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Abstract
Introduction—The twelve-lead surface electrocardiogram (ECG) is commonly used as a non-
invasive modality to assess for left atrial enlargement (LAE), but data comparing ECG against
cardiac computed tomography (CT) for LAE is lacking. We aimed to determine the diagnostic
performance of six ECG criteria for LAE as compared to CT left atrial volume (LAV) and index
to body surface area (LAVI) as the reference standard.

Materials and Methods—In 339 patients (age 53±12 years, 63% male), we evaluated the
quantitative ECG parameters of P duration, P to PR segment ratio, P wave area, and P terminal
force (PTFV1). We also assessed qualitatively the morphology of bifid and biphasic P waves.
Patients were stratified into top and lowest quartile of LAV and LAVI by CT.

Results—Of the six ECG criteria, patients with P duration>110 ms had a 2½-fold increase
likelihood of being in the top quartile of LAV (adjusted odds ratio [OR] OR 2.51, p=0.01) and
LAVI (adjusted OR 2.74; p=0.007) as measured by CT. For this ECG criterion, the sensitivity and
specificity were 71% and 55% for CT LAE by LAV and 61% and 55% for LAVI. The remaining
ECG parameters of LAE assessed (P to PR segment ratio, PTFV1, P wave area, bifid, and biphasic
P wave) were not associated with LAE by CT-based LAV or LAVI (all p≥0.20).

Discussion—Only P duration>110 ms was independently associated with LAE based on CT-
derived LA volume and index. However, none of the established ECG parameters of LAE have
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sufficient diagnostic accuracies for predicting volumetric enlargement by CT, thus limiting its
clinical utility.
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Introduction
Left atrial enlargement (LAE) is associated with increased risk for cardiovascular diseases.
1–2 The twelve-lead electrocardiogram (ECG) is commonly used as a non-invasive modality
to assess for LAE. Multiple criteria have been established for the diagnosis of LAE.3–4
Both quantitative (P duration >110 ms in lead II, P to PR segment ratio >1.6 in lead II, P
wave area > 4 ms × mV in lead II, and the P terminal force in lead V1 [PTFV1] > 40 ms ×
mm) and qualitative (bifid P wave in lead II, and biphasic P wave in V1) measures of LAE
have been described to be a surrogate marker for LAE on surface ECG.5–9 P duration >110
ms and P to PR segment ratio have both been shown to be correlated with LAE.5–8 The P
wave area, defined as amplitude × ½ duration, has a high sensitivity and specificity for
diagnosis of LAE in patients with mitral stenosis when the cutoff value of > 4 ms × mV was
used.10 PTFV1 and PTFV1 > 40 ms × mm are associated with LAE on echocardiography.8,
11–12 The qualitative morphologic parameters of LAE by ECG include bifid P wave and
biphasic P wave and have been reported as being highly specific for LAE.13–14

The diagnostic performance of ECG parameters for LAE has demonstrated low sensitivities
and variable specificities for detecting LAE when compared against echocardiography,
which uses geometric shape assumptions for volumetric assessments.15–16 In recent years,
the increase in use of cardiac CT with high spatial resolution has allowed for information on
left atrial volumes to be precisely measured using three-dimensional volumetric analysis
using this state-of-the-art technology.17–19 No prior studies to date have assessed these
ECG criteria of LAE to volumetric measures from cardiac CT with respect to their
diagnostic performance. In the “The Rule Out Myocardial Infarction Using Computer
Assisted Tomography” (ROMICAT) trial, both ECG and cardiac CT were acquired within
the same day, allowing for direct comparison of these ECG criteria for LAE to CT-based LA
volume and index. Thus, we aim to assess the diagnostic performance and utility of these six
ECG parameters for LAE with cardiac CT as the reference standard.

Methods
Study population

The ROMICAT trial was a prospective, observational cohort study of 368 consecutive adult
patients at low-to-intermediate likelihood of acute coronary syndrome who presented to the
emergency department of a tertiary hospital with acute chest pain whose initial ECGs and
biomarkers were inconclusive and were awaiting hospital admission. The aim of the trial
was to determine the diagnostic accuracy of CT for the detection of acute coronary
syndrome. Enrollment period was over a cumulative time frame of 18 months ending May
2007. The details of the study design and results have been previously reported and are
notable for exclusion of patients in atrial fibrillation.20 Briefly, all eligible patients who
consented underwent ECG-gated contrast enhanced 64-slice CT and received standard of
care for evaluation of acute coronary syndrome (ACS) during index hospitalization. Our
institutional review board approved the study protocol and all patients provided written
informed consent. In this analysis, we included patients who had both ECG and CT scans
performed within 24 hours and compared the ECG with adequate quality (97%) and closest
temporal proximity to that of the CT scan. We excluded 4 patients with ECGs that were
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either atrial- or ventricular-paced. We included a total of 339 patients for where there was
full visualization of the left atrium on the multi-phase reformatted CT dataset (15 patients
excluded due to partially visualized left atrium) and where the ECG was interpretable (10
patients excluded due to inability to evaluate the P wave) and available for review.

CT data acquisition
CT imaging was performed using a standard 64-slice CT coronary angiography (Sensation
64, Siemens Medical Solutions, Forchheim, Germany) protocol that was acquired at end
inspiration using a test bolus protocol. If no contraindications, we administered sublingual
nitroglycerin (0.6 mg). We also gave intravenous beta-blocker (metoprolol 5–20 mg) if the
baseline heart rate was >60 beats per minute. A test bolus protocol of 20 ml contrast agent
followed by 40 ml saline at a flow rate of 5 ml/s was used to determine the optimal timing of
contrast injection. Contrast agent volume of 80–100 ml (Iodhexodol 320 g/cm3, Visipaque,
General Electrics Healthcare, Princeton, NJ, USA) followed by 40 ml saline was injected
intravenously at a rate of 5 ml/s. CT images were acquired in spiral mode, gantry rotation
time of 330 ms, 64 × 0.6 mm slice collimation, tube voltage of 120 kV, maximum effective
tube current of 850 mAs, with ECG-correlated tube current modulation used when possible.
The maximum effective tube current was on during the time interval from 470 ms to 140 ms
before the next expected R wave and the tube current was reduced by 80% during the
remain portion of the cardiac cycle. Reconstructions were performed using retrospectively
ECG-gated half-scan algorithm for a temporal resolution of 165 ms. For volumetric analysis,
transaxial images were reconstructed for 10 phases, each at 10% of the RR-interval, for the
multi-phase reformatted dataset (1.5 mm slice thickness, 1.5 mm increments).

CT measurements
Two experienced readers, blinded to the ECG measurements, performed the CT
measurements offline using dedicated cardiac workstations. We used a highly reproducible
threshold-based method (Figure 1) for quantifying LA volume three-dimensionally without
geometric shape assumptions, as previously validated.18 Briefly, the maximum LA volume
was derived by pure volumetric summation of manually traced regions of interests on
sequential axial 1.5 mm thick slices with a threshold window width set at 100–1000
Hounsfeld units using a dedicated semi-automated volumetric software program (Volume
Viewer, Leonardo, Siemens Medical Solutions, Forchheim, Germany). We measured the
maximum LA volume (LAV) from the end-systolic phase just before the mitral valve
opening with the largest LA cavity and smallest LV cavity, as determined qualitatively from
multiplanar LV short-axis, two-chamber, and four-chamber views. The LAV included the
left atrial appendage but excluded the pulmonary veins. The LAV was indexed to body
surface area (BSA) for the measurement of LAVI.

ECG assessments
The twelve-lead ECGs analyzed in our study were recorded at 25 mm/s, 1mV/cm, and 100
Hz standardization. ECGs were measured quantitatively for intervals and qualitatively for
morphology. Quantitative assessments were performed using electronic caliper (Cardio
Calipers, Iconico, Inc, New York, NY). Intervals were amplified two-fold and measured by
a single reader. Qualitative assessments of ECG readings were performed by consensus from
two independent cardiologists with disagreement resolved by adjudication from a third
cardiologist. Both readers were blinded to the imaging results that corresponded to a given
ECG. We assessed six ECG measures of LAE and used this in our analysis of CT measures
for LAE. These ECG parameters included P duration >110 ms in lead II, P to PR segment
ratio >1.6 in lead II, P wave area > 4 ms × mV in lead II, the PTFV1 > 40 ms × mm in V1,
bifid P wave in lead II, and biphasic P wave (defined as P wave in V1 with a width > 0.04
mm and a > 1mm negative deflection).
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Covariates of interests
Cardiovascular risk factors and medical history were assessed at the time of subject’s
enrollment based on self-report or obtained from the medical records during the index
hospitalization. Body mass index (BMI) was defined as weight (kilograms) divided by the
height squared (meters). BSA was calculated using the Dubois formula.21 Hypertension was
defined as systolic blood pressure of at least 140 mm Hg or diastolic blood pressure of at
least 90 mm Hg or current antihypertensive treatment. Diabetes mellitus was defined as a
fasting plasma glucose ≥126 mg/dL or treatment with a hypoglycemic agent.
Hyperlipidemia was defined as total cholesterol of ≥200 mg/dl or treatment with a lipid
lowering medication. Documented history of coronary artery disease (CAD) included
previous myocardial infarction or coronary revascularization. Family history of CAD was
defined as having a first-degree female (<65 years) or male (<55 years) relative with a
documented history of myocardial infarction or sudden cardiac death. Subjects were
classified as smokers if they smoked at least 1 cigarette a day currently or in the past. An
adjudication panel of 2 physicians, who were blinded to CT, reviewed the medical records
and determined the diagnosis of ACS during index hospitalization. ACS was defined as
either an acute myocardial infarction or unstable angina, according to the AHA/ACC/ESC
guidelines. 22 Disagreement was solved by consensus, which included an additional
cardiologist.

Statistical analysis
Descriptive statistics were expressed as mean ± standard deviation (SD) for continuous
variables and as frequency and percentages for nominal variables. For continuous variables,
the differences in means between groups were determined using Student’s t tests. For binary
variables, we compared the difference in proportions using Chi-square or Fisher’s Exact test.
We dichotomized the LAV and LAVI into the top quartile versus the lowest quartile. We
used logistic regression to evaluate the association between the ECG parameters of LAE to
that of CT LAE (top quartile of LAV or LAVI) and utilize to test for effect modification by
evaluation the interaction terms for gender and P duration >110 ms for LAE. Multivariable
logistic regression models were adjusted for potential confounders and included covariates
with p<0.15 from the univariate screen. For both LAV and LAVI models, covariates
included were P duration >110 ms, age, gender, diabetes, and history of CAD. For the LAV
model, BMI was additionally included. The C statistic,23 which is equivalent to the area
under the receiver operating characteristic curve, was determined to evaluate the prognostic
discriminatory capacity of the MV models. Testing for collinearity found no violations, and
Hosmer and Lemeshow Goodness-of-Fit test (model calibration) for both models
demonstrated good model fit (LAV: p=0.21; LAVI: p=0.87). In determining the diagnostic
accuracy of the ECG parameters of LAE against the CT reference standard using the top
quartile of LAV and LAVI versus the lowest quartile, we calculated the sensitivity,
specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy.
We used intraclass correlation coefficients (ICC) to assess the reproducibility of the
quantitative ECG measurements. Two independent readers performed the measurements for
inter-observer on 20 randomly selected cases and one reader performed the measurements
twice one month apart for intra-observer reproducibility. A 2-tailed p-value of <0.05 was
considered to indicate statistical significance. All analyses were performed using SAS
(Version 9.1.3, SAS Institute Inc., Cary, North Carolina) and SPSS (Version 16.0, Chicago,
Illinois).
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Results
For the quantitative ECG measurements, the intra-observer ICC of 20 randomly selected
patients was > 0.86 and the inter-observer ICC was > 0.65 for all measures. For the LAV,
the intra-observer ICC was 0.996 and inter-observer ICC was 0.98, as previously reported.18

Baseline Characteristics in the ROMICAT cohort
Table 1 depicts the baseline demographics of the 339 patients. Patients were predominantly
male (63%), with a mean age of 53 years (range 21– 86 years), and BMI of 29 kg/m2. In this
cohort, the LAV by CT was 96.1 ± 25.1 mL and LAVI was 48.6 ± 12.5 mL/m2. Of the ECG
parameters, the average P duration was 111±15.8 ms, P to PR segment ratio was 2.2± 0.8, P
wave area was 9.4 ± 6.9 ms × mV, and PTFV1 was 42.3 ± 27.7 mm × ms. There were 184
(54%) patients with P duration > 110 ms, 270 (80%) patients with a P to PR segment ratio >
1.6, 275 (81%) of patients with a P wave area > 4 ms × mV, 169 (50%) of patients with
PTFV1 > 40mm × ms, 56 (17%) of patients with a bifid P wave and 75 (22%) of patients
with biphasic P wave.

Comparison of ECG parameters with CT measures of LA enlargement
Using the entire cohort, patients with P duration >110 ms had larger LAV than those with P
duration of ≤ 110 ms (100.3±26.7 mL vs 91.2 ± 22.2 mL, p=0.0007), and trended to have
greater LAVI (49.8 ± 12.79 mL/m2 vs 47.2± 12.0 mL/m2, p= 0.06). In contrast, patients
with a P to PR segment ratio > 1.6, P wave area > 4 ms × mV, PTFV1 > 40mm × ms, bifid P
wave, or biphasic P wave had no significant differences in LAV and LAVI as compared to
those who did not meet these ECG criteria for LAE (all p≥0.17).

For evaluation of CT-based LA enlargement, we compared patients in the top quartile
(n=84) versus patients in the lowest quartiles (n=84) for the CT-based LAV and LAVI
measurements separately. The top quartile LAV ranged from 112.3–184.1 mL as compared
to the lowest quartile of 47.0–77.9 mL, while the top quartile of LAVI was 56.0–95.3 mL/
m2 and the lowest quartile was 24.0–39.2 mL/m2. Table 2 depicts a comparison of
demographics between the top and lowest volume quartiles of LAV and LAVI. Patients in
the top quartile of CT LAV were older by 4.4 years than those in the lowest quartile
(p=0.02). Similarly, for LAVI, patients in the top volume quartile were 7.7 years older than
those in the lowest quartile (p <0.0001). The BMI was greater by 4.4 kg/m2 in patients in the
top volume quartile as compared to those in the lowest quartile of LAV. However, after
indexing for BSA, there was no difference in BMI between patients in the top versus lowest
quartile for LAVI (p=0.28).

Patients in the top quartile of LAV had an increase in P duration compared to the lowest
quartile (117.0± 16.6 ms vs 108.4 ± 14.8 ms, p=0.0005), while patients in the top quartile of
LAVI trended to have greater P duration than those in the lowest quartile (113.5 ± 17.3 ms
vs 109.0 ±15.2 ms, p=0.08). With respect to the P to PR segment ratio, the P wave area, and
the PTFV1, there were no differences observed between the top versus lowest quartile of
LAV and LAVI (all p≥0.19). Similarly, there was no significant difference in the
proportions of patients with bifid or biphasic P wave morphology in those with the lowest
versus top quartile (all p≥0.54). Table 3 shows the diagnostic test characteristics of the
dichotomized ECG parameters when compared to the CT measurements of LA enlargement,
defined as top quartile, by LAV and LAVI.

Association of ECG parameters to CT measure of LA enlargement
Figure 2 and 3 depict the odds of having LAE and being in the top quartile of LAV and
LAVI by CT for each of the 6 ECG parameters. Of the 6 ECG parameters, only P duration
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>110 ms was significantly associated with an increase risk for LA enlargement by both CT
LAV and LAVI. Patients with P duration >110 ms had a 3-fold increase risk of having LA
enlargement by CT LAV (odds ratio [OR] 3.02, p=0.0007), and a near 2-fold increase risk
by CT LAVI (OR 1.87, p=0.045). There was no gender difference between P duration >110
ms and LA enlargement (LAV: p-interaction=0.33; LAVI: p-interaction=0.24). After
multivariable adjustment, P duration >110 ms remained independently associated with and
had good discrimination for LA enlargement by CT. There remained over a 2 ½-fold
increase in risk for LA enlargement by both CT LAV (OR 2.51, p=0.01; C statistic 0.77) and
LAVI (OR 2.74, p=0.007; C statistic 0.80). The other 5 ECG parameters were not associated
with LAE by CT LAV or CT LAVI (all p≥0.20).

Discussion
In this study, the diagnostic performance of six ECG parameters of LAE was compared to
cardiac CT measures of LAV and LAVI. The strength of our study is the large sample size
(n=339) and use of both quantitative and qualitative ECG parameters of LAE with direct
comparison to CT volumetric measures. When stratifying patients into top and lowest
quartile of LAV and LAVI by CT, P duration > 110 ms remained independently associated
with patients meeting this ECG criterion having over a 2 ½-fold increase risk in LAE by CT
as compared to patients who did not have this ECG criterion. The remaining 5 ECG
parameters, including the presence of bifid and biphasic P wave, were not associated with
LAE by CT.

While there are multiple non-invasive methods for the assessment of LAE, ECG remains the
simplest and cheapest non-invasive clinical tool and is used on a daily basis in identifying
LAE.3–4 The ROMICAT trial has offered a unique opportunity to evaluate the findings of
both ECG and cardiac CT, which were acquired within 24 hours. Cardiac CT advantages
include excellent reproducibility for the assessment of LAV and the ability to perform high-
resolution 3-dimensional direct volumetric assessment without the need for geometric shape
assumptions.18 The CT volumetric technique which unlike echo allows precise definition of
the border of the LA with the inclusion of the left atrial appendage and easily identifiable
exclusion of the pulmonary veins. Given the lack of standardized cut-off values for LAE
using CT, we used top versus lowest quartile of LAV and LAVI for comparison. LAE has
been defined as a LAVI of >55 mL/m2 in a cardiac magnetic resonance (CMR) imaging
study, which is an imaging modality similar to cardiac CT where direct volume
measurements can be obtained.24 In our study, the definition of LAE was the top quartile of
LAVI of >56.0 mL/m2, which is similar to that used in CMR. Thus, the top quartile likely
represents those with at least some extent of LAE whereas the lowest quartile likely
represents those with normal LA size making a comparison of these two groups valid.

In our study, we compared six ECG parameters of LAE and found that only one parameter
(P duration>110 ms) was independently associated with CT-defined LAE. Our findings are
in keeping with multiple other studies that demonstrate the diagnostic strength of P wave
duration > 110 ms for the determination of LAE. Lee et al. found when compared to other
ECG criteria for LAE the sensitivity of P duration > 110 ms was the highest.15 Ariyarajah et
al. demonstrated increased P wave duration to be an independent and direct correlate to LA
size.6 We described the diagnostic performance of P duration > 110 ms in our study with
values similar to those previously documented.13–14 We also demonstrated the independent
association of P duration > 110 ms with LAE, after adjusting for age, gender, BMI, diabetes,
and history of coronary artery disease. These patients meeting this ECG criterion conferred a
2 ½-fold increase risk of having LAE by CT. Clinically, the presence of LAE predisposes
patients to increase risk of CAD, heart failure, atrial fibrillation, stroke, and mortality, thus
the presence of this ECG parameter may be helpful for risk stratification.1–2, 25–27
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The diagnostic performance of the other five ECGs parameters for LAE has been less
consistent.3 Similarly, we found no association between the other five ECG parameters to
the CT measurements for LAE, further raising the issue of their clinical utility for the
detection of LAE. This may explain the reason why these quantitative parameters, which are
burdensome to calculate and derive, are less commonly used. Interestingly, the qualitative
morphologic measures of bifid and biphasic P wave, which are frequently used due to their
high specificities13–14, 24, were not associated with LAE in our study. In addition, their
common application in daily practice may be attributed to their ease in interpretation and
analysis on the surface ECG. While we also observed high specificities for these qualitative
ECG parameters, their lack of association to CT-based LAE makes us question their clinical
usefulness.

Limitations
There are several limitations of our study results. The patient cohort consists of symptomatic
patients presenting to the emergency department for chest pain with low to intermediate risk
for suspected acute coronary syndrome and the generalizability of our findings may be
limited to this patient population. As there are no established definitions for LAE using CT
we were unable to grade the severity of LAE. The amplification of the p wave for electronic
caliper measurements may not be available for practicing physician. The radiation exposure
inherent in the acquisition of CT images should preclude cardiac CT from being performed
solely for the evaluation LA volume. We were able to perform our analysis as our CT
acquisitions were performed for coronary artery assessment and were acquired using
retrospective gating, providing us with data from end-systole. Dose-saving algorithms, such
as ECG tube modulation and use of lower tube current and voltage, could still allow for
evaluation of LAV at end-systole, though this analysis would not be possible with
prospective triggering scans.

Conclusion
Among the six ECG quantitative and qualitative criteria for LAE, only the P duration > 110
ms was found to be independently associated with CT-based LAE. Patients with P duration
>110 ms have over 2 ½ -fold increase risk for having LAE by cardiac CT. However, none of
the established ECG parameters of LAE have sufficient diagnostic accuracies for predicting
volumetric enlargement by CT, thus limiting its clinical utility.
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Figure 1. Axial (A) and sagittal (B) views of the three-dimensional volumetric threshold-based
method for left atrial volume by cardiac CT
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Figure 2. Odds ratio for various ECG measures of atrial enlargement for detecting LA
enlargement by CT LAV
CT LA enlargement is defined as being in the top quartile of LAV. Multivariable model
included P duration > 110 ms and adjusted for age, gender, body mass index, diabetes, and
history of coronary artery disease.
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Figure 3. Odds ratio for various ECG measures of atrial enlargement for detecting LA
enlargement by CT LAVI
CT LA enlargement is defined as being in the top quartile of LAVI. Multivariable model
included P duration > 110 ms and adjusted for age, gender, diabetes, and history of coronary
artery disease.
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Table 1

Demographics of the study group

(n = 339)

Age (years) 53.0 ± 11.8

BSA (m2) 2.0 ± 0.27

BMI (kg/m2) 29.1 ± 6.17

Male 215 (63.4 %)

Hypertension 138 (40.7 %)

Diabetes mellitus 35 (10.3 %)

Hyperlipidemia 140 (41.3 %)

History of CAD 38 (11.2 %)

FH of CAD 83 (24.5 %)

Smoking 173 (51.0 %)

ACS 31 (9.1%)

BSA denotes body surface area; BMI, body mass index; CAD, coronary artery disease; FH, family history; and ACS, acute coronary syndrome.
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Table 2

Demographics of patients the top (n=84) and lowest quartile (n=84) in the LAV and LAVI cohorts.

Demographic LAV P value LAVI P value

Age

  Top quartile 55.5 ± 12.8
0.02

58.7 ± 12.8
<0.001

  Lowest quartile 51.0 ± 11.1 51.0 ± 11.5

BMI

  Top quartile 31.5 ± 6.5
<0.001

28.5 ± 6.4
0.28

  Lowest quartile 27.2 ± 5.3 29.5 ± 5.9

Male

  Top quartile 60 (71.4%)
0.19

45 (53.6%)
0.001

  Lowest quartile 51 (60.7%) 66 (78.6%)

HTN

  Top quartile 37 (44.1 %)
0.34

39 (46.4%)
0.64

  Lowest quartile 30 (35.7 %) 35 (41.7%)

Diabetes

  Top quartile 15 (17.9 %)
0.06

15 (17.9%)
0.06

  Lowest quartile 6 (7.1 %) 6 (7.1%)

Hyperlipidemia

  Top quartile 35 (41.7 %)
0.34

37 (44.1%)
0.53

  Lowest quartile 28 (33.3 %) 32 (38.1%)

History of CAD

  Top quartile 13 (15.5 %)
0.04

14 (16.7%)
0.09

  Lowest quartile 4 (4.8 %) 6 (7.1%)

FH of CAD

  Top quartile 20 (23.8 %)
1.0

18 (21.4%)
0.37

  Lowest quartile 20 (23.8 %) 24 (28.6%)

Smoker

  Top quartile 45 (53.6 %)
1.0

47 (56.0%)
0.75

  Lowest quartile 44 (52.4 %) 50 (59.5%)

ACS

  Top quartile 11 (13.1%)
0.19

11 (13.1%)
0.31

  Lowest quartile 5 (6.0%) 6 (7.1%)

Abbreviations as in Table 2. LAV denotes left atrial volume; and LAVI, left atrial volume index.
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