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Abstract
Background: A subset of patients with hypertrophic cardiomyopathy (HCM) is at 
high risk of sudden cardiac death (SCD). Practice guidelines endorse use of a risk 
calculator, which requires entry of left atrial (LA) diameter. However, American 
Society of Echocardiography (ASE) guidelines recommend the use of LA volume 
index (LAVI) for routine quantification of LA size. The aims of this study were to (a) 
develop a model to estimate LA diameter from LAVI and (b) evaluate whether sub-
stitution of measured LA diameter by estimated LA diameter derived from LAVI 
reclassifies HCM-SCD risk.
Methods: The study cohort was comprised of 500 randomly selected HCM patients 
who underwent transthoracic echocardiography (TTE). LA diameter and LAVI were 
measured offline using digital clips from TTE. Linear regression models were devel-
oped to estimate LA diameter from LAVI. A European Society of Cardiology endorsed 
equation estimated SCD risk, which was measured using LA diameter and estimated 
LA diameter derived from LAVI.
Results: The mean LAVI was 48.5  ±  18.8  mL/m2. The derived LA diameter was 
45.1 mm (SD: 5.5 mm), similar to the measured LA diameter (45.1 mm, SD: 7.1 mm). 
Median SCD risk at 5 years estimated by measured LA diameter was 2.22% (inter-
quartile range (IQR): 1.39, 3.56), while median risk calculated by estimated LA diam-
eter was 2.18% (IQR: 1.44, 3.52). 476/500 (95%) patients maintained the same risk 
classification regardless of whether the measured or estimated LA diameter was used.
Conclusions: Substitution of measured LA diameter by estimated LA diameter in the 
HCM-SCD calculator did not reclassify risk.
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1  | INTRODUC TION

A subset of patients with hypertrophic cardiomyopathy (HCM) are at 
high risk of sudden cardiac death (SCD).1 Guidelines recommend early 
SCD risk assessment to identify candidates for prophylactic insertion 
of automated implantable cardioverter defibrillators.2,3 To support 
decision-making, a prognostic model and corresponding equation for 
estimation of individualized risk (HCM-SCD risk) have been developed 
and validated.4,5

Risk factors for the HCM-SCD risk stratification model include left 
atrial (LA) diameter, age, maximal left ventricular (LV) wall thickness, 
maximal left ventricular outflow tract (LVOT) gradient, family his-
tory of SCD, nonsustained ventricular tachycardia (NSVT) by Holter 
monitoring, and unexplained syncope.3,4 However, the American 
Society of Echocardiography (ASE) and the European Association of 
Cardiovascular Imaging6 recommend LA size be quantified by volume 
(left atrial volume index (LAVI) and LA diameter is therefore not rou-
tinely assessed at our institution in favor of reporting LAVI.

For HCM-SCD risk estimation, the European Society of 
Cardiology (ESC) endorses the use of an online calculator.3 In in-
stitutions such as ours, LAVI is routinely available in echocardiog-
raphy reports. However, LA diameter is not routinely measured. 
This study developed a method for estimation of LA diameter from 
LAVI data reported in the EHR. Accordingly, the study aims were 
to a) develop a model to estimate LA diameter from LAVI for au-
tomated calculators and b) evaluate whether substitution of the 
measured LA diameter by estimated LA diameter from LAVI for 
the HCM-SCD risk calculator would reclassify HCM patients at risk 
of SCD.

2  | METHODS

This study was approved by the Mayo Institutional Review Board. The 
study cohort was comprised of randomly selected patients with HCM 
evaluated at the Mayo Clinic in Rochester, Minnesota, who underwent 
transthoracic echocardiography (TTE) from 2003 to 2012. Digital images 
were prospectively acquired for clinical indications and subsequently 
stored, retrieved, and screened for offline analysis; 523 TTE were 
screened to obtain 500 cases with adequate images for measurement.

Patient age, standardized echocardiography measurements, and 
NSVT by Holter were retrieved from the Mayo Clinic EHR data ware-
house. Echocardiographic measurements included maximal LV wall thick-
ness, maximal instantaneous LVOT gradient by continuous-wave Doppler, 
and left ventricular ejection fraction. Family history of SCD and unex-
plained syncope were manually abstracted from clinical notes in the EHR.

Variables used to estimate the HCM-SCD risk by the ESC endorsed 
equation included age, family history of SCD, maximal LV wall thickness, 
maximal instantaneous LVOT gradient by continuous-wave Doppler, 
unexplained syncope, NSVT on Holter monitoring, and LA diameter.3,4 
The equation used to estimate the probability of SCD at 5 years was 
1 − 0.998exp(prognostic index), where prognostic index = 0.15939858 × max-
imal wall thickness (mm)  −  0.00294271  ×  maximal wall 
thickness2 (mm) + 0.0259082 × LA diameter (mm) + 0.00446131 × max-
imal LVOT gradient (mmHg)  +  0.4583082  ×  family history of 
SCD  +  0.82639195  ×  NSVT  +  0.71650361  ×  unexplained syn-
cope − 0.01799934 × age at clinical evaluation (years).3,4 We did not 
use the HCM-SCD risk calculator available via the Internet but instead 
recreated the HCM-SCD risk calculator in SAS software using the val-
idated equation.3,4

K E Y W O R D S
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F I G U R E  1   Left atrial measurements. LA linear diameter from anteroposterior measurement in parasternal long-axis view (A). LA volume 
by biplane method of disks using apical 4-chamber (B) and apical 2-chamber views (C). LA = left atrium, LV = left ventricle, RA = right atrium. 
RV = right ventricle
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2.1 | Left atrial measurements

LA measurements were made offline from digital images. All meas-
urements were performed by one sonographer, blinded to clinical 
information including echocardiography reports. Measurements 
included LA linear diameter from anteroposterior measurement in 
parasternal long-axis view and LA volume by biplane method of disks 
using apical 4-chamber and apical 2-chamber views (Figure 1).6 LAVI 
was obtained by dividing LA volume by body surface area (BSA).6

2.2 | Statistical analysis

Continuous variables were expressed as mean ± SD or median with 
interquartile range (IQR) according to the pattern of data distribution. 
Categorical variables were summarized as counts and percentages. 
LA diameter was derived from LAVI by linear regression. A multipli-
cative interaction between BSA and LAVI was tested in this model 
and reported (pint). To visualize associations, plots were created using 
BSA quartiles. BSA values as continuous variable were used in the 
regression model. A Bland–Altman plot was generated to compare 
the measured LA diameter and estimated LA diameter. Lin's concord-
ance correlation coefficients were used to summarize the agreement 
between measured LA and estimated LA diameter from LAVI. After 
categorizing HCM-SCD risk of measured and estimated LA diameters, 
the weighted kappa statistic was used to summarize the agreement. 
Intra-observer variability was estimated from a random sample of 25 
subjects using intra-class correlation coefficients (ICC). All statistical 
analyses were performed using SAS version 9.4 (Cary, NC), and two-
sided P-values < .05 were considered to be statistically significant.

3  | RESULTS

The baseline clinical characteristics are shown in Table 1. HCM pa-
tients (age 53 ± 15 years) had maximal LV wall thickness of 17 mm (IQR 
14, 21). There was high intra-observer agreement for the measure-
ments of LA diameter (ICC: 0.96 (95% confidence interval (CI): 0.90, 
0.98)) and LAVI (ICC: 0.95 (CI: 0.86, 0.98)). The measured LA diameter 
was 45.1 mm (SD: 7.1) and LAVI 48.5 mL/m2 (SD: 18.8). Figure 2 shows 
the correlation of measured LA diameter and LAVI by BSA quartiles.

3.1 | Estimating LA diameter

Regression models for LA diameter were fit using LAVI and BSA. 
The slope of association did not vary by BSA (pint = 0.31) but model 
fit improved with BSA (P  <  .001). LA diameter was estimated by 
the equation LA diameter = 10.7 + 0.27 * LAVI + 10.6 * BSA. This 
model generated an R-square =  0.62. Figure 3 shows the correla-
tion between measured and estimated LA diameter. A Bland–Altman 
plot comparing measured LA and estimated LA diameter is shown 
in Figure 4. The estimated LA diameter was 45.1 mm (SD: 5.5 mm) 

which was similar to the measured LA diameter 45.1  mm (SD: 
7.1  mm). An alternative model including the nonindexed left atrial 
volume had a lower R-square of 0.59.

3.2 | Estimated LA diameter and SCD risk

Figure 5 shows the correlation between risk estimated by the HCM-
SCD risk equation comparing measured and estimated LA diameter. 
Lin's correlation coefficient applied to these results was excellent7 at 
0.98 (95% CI: 0.98, 0.99). Median risk of SCD calculated by measured 

TA B L E  1   Baseline clinical characteristics

Variables
HCM patients 
(n = 500)

Age, y 53 (15)

Male sex, n (%) 270 (54)

LV maximal wall thickness, mm, median (IQR) 17(14, 21)

Left atrial diameter, mm, mean (SD) 45.1 (7.1)

Maximal LVOT gradient, mmHg, median (IQR) 4 (4, 61)

Family history of SCD, n (%) 107 (21)

NSVT (by Holter), n (%) 12 (2)

History of unexplained syncope, n (%) 100 (22)

Prior myectomy, n (%) 16 (3)

Implanted AICD, n (%) 66 (13%)

Body surface area, m2 2.02 (0.26)

Left atrial volume index (biplane), mL/m2 48.5 (18.8)

LV ejection fraction, %, mean (SD) 69 (7.8)

Abbreviations: AICD = automated implantable cardioverter–
defibrillator; IQR = interquartile range; LV = left ventricle; LVOT = left 
ventricular outflow tract; NSVT = nonsustained ventricular tachycardia; 
SCD = sudden cardiac death.

F I G U R E  2   Correlation of measured LA diameter and LAVI 
by BSA quartiles of HCM patients. Patients in the highest BSA 
quartiles had larger LA diameters and LAVI, compared with patients 
in the lowest BSA quartiles. BSA = body surface area, LA = left 
atrial, LAVI = left atrial volume index
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LA diameter was 2.22 (IQR: 1.39, 3.56) compared with estimated 
LA diameter 2.18 (IQR: 1.44, 3.52). The absolute risk difference was 
0.15 (0.07, 0.31); there were 13 patients (3%) with ≥1% difference in 
calculated SCD risk.

3.3 | Risk classification

The majority of patients (476/500 [95%]) maintained the risk clas-
sification regardless of whether the measured or estimated LA 
diameter was used for risk estimation. The kappa correlation coef-
ficient for risk classification was high (0.90 (95% confidence interval: 
0.86, 0.94)). Of 395 patients classified as low risk (<4%) by meas-
ured LA diameter, 386 (98%) remained in the low-risk group, while 9 
(2%) moved to intermediate risk (4%–6%) by estimated LA diameter 
(Figure 6). Of 61 patients in the intermediate (4%–6%) SCD risk cat-
egory, 51 (84%) were also classified as intermediate by the estimated 

LA diameter and the remaining 10 patients (16%) were reclassified 
in the low (<4%) SCD risk category by estimated LA diameter. There 
were 44 patients in the high-risk group (>6%) by measured LA diam-
eter, 39 (89%) remained in the high-risk group, while 5 (11%) moved 
to intermediate risk (4%–6%) by estimated LA diameter. When the 
LA diameter was estimated using the model with nonindexed left 
atrial volume, a slightly worse performance was obtained, as 474 pa-
tients maintained the same risk classification with a kappa correla-
tion classification of 0.89.

3.4 | Follow-up

Among the 500 patients, follow-up information was available in 
458 (92%). Of these, twenty-four patients had anti-tachycardia 

F I G U R E  3   Correlation of measured and estimated LA diameter 
by BSA quartiles of HCM patients. This model generated an 
R2 = 0.62. LA diameter was estimated by the following equation: LA 
diameter = 10.7 + 0.27 * LAVI + 10.6 * BSA. BSA = body surface 
area, LA = left atrial, LAVI = left atrial volume index

F I G U R E  4   A Bland–Altman plot comparing measured and 
estimated left atrial diameter. LAD = Left atrial diameter

F I G U R E  5   Correlation between risk estimated by the HCM-SCD 
risk equation comparing measured and estimated LA diameter by 
BSA quartiles of HCM patients. Lin's correlation coefficient applied 
to these results was 0.98 (95% CI: 0.98, 0.99). BSA = body surface 
area, LA = left atrial

F I G U R E  6   Number of patients reclassified in each SCD risk 
category using estimated LA diameter. 95% of patients (476/500) 
maintained the risk classification regardless of whether the 
measured or estimated LA diameter was used for calculation. 
LA = Left atrial
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pacing or discharge events at a median duration of follow-up of 
1.1 years (IQR: 0.1, 3.8). Risk was reclassified in only 2 of these pa-
tients, and both had discharge events. Patient #1 had risk based on 
measured LA diameter of 3.5% (low-risk category) and increased 
to 4.0 (intermediate-risk category) using estimated LA diameter. 
This event occurred at 11.5 years of follow-up. For patient #2, the 
risk based on measured LA diameter was 5.1% (intermediate-risk 
category) and decreased to 3.7% (low-risk category) using the es-
timated LA diameter. This event occurred at 105 days of follow-up.

4  | DISCUSSION

The novel observation of this study of 500 consecutive HCM pa-
tients was that SCD risk estimated using measured LA diameter 
compared with estimated diameter from LAVI was not significantly 
different. ASE practice guidelines recommend LA dimension quan-
tification by volumetric methods.6 Hence, most echocardiography 
laboratories in the United States have adopted the measure-
ment of LAVI in clinical practice. LA volume provides the closest 
agreement to conventional tridimensional reconstruction of the 
left atrium and a more accurate and reproducible estimate of LA 
size.6,8 LA volume is also a robust marker of cardiovascular events.9 
Furthermore, LAVI has been used to predict the adverse outcomes 
in patients with HCM.10,11 However, available risk calculators for 
HCM-SCD require entry of LA diameter, which is no longer meas-
ured at our institution during routine echocardiography in favor of 
reporting of LAVI.

In this study, the majority of patients maintained the risk clas-
sification regardless of whether the measured or estimated LA di-
ameter was used for risk estimation. It is important to note that the 
LA diameter has a very small contribution to the risk score, and this 
may be the reason that minor differences in the variable are unlikely 
to produce a clinical difference. Currently, the calculation of HCM-
SCD risk requires manual entry to an ESC website.12 Providers at 
the point-of-care or investigators for HCM clinical research review 
medical records for SCD risk factors and subsequently manually 
enter the relevant information at the website.12 This inefficient 
process is time-consuming, error-prone, and potentially disruptive 
to provider workflow. We are developing an automated HCM-SCD 
risk calculator populated by EHR data to calculate HCM-SCD risk 
automatically for use by clinicians at the point-of-care. We have 
been developing methodologies to automatically extract these 
risk factors from EHR data.13 However, in our institution the LA 
diameter is not available from EHR data. Conducting offline mea-
surements of the LA diameter for the risk calculation of all HCM 
patients for clinical practice and for large EHR-based cohort stud-
ies would be impractical, time-consuming, and costly. Importantly, 
the study herein demonstrated that estimated LA diameter can be 
used to generate input for automated HCM-SCD risk calculators 
without requirement for manual data entry.

It is not advisable to enter LA volume into the SCD risk equa-
tion as the volume measurement has a different scale and units 

compared with LA diameter. In the study herein, the mean LA di-
ameter was 45.1 mm (SD = 7.1), while mean LA volume was 97 mL 
(SD = 39 mL). If volume is entered, this greatly alters results esti-
mated by the HCM-SCD risk equation. With these caveats, the me-
dian risk of SCD estimated using LA diameter was 2.2 (IQR: 1.4, 3.6). 
However, when LA volume was used in the equation a much higher 
value of 7.5 (3.8, 15.5) was obtained. This emphasizes the impor-
tance of first estimating LA diameter using the equation reported 
herein so that we use an estimated measurement value on the same 
scale as measured LA diameter. In future studies, the risk equation 
could be recreated based on LA volume instead of LA diameter. In 
addition, future studies could test the hypothesis that LA volume 
may be strongly and independently associated with higher risk of 
SCD in HCM patients. Subsequent to such studies, consideration 
could be given to replacement of LA diameter with LA volume in 
calculating SCD risk for HCM patients.

4.1 | Limitations

The present study included data of 500 HCM patients from a sin-
gle center. In the future, independent validation in other centers 
may also assess risk using estimated LA diameter in the HCM-SCD 
risk equation. Even though the model reported herein performed 
well, the regression model is inherently limited by the fact that 
there is no uniform change between the LA diameter and LA vol-
ume and that LAVI takes BSA into account. Future studies with 
larger samples could further evaluate outcomes of HCM patients 
classified using the estimated LA diameter. Patients younger than 
18 years old were excluded in our study, and the use of estimated 
LA diameter in the pediatric population also warrants future 
investigation.

5  | CONCLUSIONS

Substitution of measured LA diameter by estimated LA diameter 
from LAVI in the HCM-SCD calculator did not reclassify risk which 
suggests automated calculation of HCM-SCD risk for cohort studies, 
and generation of input for clinical decision support systems can be 
performed from volumetric data.
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