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ABSTRACT
Background: The electrocardiogram (ECG) used for gating in cardiac MRI may be compromised by multiple confounders inside 
the scanner bore.
Purpose: To quantify the influence of magnetic field strengths (1.5 T/3 T/7 T), standardized electrode positions, and imaging 
sequences on ECG signals used for gating.
Study Type: Prospective.
Population: Sixteen healthy volunteers (eight male; mean age 26.25 ± 7.67 years).
Field Strength/Sequence: Balanced steady-state free precession cine (1.5 T/3 T), fast low-angle shot cine (7 T), and 4D flow 
(1.5 T/3 T/7 T) sequences.
Assessment: ECG-signals were recorded during breath-hold and non-breath-hold short axis cine (sax-bh and sax-nbh, respec-
tively) and 4D flow scans at 1.5 T/3 T/7 T. All scans were repeated with 4 standardized electrode positionings (pos1–4) at each field 
strength. Pos1/2 were vendor-recommended positionings for 1.5 T/3 T/7 T scans, respectively, whereas pos3/4 were alternative 
positionings recommended in previous studies. Similarity between confounded ECG-signals and unconfounded baseline ECG-
signals was assessed by QRS-feature correlation. Cine image quality (IQ) was assessed by 3 readers (with 6, 10, and 22 years 
experience) on a four-point Likert scale.
Statistical Tests: Linear mixed models with type III tests of fixed effects (overall) and t tests with adjusted degrees of freedom 
(pairwise subgroup-comparisons) at significance level p < 0.05.
Results: Increasing field strength resulted in significantly decreasing similarity to baseline measurements, with r values (pro-
vided with 95% confidence interval) of 1.5 T: 97% (92.6–101.3); 3 T: 91.4% (87.1–95.8); 7 T: 50.4% (46–54.9) and lower IQ: 1.5 T: 2.33 
(2.12–2.55); 3 T: 1.96 (1.75–2.17); 7 T: 0.91 (0.7–1.12). Vendor-specified electrode positions pos1: 91.8% (87.2–96.5), pos2: 88.3% 
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(83.7–92.9) showed significantly higher correlation with baseline measurements than alternative positions pos3: 67.5% (62.9–
72.1) and pos4: 70.8% (66.2–75.4). The evaluated standardized sequences showed similar amounts of electrocardiogram distor-
tion, with r values of: sax-bh: 77.3% (73–81.7); 4D: 79.3% (75–83.7), p = 0.54; sax-nbh: 82.1% (77.8–86.5), p = 0.31, but the difference 
between sax-bh and sax-nbh: 4.8% (2.88–6.72) was significant.
Data Conclusion: Increasing field strength leads to significant ECG signal distortions. Vendor-specified positions 1/2 resulted 
in less distorted ECG signals than alternative positions 3/4 recommended in previous publications.
Level of Evidence: 2.
Technical Efficacy: Stage 5.

Plain Language Summary
The electrical signal of the heart plays an important role in synchronizing cardiac MR imaging with the heart's motion. This 
study measured how much this signal is distorted by magnetic field strengths (1.5, 3, and 7 T), electrode positioning, and imaging 
sequences. The results showed higher amounts of distortion with increasing field strengths but less distortion with standard 
electrode positions. The tested imaging sequences showed little difference. These results highlight challenges for ultra-high-field 
MRI in clinical practice and provide practical guidance to optimize electrode placement. They may pave the way for more reliable 
heart imaging at increasing magnetic field strengths.

1   |   Introduction

Cardiac MRI is accepted as the reference standard for as-
sessing cardiac function, volumes, and morphology [1]. To 
compensate for cardiac motion, most MRI techniques rely on 
synchronizing the image acquisition with the cardiac cycle 
(cardiac gating). The electrocardiogram (ECG) used for car-
diac gating is typically derived from three or four surface elec-
trodes [2] and is not of diagnostic quality [3]. Most commonly, 
cardiac gating is achieved by detecting the R-peak in the char-
acteristic QRS complex of the ECG signal [4]. Inside the MR 
scanner environment, however, the ECG signal is often com-
promised [3] due to interference from radiofrequency (RF) 
pulses and switching magnetic field gradients [5]. In addition, 
moving charged particles (ions) in the blood act as additional 
confounders as, inside the magnet bore, they experience a 
Lorentz force. This force is oriented perpendicular to the main 
magnetic field and is linearly proportional to the field strength 
and the ions' velocity [6, 7]. The deflected ions generate an 
electric potential across the vessel, especially in the aortic 
arch, where the blood flow direction is perpendicular to the 
main field. This potential superimposes the ECG signal and is 
strongest during the QT segment due to the blood flow in the 
aorta in this cardiac phase, at approximately 107 ms after the 
R-wave [6]. Since this magnetohydrodynamic (MHD) effect
increases with field strength, the quality of the ECG signal,
and thus the gating performance, decreases from 1.5 to 7 T
[7–9]. To overcome the MHD effect on the ECG signal, there
have been attempts to develop new trigger detection methods
[10, 11]: A vectorcardiogram (VCG) approach has been devel-
oped to improve R-peak detection accuracy [4] and is currently 
the standard method for clinical field strengths of 1.5 and 3 T.
At 7 T, however, there have been mixed findings regarding the
performance of VCG-based gating [12, 13].

Several studies have emphasized the role of electrode position-
ing for good ECG signal quality at clinical field strengths [3, 14]. 
Furthermore, some studies have recommended alternative elec-
trode positions for use in cases where the vendor-recommended 
standard positioning does not provide a sufficiently reliable 

signal [9, 15–17]. Although there have been attempts to ex-
plore alternative electrode positions at 7 T [17], the impact of 
electrode positioning on ECG signal quality and thus gating 
performance at 7 T remains to be investigated. In a clinical set-
ting, finding an electrode positioning providing sufficient sig-
nal quality is usually performed iteratively [3], starting from 
vendor-recommended standard positions and moving to alterna-
tive positions, and sometimes with image-guided optimization 
[18]. Although this process often leads to successful results, it 
may be time-consuming especially for ultra-high field (UHF, 
> = 7 T) strengths [6]. Consequently, investigating the impact of
standardized electrode positions on ECG signal quality at UHF
strengths may be an important step on the way to bringing ultra-
high field cardiac MRI into clinical practice.

Besides magnetic field strength and electrode positioning, a pre-
vious study has also highlighted the confounding impact of im-
aging sequences on ECG gating signals, suggesting a decrease 
in signal quality for sequences using strong gradients and rapid 
switching [19]. Thus, various filtering methods have been devel-
oped to compensate for these effects [20, 21]. With rapid switch-
ing of very strong gradients, however, the ECG signal may still 
be affected [19, 22].

The confounding influence of the MHD effect, electrode po-
sition, and gradient switching accumulates. Therefore, severe 
gating problems may occur, especially at UHF strengths, 
leading to increased scan durations, errors in quantification 
of clinical parameters due to image artifacts (Figure  1), and 
sometimes even failed measurements [23]. The importance of 
these confounders remains only partially understood, espe-
cially at UHF strengths. Counteracting their impact, however, 
requires a quantifiable measure to assess each individual con-
founder's effect on ECG signal quality. Furthermore, a quan-
titative comparison could also aid in estimating dropout rates 
and scan durations for MRI studies, allowing for pre-scan op-
timization of MR protocols and setups.

Thus, the aim of this study was to quantify and compare the 
influence of four standardized electrode positions and three 
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standardized MRI sequences on ECG signal quality at clinical 
field strengths of 1.5, 3, and at 7 T.

2   |   Materials and Methods

2.1   |   Population

This study was approved by the local ethics board (EA1/183/19). 
All volunteers provided written informed consent before enroll-
ment. Sixteen volunteers (8 male, 8 female) aged 19–52 years 
(mean: 26.25 ± 7.67 years), with body mass index (BMI) ranging 
from 18.6 to 29.73 kg/m2 (mean: 23.94 ± 3.15 kg/m2) and with-
out contraindications for MRI or known cardiovascular disease 
were included.

2.2   |   Field Strengths

To quantify the impact of magnetic field strength on ECG 
signals, all volunteers were scanned at 1.5, 3, and 7 T 
(MAGNETOM Avanto fit, MAGNETOM Skyra fit, and 
MAGNETOM 7 T, respectively, Siemens Healthineers AG, 
Forchheim, Germany).

2.3   |   Electrode Positions

To assess the impact of electrode positioning on the ECG signal, 
four standardized electrode positions (pos) were defined as fol-
lows (Figure 2A).

1. Position 1 (pos1): based on vendor recommendations for a
3-lead ECG setup as used in the 7 T scanner [24].

2. Position 2 (pos2): based on vendor recommendations for
clinical field strengths with a 4-lead setup [25] as used in
the 1.5 and 3 T scanners.

3. Position 3 (pos3): based on recommendations for alterna-
tive electrode positions at ultra-high field MRI [6, 9].

4. Position 4 (pos4): an adaptation of recommended alterna-
tive ECG-lead positions on the back [26] and the antero-
lateral thorax [17].

Both pos1 and pos2 are described in the systems' operator manuals 
[24, 25] and are consistent with studies recommending precordial 
leads to reduce MHD-related artifacts [15, 16]. Pos3/4 differ nota-
bly from the vendor-recommended positions (pos1/2) and were 
selected in this study to investigate a wide range of electrode posi-
tioning schemes. To compensate for the differing number of elec-
trodes available at the scanners in this study, the additional fourth 
electrode available at 1.5 and 3 T was placed at the midway point 
between the other two electrodes used in the same position at 7 T 
(Figure 2A).

To realize all 4 positions, a total of 11 (1.5 and 3 T) or 9 (7 T) elec-
trodes were attached to the volunteer's skin at the beginning of 
the session by an MR technician with 22 years of MRI experience 
(DK) according to a standardized illustrated manual (Figure 2A) 
and following general recommendations on patient preparation 
and electrode application, including shaving the volunteer's 
chest prior to placing the electrodes when necessary [3].

FIGURE 1    |    Gating artifacts. Mid-ventricular short axis breath-hold slices acquired at 7 T. Good quality images (A) can be obtained when the ECG 
signal quality is sufficient for cardiac gating. However, ECG signal distortion may result in impaired gating performance, which can lead to ghosting 
artifacts and thus, a loss of image quality (B). Example ECG signals and QRS-triggers, as detected by the vendor's default algorithm, are marked in 
red. Manually defined reference QRS-triggers are marked in blue. ECG, electrocardiogram.
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2.4   |   MRI Protocol and Sequences

First, the ECG signal was recorded during baseline scans for 
all four electrode positions (pos1–4) to later serve as a ref-
erence for the confounded ECG signals obtained inside the 
scanner. At 1.5 and 3 T, balanced steady-state free precession 
(bSSFP) and at 7 T, fast low angle shot (FLASH) based local-
izers served as baseline scans. To minimize any confounding 
impact of the magnetic field on the ECG signal during these 
baseline measurements, the volunteer was placed outside the 
scanner bore, with a water-based phantom placed in the mag-
net's isocenter. Imaging a phantom was necessary for later 
extraction of the volunteer's ECG signal from the raw data 
(refer to the next section). At 7 T, the volunteer was placed 
approximately 2 m away from the bore on a separate patient 
table. At 1.5 and 3 T, the wireless receiver's range restricted 

the maximum distance from the patient table to the scanner 
bore to approximately 1.5 m. For each of the four electrode po-
sitions, ECG signals were then recorded with the volunteer in-
side the scanner while running short-axis view (sax) cine and 
4D-flow acquisitions (4D), with 4D-flow chosen to represent 
a sequence type with high switching gradients [27] (refer to 
Figure 2B). Each scan was performed twice using the system's 
default ECG and VCG gating algorithms. For the sax scans, 
bSSFP (1.5 T, 3 T) and FLASH gradient echo (FLASH-GRE) 
sequences (7 T) were used, as is common in clinical cardiac 
MRI at these field strengths [28]. Sax data were acquired with 
and without breath holding (sax bh and sax nbh, respectively) 
[28]. Sequence parameters (Table 1) at 1.5 and 3 T were typ-
ical of those used in clinical studies in our hospital. The 7 T 
protocol was newly set up, aiming to closely match the pa-
rameters of the 3 T protocol. Each individual measurement's 

FIGURE 2    |    Standardized electrode positions and protocol overview. (A) Standardized electrode placement positions for clinical (left) and ultra-
high field strength (middle) studies. The far-right image shows the four electrode positions on a volunteer's chest. Note that some of the electrodes 
were reused for multiple positions. The electrode colors in the schematic drawings are as in the vendor manuals [24, 25]. (B) An overview of the proto-
col: For all four electrode positions at each field strength, baseline (unconfounded) ECG signals were acquired with the volunteer outside the scanner 
while running a Localizer sequence gated by this baseline signal. This procedure was necessary for later extraction of the ECG signal from the raw 
data. These were followed by ECG signal measurements during short-axis cine scans with breath-hold and non-breath-hold, and 4D flow scans. 4D, 
4D flow; bh, breath-hold; nbh, non breath-hold; pos, standardized electrode position; sax, short axis.
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scan duration was adjusted to collect an ECG signal of > 90 s 
duration per scan, except for breath-hold acquisitions, which 
were set to acquire 12 k-space segments/beat, resulting in ~15 
beats/acquisition due to physiological constraints.

2.5   |   ECG Signal Extraction and Post-Processing

ECG signals were recorded at a sampling rate of 400 Hz for all 
scans. At 1.5 and 3 T, the ECG signal was extracted from the 
raw MR data via prototype software provided by the vendor and 
truncated to the actual scan duration using time stamps from 
the raw MR data.

At 7 T, no such tool was available; hence, the ECG signal was re-
corded manually for each scan via physiologging from the scan-
ner console. The data was transferred to a web-based prototype 
annotation tool (Siemens Medical Solutions, Princeton, NJ, USA) 
for manual R-peak trigger annotation by a reader with 6 years 
of clinical ECG signal analysis (RH). A QRS-feature vector was 
extracted from each measurement by averaging the vectors of 

ECG signal samples of all 120 ms windows around manually de-
termined R-peaks [29] for comparison of confounded test and 
unconfounded baseline measurements (refer to statistical anal-
ysis and Figure 3).

2.6   |   Subjective Image Quality Analysis

Image quality of the cine images was analyzed using a four-
point Likert scale (0 = poor due to gating artifacts, non-
diagnostic; 1 = fair, diagnostics may be impaired; 2 = good, 
some gating artifacts but no interference with diagnostics; 
3 = excellent, no gating artifacts) as described previously [30] 
by 3 independent readers with 6 (RH), 22 (DK), and 10 years 
of MRI experience.

2.7   |   Statistical Analysis

To quantify the impact of field strength, electrode position, and 
imaging sequence type on the quality of the ECG signal, the 

FIGURE 3    |    QRS-feature-correlation. (A) Unconfounded baseline ECG signal measurement (volunteer outside the scanner). (B) Test measure-
ment (volunteer inside the scanner, ECG signal confounded by field strength (1.5, 3, and 7 T), electrode position (pos1–4), and sequence (short-axis 
cine with/without breath-hold, 4D flow sequence)). QRS-features were extracted by averaging the signal vectors of all 120 ms windows around 
manually detected R-peaks to calculate a QRS feature vector. The QRS feature for the test measurement was then compared to the corresponding 
baseline measurement's QRS feature (same field strength, same electrode position, and same gating method) using Pearson's correlation coefficient 
(r values) as a similarity measure to quantify the amount of distortion introduced by the confounders in the test measurement. a.u., arbitrary unit; 
ECG, electrocardiogram.
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QRS features of confounded ECG signals were compared with 
their corresponding (unconfounded) baseline QRS feature, that 
is the feature generated from the ECG signal measurement with 
the same electrode position, gating method, and field strength 
but with the volunteer outside the scanner. Similarity between 
confounded and baseline QRS features was assessed by calcu-
lating Pearson's correlation coefficient (r) between the two ex-
tracted feature vectors according to:

where rxy denotes Pearson's correlation coefficient between x 
and y, where x is the QRS-feature vector extracted from the con-
founded test measurement (i.e., the averaged 120 ms window 
around manually denoted R-peaks) and y is the QRS-feature 
vector extracted similarly from the corresponding baseline 
measurement.

Post-processing was implemented in the programming lan-
guage Python 3.11.3 using the NumPy 1.24.3 [31] and pandas 
2.0.3 [32] libraries.

To compensate for repeated measurements within individual 
volunteers, linear mixed models were applied, treating the vol-
unteers as a random effect and the confounders field strength 
(1.5, 3, and 7 T), sequence type (4D and sax bh/nbh), and elec-
trode position (pos1-4) as fixed effects [33]. To adjust for a differ-
ing number of observations per confounder—for example in case 
a measurement for a combination such as 7 T-pos3-4D failed in 
a subset of volunteers—least squares means (LS means), that is 
adjusted means derived from the model instead of standard av-
erages, were used. Each confounder's (field strength, sequence 
type, position) impact on the ECG signal (r-values) and image 
quality was tested for using type III tests of fixed effects while 
adjusting for the remaining confounders and their interactions. A 
stepwise hierarchical test strategy was used: If significance was 
shown in the global test (e.g., testing if field strength has an effect 
on ECG signals), significance was assessed in pairwise compar-
isons between measurements in the subgroups using t-tests with 
degrees of freedom adjusted for potentially imbalanced group 
sizes [34]. Differences between subgroups defined by bivariable 
combinations (e.g., 1.5 T-pos2 vs. 3 T-pos4) and trivariable combi-
nations (e.g., 1.5 T-pos2-4D vs. 3 T-pos4-sax-nbh) of the assessed 
confounders were tested. A p value < 0.05 was considered signif-
icant. The statistical analyses were performed in the dedicated 
statistical programming language R (version 4.3.2) [35] using the 
lmerTest 3.1.3 (for statistical testing) [33] and lsmeans 2.30.0 (for 
LS means difference calculations) [34] packages.

3   |   Results

3.1   |   Data Acquisition

Out of 1536 ECG measurements acquired, 1447 could be in-
cluded for analysis (94.2%). Of the 89 measurements (5.8%) 
which had to be excluded, 9 (0.6%) were excluded due to ECG-
file corruption, 34 (2.2%) due to ECG signal extraction failure, 
42 (2.7%) due to data transfer problems, and in 4 cases (0.2%), 

the scan failed completely due to insufficient gating. The total 
number of manually detected R-peaks in the included measure-
ments was 111,932.

3.2   |   Impact of Field Strength

Increasing field strength (1.5, 3, and 7 T) led to a significant 
reduction in ECG signal similarity to baseline signals. All 
values are provided with 95% confidence intervals (CI). LS 
mean r values of 1.5 T: 97% (92.6–101.3) versus 3 T: 91.4% 
(87.1–95.8) versus 7 T: 50.4% (46–54.9) were found (Figure 4A). 
Differences between subgroups are provided in the supple-
ment. Subjective image quality of the sax cine acquisitions 
also varied significantly with field strength, with mean scores 
of 1.5 T: 2.3 (2.12–2.55) versus 3 T: 1.96 (1.75–2.17) versus 7 T: 
0.91 (0.7–1.12).

3.3   |   Impact of Electrode Position

The four evaluated electrode positions showed significantly 
different r values when compared across all field strengths 
and sequences, with pos1 providing the highest correlation 
with baseline measurements and thus the best signal quality 
(Figure 4B). Overall, vendor-recommended positions (pos1/2) 
and alternative positions (pos3/4) showed no significant dif-
ferences within the same group (r value differences of pos1 
vs. pos2: 3.57% (1.34–5.8), p = 0.38 and pos3 vs. pos4: 3.32% 
(1.12–5.52), p = 0.43), but there was a significant difference 
between vendor-recommended positions (pos1/2) versus al-
ternative positions (pos3/4) (Table  2). In the subgroup anal-
ysis, comparing the four standardized positions at individual 
field strengths (1.5, 3, or 7 T), vendor-recommended positions 
(pos1/2) showed no significant difference to alternative po-
sitions (pos3/4) at 1.5 T (all p > 0.70). At 3 and 7 T, however, 
pos1/2 showed significantly less ECG signal distortion than 
alternative positions (pos3/4), except for pos4-pos1 at 3 T 
(p = 0.06), with a larger difference between pos1/2 and pos3/4 
at 7 T (Figure 5A). The subjective image quality scores of the 
cine acquisitions (provided as LS mean and 95% CI) were pos1: 
1.84 (1.62–2.06) versus pos2: 1.71 (1.50–1.93) versus pos3: 
1.64 (1.43–1.86) versus pos4: 1.75 (1.54–1.97), with no sig-
nificant difference when compared across all measurements 
(all p > 0.05). There were no significant differences in image 
quality scores for the standardized electrode positions at in-
dividual field strengths (all p > 0.3) except for pos3-pos1 at 3 T 
(Figure 6).

3.4   |   Impact of Sequence Type

Overall, there was no significant difference between the ef-
fect of the 4D flow sequence and the short-axis cine sequences 
(4D-sax bh: −2.01% (−3.93, −0.09), p = 0.55; sax nbh-4D: 2.81% 
(0.88–4.72), p = 0.31). A small 4.8% (2.88–6.72), but significant 
difference was found between sax nbh and sax bh (Figure 4C). 
In the subgroup analysis, comparing the standardized se-
quences at individual field strengths, this effect was more 
pronounced at 7 T: 14.01% (10.51–17.48), with no significant dif-
ferences between sax nbh and sax bh at clinical field strengths: 
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FIGURE 4    |     Legend on next page.
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1.5 T: −0.37% (−3.60–2.86), p = 0.99 and 3 T: 0.77% (−2.50–4.04), 
p = 0.97 (Figure  5B). The subjective image quality analysis 
showed significant differences between sax bh: 2.13 (1.93–2.34) 
and sax nbh acquisitions: 1.34 (1.13–1.54).

3.5   |   Combinations of Field Strength, Electrode 
Position, and Sequence

LS mean r values for all combinations of field strength, electrode 
position, and sequence are presented in Figure 7 showing that 
increasing field strength results in lower r values. The largest 
differences in r values between electrode positions were also ob-
served at 7 T.

4   |   Discussion

This study quantified changes in ECG signals recorded at field 
strengths of 1.5, 3, and 7 T, with four standardized electrode 

positions during standardized 4D flow and sax cine (bh/nbh) 
acquisitions.

4.1   |   Impact of Field Strength

In line with previous studies, increased ECG signal distortions 
were observed with increasing field strength, which led to a de-
crease in image quality. This may be explained by an increase in 
the MHD effect with increasing field strength [36]. In this study, 
the confounding effect on the ECG signal was quantified by a sim-
ilarity measure (the QRS-feature correlation coefficient) at 1.5, 3, 
and 7 T under scanning conditions resembling clinical study set-
ups, that is during image acquisition using the gating hardware 
of the scanner. This approach builds on previous studies that have 
targeted the MHD at clinical or ultra-high field strengths but were 
limited to non-MRI-conditional ECG equipment that did not allow 
quantifying the confounding effect of different sequence types [37].

Our findings may facilitate estimating gating problems in the 
planning stage of MRI studies and could potentially assist in es-
timating the potential number of scan failures or anticipating 
prolonged scan durations.

ECG signal distortions may lead to a complete loss of trigger de-
tection and thus failed image acquisition. In this study, the num-
ber of scans where a complete loss of trigger detection occurred 
was consistent with a previous study [38].

To overcome the problem of field strength dependent artifacts on 
the ECG signal, gating techniques such as pulse wave triggering 
[38] or the acoustic cardiogram (ACT) [9] have been suggested
as alternatives for ECG signal-based gating, especially for ultra-
high-field strengths. While pulse wave triggering is limited by
its latency to the R-peak, the ACT detects the first heart tone of
the phonocardiogram, the acoustic signal produced by the con-
traction of the heart during systole [39]. It is not affected by the
magnetic field strength, making it attractive for UHF studies.
However, the ACT uses additional hardware and has limitations 
due to variable time delays between the R-peak and the first
heart tone [4]. Furthermore, variable success rates have been
reported [40, 41].

Another innovative technique derives cardiac gating signals 
from a modulation of the pilot tone, a continuous RF-signal out-
side of the frequency range of the MR-imaging [40], and several 
studies have shown promising results at clinical field strengths 
[40, 42]. However, the associated commercially available device 
(Biomatrix Beatsensor, Siemens Healthineers AG, Forchheim) 
is not yet available for 7 T systems, although a similar approach 
has been discussed [43]. Recently, machine-learning-based ap-
proaches have also been proposed for gating in cardiac MRI [44]. 
Furthermore, self-gating, which compensates for cardiac motion 
directly based on the image data using dedicated post-processing, 

FIGURE 4    |    Global results: Impact of field strength, electrode position, and sequence on ECG signals. Least-square mean r values for (A) field 
strengths of 1.5, 3, and 7 T. (B) Electrode positions 1–4 (pos1–4), and (C) 4D flow and short-axis cine sequences with and without breath-hold across 
all measurements (global). Blue bars indicate 95% confidence intervals. Significant differences are shown with a bar and an asterisk (*p < 0.05, 
**p < 0.01, ***p < 0.001). 4D, 4D flow; bh, breath-hold; ECG, electrocardiogram; nbh, non breath-hold; pos, standardized electrode position.

TABLE 2    |    Global comparison.

Global comparison

r-value 
difference 
estimate 

[%] SE [%] p

Field 
strength

3 T–1.5 T −5.53 1.89 0.009

7 T–1.5 T −46.54 1.96 < 0.001

7 T–3 T −41.01 1.97 < 0.001

Position Pos2–pos1 −3.57 2.23 0.379

Pos3–pos1 −24.35 2.23 < 0.001

Pos3–pos2 −20.78 2.20 < 0.001

Pos4–pos1 −21.03 2.23 < 0.001

Pos4–pos2 −17.45 2.21 < 0.001

Pos4–pos3 3.32 2.20 0.432

Sequence Sax bh–4D −2.01 1.93 0.548

Sax 
nbh–4D

2.81 1.93 0.312

Sax nbh–
sax bh

4.81 1.93 0.033

Note: Three different field strengths (1.5, 3, and 7 T). Four standardized electrode 
positions. Standardized sequences: 4D flow, short-axis cine sequence with and 
without breath-hold. The comparisons were performed across all measurements 
(global) marginalizing over the other confounders for example 3–1.5 T compared 
the adjusted mean r-values of all measurements at 3 T with the adjusted mean r-
values of all measurements at 1.5 T regardless of electrode position or sequence. 
Significance was assumed at p < 0.05. Significant differences marked in bold.
Abbreviations: 4D, 4D flow; bh, breath-hold; nbh, non breath-hold; pos, 
standardized electrode position; sax, short axis; SE, standard error.
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has been proposed [45]. However, while these innovative ap-
proaches have shown promising results, they require additional 
hard- or software. Furthermore, due to the wide availability and 
ease of use of the ECG in clinical practice, methods relying on 
the electrical signal of the heart remain the current clinical stan-
dard for gating [28]. However, with the development of modern 
gating techniques, this might change in the future. On the other 
hand, the ongoing development of low-field MRI techniques, 
which are less affected by the MHD [46], may result in continued 
application of ECG-signal-based gating techniques.

4.2   |   Impact of Electrode Position

Recent studies have demonstrated that a reduction of ECG 
signal distortions may be possible when including additional 
ECG channels, for example using a 12-channel ECG device 
and custom trigger detection algorithms [37, 47]. However, the 
12-channel ECG recorders in these studies were used without
pulse gradient switching and in a research environment only,
with only limited experience in a clinical setting [47]. Until ECG 
devices with more channels become widely available for gated
image acquisition, optimizing the electrode placement of the
available channels remains of high importance [3, 15].

In this study, the suggested alternative positions (pos3/4) 
provided similar ECG signals and image quality to the stan-
dard positions (pos1/2) recommended by the vendor at 1.5 T. 
At 1.5 T, our results therefore support the use of standardized 

alternative positions as a starting point for a streamlined 
research-based approach for electrode setup optimization in 
cases where the vendor-recommended positions do not pro-
vide sufficient gating performance.

At 3 T/7 T, vendor recommended pos1/2 resulted in signifi-
cantly less ECG signal distortion compared to the alternative 
positions from previous studies (pos3 and pos4), although 
the image quality obtained with the latter was not signifi-
cantly reduced, also rendering them potential candidates for a 
streamlined electrode position optimization approach. These 
findings may be explained by variations in the thorax config-
urations of the patients, which can also influence ECG sig-
nals obtained from surface electrodes [14]. This confounding 
effect may have had a stronger impact on the ECG signals in 
our study than in the previously published studies discussed 
above [6, 9, 17, 26], possibly leading to higher amounts of dis-
tortion with the alternative electrode positions in this study. 
A direct quantitative comparison to previous studies, how-
ever, is not feasible due to different study designs and setups 
[17, 48]. To provide further insight on the confounding role of 
different thorax configurations on ECG gating signals, please 
refer to the Supporting Information.

4.3   |   Impact of Sequence Type

Our results showed no significant differences in ECG signal sim-
ilarity between sax cine and 4D sequences at 1.5, 3, or 7 T. This 

FIGURE 5    |    Subgroup analysis for combinations of field strength/position and field strength/sequence. Least-square mean r values for (A) po-
sitions (pos1-4), and (B) 4D flow and short-axis cine sequences with and without breath-hold at 1.5 T (top), 3 T (middle), and 7 T (bottom). Blue bars 
indicate 95% confidence intervals. Significant differences are shown with a bar and asterisk (*p < 0.05, **p < 0.01, ***p < 0.001).4D, 4D flow; bh, 
breath-hold; nbh, non breath-hold; pos, standardized electrode position.
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FIGURE 6    |    Image quality analysis for field strength, position, and sequence. Average image quality scores based on a four-point Likert scale 
(0 = poor/non-diagnostic; 1 = fair, 2 = good; 3 = excellent) as rated by three blinded observers for short axis cine images acquired with and without 
breath-hold using standardized electrode positions 1–4 at 1.5 T (top), 3 T (middle), and 7 T (bottom). Blue bars indicate 95% confidence intervals. 
Significant differences are shown with a bar and asterisk (*p < 0.05, **p < 0.01, ***p < 0.001). bh, breath-hold; nbh, non breath-hold; pos, standardized 
electrode position.
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contrasts with previous studies reporting increasing distortions 
of the ECG signal due to rapid gradient switching from pulse 
sequences used for image acquisition [19, 21, 22]. These findings 
may be explained by the improved filtering methods developed 

in recent years [19, 21, 49] and the use of high impedance cables 
attenuating induced currents from the imaging gradients [50]. 
In addition, differences in the sequences and their parameters 
may have led to different results.

FIGURE 7    |    Subgroup analysis for combinations of field strength, position, and sequence. Least-square mean r values for combinations of position 
(pos1–4) and sequence (4D flow, short-axis cine with and without breath-hold) at 1.5 T (top), 3 T (middle), and 7 T (bottom). Blue bars indicate 95% 
confidence intervals. Significant differences are shown with a bar and asterisk (*p < 0.05, **p < 0.01, ***p < 0.001). 4D, 4D flow; bh, breath-hold; nbh, 
non breath-hold; pos, standardized electrode position.
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Furthermore, significantly higher ECG distortion was ob-
served for sax bh acquisitions than sax nbh acquisitions, 
mainly at 7 T. This may be explained by the fact that the du-
ration of the sax bh measurements was set shorter (~15 s) than 
the sax nbh measurements due to physiological constraints. 
Hence, an inability to hold breath during the breath-hold ma-
neuver may have had a higher impact on feature correlation 
than repeated shallow breathing, since the technique averages 
multiple ECG signal windows across time in the calculation of 
the QRS feature. The longer duration of the sax nbh measure-
ments would also explain the lower subjective image quality 
scores observed for sax nbh measurements, with image quality 
being affected by respiratory motion in addition to cardiac gat-
ing, but does not explain why higher signal distortions were 
observed mainly at 7 T. In general, a standardized procedure 
for quantifying ECG signal distortions in MRI environments 
would be beneficial for assessing confounders and compar-
ing innovative gating methods. As the characteristic R peak 
is the most stable feature of typical ECG curves in a healthy 
population [10], it can be assumed that the shape of the ECG 
signal's R peak stays constant across a scan's duration without 
any external confounders such as field strength or arrhythmic 
disorders influencing the ECG signal itself. This assumption 
holds, even for ECG signals in a cardiac MRI environment 
[3]. Therefore, in this study, a feature correlation approach 
was used to quantify the effect of external confounders on 
ECG signal quality. In QRS feature correlation, ECG signal 
distortions are quantified by comparison of confounded QRS 
features with a corresponding baseline feature, enabling the 
quantification of each individual confounders' impact on the 
signal. Thus, the method could also be applied to investigate 
other confounders not assessed in this study.

4.4   |   Limitations

Due to the nature of this pilot study, the number of volunteers 
was relatively small (n = 16). Therefore, the statistical analyses 
were adjusted for repeated measurements within individual 
volunteers to obtain as much information on the assessed con-
founders as possible within the frame of an exploratory study. 
Furthermore, since the healthy volunteers had no history of car-
diovascular disease, the results may not be fully applicable to 
patients in a clinical setting.

Subjective image quality was limited to sax cine sequences, 
since scan duration restrictions required temporal adjustments 
of the 4D measurements.

5   |   Conclusion

Increasing field strength has a significant negative impact on 
ECG signal quality. At 1.5 T, vendor-recommended electrode po-
sitions and standardized alternative positions may be used inter-
changeably, whereas at 3 T/7 T the vendor-recommended positions 
(pos1/2) resulted in less ECG distortion than alternative positions 
(pos3/4), yet provided comparable image quality. Sax cine and 4D 
sequences showed no significant difference in ECG signal distor-
tion at 1.5 and 3 T in this study, although a small but significant dif-
ference between bh and nbh cine acquisitions was observed at 7 T.

Acknowledgments

We thank all the volunteers for participation in the study. We also sin-
cerely acknowledge the support of our MR technicians Kerstin Kretschel 
and Martina Kohla and our study nurses Annette Köhler-Rohde 
and Elke Nickel-Szczech in conducting the study scans as well as Dr. 
Yashraj Bhoyroo for his help in the revision phase of this manuscript. 
We would like to thank Christian Geppert, PhD (Siemens Healthineers, 
Forchheim), and his team for the valuable discussions in the planning 
phase and their comments on extracting the ECG signal. Dr. Carsten 
Schwenke helped in the planning phase and during statistics. We thank 
Dr. Mark Schweizer as Editor in Chief and the anonymous reviewers for 
their valuable comments that improved this manuscript. Open Access 
funding enabled and organized by Projekt DEAL.

Conflicts of Interest

S.S. received funding from Deutsche Forschungsgesellschaft SCHM 
2677/21 and GRK2260. J.W., T.C., and B.A.G. are employees and/or af-
filiates at Siemens Healthineers AG.

Carsten Schwenke provides consultation services to Experimental and 
Clinical Research Center on an honorary basis.

Data Availability Statement

The raw data cannot be made available due to federal data privacy and 
protection rules.

References

1. N. G. Bellenger, M. I. Burgess, S. G. Ray, et al., “Comparison of Left
Ventricular Ejection Fraction and Volumes in Heart Failure by Echo-
cardiography, Radionuclide Ventriculography and Cardiovascular Mag-
netic Resonance. Are They Interchangeable?,” European Heart Journal 
21 (2000): 1387–1396.

2. P. Lanzer, E. H. Botvinick, N. B. Schiller, et  al., “Cardiac Imaging
Using Gated Magnetic Resonance,” Radiology 150 (1984): 121–127.

3. M. S. Nacif, A. Zavodni, N. Kawel, E.-Y. Choi, J. A. C. Lima, and D. A. 
Bluemke, “Cardiac Magnetic Resonance Imaging and Its Electrocardio-
graphs (ECG): Tips and Tricks,” International Journal of Cardiovascular 
Imaging 28 (2012): 1465–1475.

4. S. E. Fischer, S. A. Wickline, and C. H. Lorenz, “Novel Real-Time R-
Wave Detection Algorithm Based on the Vectorcardiogram for Accurate 
Gated Magnetic Resonance Acquisitions,” Magnetic Resonance in Med-
icine 42 (1999): 361–370.

5. A. N. Shetty, “Suppression of Radiofrequency Interference in Cardiac 
Gated MRI: A Simple Design,” Magnetic Resonance in Medicine 8 (1988): 
84–88.

6. M. Jekic, Y. Ding, R. Dzwonczyk, P. Burns, S. V. Raman, and O. P.
Simonetti, “Magnetic Field Threshold for Accurate Electrocardiog-
raphy in the MRI Environment,” Magnetic Resonance in Medicine 64
(2010): 1586–1591.

7. J. R. Keltner, M. S. Roos, P. R. Brakeman, and T. F. Budinger, “Mag-
netohydrodynamics of Blood Flow,” Magnetic Resonance in Medicine 16 
(1990): 139–149.

8. T. Niendorf, J. Schulz-Menger, K. Paul, T. Huelnhagen, V. A. Ferrari,
and R. Hodge, “High Field Cardiac Magnetic Resonance Imaging,” Cir-
culation: Cardiovascular Imaging 10 (2017): e005460.

9. T. Niendorf, L. Winter, and T. Frauenrath, “Electrocardiogram in an
MRI Environment: Clinical Needs, Practical Considerations, Safety
Implications, Technical Solutions and Future Directions,” in Advances
in Electrocardiograms—Methods and Analysis, ed. R. Millis (InTech,
2012), https://​doi.​org/​10.​5772/​24340​.

https://doi.org/10.5772/24340


14 Journal of Magnetic Resonance Imaging, 2025

10. J. Oster and G. D. Clifford, “Acquisition of Electrocardiogram Sig-
nals During Magnetic Resonance Imaging,” Physiological Measurement 
38 (2017): R119–r142.

11. J. W. Krug, G. Rose, G. D. Clifford, and J. Oster, “ECG-Based Gating 
in Ultra High Field Cardiovascular Magnetic Resonance Using an In-
dependent Component Analysis Approach,” Journal of Cardiovascular
Magnetic Resonance 15 (2013): 104.

12. J. W. Krug, G. Rose, D. Stucht, G. Clifford, and J. Oster, “Limitations 
of VCG Based Gating Methods in Ultra High Field Cardiac MRI,” Jour-
nal of Cardiovascular Magnetic Resonance 15, no. Suppl 1 (2013): W19.

13. C. Hamilton-Craig, D. Stäeb, A. Al Najjar, et al., “7-Tesla Functional 
Cardiovascular MR Using Vectorcardiographic Triggering—Overcom-
ing the Magnetohydrodynamic Effect,” Tomography 7 (2021): 323–332.

14. A. Kyriakou, E. Neufeld, D. Szczerba, et al., “Patient-Specific Sim-
ulations and Measurements of the Magneto-Hemodynamic Effect
in Human Primary Vessels,” Physiological Measurement 33 (2012):
117–130.

15. R. N. Dimick, L. W. Hedlund, R. J. Herfkens, E. K. Fram, and J.
Utz, “Optimizing Electrocardiograph Electrode Placement for Cardiac-
Gated Magnetic Resonance Imaging,” Investigative Radiology 22 (1987): 
17–22.

16. T. S. Gregory, J. Oshinski, E. J. Schmidt, and Z. T. Tse, “ECG Elec-
trode Placements for Magnetohydrodynamic Voltage Suppression and
Improving Cardiac Gating in High-Field MRI,” Journal of Cardiovascu-
lar Magnetic Resonance 18 (2016): P328.

17. J. J. Suttie, L. Delabarre, A. Pitcher, et al., “7 Tesla (T) Human Car-
diovascular Magnetic Resonance Imaging Using FLASH and SSFP to
Assess Cardiac Function: Validation Against 1.5 T and 3 T,” NMR in
Biomedicine 25 (2012): 27–34.

18. J. D. Barnwell, J. L. Klein, C. Stallings, et al., “Image-Guided Opti-
mization of the ECG Trace in Cardiac MRI,” International Journal of
Cardiovascular Imaging 28 (2012): 587–593.

19. J. E. Dos Reis, F. Odille, G. Petitmangin, et  al., “Broadband Elec-
trocardiogram Acquisition for Improved Suppression of MRI Gradient
Artifacts,” Physiological Measurement 41 (2020): 045004.

20. S. H. Zhang, Z. T. Tse, C. L. Dumoulin, et  al., “Gradient-Induced
Voltages on 12-Lead ECGs During High Duty-Cycle MRI Sequences
and a Method for Their Removal Considering Linear and Concomitant
Gradient Terms,” Magnetic Resonance in Medicine 75 (2016): 2204–2216.

21. M. Schmidt, J. W. Krug, M. N. Rosenheimer, and G. Rose, “Filter-
ing of ECG Signals Distorted by Magnetic Field Gradients During MRI
Using Non-Linear Filters and Higher-Order Statistics,” Biomedical En-
gineering/Biomedizinische Technik 63 (2018): 395–406.

22. C. Yao, S. Boudaoud, F. Odille, and O. Fokapu, “A Preliminary Study 
on the Extraction of MRI Gradient-Induced Potential From Noisy ECG
and Its Application to Build a Simple Mathematical Model,” Biomedical 
Signal Processing and Control 88 (2024): 105634.

23. S. Schmitter, S. Schnell, K. Uğurbil, M. Markl, and P.-F. Van de
Moortele, “Towards High-Resolution 4D Flow MRI in the Human
Aorta Using Kt-GRAPPA and B1+ Shimming at 7T,” Journal of Mag-
netic Resonance Imaging 44 (2016): 486–499.

24. SiemensAG, MAGNETOM 7T Operator Manual—MR System Syngo 
MR B15 (Siemens Medical Solutions, 2008).

25. SiemensAG, Magnetom Aera, Skyra Operator Manual—MR System
Syngo MR D13 (Siemens AG, 2021).

26. N. D. Thimmappa, M. A. Cooper, T. D. Nguyen, S. P. Dutruel, K.
Kawaji, and J. W. Weinsaft, “Electrocardiographic Pad for Efficient Car-
diac MR Gating,” Radiology 278 (2016): 578–584.

27. M. Markl, A. Frydrychowicz, S. Kozerke, M. Hope, and O. Wieben,
“4D Flow MRI,” Journal of Magnetic Resonance Imaging 36 (2012):
1015–1036.

28. C. M. Kramer, J. Barkhausen, C. Bucciarelli-Ducci, S. D. Flamm,
R. J. Kim, and E. Nagel, “Standardized Cardiovascular Magnetic Reso-
nance Imaging (CMR) Protocols: 2020 Update,” Journal of Cardiovascu-
lar Magnetic Resonance 22 (2020): 17.

29. R. Hickstein, D. Viezzer, S. Wiesemann, et al., “Ecg-Signal-Analysis 
by Feature-Correlation for Clinical Field Strengths and Ultra-High-
Field Cardiovascular Magnetic Resonance,” Journal of Cardiovascular
Magnetic Resonance 26 (2024): 100111.

30. M. Fenski, T. H. Grandy, D. Viezzer, et al., “Isotropic 3D Compressed 
Sensing (CS) Based Sequence Is Comparable to 2D-LGE in Left Ventric-
ular Scar Quantification in Different Disease Entities,” International 
Journal of Cardiovascular Imaging 38 (2022): 1837–1850.

31. C. R. Harris, K. J. Millman, S. J. Van Der Walt, et al., “Array Pro-
gramming With NumPy,” Nature 585 (2020): 357–362.

32. W. McKinney, “Others: Data Structures for Statistical Computing in 
Python,” in In Proceedings of the 9th Python in Science Conference, vol.
445 (Scipy, 2010), 51–56.

33. A. Kuznetsova, P. B. Brockhoff, and R. H. B. Christensen, “lmerTest 
Package: Tests in Linear Mixed Effects Models,” Journal of Statistical
Software 82, no. 13 (2017): 1–26.

34. R. V. Lenth, “Least-Squares Means: The R Package Lsmeans,” Jour-
nal of Statistical Software 69 (2016): 1–33.

35. R Core Team, R: A Language and Environment for Statistical Com-
puting (R Foundation for Statistical Computing, 2023).

36. J. W. Krug, M. Schmidt, G. Rose, and M. Friebe, “A Database of
Electrocardiogram Signals Acquired in Different Magnetic Resonance
Imaging Scanners,” in In2017 Computing in Cardiology (CinC) (IEEE,
2017), 1–4.

37. M. Schmidt, J. Passand - Krug, and G. Rose, “Real-Time QRS Detec-
tion Using Integrated Variance for ECG Gated Cardiac MRI,” Current 
Directions in Biomedical Engineering 2 (2016): 255.

38. B. Sievers, M. Wiesner, N. Kiria, U. Speiser, S. Schoen, and R. H.
Strasser, “Influence of the Trigger Technique on Ventricular Function
Measurements Using 3-Tesla Magnetic Resonance Imaging: Compari-
son of ECG Versus Pulse Wave Triggering,” Acta Radiologica 52 (2011):
385–392.

39. T. Frauenrath, F. Hezel, W. Renz, et al., “Acoustic Cardiac Trigger-
ing: A Practical Solution for Synchronization and Gating of Cardio-
vascular Magnetic Resonance at 7 Tesla,” Journal of Cardiovascular
Magnetic Resonance: Official Journal of the Society for Cardiovascular
Magnetic Resonance 12 (2010): 67.

40. M. B. L. Falcão, L. Di Sopra, L. Ma, et al., “Pilot Tone Navigation
for Respiratory and Cardiac Motion-Resolved Free-Running 5D Flow
MRI,” Magnetic Resonance in Medicine 87 (2021): 718–732.

41. F. Hezel, C. Thalhammer, S. Waiczies, J. Schulz-Menger, and T.
Niendorf, “High Spatial Resolution and Temporally Resolved T2* Map-
ping of Normal Human Myocardium at 7.0 Tesla: An Ultrahigh Field
Magnetic Resonance Feasibility Study,” PLoS One 7 (2012): e52324.

42. C. Chen, Y. Liu, O. P. Simonetti, et  al., “Cardiac and Respiratory
Motion Extraction for MRI Using Pilot Tone–a Patient Study,” Interna-
tional Journal of Cardiovascular Imaging 40 (2024): 93–105.

43. S. H. F. Jaeschke, M. D. Robson, and A. T. Hess, “Cardiac Gating
Using Scattering of an 8-Channel Parallel Transmit Coil at 7T,” Mag-
netic Resonance in Medicine 80 (2018): 633–640.

44. M. Mehri, G. Calmon, F. Odille, and J. Oster, “A Deep Learning Ar-
chitecture Using 3D Vectorcardiogram to Detect R-Peaks in ECG With
Enhanced Precision,” Sensors 23 (2023): 2288.

45. L. Di Sopra, D. Piccini, S. Coppo, M. Stuber, and J. Yerly, “An Auto-
mated Approach to Fully Self-Gated Free-Running Cardiac and Respi-
ratory Motion-Resolved 5D Whole-Heart MRI,” Magnetic Resonance in
Medicine 82 (2019): 2118–2132.



15

46. A. E. Campbell-Washburn, J. Varghese, K. S. Nayak, R. Rama-
sawmy, and O. P. Simonetti, “Cardiac MRI at Low Field Strengths,”
Journal of Magnetic Resonance Imaging 59 (2024): 412–430.

47. T. S. Gregory, E. J. Schmidt, S. H. Zhang, and Z. T. Ho Tse, “3DQRS: 
A Method to Obtain Reliable QRS Complex Detection Within High
Field MRI Using 12-Lead Electrocardiogram Traces,” Magnetic Reso-
nance in Medicine 71 (2014): 1374–1380.

48. T. Niendorf, D. K. Sodickson, G. A. Krombach, and J. Schulz-
Menger, “Toward Cardiovascular MRI at 7 T: Clinical Needs, Techni-
cal Solutions and Research Promises,” European Radiology 20 (2010):
2806–2816.

49. J. W. Kakareka, A. Z. Faranesh, R. H. Pursley, et al., “Physiological
Recording in the MRI Environment (PRiME): MRI-Compatible Hemo-
dynamic Recording System,” IEEE Journal of Translational Engineering 
in Health and Medicine 6 (2018): 4100112.

50. A. Kolandaivelu, C. G. Bruce, F. Seemann, et al., “Evaluation of 12-
Lead Electrocardiogram at 0.55T for Improved Cardiac Monitoring in
Magnetic Resonance Imaging,” Journal of Cardiovascular Magnetic
Resonance 26 (2024): 101009.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table S1: Least squares mean differ-
ence estimates for bivariate combinations between field-strength (1.5, 3, 
and 7 T) and standardized sequences (4D flow, short-axis cine sequence 
with breath-hold and without breath-hold). Table  S2: Least squares 
mean difference estimates for bivariate combinations between field-
strength (1.5, 3, and 7 T) and standardized electrode positions. Figure 
S1: Thorax configuration as a confounder. Data S1: jmri70130-sup-
0002-DataS1.pdf. 
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