morphology and pulmonary arterioles
opening load injury

e late vascular injury can become more
decisive than the septal opening itself

Conceptual stages - temporal progression, not a patient timeline



Associated defects change shunt physiology

e Robbins stresses the importance of
right-sided accompanying
malformations

e Right-ventricular outflow obstruction
Right-sided Net flow may alter transseptal pressure

VSD anatomy — . i
y lesion? pattern conditions

e Anatomic context must be defined
before predicting the shunt

Schematic causal sequence - arrows indicate the conceptual direction



Tetralogy of Fallot includes a VSD

e Tetralogy combines VSD with
subpulmonary obstruction, overriding
aorta, and right-ventricular

hypertrophy
e The direction of shunting depends on
: the degree of right-ventricular outflow
Isolated VSD — Tetralogy T’V'th :
obstruction obstruction

e This contrasts with the usual isolated
left-to-right VSD

Conceptual comparison - not a specimen or quantitative scale



VSD versus atrial septal defect

Property VSD ASD
Opening Ventricular Atrial
Pulmonary load Flow + pressure Mainly flow
Clinical pattern Size-dependent Often later

presentation

Editable comparison based on Robbins descriptions

VSD communicates between ventricles;
ASD communicates between atria

VSD as adding pulmonary blood flow
and pressure

ASD predominantly adds right
ventricular and pulmonary outflow
volume



VSD versus patent ductus arteriosus

e \/SD is an interventricular
communication

Property VSD PDA
e PDA is persistence of the channel
Connection LV << RV Aorta < pulmonary P
artery between pulmonary artery and aorta
Early flow Left-to-right Left-to-right
e Both can cause increased pulmonary
blood flow and pressure
Pulmonary
Flow + pressure Flow + pressure
burden

Editable comparison based on Robbins descriptions



The small VSD phenotype

e Smaller defects are often well tolerated
for many years

e They may not be recognized until later

Late in life

Small opening Limited burden .
recognition

e This course differs from clinically
important large defects present early

Conceptual comparison - not a specimen or quantitative scale



Small muscular VSDs can close

e Spontaneous closure in approximately
50% of small muscular VSDs

e Closure potential is a major reason not

Small Observation in Possible to treat all asymptomatic openings
muscular — . —  spontaneous : :
: infancy immediately
opening closure

e This estimate is for the small muscular
category—not all VSDs

Schematic causal sequence - arrows indicate the conceptual direction



Adult-detected VSD has a different profile

e A VSD first identified in adulthood is
usually isolated,

e The survival of an undetected defect
Congenital Years of Adult suggests a relatively tolerated

> >

opening tolerance recognition circulatory impact

e Timing of discovery should not be
confused with timing of embryologic
origin

Conceptual stages - temporal progression, not a patient timeline



Large untreated VSD has a different course

e Substantial shunting increases
pulmonary flow and pressure

e Early RV hypertrophy and pulmonary
Pulmonary _Irreversible hypertension are common

Large VSD . .
hypertension disease consequences

e Irreversible pulmonary arteriopathy
becomes a major long-term hazard

Schematic causal sequence - arrows indicate the conceptual direction



Observation is conditional—not universal

Assess the VSD and its
burden

d AN

Asymptomatic / small? Significant / large?

l l

Observe for closure Early correction

Teaching schematic, not a clinical management algorithm

e Deferring closure for asymptomatic
VSD beyond infancy

e The rationale is the potential for
spontaneous closure

e This approach must not be generalized
to large hemodynamically important
defects



Why significant defects require early repair

e Early correction prevents continued
pulmonary vascular stress

e The stated goal is to prevent
Large shunt | — Timely N Prevent irreversiblg obstructive pulmonary
correction arteriopathy vascular disease

e Timing depends on lesion significance
rather than congenital diagnosis alone

Schematic causal sequence - arrows indicate the conceptual direction



Late vascular disease changes repairability

e Once pulmonary vascular disease is
irreversible, simple closure is no longer
an adequate solution

e Such congenital shunt lesions as
Reversible Obstructive Irreversible irreparable at that stage

| 2 | 2
load remodeling stage

e Therefore natural history determines
the opportunity for corrective
intervention

Conceptual stages - temporal progression, not a patient timeline



Morphology versus clinical severity

e Anatomic location specifies the septal
defect

e Size and associated right-sided
malformations dominate the functional

Anatomic description — Physiologic assessment consequences

e Pulmonary vascular resistance and
shunt direction describe advanced
physiologic progression

Conceptual comparison - not a specimen or quantitative scale



Practical clinicopathologic questions

Is the defect single or multiple, and where is it located?

How large is the hemodynamic communication?

Are there accompanying right-sided malformations?

Is pulmonary vascular disease developing or established?



Case 1: An incidental muscular opening

e A newborn screening study identifies a

Clinical reasoning vignette tiny muscular VSD

Small muscular VSD _ _
e No large-shunt manifestations are

described

No large shunt

e Question: Which outcome discussed by
Possible closure Robbins is plausible during infancy?

lllustrative hypothetical case; No patient data



Case 1: Interpret the prognosis

e Spontaneous closure is plausible,
especially for small muscular defects

e The cited approximate 50% closure

small Follow it Possibl
muscular  — onowlits 1, ossible frequency belongs to this subgroup
defect natural history closure

e The scenario does not justify assuming
every small lesion will close

Schematic causal sequence - arrows indicate the conceptual direction



Case 2: A large infant VSD

Clinical reasoning vignette

Cardiac chambers

Pulmonary arteries

Time-dependent changes

lllustrative hypothetical case; No patient data

e Aninfant has a large interventricular
communication

e Evidence of significant pulmonary flow
burden is present

e Question: Which two pathologic
compartments are at greatest risk over
time?



Case 2: Follow the remodeling

RV . Pulmonary . Irreversible
hypertrophy arteriopathy resistance

Schematic causal sequence - arrows indicate the conceptual direction

The right ventricle develops
hypertrophy under pressure load

Pulmonary arteries undergo medial
and eventually intimal remodeling

Uncorrected shunting risks fixed
pulmonary vascular obstruction



Case 3: Late-onset cyanosis

Clinical reasoning vignette

Prior left-to-right

Pulmonary resistance T

Flow reversal

lllustrative hypothetical case; No patient data

e An unrepaired large VSD persists into
later life

e Pulmonary vascular resistance is now
markedly elevated

e Question: Why can a previously
acyanotic defect become cyanotic?



Case 3: Identify Eisenmenger physiology

e Fixed pulmonary vascular remodeling
reverses the original shunt

e Right-to-left admixture lowers systemic

Pu!"fonary | Rightto-left | Cyanosis arterial oxygenation
injury shunt

e The case illustrates the importance of
repair before irreversible vascular
disease

Schematic causal sequence - arrows indicate the conceptual direction



Three natural histories to distinguish

Defect context Flow / course Key concern

Follow natural

Il I May cl .
Small muscular ay close history
Large unclosed Large L->R shunt Pulmonary
arteriopathy

VSD with

obstruction Cyanotic physiology

Flow may alter

Editable comparison based on Robbins descriptions

Small muscular VSD: Possible
spontaneous closure

Large VSD: Substantial early loading
and pulmonary vascular risk

VSD with right-sided obstruction:
Altered flow direction, as in tetralogy



Integrated sequence: From anatomy to outcome

e A structural defect creates
communication between ventricular
chambers

e Shunting increases pulmonary load and
Vascular stimulates ventricular/vascular
VSD > Shunt » » Qutcome .
injury adaptation

e The outcome depends on defect size,
associated anomalies, and progression
of vascular disease

Conceptual stages - temporal progression, not a patient timeline



References and source boundaries

Robbins, Cotran & Kumar, Pathologic Basis of Disease, 11th edition, Chapter 12, pp.
485-490

Primary topic: “Ventricular Septal Defect,” pp. 488—489

Supporting context: congenital heart disease, left-to-right shunts, and tetralogy of
Fallot

Original simplified PowerPoint schematics; no published figures reproduced
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