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Abstract

The electrocardiogram (ECG) is a non-invasive diagnostic tool holding significant clinical importance in the diagnosis
and risk stratification of cardiac disease. However, access to large-scale, population-based digital ECG data for research
purposes remains limited and challenging. Consequently, we established the Danish Nationwide ECG Cohort to provide
data from standard 12-lead digital ECGs in both pre- and in-hospital settings, which can be linked to comprehensive Dan-
ish nationwide administrative registers on health and social data with long-term follow-up. The Danish Nationwide ECG
Cohort is an open real-world cohort including all patients with at least one digital pre- or in-hospital ECG in Denmark
from January 01, 2000, to December 31, 2021. The cohort includes data on standardized and uniform ECG diagnostic
statements and ECG measurements including global parameters as well as lead-specific measures of waveform amplitudes,
durations, and intervals. Currently, the cohort comprises 2,485,987 unique patients with a median age at the first ECG of
57 years (25th—75th percentiles, 40-71 years; males, 48%), resulting in a total of 11,952,430 ECGs. In conclusion, the
Danish Nationwide ECG Cohort represents a novel and extensive population-based digital ECG dataset for cardiovascu-
lar research, encompassing both pre- and in-hospital settings. The cohort contains ECG diagnostic statements and ECG
measurements that can be linked to various nationwide health and social registers without loss to follow-up.

Keywords Danish nationwide administrative registers - Electrocardiogram - ECG - In-hospital - Population-based - Pre-
hospital

Introduction

The electrocardiogram (ECG) remains one of the most
important clinical tools used for the diagnostic evaluation of
cardiac disease. The ECG is widely available, non-invasive,
and inexpensive, and standard ECG testing is performed
with 12 leads and records cardiac electrical activity usually
over 10 s [1]. An abnormal ECG is often a marker of direct
cardiac pathology and may be suggestive of myocardial
infarction or ischemia, left ventricular hypertrophy, bundle
branch block, or tachy- and bradyarrhythmias [2—4].

The ECG holds valuable clinical information that may
be utilized in cardiovascular risk assessment and prognos-
tication both in the clinical setting as well as for research
purposes [5]. For instance, the ECG can be used to identify
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novel ECG markers indicative of early-stage cardiac dis-
ease or to explore the efficacy of machine learning mod-
els that may have the potential to promote cardiovascular
health and prevent future cardiovascular disease events [6].
A major limitation and challenge in this setting is the lack of
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large-scale uniform digital ECG data from e.g., nationwide
cohorts that can be linked to concurrent health and social
data with long-term follow-up of patients.

We have filled this gap by establishing the Danish Nation-
wide ECG Cohort. This paper provides a demographical
description of the cohort, gives insight into strengths and
limitations of the cohort, and describes how the cohort can
be linked to other Danish nationwide administrative reg-
isters on blood test results, comorbidities, medication use,
procedures, socioeconomic status, and long-term clinical
outcomes including mortality data.

Methods
The Danish research setting

Denmark covers approximately 42.952 km? divided into 5
regions (i.e., the North Denmark Region, Central Denmark
Region, Region of Southern Denmark, Region Zealand,
and Capital Region of Denmark) and 98 municipalities [7,
8]. The annual Danish residential population was approxi-
mately 5.9 million individuals in 2023 [9]. The Danish
healthcare system is free of charge as it is funded by the
Danish tax system and managed by the central government,
regions, and municipalities.

Denmark has a long history of recording health and
social data on Danish residents, gathering this into various
nationwide administrative registers. The Danish Civil Reg-
istration System, established in 1968, introduced the unique
civil personal registration (CPR) number to all Danish
residents, which has since been given to Danish residents
either at birth or upon immigration [10]. The CPR number
is included in all Danish nationwide administrative regis-
ters, making it possible to link information across different
registers to the individual as well as other data sources if
the CPR number is available. Most of the common Danish
nationwide administrative registers have been previously
described in detail elsewhere [10—18].

In accordance with the Danish legislation, it is possible to
use the registers if the purpose is for scientific and statistical
research of significant societal importance [19]. The variety
of health, social, and economic data with long-term follow-
up available from the registers provide a unique possibility
to perform nationwide register-based studies on the Danish
population.

Information in the Danish Nationwide ECG Cohort
The Danish Nationwide ECG Cohort is an open real-world

cohort containing information on high-quality standard
12-lead digital ECG recordings from pre- and in-hospital
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settings in Denmark, in which prehospital refers to ambu-
lance ECGs and in-hospital to in- and outpatient ECGs. The
cohort includes both pediatric and adult patients with at
least one ECG examination performed between January 01,
2000, and December 31, 2021, and is planned to undergo
continuous updates with new ECGs from all Danish regions
that is scheduled to occur annually. Of note, ECG data from
primary care and private hospitals or clinics are not avail-
able in this cohort as these services are privatized and not
operated by the Danish Regions.

All ECG data are stored securely on servers at Statis-
tics Denmark, and data access is only accessible through
affiliation to a Danish research institution, ensuring com-
pliance with data protection regulations and preventing
public access [20]. Thus, datasets cannot be made publicly
available. Researchers that wish to access the data and pro-
gramming codes can contact the authors of this study for
collaboration on further studies.

The Danish Nationwide ECG Cohort contains informa-
tion about the CPR number of patients, the date and time of
ECG acquisition, the setting where the ECG was acquired,
and in which region the ECG examination was performed.
Furthermore, standardized ECG diagnostic statements and
ECG measurements encompassing both global parameters
and lead-specific measures of waveform amplitudes, dura-
tions, and intervals are available.

In the present paper, the Danish Civil Registration Sys-
tem has been used to report demographic data for the cohort
description [10], and patients were not included in case of
missing data on age or sex. Furthermore, data on vital sta-
tus were obtained from the Danish Cause of Death Register
to ensure that the included patients were not erroneously
recorded with a death date prior to the ECG recording date
[12].

As stated previously, it is possible to link the ECG data to
all of the other Danish nationwide administrative registers
through the CPR number to obtain health and social data
such as blood test results, comorbidities, medication use,
procedures, income, education, employment, and long-term
clinical outcomes including mortality data.

Data analysis was performed using R version 4.2.1 (R
Core Team, Vienna, Austria).

Acquisition, processing, and analysis of ECG data

In both the pre- and in-hospital setting, trained healthcare
personnel followed a standardized protocol to digitally
record standard 12-lead ECGs, preferably while the patient
was at rest and in supine position. All ECG data were
stored in the MUSE Cardiology Information System (GE
Healthcare, Wauwatosa, WI, USA). To ensure consistency
and avoid discrepancies caused by different algorithms and
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vendors during the ECG data sampling period, the Mar-
quette 12SL algorithm version 23 was utilized to reanalyze
all ECG data [21]. This process ensured standardized and
uniform ECG diagnostic statements as well as global and
lead-specific ECG measurements.

All ECGs were filtered to within the band between 0.16
and 150 Hz. The Marquette 12SL Hookup Advisor was uti-
lized to evaluate the quality of ECG leads and assign them
to three levels (i.e., green, yellow, or red) based on factors
such as muscle tremor, baseline sway, AC interference, elec-
trode noise, and lead saturation [21]. We excluded ECGs
flagged as red from further analysis, as were ECGs that were
incompatible with the Marquette 12SL algorithm reanalysis,
displayed flatline recordings in any lead, had a heart rate
of 0 beats per minute, deviated from the standard 12-lead
configuration, were shorter than 10 s, had a sampling rate
below 500 Hz, were duplicates, or had invalid CPR numbers
preventing linkage to Danish nationwide administrative
registers. For the remaining ECGs, the MUSE Cardiology
Information System, along with the Marquette 12SL algo-
rithm, generated standardized ECG diagnostic statements
enabling the identification of commonly encountered ECG
abnormalities. These statements align with the recommen-
dations of the AHA/ACC/HRS (i.e., the American Heart
Association, the American College of Cardiology, and the
Heart Rhythm Society) [22].

To obtain ECG measurements encompassing both global
parameters, such as heart rate, P-wave duration, PR inter-
val, QRS duration, QT interval, corrected QT interval, fron-
tal axis of P, QRS, and T waves, as well as lead-specific
measures of waveform amplitudes, durations, and intervals,
the Marquette 12SL algorithm generates a representative
median beat in each lead, formed by aligning similar-shaped
P-QRS-T complexes. Subsequently, fiducial points, includ-
ing onset, offset, and peak points of ECG waveforms and
segments, are derived from the temporally aligned com-
plexes and utilized for the calculation of waveform ampli-
tudes and durations. The Marquette 12SL algorithm adjusts
the median complex in such a way that the voltage at the
QRS onset is defined as 0. Consequently, all lead-specific
amplitudes and ST levels are measured in uV relative to the
voltage at the QRS onset (Fig. 1A). In addition, the global
intervals measured by the 12SL algorithm represent the
duration between the earliest and latest waveform deflection
observed in any lead (Fig. 1B). Waveform areas computed
by the Marquette 12SL algorithm require multiplication by
19.52 pV-ms to make the areas comparable to area mea-
surements by non-GE Healthcare software [23, 24]. A com-
prehensive description of all derived ECG variables in the
Danish Nationwide ECG Cohort is reported in Table 1.

The digital waveforms are also available as Extensible
Markup Language (.XML) files containing the waveform

data as well as global and lead-specific measurements. GE
Healthcare supported the export of ECGs to .XML files
during the data collection phase, ensuring that all ECGs
could undergo reanalysis using the same version of the
Marquette 12SL algorithm. GE Healthcare also assisted
in exporting the reanalyzed ECGs to make the . XML files
processed by the same version of 12SL accessible.

Several studies have leveraged the stability and accu-
racy of the Marquette 12SL algorithm for ECG measure-
ments including amplitudes, durations, and intervals
[25], and there is little evidence to suggest that manual
methods are advantageous for large clinical trials or epi-
demiological studies compared with automated methods.

Details and criteria on the ECG diagnostic statements
and ECG measurements, as generated by the Marquette
12SL algorithm, have been published in detail previously
[21, 25].

Ethics approval

Approval to collect the nationwide ECG data was granted
by the Record Data Team, Center for Health in the Capi-
tal Region of Denmark (approval number: R-21032357).
Additional approval to process the data sources for sta-
tistics and scientific research purposes was granted by
the data responsible institute of the Capital Region of
Denmark (approval number: P-2019-533) in compliance
with both the Danish Data Protection Act and the General
Data Protection Regulation [19, 26].

Results

The Danish Nationwide ECG Cohort encompassed
11,952,430 ECG recordings derived from 2,485,987
unique patients from pre- and in-hospital settings. Fig-
ure 2 illustrates the patient selection and ECG data sam-
pling process. Among the total ECGs, 413,735 (3%) were
acquired in prehospital settings, while 11,538,695 (97%)
originated from in-hospital settings. The median age of
patients at initial ECG testing was 57 (25th—75th per-
centiles, 40-71) years. Approximately 2% of all ECGs
were sampled from the pediatric population (0—17 years),
while the predominant age group for ECG recordings was
61-80 years (45%). The distribution of male and female
patients in the cohort was generally balanced, with
females comprising 52% and males 48%.

The total number of ECGs stratified by all regions
is displayed in Fig. 3A. The majority of ECGs were
acquired from the Capital Region of Denmark (36%),
with fewest ECG recordings being obtained in the Cen-
tral Denmark Region (8%). The distribution of ECGs

@ Springer



328

C. Polcwiartek et al.

A) Individual ECG measurements for amplitudes and durations
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Fig. 1 The ECG reflects specific cardiac events and electrical activi-
ties. The P wave represents atrial depolarization, initiated by electrical
impulses from the sinoatrial node. The PR interval represents conduc-
tion through the atrioventricular node. The QRS complex represents
ventricular depolarization, marking the onset of systole and ventricular
contraction. The T wave represents ventricular repolarization, with the
ST segment representing an electrically neutral phase between ven-
tricular depolarization (QRS complex) and repolarization (T wave).
Finally, the QT interval represents the time taken for both ventricular
depolarization and repolarization, effectively marking the time from
ventricular isovolumetric contraction to relaxation. (A) The P and T
waves can exhibit either unipolar or bipolar morphologies, resulting in
positive, negative, or zero values for P, P’, T, and T’ waves depending

across all regions for each sampling year is displayed in
Fig. 3B. Over time, the ECG data coverage (i.e., ratio
of unique patients in a year to the Danish population
that year) increased from < 1% in 2000 to 11% in 2021.
As before, most ECGs were acquired from the Capital
Region of Denmark. The age and sex distribution of the
ECG data is displayed in Fig. 3C. Overall, no clinically
meaningful differences were observed in the number of

@ Springer

on the waveform configuration. Due to the standard definition of the
Q, S, and S’ waves as negative deflections, their amplitudes are rep-
resented as positive values, with the implicit understanding that they
are negative deflections. STJ, commonly referred to as the J point, is
defined as the ST level at QRS offset relative to QRS onset. The ST
level at the QRS offset plus 1/16 of the average RR interval represents
STM. Similarly, STE refers to the ST level at the QRS offset plus 1/8
of the average RR interval. (B) As opposed to human readers who may
only inspect the QRS duration in any single lead of the ECG, the Mar-
quette 12SL algorithm measures global intervals from the earliest to
the latest waveform deflection across all 12 leads as represented by
the red dots

ECGs between female and male patients. The majority
of ECG examinations were performed in patients aged
40-80 years. Finally, Fig. 3D depicts the total number
of ECGs per patient and highlights that it is possible to
study temporal ECG changes as 42% of the patients in
the cohort have undergone between 2 and 5 ECG exami-
nations during the study period.
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Table 1 List of variables included in the Danish Nationwide ECG Cohort

Variable name Description Unit
PatientID Pseudonymized CPR number

Location Region codes to identify in which Danish region/hospital department the ECG was acquired

Acq_Date Date of ECG recording

Acq_Time Time of ECG recording

AnalysisSoftwareVersion Marquette 12SL algorithm version 23

ECGSampleBase ECG sampling rate

NumQRSComplexes Total number of QRS complexes in the ECG

Statements Diagnostic statements generated by the Marquette 12SL algorithm version 23

Global ECG measurements

AvgRRInterval Average R-R interval ms
VentricularRate Heart rate bpm
AtrialRate Atrial heart rate bpm
PR_Interval PR interval ms
QRSDuration QRS duration ms

QT Interval QT interval ms
QTcBazett QT interval corrected based on the Bazett formula ms
QTcFridericia QT interval corrected based on the Fridericia formula ms
QTcFramingham QT interval corrected based on the Framingham formula ms
P_Frontal Axis P-wave axis frontal plane degrees
R_Frontal Axis R-wave axis frontal plane degrees
T_Frontal Axis T-wave axis frontal plane degrees
QOnset Q-wave onset sample #
QOffset Q-wave offset sample #
POnset P-wave onset sample #
POffset P-wave offset sample #
TOffset T-wave onset sample #
Lead-specific ECG measurements

P_OnsetAmpl X P-wave onset amplitude in lead X (Y%
P_PeakAmpl X P-wave peak amplitude in lead X Y%
P_Duration X P-wave duration in lead X ms

P Area X P-wave area in lead X uV-ms
P_PeakTime X P-wave peak time (from POnset) in lead X ms
PP_PeakAmpl X P’-wave peak amplitude in lead X uv
PP_Duration_X P’-wave duration in lead X ms
PP_Area X P’-wave area in lead X pV-ms
PP_PeakTime X P’-wave peak time (from P'Onset) in lead X ms

Q PeakAmpl X Q-wave peak amplitude in lead X Y%
Q_Duration_X Q-wave duration in lead X ms
Q_Area X Q-wave area in lead X uV-ms
Q PeakTime X Q-wave peak time (from QOnset) in lead X ms

R _PeakAmpl X R-wave peak amplitude in lead X Y%

R _Duration X R-wave duration in lead X ms
R_Area X R-wave area in lead X uV-ms
R _PeakTime X R-wave peak time (from ROnset) in lead X ms

S PeakAmpl X S-wave peak amplitude in lead X (Y%

S Duration X S-wave duration in lead X ms

S Area X S-wave area in lead X pV-ms
S_PeakTime X S-wave peak time (from SOnset) in lead X ms
RP_PeakAmpl X R'-wave peak amplitude in lead X uv
RP_Duration_X R’-wave duration in lead X ms
RP_Area X R’-wave area in lead X pV-ms
RP_PeakTime X R’-wave peak time (from R'Onset) in lead X ms
SP_PeakAmpl X S’-wave peak amplitude in lead X Y%
SP_Duration X S’-wave duration in lead X ms
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Table 1 (continued)

Variable name Description Unit
SP_Area X S’-wave area in lead X uV-ms
SP PeakTime X S’-wave peak time (from S'Onset) in lead X ms
STI X ST-segment level at the J point of the terminal QRS complex in lead X Y%
STM_X ST-segment level at the QRS offset plus 1/16 of the average RR interval in lead X Y%
STE X ST-segment level at the QRS offset plus 1/8 of the average RR interval in lead X Y%
MaxST_X Maximum of STJ_X, STM_X, and STE_X in lead X uv
MinST_X Minimum of STJ_X, STM_X, and STE_X in lead X uv

T Special X Minimum of either T-wave amplitude or (T-wave amplitude - STE X) in lead X Y%
QRS Balance X Maximum R-wave amplitude - maximum S-wave amplitude in lead X Y%
QRS Deflection X QRS peak-to-peak amplitude in lead X (R Amp X -S Amp X) Y%
Max R _Ampl X Maximum of the R-wave or R’-wave in lead X uv
Max_S Ampl X Maximum of the Q-wave, S-wave, or S"-wave in lead X uv
T_PeakAmpl_X T-wave peak amplitude in lead X uv

T Duration X T-wave duration in lead X ms

T Area X T-wave area in lead X pV-ms
T PeakTime X T-wave peak time (from TOnset) in lead X ms
TP_PeakAmpl_X T’-wave peak amplitude in lead X uv
TP_Duration_X T'-wave duration in lead X ms

TP _Area X T'-wave area in lead X pV-ms
TP PeakTime X T'-wave peak time (from T'Onset) in lead X ms

T EndAmpl X T-wave offset amplitude in lead X Y%
PFull_Area X Sum of P-wave and P’-wave areas in lead X uV-ms
QRS_Area X QRS area in lead X pV-ms
TFull_Area_X Sum of T-wave and T'-wave areas in lead X uV-ms

bpm, beats per minute; CPR, civil personal registration; ECG, electrocardiogram

Discussion

The Danish Nationwide ECG Cobhort is, to our knowledge,
the largest population-based, real-world digital ECG data-
set globally that can be linked to comprehensive nationwide
register-based data such as blood test results, comorbidities,
medication use, procedures, income, education, employ-
ment, and long-term clinical outcomes including mortality
data. The cohort provides important research possibilities for
improving and optimizing cardiovascular risk stratification
and prognostication as well as identifying novel ECG mark-
ers. Interestingly, the cohort holds an exciting potential for
machine learning models trained on a widely used diagnos-
tic tool like the ECG. This can be integrated with regularly
collected register-based data to transform high-throughput
diagnostics across various cardiovascular diseases.

Several large 12-lead ECG datasets have previously
been made publicly available, significantly advancing the
real-world assessment of ECG markers and their prognostic
relevance in cardiovascular disease [27]. Databases such as
the CHARGE Consortium [28] and the UK Biobank [29]
provide detailed phenotyping of hundreds of thousands of
participants followed over time, generating data on lifestyle,
environmental, and genetic factors to explore their roles in
cardiovascular disease development and progression. The
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detailed phenotyping within these databases offers a com-
prehensive understanding of non-ECG characteristics and
cardiovascular outcomes. In contrast, our ECG cohort,
encompassing the entire Danish population in both pre- and
in-hospital settings, stands out with its population-based
unselected approach. This not only enhances the gener-
alizability of findings to the broader population but also
provides insights that may be relevant in non-clinical and
non-acute settings. Furthermore, the comprehensive 20-year
study period in our cohort offers a unique temporal aspect,
enabling investigation of long-term cardiovascular trends
and outcomes.

Although routine ECG screening of asymptomatic adults
at low risk of cardiovascular disease events is not recom-
mended [30], the various indications for ECG testing in
pre- and in-hospital settings were not present in this cohort,
which is an important limitation. In addition, ECG abnor-
malities that may be used for prediction of long-term clini-
cal outcomes in epidemiological studies may not necessarily
be directly related to underlying cardiac pathology and can
be attributed to comorbidities, electrolyte disturbances,
medication use, and lifestyle factors of patients that are
naturally correlated with cardiovascular disease. Although
most patients undergo ECG testing at some point during
their lifetime, there is still a potential for selection bias in
our cohort as it is restricted to patients who had at least one
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12,243,362 standard 12-lead digital ECGs
sampled from all Danish regions from
pre- and in-hospital settings
between 2000 and 2021

290,932 ECGs excluded in total:
ECG exclusion criteria:

* Not standard leads: 26,897

Endpoint exclusion criteria:

11,952,430 digital ECGs available from
2,485,987 unique patients

Demographic exclusion criteria:
e Invalid CPR number: 97,719
* Missing data on age and sex: 1435

¥ v \
Q Pre- and in-hospital distribution @ Age statistics and distribution J @ Sex distribution at first ECG )

e Pre-hospital/ambulance (all ECGs):
n=413,735 (3%)

e In-hospital (all ECGs):
n=11,538,695 (97%)

e Median age (25th-75th percentiles)

at first ECG: 57 (40-71) years

e Age group 0-17 years (all ECGSs):
n=206,029 (2%)

e Age group 18-60 years (all ECGs):
n=4,248,386 (35%)

e Age group 61-80 years (all ECGs):
n=5,347,483 (45%)

* Age group >80 years (all ECGs):
n=2,150,532 (18%)

o Females:

* Males:

n=1,291,396 (52%)

n=1,194,591 (48%)

* Poor quality (flagged as ‘red’ by the Marquette 12SL Hookup Advisor): 71,897
o At least one flatline lead: 92,202

* Erroneous registration of death date prior to ECG testing: 782

Fig. 2 Flowchart of the patient selection and ECG data sampling process with highlighted demographic characteristics of the cohort

Fig.3 (A) Denmark map with (A) (B)
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pre- or in-hospital ECG during the comprehensive 20-year
study period, and we lack data on the source population from
which patients with ECGs were sampled. This is important
as certain demographic and clinical characteristics may be
over- or underrepresented in the cohort. It is also important
to note that certain limitations may arise from when ECG
data are linked with health and social data in case of missing
covariates, and that data on an individual level such as spe-
cific ECGs cannot be accessed through Statistics Denmark.
Altogether, researchers should therefore address these limi-
tations carefully when working with the cohort.

The main strength of the Danish Nationwide ECG
Cohort is that all ECGs are collected from pre- and in-hos-
pital settings across Denmark, thereby representing a large
variety of patients during an extensive study period. This
may minimize the risk of selection bias and makes findings
from this cohort representative. Furthermore, the ECG data
are collected as part of the Danish public healthcare sys-
tem that is free and accessible for all. The information is
reported uniformly through electronic reporting systems,
ensuring data consistency and enabling linkage with other
important health and social data. Another strength of this
cohort is that all ECG data have been reanalyzed using the
Marquette 12SL algorithm version 23 to obtain standard-
ized and uniform diagnostic statements and measurements
for all ECGs throughout the study period. Diagnostic state-
ments and fiducial points on the ECG generated by the Mar-
quette 12SL algorithm have a high accuracy and validity
[25]. For example, the diagnostic statement ‘complete left
bundle branch block’ has been favorably validated, with a
specificity from 99.9 to 100% and sensitivity from 78 to
90.9% when compared to a diagnosis by cardiologists using
traditional criteria [31]. However, all diagnostic statements
in this cohort have not been overread by cardiologists and
thereby potentially modified. In the clinical setting, ECGs
with only minor abnormalities may have prompted imme-
diate cardiology assessment and evaluation and vice versa
for major ECG abnormalities. Furthermore, it is notewor-
thy that the cohort can be linked with complete long-term
follow-up data on clinical outcomes, and for the majority of
patients, we have unique opportunities to follow serial ECG
changes over time and relate these to cardiovascular disease
outcomes and prognosis.

Conclusions

In conclusion, the Danish Nationwide ECG Cohort repre-
sents a novel and extensive population-based digital ECG
dataset for cardiovascular research, encompassing both pre-
and in-hospital settings. The cohort contains ECG diagnos-
tic statements and ECG measurements that can be linked to

@ Springer

various nationwide health and social registers without loss
to follow-up.
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