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Left bundle branch block—Innocent bystander, silent menace, or both
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ABSTRACT

Left bundle branch block (LBBB) causes immediate electrical and mechanical dyssynchrony of the left ventricle (LV) and gradual
structural damages in the Purkinje cells and myocardium. Mechanical dyssynchrony reduces the LV ejection fraction (EF) instantly,
but only to =55% in an otherwise normal heart. Because of the heart's in-built functional redundancy, a patient with LBBB does
not always notice the heart’s reduced efficiency straightaway. After a variable period of time (which could be from days to de-
cades), the patient may become symptomatic with heart failure (HF), which classifies as HF with preserved EF >50% (HFpEF).
The LVEF drops further because of continuous adverse remodeling and inefficient cardiac contraction. The patient transits to
HF with moderately reduced EF 35%-50% (HFmrEF) and then reduced EF <35% (HFrEF) over 5-21 years. Cardiac resynchroni-
zation therapy (CRT) is currently only indicated in guidelines for HFrEF and LBBB. LBBB shortens the median survival of patients
with HFmrEF by 5.5 years. Randomized controlled trials have shown that CRT improves echocardiographic indices for HFmrEF
with LBBB. CRT in HFpEF with LBBB is a promising but underexplored/underused therapy. There have been anecdotal reports
that CRT produced symptom relief in patients debilitated by HFpEF with LBBB, who constitute = 6% of all patients with HF and
an adequate pool of potential randomized controlled trial participants. Conduction system pacing in the form of left bundle
branch area pacing is an emerging pacing strategy that might reverse and forestall the deleterious effects of LBBB.
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Introduction

Left bundle branch block (LBBB) was historically considered a
benign incidental finding with limited recognition of its associ-
ation with cardiomyopathy (CM); however, contemporary evi-
dence increasingly highlights its potential role in structural
and functional cardiac abnormalities, although some clinicians
may still perceive it as incidental in certain contexts.’ LBBB is
probably never totally innocuous and could directly cause
rather than just correlate with functional and structural dam-
ages to the heart. Coincidence and correlation do not equate
to causation. The insidious onset of LBBB-induced CM might
explain why it has escaped more intense clinical scrutiny so

lated factors such as LBBB and heart failure (HF). Left ventricular
(LV) ejection fraction (EF) is the “final arbiter” in CRT indications
for HF with LBBB in guidelines by virtue of its role as a binary
cutoff eligibility criterion in previous randomized controlled tri-
als (RCTs) despite its lack of sensitivity for mechanical dyssyn-
chrony.*® CRT is “indicated” only when LVEF is <35% (HF
with reduced EF [HFrEF], reduced EF), but not 35%-50% (HF
with moderately reduced EF [HFmrEF], mildly or moderately
reduced EF) or >50% (HF with preserved EF [HFpEF],
preserved EF). LBBB with LVEF > 50% but no symptoms is
probably subclinical LBBB-induced CM and preclinical HFpEF.
Rare medical conditions with insidious onset do not lend them-

far. Cardiac resynchronization therapy (CRT), a form of cardiac
physiological pacing that also includes conduction system pac-
ing (CSP), mitigates electrical and mechanical dyssynchrony
associated with or caused by LBBB.” Response to a remedy
such as CRT could be used to infer causality between corre-

selves to RCTs, and the limited data from physiological and
mechanistic studies and expert opinions might be the only ev-
idence available to guide their management.” HFmrEF with
LBBB has been shown to benefit from CRT, albeit only in terms
of surrogate measures (physiological parameters) rather than
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clinical events.®” CRT, though not listed as indicated for HFpEF
in guidelines, might be considered in selected patients with
demonstrated mechanical dyssynchrony for immediate symp-
tom relief and potential prognosis uplift. RCTs would help
clarify the role of cardiac physiological pacing (be it CRT or
CSP) in the clinical management of HFpEF with LBBB.*'°

Coincidence, correlation, and causation

Factors/events A and B appearing within spatial or temporal
proximity may be related. If A and B appear together only
once, it is a coincidence and impossible to prove causality
(Figure 1A). If A and B appear together repeatedly, it is a corre-
lation whose strength could be measured statistically. The P
value of statistical analyses gives the upper limit of the probabil-
ity A and B appearing together if they were independent
random events. However, correlation does not imply causation
(Figure 1A), but a strong correlation is generally accepted as
“proof” that the treatment given to A causes the clinical
response observed B in RCTs (Figure 1B). P < .05 could still occur
by chance from too many comparisons. Correlation could occur
because of a common cause (Figure 1C) or an intermediary step
(Figure 1D) C between 2 factors/events A and B. In many situa-
tions, the causal links between factors/events are complex and
might be multidimensional and bidirectional (Figure 1E). Judi-
ciousness needs to be exercised in inferring causality between
factors/events. False inference of causality or inference of false
causality could have disastrous consequences.

The opposite of imputing unwarranted causality is over-
looking probable ones, especially when the cause is common
and the consequence manifests only after long latency or
rarely (Figure 1F). Even though long-term exposure to low-
dose ionizing radiation may theoretically increase the lifetime
cancer risk of health care professionals who use fluoroscopy
for work, definite causality has not been statistically estab-
lished."" However, anecdotal reports12 and mechanistic plau-
sibility’® are conceming. Alternatively, if low-dose ionizing
radiation is truly “innocuous,” the as low as reasonably achiev-
able principle would not be needed,' and the effort and re-
sources expended on developing and performing fluoroless
electrophysiological procedures would have been in vain.'”

LBBB has long been known to be associated with
increased risks of cardiac disease, HF, and mor‘cali‘cy,m_23
but confounding factors (aging and comorbidities)
(Figure 1E) and insidious onset (Figure 1F) make it difficult
to prove causality. Active experimentation, a cormnerstone of
the scientific method, is more effective in proving causality
than passive observation. However, the Declaration of Hel-
sinki explicitly forbids intentionally inflicting harm on human
subjects in scientific experiments.”* The direct harm from
LBBB on an otherwise healthy heart could only be experimen-
tally studied in animal models.?*?

Inferring causality from remedy

The logical statement “A—B" (if A, then B) could be inter-
preted as A “causes” B, but not necessarily mechanistically
(Figure 1D). For illustration, consider the relationships be-
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Figure 1

A: Pure coincidence or chance correlation but no causality between A and B. B:
Adirectly causes B. C: Aand B are correlated through a common cause C but no
direct causality. D: A indirectly causes B through an intermediary step C. E: A, B
and C could cause and be caused by one another - multi-dimensional network
of positive feedback loops. F: A directly causes B, but only very slowly.

tween an occluded coronary artery (OCA) A and a chest
pain episode B (Table 1(a)). The OCA could be the culprit
and causes chest pain (cell C1R1, C for column, R for row) or
a bystander that continues to exist without chest pain (cell
C1R2). Chest pain could be caused by the OCA (cell C2R1)
but could also be due to an unrelated cause (eg, microvas-
cular angina and esophageal spasm) (cell C2R3). Obstructive
angina is defined by logical equivalence to the OCA (C3):
obstructive angina is chest pain that exists only in the pres-
ence of an OCA (cells C1R1, C2R1, and C3R1) and disappears
as soon as the OCA is opened (cells C1R4, C2R4, and C3R4).
Nonobstructive angina chest pain is defined by exclusion
(“negation” in logical terms) of obstructive angina (C4).
Suppose an OCA is found in a patient with chest pain (R1 and
R2) (Table 1(b)). Opening up the occluded OCA would tell if
chest pain is obstructive angina. If chest pain disappears, it is
obstructive angina (R4) (Table 1(c)). If chest pain persists, it is
nonobstructive angina chest pain (R3) (Table 1(d). Thus,
response to the remedy for obstructive angina could be used
to infer causality between the OCA and the chest pain episode.
A<+ B trivially implies A— B. The definition of obstructive angina
(C3) implies that the OCA “causes” the chest pain episode.

CRT-responsive HF with LBBB—Response measure and
CRT institution

CRT was developed to mitigate the electrical and hence me-
chanical dyssynchrony associated with abnormal ventricular
activation."?’~?? LBBB has consistently been one of the best
predictors of response to CRT.?” Thus, if response to CRT is
used to define a subtype of HF, it would seem sensible to
confine attention to HF with LBBB initially,*" even though
HF without LBBB (regardless of the EF) is also associated
with LV mechanical dyssynchrony.>*’ CRT might be used
not only to treat but also to define LBBB-induced CM as
CRT-responsive HF (regardless of EF) with LBBB.837
Response to CRT depends on (is confounded by) how it is
measured and instituted.®** Response to CRT has been
measured in terms of (1) functional status and quality of life;
(2) outcome events (eg, death and HF hospitalization); (3)
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Table 1 Truth table for inferring causality from remedy

Occluded coronary

Nonobstructive angina

artery Chest pain Obstructive angina chest pain

(a) Symbol A B A<B Not (A< B)
Truth value T T T F

T F F T

F T F T

F F T F
(b) Symbol A B A<B Not (A< B)
Truth value T T T F

T F F T

F T F T

F F T F
(c) Symbol A B A<B Not (A< B)
Truth value T T T F

T F F T

F T F T

F F T F
(d) Symbol A B A-B Not (A< B)
Truth value T T T F

T F F T

F T F T

F F T F

F = false; T = true.

physiological parameters (eg, LVEF, LV dimensions, global
longitudinal strain, and cardiac output); and (4) composites
of the above. CRT response classifications and rates differ
according to the measures used.*® The clinical measures (1)
and (2) matter more than the physiological measures (3) to pa-
tients, and the 2 categories only partially correlate.* Reverse
remodeling (rise in LVEF and fall in LV dimensions) means lit-
tle, if at all, to patients. For the "“super-responders” with near
renormalization of LV function and dimensions, their CRT-
responsive HF with LBBB could be equated with LBBB-
induced CM and their prior CM could be inferred to be
largely, if not entirely, caused by LBBB.">"* Even
substantial LV reverse remodeling might be functional rather
than structural, though, as acute withdrawal of CRT caused
immediate LV mechanical dyssynchrony and fall in LVEF.*®
LV lead placement over an infarcted area or near the apex
could make CRT less effective.*?->°

Subclinical LBBB-induced CM vs preclinical HFpEF

LBBB is associated with LV remodeling and mechanical dys-
synchrony even in the absence of overt cardiovascular dis-
ease.”’”” Compared to matched controls without LBBB,
LVEF is lower (56%=*=7% vs 68%*+6%; P < .001) and LV end-
diastolic and end-systolic volumes are higher (14534 mL
vs 12728 mL; P < 0.01 and 6520 mL vs 42+14 mL; P <
.001). In a study of "“idiopathic” LBBB incidentally discovered
in “young” adults aged <50 years (37%11 years), the LVEF
was 59%=*6% at baseline and LV mechanical dyssynchrony
and late contrast enhancement on cardiac magnetic reso-
nance imaging were present in 100% and 40% of subjects,
respectively.”® In 2 studies assessing deterioration in LVEF
over time in patients with LBBB, the “normal” baseline LVEF
was only =55% at an age of =67 years.>*>°

It appears LBBB always induces CM and there is no safety
limit in LVEF above which LBBB would not cause harm.>®
LBBB with LVEF > 50% but no symptoms is subclinical
LBBB-induced CM or preclinical HFpEF (Figure 2).°¢ The dis-
ease has already manifested but in a way that escapes medical
attention because of some arbitrary cutoff value of >50% for
“normal” LVEF. A “low normal” LVEF of 50%-55% is in fact
"abnormal” and pathological.

Mechanical dyssynchrony in HFpEF with and without
LBBB

Mechanical dyssynchrony in LV contraction exists in HFpEF
even when the QRS complex is narrow but is more pro-
nounced when the QRS complex is wide.***" The LV
mechanical dyssynchrony in HFpEF with LBBB might be not
just quantitatively more severe than, but also qualitatively
different from, HFpEF without LBBB.”"*” Patients with HFpEF
with LBBB (=12% of the total population with HFpEF)>®
should be regarded as distinct from those without™ and
might benefit from CRT (or CSP) just as much as HFrEF with
LBBB.*

Experimental LBBB-induced CM

Avrtificially created LBBB not only injured the Purkinje fibers
(fibrosis, fatty degeneration vacuolization, and impaired inter-
cellular coupling from downregulation of the gap junction
protein connexin 43) that form the heart’s intraventricular
electrical conduction system but also caused fibrosis of the
myocardium, functional hypoperfusion of the LV septum,
and =13%-23% LVEF reduction in otherwise healthy dogs
over 16 weeks to 12 months.”>“® The animal studies provide
the most direct experimental proof of the deleterious effects
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Schematic diagram of possible interconnections and interactions of factors involved in left bundle branch block (LBBB)-induced cardiomyopathy and heart failure.
CM = cardiomyopathy; CRT = cardiac resynchronization therapy; HFmrEF = heart failure with mildly to moderately impaired ejection fraction; HFpEF = heart failure
with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; HTN = hypertension; LV = left ventricular; LVEF = left ventricular ejection

fraction; MI = myocardial infarction.

of LBBB, which extend beyond the conduction system into the
myocardium and from functional impairment into structural
abnormalities.

Epidemiology and natural history of LBBB

The prevalence of LBBB was 0.43% in men and 0.28% in
women aged 33-71 years in a randomly selected Icelandic
population from 1967 to 1977,'2 0.69% in a Japanese popu-
lation from 1958 to 2002,"” and 0.4% at 50 years but 5.7% at
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Figure 3

80 years in a Swedish study on men from 1967 to 1993
(Figure 3A).%? LBBB was first detected at =65 years,"’*° but
the incidence rose rapidly with age (Figure 3B). Data on
LBBB from US Air Force personnelm'62 and retirees®® are
not representative of the general population and might
explain the origin of the misconception that LBBB is a rela-
tively benign condition.

Patients with LBBB but “normal” LVEF at baseline in fact
had a “low normal” LVEF of =55% when LBBB was first de-
tected.”’™> Over time, their LVEF deteriorated and they

=@=—men ==@=women

60 - 69
Age (years)

70-79 >=80

Age-dependent prevalence and incidence of left bundle branch block (LBBB). A: Age dependence of LBBB prevalence. Created from data in Fahy et al'® and Eriksson
et al.?” B: Age dependence of LBBB incidence. Created from data in Imanishi et al."”
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Prognosis of patients with preserved and mildly to moderately reduced left ventricular ejection fraction (LVEF) with and without left bundle branch block (LBBB). A:
LBBB is associated with >20% higher probability of significant LVEF reduction and CIED implantation over 10 years. CIED = cardiac implantable electronic device.
Modified from Sze et al.” B: LBBB shortened the median survival of patients with heart failure with mildly to moderately reduced left ventricular ejection fraction

(HFmrEF) by 5.5 years. Modified from Witt et al.”’

transited from HFpEF to HFmrEF and even HFrEF.**° In one
study, LVEF fell by =15%-=37% over 4.3 years in approxi-
mately one-third of patients with a “normal” baseline LVEF
of >50% (=52%) and LBBB.>* In another study, patients
with “low normal” LVEF with LBBB had a 3.8 times higher
risk (36% vs 10%) of progression to LVEF < 45% or receiving
a cardiac implantable electronic device than did those without
over 10 years (Figure 4A).>> After transitioning from HFpEF to
HFmrEF, LBBB wreaks further havoc with patients’ prognosis.
Patients with HFmrEF with LBBB had a higher risk of HFrEF,
cardiac implantable electronic device implantation, and
death as well as a shorter median lifespan (by 5.5 years)
(Figure 4B) than did those without.”’

The late surge of LBBB onset in life (Figure 3) has 3 impli-
cations. First, many LBBB carriers would likely have significant

comorbidities (eg, hypertension, LV hypertrophy, ischemic
heart disease, and other forms of CM) by the time they
develop LBBB, making it difficult to tease out whether LBBB
is the cause or consequence of these comorbidities
(Figure 1E).19723:%¢ Second, the direct adverse consequences
of LBBB may not have the time to develop before the LBBB
carriers die of unrelated (in the sense of competing risks) or
unrecognized related causes (Figures 1F and 2)."¢""®%° The
mean age of LBBB onset is =65 years, and LBBB-induced
CM may take 5-21 years (mean 11.6 years) to cause symptom-
atic HF.*® Thus, patients might only have symptoms from
LBBB-induced CM if they live to 85 years and are likely to
have comorbidities by then.®” Third, LBBB incidentally found
in young people (eg, younger than 40 years) should raise spe-
cial concerns as that might be the early manifestation of an
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incipient CM, whether LBBB is the cause, consequence, or
both (ie, a positive feedback loop) (Figures 1E and 2). Low
“normal” LVEF, LV mechanical dyssynchrony, and late
contrast enhancement (in =40% of asymptomatic LBBB car-
riers>®) are “abnormal” pathological findings, even if they
might not be correlated with or cause immediate clinical
harm. Long-term (decades) studies of systematic tracking of
the evolution of LBBB-induced CM by magnetic resonance
imaging would be difficult and costly to conduct and may
have never been attempted.

Management of LBBB without structural heart disease

After initial assessment,®® patients with LBBB but no gross
structural heart abnormalities should ideally be reviewed peri-
odically with serial imaging of the heart. There are no firm rec-
ommendations from guidelines on the monitoring of such
patients with subclinical or preclinical disease. Extrapolating
from guidelines on valvular heart disease,®” a stratified
approach seems reasonable. Patients could be reviewed
less frequently (eg, once every 2-5 years) without symptoms
and risk factors and more intensely (eg, once every 6 months)
once HF symptoms and/or extracardiac conduction and/or
structural heart abnormalities appear.

LBBB with HF symptoms but LVEF > 50% could be re-
garded as HFpEF with LBBB. Sodium glucose cotransporter
2 inhibitors reduced HF hospitalization and cardiovascular
death, improved exercise tolerance and quality of life,”072
but only produced no significant improvement in LV
diastolic function or EF in RCTs on HFpEF/HFmrEF.”*""’
RCTs on HFpEF/HFmrEF did not stratify their results
according to the presence or absence of LBBB. Guidelines
on HFpEF’® might thus apply differently, depending on
whether LBBB is the cause (Figure 1B) or a co-consequence
(Figure 1C) of HFpEF.

CRT in HFpEF with LBBB

CRT was trialed in 2 patients with HFpEF and LBBB and
produced tremendous relief of their severe debilitating
symptoms.®” Both cases involved some form of physiolog-
ical assessment of response to CRT, but only after the CRT
devices had already been implanted. There has been a
report of temporary CRT by pacing the LV endocardially
with an electrophysiology catheter in 2 patients with
HFpEF and LBBB.”” Response was assessed by echocardi-
ography.

Currently, there is no easy and reliable way to predict the
clinical response of HFpEF with LBBB to CRT before and
without actual device implantation. Improvements in physio-
logical parameters (eg, pressure-volume loop, intracardiac
pressures, and echocardiographic indices) are surrogate mea-
sures that might not translate into better clinical outcomes.
Trialing CRT in HFpEF with LBBB is “empirical” (ie, no RCT
data) to an extent but that would be based on sound physio-
logical and mechanistic principles and the limited data avail-
able and hence clinically justifiable.? In contrast, =30% of
patients meeting the current guideline indications do not

respond to CRT.**" Better patient selection for CRT is
needed.”*®°

CRT in HFmrEF with LBBB

CRT has been shown to confer benefits for patients with
HFmrEF with LBBB (mean LVEF = 43%) in terms of LV remod-
eling (rise in LVEF and fall in LV end-systolic volume) in the
PROSPECT trial and another RCT published in 2024.°’ CRT
has a Class llb indication for HFmrEF with LBBB in the 2018
guidelines.®®

CSP in HF with LBBB

CSP (mainly realized through left bundle branch area pacing)
is an emerging treatment that holds huge promise and has
rapidly gained traction in clinical practice.”*® However, the
clinical evidence and experience of CSP is much less than
that of CRT and it might be prudent to use CSP as an alterna-
tive in HF with LBBB only when conventional CRT by epicar-
dial LV lead placement via a coronary sinus side branch fails
(in the sense of a backup option).?’

Conclusion—Cardiac physiological pacing in HFpEF with
LBBB
The assertion that “ The prognosis of LBBB is relatively benign
apart from its association with dilated cardiomyopa-
thy""¥"1979) is no longer tenable. The widespread attitude
among physicians toward HFpEF and HFmrEF with LBBB
might be an issue of “competency in medical knowledge.”*’
The temporal trend in the interpretation and application of
ethical and legal standards in medicine is that adverse out-
comes or events are judged primarily by gravity and second-
arily by frequency. If an adverse clinical event that is severe
but rare (eg, 10 times the risk of sudden death over 5 years
for LBBB,®® 1.65 times the risk of sudden death over 4.1 years
for HFpEF with LBBB than without,®” and shortened median
lifespan by 5.5 years over 20 years for HFmrEF with LBBB*’)
or not so severe but more common (eg, 2.9% of the 1-year
rate of developing HFpEF with LBBB,®” 13 times the risk of
high-degree atrioventricular block,'” and 36% deterioration
in LVEF°*°°) matters to the patients affected, it matters to
all health care professionals involved in their care. Prevention
is generally better than cure. Moreover, “the law imposes a
duty of care on a healthcare professional in situations where
it is ‘reasonably foreseeable’ that they might cause harm to
patients through their actions or omissions.””® Not acting
on ("omissions”) HFpEF with LBBB falls into the latter cate-
gory, as its harm to patients has been well characterized in
multiple studies and is therefore “reasonably foreseeable.””"
The evidence reviewed and the arguments made should
provide adequate clinical justifications to perform CRT or
CSP in patients with HFpEF/HFmrEF with LBBB and severe
debilitating symptoms, not just for symptomatic relief but
also for prognosis uplift. The “obsession” with LVEF < 35%
in deciding CRT eligibility is irrational and anachronistic. In
the PROSPECT trial, the quarter (24%) of enrolled patients re-
assigned from LVEF < 35% by the enrollment centers to LVEF
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> 35% by the core echocardiographic laboratories also
benefited similarly from CRT for response measured in terms
of echocardiographic parameters and a composite clinical
score comprising exercise tolerance, quality of life, HF class/
hospitalization, and death.®

Assuming =~55% of patients with HF have HFpEF’®?? and
~10%-12% of patients with HFpEF have LBBB,**%" =% of
all patients with HF have HFpEF with LBBB. This might be a
large enough pool of potential treatment beneficiaries to
motivate a large-scale RCT of CRT in HFpEF with LBBB.*” Until
then, the limited data from physiological and mechanistic
studies and expert opinions are the only evidence available
for guiding management of patients with pressing clinical
needs.” Many breakthrough innovations in medicine,
including CRT, originated from such dire dilemmas.?’-*®
What matters for patients are their clinical outcomes and not
whether their treatments are listed in guidelines.®>? CRT and
CSP are invaluable treatment options for patients with
HFpEF/HFmrEF with LBBB and severe debilitating symptoms,
highlighting the value of prioritizing personalized care
focused on patients’ individual characteristics and clinical out-
comes over rigid adherence to guidelines and traditional
dogmas.
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