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Abstract
Recently, a classification with four types of septal longitudinal strain patterns was described using echocardiography, sug-
gesting a pathophysiological continuum of left bundle branch block (LBBB)-induced left ventricle (LV) remodeling. The 
aim of this study was to assess the feasibility of classifying these strain patterns using cardiovascular magnetic resonance 
(CMR), and to evaluate their association with LV remodeling and myocardial scar. Single center registry included LBBB 
patients with septal flash (SF) referred to CMR to assess the cause of LV systolic dysfunction. Semi-automated feature-
tracking cardiac resonance (FT-CMR) was used to quantify myocardial strain and detect the four strain patterns. A total of 
115 patients were studied (age 66 ± 11 years, 57% men, 28% with ischemic heart disease). In longitudinal strain analysis, 23 
patients (20%) were classified in stage LBBB-1, 37 (32.1%) in LBBB-2, 25 (21.7%) in LBBB-3, and 30 (26%) in LBBB-4. 
Patients at higher stages had more prominent septal flash, higher LV volumes, lower LV ejection fraction, and lower absolute 
strain values (p < 0.05 for all). Late gadolinium enhancement (LGE) was found in 55% of the patients (n = 63). No differences 
were found between the strain patterns regarding the presence, distribution or location of LGE. Among patients with LBBB, 
there was a good association between strain patterns assessed by FT-CMR analysis and the degree of LV remodeling and LV 
dysfunction. This association seems to be independent from the presence and distribution of LGE.
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Abbreviations
CMR	� Cardiovascular magnetic resonance
CRT​	� Cardiac resynchronization therapy
FT-CMR	� Feature-tracking cardiac resonance
GCS	� Global circumferential strain
GLS	� Global longitudinal strain
GRS	� Global radial strain
LBBB	� Left bundle branch block
LGE	� Late gadolinium enhancement
LV	� Left ventricle
LVEF	� Left ventricle ejection fraction
SF	� Septal flash
STE	� Speckle tracking echocardiographic

Introduction

Over the years, our understanding of left bundle branch 
block (LBBB) has evolved from a simple electrocar-
diographic finding to a clinical entity that may cause left 
ventricular remodeling and dysfunction in the absence of 
myocardial disease [1]. LBBB has been known to result in 
electromechanical ventricular dyssynchrony, and adversely 
affect prognosis by triggering structural remodeling, left 
ventricular (LV) dilatation, dysfunction, and heart failure 
(HF) [2]. The relationship between LBBB and LV dysfunc-
tion is complex and poorly understood, and identifying 
LBBB-induced adverse remodeling in individual patients is 
challenging [3]. Septal flash (SF) [4] and speckle tracking-
based strain echocardiography [5] have emerged as use-
ful tools in a broad range of settings. Among other uses, 
these tools may help explain the wide spectrum of effects 
that LBBB may have on the left ventricle, ranging from no 
discernable consequences to severe dilatation and systolic 
dysfunction. Recently, a speckle tracking echocardiographic 
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(STE) classification of LBBB-induced septal longitudinal 
strain patterns was proposed. This four-stage classification 
suggests a pathophysiological continuum of LBBB-induced 
LV remodeling [6].

Cardiovascular magnetic resonance (CMR) is consid-
ered the reference standard for the evaluation of biven-
tricular morphology and function. Using late gadolinium 
enhancement (LGE), CMR also has the unique ability to 
identify replacement myocardial fibrosis, a common finding 
in patients with HF, and an important prognostic marker 
[7]. Feature tracking is also possible using CMR, but data 
regarding its applicability and clinical usefulness are still 
scarce [7–10].

The aim of this study was to assess the feasibility of using 
feature-tracking CMR (FT-CMR) to replicate the classifica-
tion of LBBB-induced septal longitudinal strain patterns, 
and to evaluate their association with LV remodeling and 
LGE.

Methods

Study population

This was a single-center, retrospective, observational study 
that enrolled all patients with LBBB undergoing cardiac 
(CMR) in our center as part of the etiological evaluation of 
LV dysfunction (Fig. 1). Patients from November 2015 to 
November 2021 were included in the analyses. Individual 
consent was waived for using clinical data.

LBBB was defined according to Strauss criteria as strict 
LBBB, non-strict LBBB or nonspecific LV conduction delay 
[11, 12]. Strict LBBB was characterized by the presence of 
QS or rS in V1, QRS duration ≥ 140 ms in men or ≥ 130 ms 
in women and mid-QRS notching/slurring in at least two 
of the leads I, aVL, V1, V2, V5 or V6. In non-strict LBBB 
QS or rS in V1 and QRS duration ≥ 120 ms (not meeting 
the strict LBBB criteria) should be present. Non-LBBB LV 
conduction delay was defined by the presence of QS or rS 
in V1 and QRS duration 110–119 ms.

We excluded patients without septal flash (n = 49). Those 
with acute coronary syndrome or cardiac surgery (n = 99) 
during the previous 3 months were also excluded.

Relevant demographic and clinical data were retrospec-
tively collected from the patient chart and electronic medical 
records. Ischemic heart disease was defined by subendocar-
dial or transmural scar in LGE consistent with a coronary 
artery distribution territory.

Cardiac magnetic resonance imaging

All subjects were imaged using a 1.5 T scanner (Siemens 
Avanto®, Siemens Healthineers, Erlangen, Germany), using 

a standard CMR protocol [13], which included steady-state 
free precession cine imaging in standard cardiac views for 
strain analysis.

Ventricular volumes measurements were performed by 
experienced cardiologists and radiologists using dedicated 
software (Circle Cardiovascular Imaging 5.6.4®, Calgary, 
Canada).

The presence of septal flash, defined as a fast leftward 
motion of the septum during isovolumetric contraction [4] 
was visually assessed using ordinary cine sequences and 
scored as mild, moderate or prominent. The presence or 
absence of LGE and its location or distribution pattern were 
assessed qualitatively by using short and long-axis views. 
LGE distribution pattern was defined as subendocardial and 
as mid-wall/epicardial, and three different locations were 
considered (septal, lateral, and both) (Fig. 2). In 6 of the 115 
patients LGE was not performed due to contraindications or 
refusal to receive gadolinium-based contrast agents.

Strain analysis using CMR

A semi-automated feature tracking (FT) technology (Circle 
CVI42®) was applied to the routinely acquired cine CMR 
images. After manually defining endocardial and epicar-
dial borders in end-diastolic phase (excluding papillary 
muscles and trabeculae) the software performs automatic 
border tracking, estimating global longitudinal strain from 

Fig. 1   Flow-chart of the study cohort. LBBB Left bundle branch 
block; CMR Cardiac magnetic resonance; ACS Acute coronary syn-
drome.
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three long-axis SSFP cine images, and circumferential and 
radial strains from the short-axis cine images [7] (Fig. 3). 
The propagated myocardial tissue across the cardiac cycle 
was verified by the operator to ensure the accuracy of the 
propagation. Only good quality strain data were included, 
therefore all patients had proper image quality.

2D and 3D global radial strain (GRS), global circum-
ferential strain (GCS) and global longitudinal strain (GLS) 
were derived. Using radial strain curves, lateral to septal wall 
peak strain delay was calculated as the difference in time to 
peak strain between the mid-septum and the opposing wall. 
Longitudinal strain curves of the mid-septum were analyzed 
to identify the LBBB pattern, according to the recent clas-
sification (LBBB-1 through LBBB-4) [6]. In LBBB-1, an 
early sigmoidal deflection was discerned, followed by late 
peak strain. In stage LBBB-2, an early small peak is fol-
lowed by a larger dominant peak during ejection. The oppo-
site occurs in stage LBBB-3, where a dominant early peak 
is followed by a smaller late peak [14]. In LBBB-4, an early 
peak strain of the septum is followed by stretching during 

further systole without ejection septal shortening [15]. We 
used the same reasoning to identify radial strain patterns.

All the measurements were analyzed by three different 
observers.

Statistical analysis

Continuous variables are expressed as mean ± SD or 
median ± interquartile range (IQR) with normal and non-
normal distribution, respectively. Shapiro–Wilk test was 
used to test normality of the variables. The Student’s t test or 
Mann–Whitney U test were used to compare two groups for 
parametric and non-parametric data, respectively. For paired 
data, paired Student’s t-test and Wilcoxon signed rank test 
were used. Analysis of variance and Kruskal–Wallis test-
ing were performed for comparison among multiple groups. 
Categorical variables are presented as count (percentage) 
and difference between groups were analyzed by chi-square 
tests or Fisher’s exact test. A two-sided p-value < 0.05 was 
considered statistically significant. The statistical analysis 

Fig. 2   Example of LGE in CMR short-axis views in three different 
patients: a Subendocardial LGE (ischemic scar) with septum involve-
ment. b Subendocardial LGE in inferior and lateral wall. c Non-

ischemic cardiomyopathy with midwall pattern of the septum and lat-
eral wall- septal/lateral location

Fig. 3   Example of colored 2D strain analysis (apical four chamber 
view and short axis view) with CMR feature tracking software (Cir-
cle CVI42®). On the right column, the endocardial and epicardial 

borders of the left ventricle are marked by red and green contours, 
respectively, and the right ventricle by yellow
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was performed with IBM SPSS Statistics 24.0 (IBM Corp, 
Armonk, NY, USA).

Results

Population baseline characteristics

A total of 115 patients with LBBB and SF were included. 
Table 1 summarizes the clinical, electrocardiographic and 
CMR characteristics of them. Briefly, the majority were 
classified as strict LBBB, and more than half had left ventri-
cle ejection fraction (LVEF) under 35%. As per study design, 
all patients had SF, which was scored as mild in 36 (31%), 
moderate in 40 (35%) and prominent in 39 (34%).

Strain patterns

Four consistent mid-septal LBBB deformation patterns were 
obtained according to longitudinal and radial strain curves 
(Figs. 4 and 5). In longitudinal strain analyses LBBB-1 was 
observed in 23 (20%), LBBB-2 in 37 (32.1%), LBBB-3 in 25 
(22%), and LBBB-4 in 30 (26%) patients. The clinical, elec-
trocardiographic and CMR characteristics for each LBBB 
stage according to longitudinal septal strain pattern are 
shown in Table 1. A similar table according to radial septal 
strain pattern can be found in the supplementary material.

Staging LBBB‑induced remodeling with strain 
imaging

Patients at higher LBBB stages (Table 1) had more promi-
nent septal flash (p < 0.001), greater end-diastolic and end-
systolic LV volumes (p = 0.003 and p = 0.002, respectively), 
lower LV ejection fraction (p < 0.001) and lower absolute 
global longitudinal (p = 0.001), circumferential (p < 0.001) 
and radial strain (p = 0.002) values compared with less 
advanced stages. Similar results were obtained with radial 
strain patterns (supplementary table, Fig. 6).

There was no difference between patterns in clinical 
characteristics, namely age, sex or ischemic etiology. Addi-
tionally, there was no difference between patterns and QRS 
duration (p = 0.302) or time delay between anterior IVS to 
posterior wall (p = 0.297).

Relation between LGE and strain patterns

LGE was found in 63 patients (54.8%), with a septal loca-
tion in 34 (29.6%), lateral in 4 (3.5%) and both in 11 (9.6%) 
patients. Of these, 32 (27.8%) had an ischemic LGE pat-
tern. Furthermore, no difference was found for LGE pres-
ence, distribution or location between the four strain patterns 

(p = 0.846 for longitudinal strain and p = 0.464 for radial 
strain) (Table 1 and supplementary).

Discussion

The major findings of our study can be summarized as fol-
lows: (1) CMR may be used to classify myocardial strain 
patterns in patients with LBBB; (2) the strain classification 
in four stages/patterns correlates with increasing degrees of 
LV remodeling, suggesting the existence of a pathophysi-
ological continuum, and 3) the presence of LGE is similar 
across the different strain patterns, suggesting that myocar-
dial scar is not a major determinant of these patterns.

LBBB is generally associated with a worse prognosis in 
comparison to normal intraventricular conduction or right 
bundle branch block [16] and might be the first manifesta-
tion of myocardial disease [17, 18]. LBBB-induced cardio-
myopathy has received more attention since the introduc-
tion of cardiac resynchronization therapy (CRT), prompting 
the development of several techniques and criteria for the 
evaluation of potential candidates. In a recent classification 
Calle et al [6] described four longitudinal echocardiographic 
strain patterns (LBBB-1 to LBBB-4) in which patients at 
higher LBBB stages had greater LV volumes, lower LV 
ejection fraction and lower absolute GLS compared with 
patients in less advanced stages. Previous studies have also 
been described different echocardiographic longitudinal 
strain patterns in LBBB patients [15, 19, 20]. However, its 
applicability may be hindered by poor acoustic windows 
[21]. To the best of our knowledge, our study is one of the 
first aiming to replicate this classification using FT-CMR 
analysis in LBBB patients. CMR, less affected by image 
quality, is considered the gold standard for the evaluation 
of LV volumes and function [7], but there are little data on 
strain assessment in LBBB with this imaging modality [6, 
8, 9, 22–25]. Baritussio et al. have shown that myocardial 
deformation assessed by CMR is impaired in LBBB patients 
when compared to healthy controls [26]. In addition, Land 
et al.have concluded that the presence of isolated LBBB 
seems to be associated with LV remodeling, diminished sys-
tolic function, mechanical dyssynchrony and tenting of the 
mitral valve apparatus [27].

Although STE plays a major role as first imaging modality 
[28] due to its low cost and widespread availability, our find-
ings show that CMR can also be used to assess global strain 
values and patterns in patients with LBBB using standard 
cine images, which are routinely performed. In addition, we 
were able to reproduce not only longitudinal strain patterns 
but also to create the same concept for radial strain curves. 
In both radial and longitudinal strain patterns, our findings 
were consistent with a continuous progression of important 
features of cardiac remodeling and septal flash degree across 
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Table 1   Clinical, electrocardiographic and CMR characteristics of patients with LBBB-SF according to Longitudinal Septal Strain Pattern

BMI body mass index, LBBB left bundle branch block, A3C/A4C apical 3/4 chambers, PSAX parasternal short axis, GLS/GRS/GCS global longi-
tudinal/ radial/ circumferential strain
*n = 109, 6 missings

All Patients 
(n = 115)

Stage LBBB-1 
(n = 23)

Stage LBBB-2 
(n = 37)

Stage LBBB-3 
(n = 25)

Stage LBBB-4 
(n = 30)

P value P value for trend

Clinical Characteristics

Age (yrs) 66.0 ± 11.7 63.1 ± 11.9 66.0 ± 9.7 65.6 ± 11.5 68.8 ± 13.7 0.365
Male 65 (56.5%) 10 (43.5%) 22 (59.5%) 15 (60.0%) 18 (60.0%) 0.574
BMI (Kg/m2) 26.1 (5.5) 25.1 (5.1) 26.7 (6.1) 25.1 (7.4) 26.9 (3.8) 0.772 0.960
Ischemic HF 32 (27.8%) 6 (26.1%) 10 (27.0%) 8 (32.0%) 8 (26.7%) 0.963
QRS duration 

(ms)
150.0 (26.0) 150.0 (34.0) 148.0 (25.0) 150.0 (36.0) 150.0 (21.0) 0.302 0.080

LBBB accord-
ing to Strauss 
criteria

0.460

Strict LBBB 90 (78.3%) 15 (65.2%) 28 (75.7%) 22 (88%) 25 (83.3%)
Non-strict LBBB 14 (12.2%) 5 (21.7%) 6 (16.2%) 1 (4.0%) 2 (6.7%)
Non LBBB IV 

delay
11 (9.6%) 3 (13.0%) 3 (8.1%) 2 (8.0%) 3 (10.0%)

LBBB according 
to guidelines

0.516

QRS > 150 ms 64 (55.7%) 11 (47.8%) 18 (48.6%) 16 (64.0%) 19 (63.3%)
QRS 130-150 ms 29 (25.2%) 4 (17.4%) 13 (35.1%) 6 (24.0%) 6 (20.0%)
MRI measurements

End-diastolic 
volume (mL)

241.6 ± 83.9 203.6 ± 78.9 229.2 ± 75.8 244.3 ± 75.2 284.1 ± 89.3 0.003

End-systolic 
volume (mL)

149.5 (108.0) 112.0 (118.0) 142.0 (73.0) 157.0 (109.0) 190.0 (127.0) 0.002 0.000

LVEF (%) 34.0 ± 11.6 40.7 ± 11.3 35.3 ± 11.5 32.6 ± 8.6 28.1 ± 11.6  < 0.001
LGE* 0.846
None 46 (40%) 8 (34.8%) 17 (45.9%) 11 (44%) 10 (33.3%)
Ischemic 32 (27.8%) 7 (30.4%) 11 (29.7%) 8 (32%) 6 (20.0%)
Non-ischemic 31 (27%) 7 (30.4%) 7 (18.9%) 6 (24%) 11 (36.7%)
Dyssynchrony measurements

Septal flash  < 0.001
Mild 36 (31.3%) 17 (73.9%) 15 (40.5%) 2 (8%) 2 (6.7%)
Moderate 40 (34.8%) 5 (21.7%) 17 (45.9%) 10 (40%) 8 (26.7%)
Prominent 39 (33.9%) 1 (4.3%) 5 (13.5%) 13 (52%) 20 (66.7%)
Lateral to septal 

peak delay 
(ms)—A3C

223.1 ± 118.8 168.8 ± 137.8 259.1 ± 116.7 243.1 ± 115.9 205.7 ± 90.9 0.029

Posterior to sep-
tal peak delay 
(ms)—A4C

222.1 ± 105.3 202.5 ± 126.2 241.0 ± 117.2 218.9 ± 73.9 217.5 ± 96.5 0.602

Anterior IVS to 
posterior peak 
delay (ms)—
PSAX

186.3 ± 101.8 150.3 ± 110.9 191.8 ± 122.9 197.4 ± 70.7 198.4 ± 86.1 0.297

GLS −8.1 ± 3.6- −10.3 ± 3.31 −8.4 ± 3.7 −7.3 ± 3.0 −6.8 ± 3.3 0.001
GLS 3D −5.9 (4.1) −7.1 (2.8) −5.9 (5.0) −5.0 (3.5) −4.4 (5.2) 0.092 0.019
GRS 12.3 (9.8) 18.1 (13.1) 13.6 (9.7) 11.2 (8.7) 10.8 (8.8) 0.002 0.000
GRS 3D 13.2 (11.9) 20.1 (17.9) 13.7 (11.3) 11.2 (8.9) 9.9 (9.4) 0.009 0.001
GCS −9.8 ± 3.9 −12.1 ± 4.1 −10.2 ± 6.1 −9.4 ± 3.1 −7.8 ± 3.8  < 0.001
GCS 3D −10.4 ± 4.4 −12.9 ± 4.5 −11.2 ± 3.9 −9.9 ± 5.3 −8.0 ± 4.4  < 0.001
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the strain-based stages. According to literature the correla-
tion between strain values in CMR and echocardiography 
is variable [29, 30]. One study showed good agreements 
between myocardial tagging and two-dimensional STE for 
GLS and GCS [31]. Another study showed modest correla-
tion between CMR-FT and STE global strain values, with 
GLS being systematically lower in CMR, whereas global 
radial strain and GCS were higher in CMR than in STE [9].

It is noteworthy that these two techniques are based on 
different principles of image acquisition and reconstruction 
which may interfere in reproducibility between modalities. 
While STE relies in real-time images, FT-CMR relies on 
data acquired from different cardiac cycles [32]. Although, 
the temporal resolution is higher in echocardiography com-
pared with CMR, CMR provides a superior signal-to-noise 
ratio and echocardiography may be limited by suboptimal 
acoustic windows and thus suboptimal endocardial deline-
ation. All these differences may be considered a limita-
tion for comparison both methods and may also impact the 
feature tracking analysis. However previous studies have 
shown a good intramodal agreement for GLS between the 

two modalities and also a superior reproducibility compared 
with ejection fraction measurement [33].

Our study did not focus on the relationship between 
LBBB patterns and CRT response, however according to 
recent studies LBBB-1 pattern was associated with less 
favorable ventricular remodeling after CRT [4, 5, 15, 34, 35] 
and LBBB-4, the final stage of LBBB, had the most adverse 
remodeled LV [6]. The double peaked pattern LBBB-2 and 
LBBB-3 stages, in the middle, were considered a marker 
for CRT response [36], being the ones that will benefit most 
from this strategy. We might speculate that CMR-FT analy-
sis could be of value in assessing the prognosis and choos-
ing the therapeutic strategy, namely candidacy to CRT, in 
patients with LBBB. Additional information is needed to 
find prognostic value of strain patterns regarding CRT clini-
cal response and major cardiovascular events. Additionally, 
there are no standardization for CMR strain values which 
might be crucial to introduce this methodology in future 
clinical practice.

Despite significant LV remodeling in later stages 
of LBBB strain patterns, neither QRS duration or 

Fig. 4   Stages of LBBB-induced LV remodeling according to longitudinal strain curves. Different lines represent the strain curves of different 
myocardial segments of LV. From left to right, patterns 1 to 4 are represented, with anteroseptal wall colored red and the inferolateral wall blue.

Fig. 5   Stages of LBBB-induced LV remodeling according to radial strain curves. Different lines represent the strain curves of different myocar-
dial segments of LV. From left to right, patterns 1 to 4 are represented, with anteroseptal wall colored red and the inferolateral wall blue
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septal-to-lateral wall delay were significant higher in those 
patients. Previous studies have confirmed our findings of 
weak or no correlation between QRS duration and myocar-
dial deformation [12, 26, 37]. Baritussio et al. also found that 
there was no significant difference in QRS duration between 
ischemic, non-ischemic heart disease patients and patients 
with isolated LBBB-related septal dyssynchrony, despite dif-
ferences regarding myocardial strain assessed by CMR [26].

Some studies propose that, in CRT candidates, STE 
should be complemented by CMR for accurate assessment 
of viability, especially for patients with ischemic etiology 
[25, 38]. It is believed that LV lead should be placed on the 
most delayed site, avoiding myocardial scar [39], in order 
to prevent inefficient stimulation in that territory [40]. With 
this in mind we hypothesized that the presence of myocar-
dial scar (lateral, septal or both) would influence the strain 
pattern and the stage of LBBB and LV remodeling. In our 
population, LGE was found in 55% of the patients, half of 
them with ischemic pattern. Contrary to our expectations, 
we have found no differences in LGE across different pat-
terns of myocardial strain (ischemic vs non-ischemic). This 
may be the result of small sample size, but may also reflect 
the complex relationship between myocardial fibrosis and 
intraventricular conduction delays. In the literature there is 
controverse data regarding the relationship between LGE 
and LBBB. While Grigoratos et al.suggest that the presence 
of LBBB is associated with a higher prevalence and extent 

of LGE [41], Becker et al.concluded that in dilated cardio-
myopathy, ventricular conduction delay was not correlated 
to the presence nor the extent of septal midwall LGE [42].

Limitations

Some limitations of this study should be acknowledged. 
First, since many of the patients had their echocardiograms 
performed in other institutions, we were unable to assess the 
concordance between echocardiographic and CMR classifi-
cation of LBBB strain patterns. Second, the applicability of 
our findings may be limited by the single-center retrospec-
tive nature of this study, using a single specific software 
for myocardial strain analysis. The relatively small sample 
size may have limited the statistical power to identify cer-
tain associations, particularly the relationship between LGE 
and strain patterns. For the same reason, subgroup analysis 
(e.g. ischemic versus non-ischemic patients) could not be 
performed.

Conclusions

In patients with LBBB, CMR feature tracking may be used 
to classify myocardial septal strain into four different pat-
terns, which correlate with the degree of LV remodeling 

Fig. 6   Strain-based stages of LBBB-induced LV remodeling. The 4 stages of LBBB-induced radial strain patterns and their relationship with LV 
adverse remodeling and SF
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and dysfunction. In our population, the presence of LGE 
was similar across the different strain patterns, suggesting 
that myocardial fibrosis is not a major determinant in their 
development.
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