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Abstract
Left atrial (LA) volume and function (LA ejection fraction, LAEF) have demonstrated prognostic value in various cardio-
vascular diseases. We investigated the incremental value of LA volume and LAEF as measured by cardiovascular magnetic 
resonance imaging (CMR) for prediction of appropriate implantable cardioverter defibrillator (ICD) shock or all-cause 
mortality, in patients with ICD. We conducted a retrospective, multi-centre observational cohort study of patients who 
underwent CMR prior to primary or secondary prevention ICD implantation. A single, blinded reader measured maximum 
LA volume index (maxLAVi), minimum LA volume index (minLAVi), and LAEF. The primary outcome was a composite of 
independently adjudicated appropriate ICD shock or all-cause death. A total of 392 patients were enrolled. During a median 
follow-up time of 61 months, 140 (35.7%) experienced an appropriate ICD shock or died. Higher maxLAVi and minLAVi, 
and lower LAEF were associated with greater risk of appropriate ICD shock or death in univariate analysis. However, in 
multivariable analysis, LAEF (HR 0.92 per 10% higher, 95% CI 0.81–1.04, p = 0.17) and maxLAVi (HR 1.02 per 10 ml/m2 
higher, 95% CI 0.93–1.12, p = 0.72) were not independent predictors of the primary outcome. In conclusion, LA volume and 
function measured by CMR were univariate but not independent predictors of appropriate ICD shocks or mortality. These 
findings do not support the routine assessment of LA volume and function to refine risk stratification to guide ICD implant. 
Larger studies with longer follow-up are required to further delineate the clinical implications of LA size and function.

Keywords  Implantable cardioverter-defibrillator · Left atrial volume · Left atrial function · Cardiovascular magnetic 
resonance imaging · Outcomes

Introduction

The implantable cardioverter-defibrillator (ICD) has been 
established as an effective therapy for both primary and 
secondary prevention of sudden cardiac death (SCD) [1]. 
SCD accounts for up to 50% of cardiovascular mortality, 
and patients with left ventricular (LV) systolic dysfunction 
are recognized to be at significantly higher risk [2–4]. Con-
sequently, guidelines recommend using LV ejection fraction 
(LVEF) to determine prophylactic ICD eligibility [1].

Although LVEF, late-gadolinium enhancement (LGE) 
and clinical variables such as New York Heart Association 
(NYHA) class have demonstrated utility as risk stratifiers, 
they are imperfect for selecting patients who would most 
likely benefit from a primary prevention ICD. Prior studies 
demonstrate that a quarter of patients with ICD experience 
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appropriate ICD shocks within 5 years [5, 6]. In another 
contemporary real-world registry, only 1.1% and 3.8% of 
patients received appropriate shocks at 1 year in the setting 
of primary and secondary prevention, respectively [7]. The 
DANISH study conducted in patients with non-ischemic 
dilated cardiomyopathy (NICM) showed that prophylactic 
ICD implantation was not associated with mortality reduc-
tion [8]. Collectively, these data highlight the need for 
additional prognostic markers that can improve appropriate 
patient selection for ICD [2, 9].

Novel imaging parameters have been investigated for 
prediction of arrhythmic events and SCD, of which LV 
scar characteristics have been most extensively investigated 
[10–12]. Left atrial (LA) size and function have emerged 
as predictors of atrial arrhythmias and adverse heart failure 
and cardiovascular outcomes [13, 14]. Indeed, LA enlarge-
ment has been recognized as an indicator of the severity 
and chronicity of LV diastolic dysfunction and elevated 
filling pressures [15–17]. Recently, LA function has been 
identified as a predictor of SCD or appropriate ICD shock 
[18, 19]. However, there are insufficient data to confirm the 
incremental value of LA function (beyond LVEF and LGE) 
as a marker of ventricular arrhythmic events following ICD 
implantation. Accordingly, we sought to determine whether 
LA volume and/or function independently predicts appropri-
ate ICD shock or all-cause mortality.

Methods

Study design

We conducted a multi-centred, retrospective, observational 
cohort study of patients who required an ICD for either pri-
mary or secondary prevention at two tertiary care hospitals 
(St. Michael’s Hospital and Sunnybrook Health Sciences 
Center in Toronto, Canada) between January 2007 and 
May 2017. The study was approved by the Research Ethics 
Boards at all study sites. Informed consent was waived for 
this retrospective study.

We included patients who underwent ICD implanta-
tion for either ischemic cardiomyopathy or non-ischemic 
cardiomyopathy, who were at least 18 years old and had 
a cardiovascular magnetic resonance imaging (CMR) per-
formed pre-implant. Patients were categorized as ischemic 
cardiomyopathy if they had a history of myocardial infarc-
tion (MI), percutaneous coronary intervention (PCI), bypass 
surgery, or known CAD. Patients with arrhythmogenic right 
ventricular dysplasia (ARVD) and channelopathies (e.g. 
long QT syndrome) were excluded. Patient demographics, 
comorbidities, medical therapy and appropriate ICD shock 
data were collected by individual chart review. ICD pro-
gramming was at the discretion of the treating physician as 

in standard clinical practice. All CMR analysis was blinded 
to patient clinical characteristics and outcomes.

Outcome

For our primary outcome, we chose to focus on harder end-
points, namely composite of appropriate ICD shock or all-
cause mortality, as opposed to anti-tachycardia pacing which 
is highly dependent on device programming. We chose this 
definition to allow us to evaluate the impact of LA volume 
and function on more definitive outcomes. Patients were fol-
lowed prospectively both in the device clinic at 6-month 
intervals and/or followed-up more urgently based on home 
monitoring events. All ICD shocks (appropriate versus inap-
propriate) were reviewed by trained device technicians and 
by an attending electrophysiologist blinded to LA meas-
urements. Deaths were determined using electronic chart 
review, hospital and autopsy records, or confirmed by the 
primary care provider. Patients who did not develop the cor-
responding endpoint by the end of observation period were 
censored at the last clinic follow-up.

CMR image processing

Baseline CMR was performed following recruitment, prior 
to ICD insertion. All CMR examinations were performed 
with a 1.5 T scanner (Intera, Philips Medical Systems, Neth-
erlands or TwinSpeed Excite, GE Healthcare, Milwaukee, 
Wisconsin) using a cardiac coil and retrospective electrocar-
diographic gating. The Philips 1.5 T scanner used a 5-chan-
nel (SENSE) cardiac coil and the GE scanner used a stand-
ard 8-channel cardiac coil.

Standard protocols using validated, commercially avail-
able sequences were used. Images were obtained with 
breath-hold at end-expiration. Standard long-axis two-, 
four-, and three-chamber views were obtained, as well as 
sequential short-axis covering the LV. Steady-state free pre-
cession sequence (SSFP) was used to acquire cine images 
in long-axis planes followed by sequential short-axis cine 
loops with the following typical parameters: repetition 
time 4 ms, time to echo 2 ms, slice thickness 8 mm, field of 
view 320–330 × 320-330 mm (tailored to achieve optimal 
spatial resolution and image acquisition time), matrix size 
256 × 196, temporal resolution of < 40 ms (depending on 
the heart rate) and flip angle 50 degrees. LGE images were 
obtained for myocardial scar assessment, about 15 min fol-
lowing the administration of gadolinium using a segmented 
inversion-recovery gradient echo sequence. Prior to image 
processing, all CMR studies were de-identified and assigned 
a unique identification code. CMR studies were analyzed 
with commercially available cvi42 software (Circle Cardio-
vascular, Calgary, Canada).
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The biplane area-length method was used to estimate LA 
volume (LAV) [20]. Manual measurements for LAV were 
made at its maximal size (maxLAV), at end-ventricular sys-
tole in the frame prior to mitral valve opening using the fol-
lowing formula: LAV = 8(A2)(A4)/3πL, where A2 and A4 
represent the LA areas in the two- and four-chamber views, 
respectively, and L is the average of the two LA lengths in 
each respective view measured from the midpoint of the 
mitral annulus to the posterior aspect of the LA (Fig. 1). The 
minimal LAV (minLAV) was measured in the same man-
ner except at end-ventricular diastole in the frame prior to 
mitral valve closure. When tracing the LA endocardial bor-
ders, the pulmonary veins and LA appendage were excluded. 
The LA ejection fraction (LAEF) was estimated using the 
biplane area-length method: LAEF = (maxLAV–minLAV)/
maxLAVx100%. The LA volumes maxLAV and minLAV 
were indexed to body surface area (maxLAVi and minLAVi, 
respectively).

LV end-diastolic volumes (LVEDV) and LV end-systolic 
volumes (LVESV) were measured using the short-axis cine 
images by manually tracing endocardial contours during 
ventricular end-diastole and end-systole, using the blood 
volume method that included papillary muscles and tra-
beculations. LVEF was calculated as (LVEDV-LVESV)/
LVEDVx100%. LV mass (LVM) was calculated using the 
area between the endocardial and epicardial borders mul-
tiplied by the slice thickness and interslice distance, using 
contiguous short-axis slices at end-diastole [21]. LVEDV, 
LVESV, and LVM were also indexed to body surface area. 
A single reader measured LA parameters in random order, 
whereas LV measurements and LGE assessment were per-
formed independently by 2 other CMR readers.

Statistical analysis

Continuous data are expressed as mean with standard 
deviation or median with interquartile range (IQR), as 

appropriate. Non-parametric Mann–Whitney U test was 
used to compare continuous data between groups. Chi-
square or Fisher’s exact test was used to compare categori-
cal variables between groups. The relationships between 
CMR parameters were examined using non-parametric 
Spearman’s correlation test.

Kaplan–Meier method was used to display the time to 
primary outcome of appropriate ICD shocks or all-cause 
death, according to quartiles of LA volumes and LAEF, 
and compared by log-rank test for trend. Cox propor-
tional hazards model was used to examine the association 
between CMR LA parameters and outcome, adjusting for 
age, LVEF, ICD indication (primary vs. secondary), and 
presence or absence (binary variable) of LGE as surrogate 
of LV scar. Separate models were performed to examine 
the independent impact of maxLAVi and LAEF on com-
posite outcome of ICD shock or death, or death alone (four 
models). We tested for interactions between LA param-
eters (maxLAVi and LAEF) and primary vs. secondary 
indication for ICD, as well as presence vs absence of CAD. 
Restricted cubic splines were used to model potentially 
non-linear relationship between covariates and outcome. 
To examine for potential collinearity, we calculated vari-
ance inflation factors which were all < 2. Lastly, sensitivity 
analysis was conducted for patients without a history of 
atrial fibrillation.

To determine intra-observer and inter-observer repro-
ducibility, a random sample of 25 and 20 CMRs were 
measured by the same reader and an independent reader, 
respectively. Statistical significance was defined as a two-
sided p value < 0.05. All data were analyzed using SPSS 
version 22 (IBM Corp., Armonk, NY) and STATA version 
15.1 (Stata Corp, College Station, TX).

Fig. 1   Left atrial volume 
calculation using the biplane 
area-length method (2 chamber 
and 4 chamber views)
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Results

A total of 392 patients with ICD and baseline CMR were 
included in this study. Table 1 outlines the baseline char-
acteristics. The mean age of this cohort was 60 years old 
and 79% were men; 62% of patients received an ICD for 
primary prevention, 57% had CAD, and 32% had history 
of atrial fibrillation. The mean maxLAVi and minLAVi 
was 45.8 and 29.7 mL/m2, respectively. The mean LAEF 
was 38.3% and 70% of patients had evidence of LGE. The 
intra-observer reproducibility was excellent, with intra-
class correlation coefficients for absolute agreement of 
0.99 (95% CI 0.99–1.00) for maxLAV and 0.97 (95% CI 
0.92–0.99) for LAEF. The inter-observer reproducibility 
was also very good, with intraclass correlation coefficients 
for absolute agreement of 0.89 (95% CI 0.68–0.96) for 
maxLAV and 0.96 (95% CI 0.90–0.98) for LAEF.

Patients with history of atrial fibrillation had signifi-
cantly higher maxLAVi (53.1 ± 22.2 vs. 42.4 ± 16.7 mL/
m2, p < 0.001), minLAVi (38.5 ± 22.6 vs. 25.6 ± 15.7 mL/
m2, p < 0.001), and lower LAEF (31.6 ± 16.3% vs. 
43.1 ± 15.3%, p < 0.001) compared to those without atrial 
fibrillation.

The median time from pre-implantation CMR to ICD 
insertion was 28 days. During a median follow-up time 
of 61 months (interquartile range 38 to 102 months), 91 
patients (23.3%) experienced an appropriate ICD shock, 
72 patients died (18.4%), and 140 patients (35.7%) reached 
the primary composite endpoint of appropriate ICD shock 
or death.

The correlations between LA parameters and LV param-
eters on CMR are summarized in Table 2. MaxLAVi and 
minLAVi were positively correlated with LVEDVi and 
LVESVi, as well as LVMi. LA volumes were negatively 
correlated with LVEF, whereby higher minLAVi and 
maxLAVi were associated with worse LVEF. LAEF was 
negatively correlated with LVEDVi, LVESVi, and LVMi, 
whereby lower LAEF was associated with higher LVEDVi, 
LVESVi, and LVMi. LAEF was positively correlated with 
LVEF.

In univariate analysis, higher maxLAVi (Fig. 2a), higher 
minLAVi (Fig. 2b), and lower LAEF (Fig. 2c) were all 
associated with appropriate ICD shock or all-cause mortal-
ity. Although LA parameters were correlated with LVEF, 
these correlations were not high enough to preclude entry 
into models including LVEF due to collinearity (all vari-
ance inflation factors < 2.0).

Multivariable Cox regression showed neither LAEF 
(HR 0.92 per 10% higher, 95% confidence interval [CI] 
0.81–1.04, p = 0.17) nor maxLAVi (HR 1.02 per 10 mL/
m2 higher, 95% CI 0.93–1.12, p = 0.72) to be independ-
ent predictors of composite outcome (Table 3). Similarly, 

Table 1   Baseline characteristics of the study patients

ACE angiotensin converting enzyme, ARB angiotensin receptor 
blocker, BMI body mass index, CCB calcium channel blocker, IQR 
interquartile range, LVEF left ventricular ejection fraction, LVESVi 
left ventricular end-systolic volume index, LVEDVi left ventricular 
end-diastolic volume index, LVMi left ventricular mass index, s.d. 
standard deviation

Characteristic n = 392

Age, years, mean(s.d.) 60 (13)
Sex, male (%) 311 (79)
Cardiovascular risk factors, n(%)
 Hypertension 200 (51)
 Diabetes 110 (28)
 Dyslipidemia 186 (47)
 Current smoking 46 (12)

Cardiovascular disease, n(%)
 Angina 56 (14)
 Myocardial infarction 161 (41)
 Stroke 33 (8)
 Heart failure 153 (39)
 Cardiac arrest 28 (7)
 Atrial fibrillation 124 (32)

Previous cardiac interventions, n(%)
 PCI 81 (21)
 Coronary bypass surgery 64 (16)
 Chronic kidney disease 23 (6)
 Primary prevention 243 (62)

Cardiovascular medications, n(%)
 Aspirin 213 (54)
 Anticoagulant 108 (28)
 ADP receptor inhibitor 60 (15)
 Diuretic 170 (43)
 Beta-blocker 311 (79)
 ACEi 246 (63)
 ARB 44(11)
 Statin 243 (62)
 Antiarrhythmic 59 (15)

ICD type, n(%)
 Single-chamber 200 (51)
 Dual-chamber 114 (29)
 Cardiac resynchronization therapy-ICD 77 (20)

Cardiac magnetic resonance parameters, mean (s.d.)
 LAEF, % 38.3 (16.5)
 MaxLAVi, mL/m2 45.8 (19.2)
 MinLAVi, mL/m2 29.7 (19.1)
 LVEDVi, mL/m2 139.8 (45.2)
 LVESVi, mL/m2 99.1 (45.4)
 LVMi, g/m2 70.8 (19.1)
 LVEF, %
 Late gadolinium enhancement, n(%)

32.1 (13.7)
274 (70)
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Table 2   Spearman’s correlation 
coefficients between LA volume 
and ejection fraction and LV 
parameters

LAEF left atrial ejection fraction, MaxLAVi maximum left atrial volume index, MinLAVi minimum left 
atrial volume index, LVEF left ventricular ejection fraction, LVESVi left ventricular end-systolic volume 
index, LVEDVi left ventricular end-diastolic volume index, LVMi left ventricular mass index

LVEDVi LVESVi LVMi LVEF

MaxLAVi 0.48
(p < 0.001)

0.46
(p < 0.001)

0.27
(p < 0.001)

−0.33
(p < 0.001)

MinLAVi 0.46
(p < 0.001)

0.48
(p < 0.001)

0.28
(p < 0.001)

−0.43
(p < 0.001)

LAEF −0.32
(p < 0.001)

−0.41
(p < 0.001)

−0.23
(p < 0.001)

0.49
(p < 0.001)

Fig. 2   Kaplan–Meier curves (overall N = 392) for appropriate ICD shocks or all-cause death stratified by quartiles of: maximum left atrial vol-
ume index (A), minimum left atrial volume index (B), and left atrial ejection fraction (C)
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LAEF and maxLAVi were not independent predictors of 
all-cause mortality alone (LAEF 0.98 per 10% higher, 95% 
CI 0.82–1.16, p = 0.79; maxLAVi HR 1.05 per 10 mL/m2 
higher, 95% CI 0.93–1.20, p = 0.44) (Table 3). LVEF was 
an independent predictor of outcomes while presence of 
scar was not (Table 3). There was no significant interac-
tion between maxLAVi and LAEF and primary vs. sec-
ondary ICD indication, and known vs. no known CAD. 
Ancillary analysis showed that similar to LAEF and max-
LAVi, minLAVi was also not an independent predictor of 
the composite of death/appropriate ICD shock (HR 1.03 
per 10 mL/m2 higher, 95% CI 0.97–1.13, p = 0.61) or all-
cause mortality (HR 1.03 per 10 mL/m2 higher, 95% CI 
0.90–1.17, p = 0.69).

Lastly, multivariable Cox regression with the use of 
restricted cubic splines did not show clear departure from 
linearity, indicating that maxLAVi and LAEF can be mod-
elled linearly. The results remain unchanged in the sensitiv-
ity analysis excluding patients with history of atrial fibrilla-
tion (data not shown).

Discussion

Among patients who received an ICD for primary or sec-
ondary prevention, larger LA volumes were associated 
with reduced LAEF and LVEF, and there was a positive 
correlation between LAEF and LVEF. Although higher LA 
volumes and lower LAEF were associated with appropri-
ate ICD shock or all-cause mortality in univariate analyses, 
these associations were no longer significant after adjusting 
for age, presence of LGE and LVEF. Taken together, our 
results suggest that LA volume and function do not provide 
incremental predictive value for appropriate ICD shocks and 
mortality in patients who underwent ICD implantation.

As LA function is closely intertwined with LV volume 
and filling pressures [13], there is emerging evidence 
for the predictive value of LA size and function for risk 
stratification of cardiovascular diseases [22–24]. Herein, 
we observed correlations between LAV and function, and 
LV volumes, mass, and function. These findings are not 
surprising given the hemodynamics between atria and 

Table 3   Cox proportional hazard regression analysis for the association between clinical and CMR parameters and time to first appropriate ICD 
shock or death, or time to death

LAEF left atrial ejection fraction, maxLAVi maximum left atrial volume index, LGE late gadolinium enhancement, LVEF left ventricular ejec-
tion fraction
* Time to first composite outcome of appropriate ICD shock or death

HR (95% CI) P value

Model 1 to evaluate independent role of LAEF on composite outcome*
 Age (increments of 10 years) 1.13 (0.97–1.33) 0.12
 Primary prevention 0.80 (0.53–1.20) 0.28
 LVEF (increments of 10%) 0.83 (0.68–1.00) 0.044
 LGE 1.42 (0.89–2.25) 0.13
 LAEF (increments of 10%) 0.92 (0.81–1.04) 0.17

Model 2 to evaluate independent role of LAEF on death
 Age (increments of 10 years) 1.67 (1.30–2.16)  < 0.001
 Primary prevention 1.49 (0.80–2.76) 0.21
 LVEF (increments of 10%) 0.66 (0.48–0.90) 0.009
 LGE 1.36 (0.73–2.53) 0.33
 LAEF (increments of 10%) 0.98 (0.82–1.16) 0.79

Model 3 to evaluate independent role of MaxLAVi on composite outcome*
 Age (increments of 10 years) 1.14 (0.98–1.34) 0.094
 Primary prevention 0.83 (0.55–1.25) 0.37
 LVEF (increments of 10%) 0.80 (0.66–0.95) 0.012
 LGE 1.42 (0.90–2.26) 0.13
 MaxLAVi (increments of 10 mL/m2) 1.02 (0.93–1.12) 0.72

Model 4 to evaluate independent role of MaxLAVi on death
 Age (increments of 10 years) 1.71 (1.32–2.21)  < 0.001
 Primary prevention 1.18 (0.63–2.23) 0.60
 LVEF (increments of 10%) 0.60 (0.44–0.81) 0.001
 LGE 1.39 (0.52–2.60) 0.30
 MaxLAVi (increments of 10 mL/m2) 1.05 (0.93–1.20) 0.44
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ventricles are interconnected. When LV compliance is 
reduced, filling pressure increases in the LV and thereby, 
increasing LA pressure leading to structural remodelling 
[25]. Accordingly, adverse remodelling of the LA leading 
to LA dysfunction may be an important marker of more 
severe LV dysfunction and adverse outcomes. Indeed, in 
both HF with reduced and preserved ejection fraction, LA 
filling pressures are increased and associated with ven-
tricular arrhythmias [26, 27].

Currently, there are limited data on the role of LA imag-
ing parameters to predict ICD treatment response. A recent 
study by Rijnierse et al. evaluated the value of LAV and 
LAEF by CMR in 229 patients (166 had LGE assessment) 
who received an ICD for primary prevention of SCD [19]. 
They found that although minimum LAV was a signifi-
cant predictor of the primary outcome of first appropri-
ate device therapy in univariate analysis, LAEF and LV 
scar were independent and incremental predictors of the 
arrhythmic outcome. Similarly, a more recent study by 
Lydell et al. found that LAEF was a strong and independ-
ent predictor of ventricular arrhythmia beyond LVEF in 
patients with reduced LVEF who underwent CMR imaging 
prior to primary prevention ICD implantation [18].

In this study, CMR-derived LAV and LAEF were uni-
variate but not independent predictors of appropriate ICD 
shocks or mortality. These contrasting findings to studies 
outlined above may be related to differences in patient 
characteristics or adjudicated outcomes. Here, we included 
patients who received an ICD for both primary and sec-
ondary prevention, as compared to inclusion of only 
patients who required primary prevention ICD implanta-
tion. The outcome definition also differs. The outcome of 
interest in Rijnierse et al. was appropriate ICD shock, and 
the outcome in Lydell et al. was a composite of SCD and 
appropriate ICD shock [18, 19]. Additionally, of note, Rij-
nierse et al. incorporated anti-tachycardia pacing as appro-
priate therapy, a less rigorous endpoint than an ICD shock. 
Conversely, in our study, we evaluated all-cause mortal-
ity which is a more robust outcome measure, because the 
cause of death is often difficult to discern. Our outcome 
definition is congruent with that of clinical trials of ICD 
implantation using all-cause mortality as the primary 
outcome. The present study included a greater number of 
events (140 ICD shocks or deaths) over a longer follow-
up period compared to Rijnierse et al.(40 anti-tachycardia 
pacing therapies and 22 ICD shocks) and Lydell et al.(35 
events)[18, 19]. Furthermore, LAEF was found to be an 
independent predictor of adverse outcome in multivariable 
analysis that only adjusted for diuretic use [18]. In con-
trast, our findings do not support the routine use of CMR 
quantified LA volume and LAEF as independent predictors 
of appropriate ICD shock or all-cause mortality for risk 
stratification. Future larger studies with longer follow-up 

are required to delineate the prognostic utility of LAEF for 
adverse outcomes in this setting.

To rigorously assess the incremental predictive value of 
LA parameters, we adjusted for LVEF and LGE in our mul-
tivariable analysis. While reduced LVEF was a significant 
predictor of appropriate ICD shock or all-cause mortality in 
this study, it was not included in the previous studies [18, 
19]. Although statistical significance was reached for LVEF, 
it is likely not a strong predictor of arrhythmia outcomes. 
Patients selected for ICD implantation were primarily based 
on reduction in LVEF; hence, differences in LVEF below 
30–35% may not be as powerful predictors of appropriate 
ICD shocks. Studies have also suggested that LVEF alone 
is likely imperfect for selection of patients most likely to 
benefit from primary prevention ICDs. While ICDs have 
been shown to reduce mortality among patients with LVEF 
dysfunction due to MI, the evidence is less clear for those 
with NICM [28]. Given the cost and potential complications 
of ICD, better selection of patients at high risk of SCD is 
required.

There are several strengths of our study. This cohort 
included patients with few exclusion criteria and CMR were 
performed using different vendors in 2 centres, increasing 
the generalizability of our results. CMR measurements 
were performed by independent, blinded readers, with good 
intra-observer reproducibility. Compared to echocardiogra-
phy, chamber quantification with CMR is more precise, and 
considered the gold standard [29, 30]. Furthermore, CMR 
has better endocardial border definition and may yield more 
accurate LA measurements, compared with echocardiogram 
[31]. Although there are various reported methods for esti-
mating LAV including biplane disk summation, and prolate 
ellipse methods [32, 33], we chose to use the biplane area-
length method as most images did not contain dedicated 
atrial short axis slices. The prolate ellipse method gener-
ally underestimates LAV, while the biplane area-length and 
biplane disk summation techniques correlate better with true 
LAV [34]. However, a disk summation technique is more 
cumbersome and clinically impractical, and many outcome 
studies use the biplane area-length technique, which allows 
for more direct comparisons across studies, justifying our 
use of biplane area-length technique here.

Despite these strengths, our study has several limitations. 
Although we did not find any significant association between 
LA size and LAEF and outcomes, this may be attributable to 
inadequate sample size and power. Nevertheless, our study 
included a greater number of events than previous studies 
that reported a positive association, albeit using different 
endpoints. Despite the rationale that risk stratification for 
SCD may be more beneficial in individuals who have not 
yet had a cardiac arrest, we chose to include patients who 
received an ICD for both primary and secondary preven-
tion a priori, which were controlled for in the multivariable 



2266	 The International Journal of Cardiovascular Imaging (2021) 37:2259–2267

1 3

model. This observational study was conducted at two ter-
tiary care centres and included only patients who received 
an ICD as per clinical indication; as such, the prognostic 
value of LA parameters among patients who did not qualify 
for an ICD is beyond the scope of this study. However, since 
all patients in this study received an ICD, the outcome of a 
serious arrhythmia requiring shock was readily apparent for 
all patients enrolled. Our data lacked information on NYHA 
status and HF is an important confounder. We did not evalu-
ate the effect of other LA parameters such as phasic LA 
function on outcomes.

Conclusions

Among patients with ICD for primary or secondary prophy-
laxis, LA size and function were not independent predictors 
of appropriate shocks or all-cause mortality after adjusting 
for LVEF and other clinical features. LA size and function 
correlated with left ventricular size and function. Overall, 
our findings do not support the routine use of LA parameters 
on CMR to refine risk stratification for ICD patients. Larger 
studies with longer follow-up may further delineate the prog-
nostic value of LA size and function in a broad spectrum of 
patients being considered for ICD implant.
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