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Abstract
Pediatric ECG standards have been defined without echocardiographic confirmation of normal anatomy. The Pediatric Heart 
Network Normal Echocardiogram Z-score Project provides a racially diverse group of healthy children with normal echocar-
diograms. We hypothesized that ECG and echocardiographic measures of left ventricular (LV) dimensions are sufficiently 
correlated in healthy children to imply a clinically meaningful relationship. This was a secondary analysis of a previously 
described cohort including 2170 digital ECGs. The relationship between 6 ECG measures associated with LV size were 
analyzed with LV Mass (LVMass-z) and left ventricular end-diastolic volume (LVEDV-z) along with 11 additional param-
eters. Pearson or Spearman correlations were calculated for the 78 ECG-echocardiographic pairs with regression analyses 
assessing the variance in ECG measures explained by variation in LV dimensions and demographic variables. ECG/echo-
cardiographic measurement correlations were significant and concordant in 41/78 (53%), though many were significant and 
discordant (13/78). Of the 6 ECG parameters, 5 correlated in the clinically predicted direction for LV Mass-z and LVEDV-z. 
Even when statistically significant, correlations were weak (0.05–0.24). R2 was higher for demographic variables than for 
echocardiographic measures or body surface area in all pairs, but remained weak (R2 ≤ 0.17). In a large cohort of healthy 
children, there was a positive association between echocardiographic measures of LV size and ECG measures of LVH. These 
correlations were weak and dependent on factors other than echocardiographic or patient derived variables. Thus, our data 
support deemphasizing the use of solitary, traditional measurement-based ECG markers traditionally thought to be charac-
teristic of LVH as standalone indications for further cardiac evaluation of LVH in children and adolescents.

Keywords  Electrocardiogram · Echocardiogram · Left ventricular hypertrophy

Introduction

Electrocardiograms (ECGs) are a primary screening test for 
cardiac disease in children. In most studies, ECG standards 
in healthy populations have been defined by normal clinical 
examination or limited echocardiographic confirmation of 
normal cardiac anatomy [1–3]. Historically, data correlating 
ECG measurements with a racially diverse population and a 
range of left ventricular (LV) dimensions over the pediatric 

age group are scant [4], with most data limited to ECGs from 
more focused disease specific cohorts.

The database from the Pediatric Heart Network (PHN) 
Normal Echocardiogram Z-score Project provides a racially 
diverse, age/sex classified group of 3215 healthy children 
with normal echocardiograms and no systemic disease [5]. 
Echocardiograms were matched with contemporaneous 
digitally acquired ECGs, when available (N = 2170), allow-
ing synchronous comparison and pre-planned sub-analyses 
of echocardiogram and ECG correlations in this large, 
diverse, and healthy pediatric cohort. An initial analysis of 
this dataset evaluated the age, sex and racial distinctions Extended author information available on the last page of the article
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among common ECG measurements [6] and found that the 
potential measures of left ventricular hypertrophy (LVH), 
such as R wave amplitude in V5 and V6, QRS axis and S 
wave amplitude in V1 had both statistical and potentially 
clinically important sex and race dependent differences that 
were most notable in the older age groups.

Using data from the PHN Echocardiogram Z-Score and 
ECG Database, it was possible to evaluate how much of the 
variation in the ECG measures commonly used to identify 
LVH in normal patients is explained by echocardiographic 
measures of LV size which includes individual measures of 
LV mass, LV dimension and LV geometry, as opposed to 
other measured or unmeasured patient factors. We hypoth-
esized that echocardiographically derived z-scores of LV 
size and ECG measures [5] commonly used to identify LVH 
are correlated in this healthy population of infants, children 
and adolescents. Specifically, this study aimed to evaluate 
the direction and strength of correlations between common 
ECG measures of LVH and validated echocardiographic 
measurements of LV dimensions and mass in a healthy het-
erogeneous North American pediatric cohort.

Methods

Study Design

Demographic and clinical data, echocardiographic images 
and ECGs were collected from the records of healthy chil-
dren at 19 centers in the PHN under the Echocardiogram 
Z-Score and ECG Database protocol. Because all data and 
images were collected retrospectively and were de-identi-
fied before submission, most children were enrolled under a 
waiver of consent after Institutional Review Board (IRB) or 
Research Ethics Board (REB) approval was obtained at each 
participating center. Race/ethnicity information was not rou-
tinely obtained at 1 center and was collected prospectively 
for eligible subjects after local regulatory approval. Some 
centers were able to perform research echocardiograms 
without charge and prospectively enrolled healthy children 
under Institutional Review Board approval and informed 
consent. This was done primarily to increase the number of 
infants with validated racial classifications.

Study Population and Measures

The study population represents a convenience sample sub-
set of the Echocardiogram Z-Score and ECG Database study. 
Healthy children ≤ 18.0 years old with echocardiograms per-
formed after January 2008 and with documentation of age, 
height, weight, sex, and self-reported race were eligible for 
this study. Healthy children were identified by having a nor-
mal echocardiogram and no evidence of cardiac, inherited or 

medical disease on review of the available medical records. 
Children were excluded for evidence of acquired or con-
genital heart disease, corrected gestational age < 37 weeks, 
obesity (BMI > 95%), acute or systemic disorder typically 
associated with cardiovascular manifestations, first-degree 
relative with a non-ischemic cardiomyopathy, first-degree 
relative with a left-sided obstructive congenital heart lesion, 
or ECG waveforms that did not meet minimum digital stand-
ards or were inadequate for analysis.

Age groups were pre-specified in the protocol. Self-
reported race and ethnicity were divided into three cat-
egories for the study: White, African-American, and other 
(Hispanic, Asian, Pacific Islander, Native American, and 
multiracial). Available ECGs with minimum standards of 
12 leads, 10-s recording, sampling rate > 500 Hz, and 150 
Hz bandwidth in exportable digital format (MUSE, GE 
Healthcare, Waukesha, WI or Philips Healthcare, Andover, 
MA) were collected closest to the date of the echocardio-
gram and included in the analysis. Children enrolled in the 
PHN Echocardiogram Z-Score and ECG Database Project 
who had a digital 12-lead ECG (N = 2619) uploaded to the 
database were included in this analysis. Details of both the 
echocardiogram [5] and the ECG data [6] have been previ-
ously published. The indications for the echocardiogram or 
the ECG were not recorded.

This is a secondary analysis of the Echocardiogram 
Z-Score and ECG Database study. The writing commit-
tee a priori identified 6 common ECG measures histori-
cally associated with increasing LV size (Table 1) and the 
Z-scores [5] of 13 echocardiographic measurements of LV 
size, volume and geometry (Table 2). The Echocardiogram 
Z-Score and ECG Database primary outcome measures were 
pre-specified as LV mass Z-score (LVMass-z) and LV end 
diastolic volume Z-score (LVEDV-z). ECG voltage measure-
ments had an inter-reader variability of 0.15 mv [6] and echo 
measurements had a reported margin of error of 0.045–0.075 
[5]. Prior analysis had evaluated the relationships between 
sex, age and race on ECG measurements [6]. Additional 
analysis was performed to evaluate the effect of BSA on 
ECG measurements of LVH. The hypothesis was that ECG 

Table 1   Electrocardiographic measures potentially associated with 
left ventricular size

ECG abbreviation ECG measurement Expected correlation

RV6 R wave amplitude in V6 Positive
RV5 R wave amplitude in V5 Positive
SV1 S wave amplitude in V1 Negative
RV6 + SV1 Sum of R wave in V6 and 

S wave in V1
Positive

QIII Q wave amplitude in III Negative
QRS axis Frontal plane QRS axis Negative
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measurements are affected in similar fashion to echocardio-
graphic BSA Z-scores [5]; therefore, subjects with greater 
BSA will have higher voltage amplitudes for ECG measure-
ments, even after accounting for effects of age.

Statistical Methods

Plots were developed for ECG measures vs. echocardio-
graphic Z-scores, with locally weighted scatterplot smooth-
ing (LOESS) curve fitting. Correlations were computed, 
either Pearson correlation (if a linear relationship) or Spear-
man correlation (if non-linear). There are 78 potential ECG-
Echocardiographic Z-score pairs. Of the 6 ECG measures, 3 
(RV6, RV5 and RV6+ the absolute value of SV1) would be 
expected to have positive correlations with increasing meas-
urements of LV size and mass. The remainder (SV1, QIII 
and frontal plane QRS axis) are typically viewed as more 
negative values correlating with increasing LV dimensions. 
For clarity, correlations in the expected direction are referred 
to as concordant correlations and those in the unexpected 
direction (e.g. a negative correlation of RV6 and LV mass-z) 
are discordant correlations.

Regression models were developed to fit ECG measures 
as the outcome and echocardiographic Z-scores as the main 
predictor, with appropriate transformations as required. 
Other potential predictors included patient demograph-
ics: age group (< 1 month, 1 month to < 3 years, 3 to < 6 
years, 6 to < 12 years, 12 to < 16 years, 16 to 18 years), sex, 
race, and body surface area (BSA; calculated by Haycock 
method). Based on LOESS curve fitting, BSA was treated as 
piece-wise linear in its associations with ECG measures. As 
age and BSA are highly correlated, in preliminary analysis, 
effects of age group vs. BSA were compared to determine 

which was more associated with ECG measures. The more 
associated factor, based on comparison of R2 (amount of 
variance explained), was chosen for further modelling.

The R2 of 3 models was calculated to assess how much 
variance in ECG measures was explained by these predic-
tors: (1) echocardiographic Z-score as the only predictor, 
(2) patient demographics as the only predictors, and (3) 
echocardiographic Z-score plus patient demographics. This 
allowed a comparison of the relative contributions of echo-
cardiographic Z-scores vs. patient demographics on ECG 
measures.

Results

As previously reported, among 2619 ECGs uploaded to 
the PHN data grid, the core lab excluded 219 due to inad-
equate quality of waveforms, leaving 2400 available for this 
analysis. Intra-reader variability was < 2 ms for all intervals 
and < 0.10 mV for all amplitudes [6]. The echocardiographic 
images came from 3215 in the primary cohort which had 
adequate images. Effective unique-paired ECG-echocardi-
ographic measurements were available on 2170 which was 
the cohort analyzed. ECG and Echos were obtained within 
30 days in 95% of the subjects, with 0.5% obtained more 
than a year apart. By design, each of the six age groups had 
a target of at least 60 participants of each race and sex com-
bination. While not all targets were met, there were 28–106 
participants of each age/sex/race combination, with 253–477 
participants in each age group (median 7.5 years, mean 8.2 
years) and 47% female 6. Race data revealed 35% White, 
31% African-American, and 34% other. The “other” clas-
sification was accepted because bin sizes for any additional 
subclassification were reliably small. Ethnicity data revealed 
25% Hispanic, 70% non-Hispanic, and 5% unknown. Height 
ranged from 45.0 to 207.2 cm (median 125.0 cm), weight 
from 2.3 to 122.6 kg (median 31.8 kg), and BSA from 
0.18 to 2.67 (median 0.93). Intraobserver variability at the 
Echocardiographic Core Laboratory was low with an intra-
class correlation coefficient of 1.00 and Pearson correla-
tions > 0.99 for all 5 parameters [5].

The ECG and echocardiographic measurement correla-
tions were significant and in the concordant direction in 
41/78 (53%) but significant and discordant in 13/78 (17%) 
of the paired measures and had no significant correlation 
in 24/78 (31%) pairs (Table 3). Of the 6 available ECG 
measures of LV size, 5 correlated in the clinically concord-
ant direction with the primary echocardiographic outcome 
measures of LVMass-z and LVEDV-z (Table 3). The Q 
wave amplitude in Lead III correlated with those measures; 
however, the direction of the correlation was opposite of 
what would be expected with increasing LV dimensions. 
While many correlations were statistically significant, the 

Table 2   Echocardiographic measures of left ventricular size, volume 
and geometry

*Primary outcome measures

Z-score abbreviation Echocardiographic Z-score

LVMass-z* LV mass
LVEDV-z* LV end-diastolic volume
LVPWT short axis-z LV posterior wall thickness
LVEDD-z LV end-diastolic endocardial diameter
LVST-z LV end-diastolic septal thickness
LVEDL-z LV long-axis end-diastolic endocardial length
LVEDLEpi-z LV long-axis end-diastolic epicardial length
LVEDA-z LV short-axis end-diastolic endocardial area
LVEDAepi-z LV short-axis end-diastolic epi area
LVEDVepi-z LV short-axis end-diastolic epicardial volume
LVMTV-z LV mass to volume ratio
LVTTD-z LV thickness to dimension ratio
LVSI-z LV sphericity index
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magnitudes of the associations were low (0.05–0.24). The 
positive correlation between R wave amplitude in V5 and 
LVEDV-z was the single most strongly correlated pair with 
a correlation of 0.244 (p < 0.001). Figure 1 highlights both 
the statistically strong but practically and clinically weak 
pattern of these associations.

ECG measurements using lateral R wave amplitudes 
(RV6, RV5 and RV6 + SV1) correlated with the most echo-
cardiographic measures of LV dimensions (Table 3), with 
8/13 correlated in concordant fashion and 2/13 in discordant 
fashion. The Q amplitude in Lead III was least frequently 

correlated with concordant correlations in only 5/13 meas-
ures and discordant correlations in 2/13.

While the two primary echocardiographic outcomes 
measures, LVmass-z and LVEDV-z, had concordant correla-
tions with 5 of 6 ECG measures there was more variability in 
the strength of the ECG-echocardiographic correlation with 
other echocardiographic measures and some had no signifi-
cant or generally discordant correlations to ECG measures. 
Three of the echo measures that were highly discordant were 
calculated ratios (LVMTV-z. LVTTD-z and LVSI-z). With 

Table 3   Correlations between ECG measures and echocardiographic Z-scores (N = 2170)

*Pearson correlation coefficient, remainder use Spearman correlation coefficient
^Primary outcome measures. Green is concordant/expected correlation; Yellow is discordant/unexpected correlation direction. Abbreviations 
defined in Tables 1 and 2

Fig. 1   Positive concordant 
correlation between R wave 
amplitude in V5 and left ven-
tricular end diastolic volume 
Z-score. This scatter graph with 
LOESS curve fitting between R 
wave amplitude in V5 and left 
ventricular end diastolic volume 
Z-score shows the strongest 
single correlation identified. 
This highlights both the statisti-
cally strong but clinically weak 
correlation
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these, 13/18 ECG measures were significant but discordant 
and 5/18 were not correlated.

Although BSA is a significant predictor of some ECG 
parameters, age group explained slightly more of the vari-
ance in ECG parameters and addition of BSA to age group 
explained only minimally more of the variance (e.g., an 
additional 2% for RV6; an additional 1% for SV1). There-
fore, age group was selected for further consideration in 
modelling of demographic factors.

Linear regression modeling for influences of echocardio-
graphic measure of size, dimension and geometry on ECG 
measures yielded low R2, with a maximum of 0.06 (Table 4). 
Modelling for influences of demographics explained more 
variance in ECG measures, with R2 of 0.09–0.15. Addition 
of echocardiographic Z-scores to models with demographics 
explained little to no additional variance.

Discussion

The presumption that certain ECG measures may be used 
as a proxy for LV size is well accepted in cardiology. Low 
cost, ease of acquisition, ready availability and long his-
tory have assured widespread ECG use for screening normal 
populations of children and in clinical situations where the 
prior probability of heart disease is similar to the general 
population (e.g., preoperatively and prior to prescription of 
certain drugs. There is clearly a significant positive correla-
tion between conventional measures of LVH such as lateral 
R wave and posteriorly directed S wave amplitudes, particu-
larly for LVMass-z and LVEDV-z. Many of the potential 
relationships were statistically strong, as expected given 
the large available sample size. However, they may not be 
clinically important since the relations between ECG and 
echocardiographic metrics of LV size were remarkably 
weak (correlations under 0.25, explaining little of the ECG 
and anatomic variance). This finding applies to echocardio-
graphic measures of LV mass, wall thickness, dimensions 
or geometry.

The current analysis included only healthy children with 
normal echocardiograms, and thus provides a useful refer-
ence metric but not a true predictive data set capable of iden-
tifying pathological thresholds. Several analyses of the mod-
ern ECG that include patients with clinically proven LVH 
support our observation that the correlation between ECG 
measurements and LV mass is weak, even outside the range 
of normal. Bratincsak [7] compared children with normal 
echocardiograms to those known to have LVH in a 3:1 ratio 
and demonstrated no correlation of RV6 and other common 
ECG measures and LV mass. The P2C2 cohort [4] examined 
148 children with paired echocardiographic/ECG measures 
who had a 7% incidence of elevated LV mass. They reported 
no significant correlation for RV6 in neonates after adjusting 

for BSA and age, although they did note a weak but unspec-
ified correlation for SV1. Czosek analyzed correlations 
between RV6 and SV1 and LV mass in athletic adolescents 
presenting for screening. Their correlations were similar to 
ours, ranging from 0.002 to 0.18 [8]. Focusing on collegiate 
athletes, with 11 of 196 athletes meeting echocardiographic 
criteria for LVH, the correlation for left ventricular LV mass 
ranged from 0.18 to 0.3 [9]. Finally Tague and colleagues 
evaluated a large clinical experience that included children 
with both increased LV mass and LV dilation; and found 
similar data. The correlations between RV6 and LVEDV-z 
and indexed LV mass were poor at 0.14 and 0.24, respec-
tively [10]. Taken together, clinical use of the ECG even in 
cohorts with a higher frequency of pathology had no more 
than a weak association with increased LV size.

Additional difficulties in development of ECG standards 
are the differences in testing acquisition. Recent analyses 
of pediatric ECGs, including the present study, used high 
frequency digital acquisition. As a result, voltage measure-
ments were higher for those measures classically used to 
determine LVH and may partially explain the poor correla-
tions from recent studies [3, 6] compared with the histori-
cally widely used study reported by Davignon [1]. For exam-
ple, the 98%ile for R wave amplitude in V6 for boys aged 
12–16 years increased from 24.1 mV [1] to 30.5 mV [3] to 
33.57 mV [6], with similar increases in mean amplitudes. 
Davignon acquired signals at 250 Hz followed by digital 
to analog conversion at 333/s. Rijnbeck acquired signals at 
1200 Hz, then used a proprietary program to create an aver-
aged signal. That approach effectively both increases the 
high pass filter and then inserts a lower high pass filter by 
averaging. The modern GE systems used by the majority of 
centers samples at 16,000 Hz and then analyzes and exports 
signals at 500 Hz. The Philips systems used by the remain-
der of the groups acquires at 4 MHz and then down samples 
to 500 Hz. As recently as 2001 the recommended minimal 
sampling rate was 150 Hz [11]. Each increase in sampling 
decreases the variability of measurements, however the same 
changes increase the potential to record high frequency com-
ponents of those waves and increase the peak measurement 
(and the error in that measurement) [12]. The values that 
were obtained in this study are very comparable to the age 
and sex based Z-score analysis Bratincsak et al. developed 
using an alternative analysis strategy, while similarly using 
modern GE equipment [13]. Differences between printed 
and digitally displayed tracings have yet another source of 
practical variability in clinical practice. Hence, the techni-
cal processing of acquiring the wave form, post-acquisition 
processing and then display of the wave forms clearly impact 
the final determination of signal amplitude.

The correlations, while weak, are concordant for the 5 
precordial lead combinations analyzed with the primary 
echocardiographic endpoints of LVMass-Z and LVEDV-z, 
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arguing for at least some relationship between ECG volt-
age and echocardiographic parameters of LV mass/size. 
Unfortunately, 4 of the echocardiographic measures had 
minimal or even discordant/inverse relationships with 
ECG measures underscoring the difficulty in dependence 
on ECG for LV size at least within healthy patients. Three 
of those measures were ratios as opposed to direct meas-
urements. As ECG voltages reflect the net electrical force 
in that lead and do not reliably have a direct relationship 
to a specific anatomic location, opposing changes in LV 
size may produce offsetting vectors.

The exceptionally low correlation between echocar-
diographic measurements of the LV and ECG measures 
implies that other patient features have a substantial role 
in the variability. The role of age, race and sex on ECG 
voltages was previously confirmed in this cohort [6]. In 
contrast, these factors did not influence echocardiographic 
Z-scores [5], after accounting for effects of BSA. The 
current analysis suggests that unlike echocardiographic 
Z-scores, BSA has negligible predictive power on ECG 
parameters after accounting for age group. Therefore, 
BSA does not need to be incorporated into the previously 
published mean ± SD and 2nd/98th percentiles for ECG 
parameters or other population norms. Our analysis for 
confounding interactions between age group, sex, and race 
or BSA failed to identify additional correlation. Those data 
are concordant with Bratincsak’s analysis of the role of 
BSA (personal communication) [13].

Variability in the ECG lead placement may explain some 
variance. At a basic physiology and measurement level, the 
precordial voltages are surface representations of the ven-
tricular mass at the apex of the essentially conical reflection 
of the region of myocardium that can be viewed as a solid 
angle of electrical activity [14]. Clinically these concerns are 
clearly reflected in variation in the ECG. Systematic analysis 
of different limb lead positions showed that more proximal 
placement resulted in rightward axis shifts and increased 
precordial voltages that would support LVH (S V1/RV5, V6) 
[15]. Voltage differences of 0.1 to 0.5 millivolts may occur 
over 1 cm spatial differences, which is a 20–40% difference 
in the magnitude of adolescent lateral R waves [16]. While 
the samples are small, studies in adults using chest radio-
graphs, cardiac MRI and chest computed tomography show 
anatomic variation in the cardiac axis of 10°–30° with low 
correlation between the QRS electrical axis on ECG and 
the measured anatomic axis [17, 18]. This adds yet another 
source of variation in the ECG that would not be included in 
either this study or standard clinical practice. Current guide-
lines for standardized interpretation of ECG [19] raise the 
concerns of the influence of body habitus and daily variation 
voltage as other potential contributors to variation in ECG 
measures. This routine technical and anatomic variation may 

have effects on the ECG that are comparable to the underly-
ing cardiac anatomy and actual LV mass.

Limitations

Since this cohort included only healthy children with a 
normal echocardiogram and specifically excluded obese 
children, and those with hypertension it may not be gen-
eralizable to other populations. The original PHN cohort, 
while actively recruited to have sufficient African-American 
subjects for meaningful analysis, was not able to identify suf-
ficient numbers of children with any other racial identifica-
tion. This was at least in part because the participating hos-
pitals did not reliably code for the standard NIH racial and 
ethnic group classification. While the matched ECGs and 
echocardiograms were contemporaneous, the indication for 
neither the ECG nor the echocardiogram were recorded. It 
is likely that some echocardiograms may have been ordered 
because of ECG abnormalities. This analysis was also lim-
ited by its focus on simpler ECG measures associated with 
LV dominance; V7 and right precordial leads were not ana-
lyzed. The study design was based on a traditional reading of 
the ECG focusing on axis and leftward directed voltages as 
reflecting left ventricular dimensions. No attempt was made 
to use innovative machine learning based techniques [20] 
nor to expand the analysis to QRS-T angle or integrals [21]. 
These ECGs were obtained using standard clinical practice 
in a wide range of settings. No data were collected to ensure 
proper lead placement.

Conclusions

In a large, heterogeneous cohort of healthy children, there 
was a positive association between the echocardiographic 
measures of LV size and most of the commonly accepted 
ECG measures that focus on LVH. The correlations for 
LV dimensions were weak and little of the variability was 
explained by echocardiographic measurements nor by the 
addition of the factors of age, sex, race, or body surface area. 
This is despite prior relevant analysis of these data focusing 
entirely on the ECG measurements which demonstrated both 
higher amplitudes than older standards, and potentially clini-
cally significant racial, ethnic and gender differences. While, 
by definition, the cohort analyzed here had no LVH, these 
data are completely in agreement with several recent analy-
ses [7, 8, 13] selected to include echo documented LVH. 
Thus, our data support deemphasizing the use of solitary, 
traditional measurement-based ECG markers traditionally 
thought to be characteristic of LVH as standalone indica-
tions for further cardiac evaluation of LVH in children and 
adolescents.
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The combinations of a weak relationship between ana-
tomic aspects of LV dimensions and ECG voltages, increas-
ing ECG voltages over the past 50 years related to techni-
cal shifts in ECG acquisition, and the complex and likely 
clinically meaningful relationship between age, race, sex 
and QRS amplitudes support the concept that more analyti-
cally demanding approaches like AI may be better suited to 
effectively use ECGs as a screening tool in a low prevalence 
setting.
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