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Doppler Ultrasound Triggering for Cardiovascular MRI  
at 3T in a Healthy Volunteer Study

Fabian Kording1*, Jin Yamamura1, Gunnar Lund1, Friedrich Ueberle2,  
Caroline Jung1, Gerhard Adam1, and Bjoern Philip Schoennagel1

Purpose: Electrocardiogram (ECG) triggering for cardiac magnetic resonance (CMR) may be influenced by 
electromagnetic interferences with increasing magnetic field strength. The aim of this study was to evaluate 
the performance of Doppler ultrasound (DUS) as an alternative trigger technique for CMR in comparison 
to ECG and pulse oximetry (POX) at 3T and using different sequence types.
Methods: Balanced turbo field echo two-dimensional (2D) short axis cine CMR and 2D phase-contrast 
angiography of the ascending aorta was performed in 11 healthy volunteers at 3T using ECG, DUS, and POX 
for cardiac triggering. DUS and POX triggering were compared to the reference standard of ECG in terms 
of trigger quality (trigger detection and temporal variability), image quality [endocardial blurring (EB)], and 
functional measurements [left ventricular (LV) volumetry and aortic blood flow velocimetry]. 
Results: Trigger signal detection and temporal variability did not differ significantly between ECG/DUS  
(I = 0.6) and ECG/POX (P = 0.4). Averaged EB was similar for ECG, DUS, and POX (pECG/DUS = 0.4, pECG/POX = 
0.9). Diastolic EB was significantly decreased for DUS in comparison to ECG (P = 0.02) and POX (P = 0.04). 
The LV function assessment and aortic blood flow were not significantly different. 
Conclusion: This study demonstrated the feasibility of DUS for gating human CMR at 3T. The magnetohy-
drodynamic effect did not significantly disturb ECG triggering in this small healthy volunteer study. DUS 
showed a significant improvement in diastolic EB but could not be identified as a superior trigger method. 
The potential benefit of DUS has to be evaluated in a larger clinical patient population. 
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Introduction
Cardiac magnetic resonance (CMR) imaging is increas-
ingly performed at 3T with the merit of an approximately 
two-fold increase of the signal-to-noise ratio (SNR) com-
pared to 1.5T.1–3 The improved image quality and spatial 
resolution implicate higher diagnostic accuracy with special 
benefit, e.g., performing myocardial perfusion imaging.4  
A prerequisite to guarantee high-quality CMR images is an 
adequate synchronization of image acquisition with the 

cardiac cycle, which is usually achieved using the spatial 
information of an electrocardiogram (ECG). However, 
ECG signal disturbances with incorrect trigger are reported 
to occur in up to 35% of patients undergoing high-field 
CMR.5 With higher magnetic field strengths distortion of 
ECG signals with incorrect R-wave detection are mainly 
caused by gradients, radiofrequency (RF)-pulses, and also 
the magnetohydrodynamic (MHD) effect that occurs when 
a conductive fluid such as blood travels through a magnetic 
field. This flow-induced voltage is perpendicular to the 
magnetic field and blood flow direction and superimposes 
the ECG signal.6,7 Hence, quality of the ECG signal at 3T is 
generally decreased compared to 1.5T.8 As the MHD effect 
increases with the magnetic field strength, more complex 
algorithms are necessary to calculate a precise trigger for 
cardiac synchronization.8–11 However, the need for an 
increased complexity is prone to errors and may not be 
applicable to patients with cardiac pathologies.9 Incorrect 
R-wave recognition at higher field strength arises from the 
electrophysiological nature of the ECG signal and a method 
to synchronize the cardiac cycle with magnetic resonance 
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imaging (MRI) acquisition that is not affected by the MHD 
effect would be desirable. 

Strategies that are not affected by the MHD effect 
include techniques such as pulse oximetry (POX), self-
gating, and acoustic phonocardiography.5,12–17

An additional trigger method which is theoretically not 
influenced by electromagnetic interferences was proposed by 
Rubin et al.18 in a pioneering work based on Doppler ultra-
sound (DUS). However, insufficient radiofrequency shielding 
and low SNR were identified as major drawbacks. In addition, 
simultaneously acquired ultrasound images have been used in 
several CMR applications for motion and organ tracking,19–22 
but have not been used as a trigger source for CMR. In a more 
recent study, it was shown that DUS can be used as a trigger 
source for CMR with high accuracy, no artifacts, and a similar 
image and trigger quality compared to ECG.23 However, the 
performance of DUS was only evaluated at 1.5T and the fea-
sibility and quality in comparison to standard methods such as 
the ECG cannot be easily transferred to higher field strength. 
More precisely, gradients, RF pulses, and the MHD effect 
may cause increased disturbances of trigger signals and the 
value of DUS has to be evaluated compared to 1.5T. More-
over, as alternative trigger techniques such as phonocardio-
gram gating cannot reliably be employed for different CMR 
techniques,24 the applicability of the DUS trigger source has 
to be evaluated for different sequence types. 

Hence, the aim of this work was to compare the perfor-
mance of DUS to a trigger technique, which is prone to the 
MHD effect such as ECG and to a technique that is not influ-
enced by the MHD effect such as POX using different appli-
cations of CMR at 3T. 

Materials and Methods 
Study population
The study population to compare ECG, DUS, and POX-trig-
gering consisted of 11 healthy male volunteers (mean age  
28 ± 4 years) with no history of cardiovascular disease. In 
another three healthy volunteers, the performance of ECG 
and DUS triggering was tested performing whole heart coro-
nary MR angiography (CMRA). The study was approved by 
the local ethics committee. Prior to MR examination 
informed written consent was obtained from each volunteer.

DUS triggering
Cardiac triggering with DUS was realized with a modified 
commercially available cardiotocogram (CTG) (HP 8040A, 
Hewlett Packard, Palo Alto, CA, USA) as previously 
described.23 

The CTG was placed outside of the scanner room and 
connected to the DUS transducer with a dedicated shielded 
CTG cable. A sufficient MR compatibility of the transducer 
was achieved by replacing all magnetic components of the 
DUS transducer.25 The transducer transmits 1.024 MHz 
ultrasound signals with a repetition frequency of 3.2 kHz, 

which are then processed by the CTG. Fetal cardiac exami-
nations using the CTG usually do not provide an output for 
the raw DUS signal. Hence, the CTG was modified to access 
band pass filtered (0–10 Hz) raw DUS signals, which were 
transferred to a laptop using a data acquisition card (myDAQ, 
National Instruments, Texas, USA) with a sampling rate  
of 200 Hz. 

The DUS transducer was placed in an apical position 
under the 32-element phased-array coil to obtain the DUS 
signal of transmitral flow that is characterized by two peaks, 
the E- and A-wave, respectively. The E-wave reflects early 
diastolic filling due to left ventricular (LV) relaxation 
whereas the A-wave represents late diastolic filling due to 
atrial contraction. The acoustic DUS signal of the CTG was 
used to indicate correct positioning of the transducer. If nec-
essary, its location was varied until the characteristic E- and 
A-waves were clearly detectable. A dedicated peak detection 
algorithm implemented in LabView (National Instruments, 
Texas, USA) was used to select the E-wave as trigger time 
point and to generate a digital trigger signal.23 The trigger 
signal was then transferred to the physiologic interface of the 
MRI using a coaxial cable. 

Trigger evaluation
The external trigger input of the physiologic unit of the MR 
scanner for DUS triggering enabled synchronous recording of 
ECG, DUS, and POX trigger signals. The logging function of 
the MRI provides an acquisition window that allows the selec-
tion of time periods of MR data collection during breath hold. 
For direct comparison between image quality and trigger 
quality, trigger signals during free breathing and absent MR 
data acquisition were excluded from trigger evaluation (Fig. 1).  
Hence, the trigger quality of DUS and POX signals could be 
directly compared to the reference standard of ECG in terms of 
RR interval length and temporal variability (temporal RR 
interval variability). The sensitivity of trigger detection was 
determined by manual confirmation of recorded QRS com-
plexes and comparison with ECG, DUS, and POX trigger sig-
nals, respectively. In addition, simultaneous acquisition of 
trigger signals allowed evaluation of the occurrence of DUS 
and POX trigger signals in relation to the diastolic quiescent 
heart phase. Diastolic cardiac quiescence refers to an interval 
of the cardiac cycle with relatively stationary myocardium and 
insignificant wall motion and only marginal ventricular 
volume change,26 and is thus an important heart phase for 
imaging. The time delay of cardiac quiescence in relation to 
the R-wave was determined by visually defining the beginning 
of a motion-free cardiac wall in 2D cine CMR long axis views 
by two observers using commercial software (Extended MR 
Workspace, Philips Medical Systems, Best, The Netherlands). 
The determined time delay was then compared to the occur-
rence of DUS and POX trigger signals in the associated log 
file. As the occurrence of quiescent heart phases varies with 
the individual RR interval length, each time delay was normal-
ized and expressed in percentage of the related RR interval. 
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Data acquisition
CMR was performed at 3T (Ingenia, Philips Medical Sys-
tems) with the patient in supine position using the dedicated 
32-element body coil. Scout images were performed in axial, 
coronal, and sagittal orientations. The ECG, DUS, and POX 
triggered breath-hold gradient echo 2D cine balanced turbo 
field echo (BTFE) sequences [matrix: 352 × 352, pixel 
spacing: 0.99 × 0.99 mm2, repetition time/echo time (TR/
TE): 4.8/1.4 msec, FA: 45°, turbo factor: 13, SENSE: 2, 
slices: 14, slice thickness: 8 mm] encompassing the entire 
ventricle were acquired in short axis for LV function analysis 
with 30 cardiac phases resulting in an average temporal reso-
lution of 30 msec. Moreover, DUS triggering for a different 
CMR technique was evaluated in 9 of the 11 examined sub-
jects and compared to ECG and POX triggered CMR per-
forming breath-hold 2D cine phase-contrast (PC) angiography 
sequences (matrix: 288 × 288, resolution: 1.2 × 1.2 mm TR/
TE: 4.2/2.6 msec, FA: 10°, slice thickness: 8 mm, velocity 
encoding: 160 cm/s, phases: 25). Mean velocities, peak 
velocities, and stroke volume (SV) were assessed in the 
ascending aorta at the level of the pulmonary trunk. The 
sequence of the applied trigger method was alternated 
between subjects to render the influence of patient compli-
ance which may vary with increasing scan time. 

For CMRA, a navigator-gated free breathing 3D TFE 
gradient echo whole heart sequence was applied using ECG 
and DUS as trigger source [matrix: 480 × 480 × 105, resolu-
tion: 0.7 × 0.7 × 1 mm, TR/TE: 4.8 / 1.4 ms, flip angle (FA): 
20°, slices: 53, fat saturation: SPIR, SENSE: 2].

Image analysis
Image quality of all three trigger methods was directly 
assessed using the acutance between LV blood and myocar-
dium.23 This method is based on the edge spread function of 
myocardial and ventricular signal intensities which allows 
calculation of endocardial border sharpness (EBS). For 
optimal image contrast, e.g., between black and white, two 
pixels are required whereas the slope of the edge spread 
function would be equal to one. However, ideal image con-
trast is distorted by noise generated by the MR system. More 
importantly, inaccurate synchronization of the heart cycle 
leads to image blurring which results in a reduced slope in 
the edge spread function. To assess an EBS impaired by 
motion blurring the slope of the edge spread function between 
myocardium and ventricular blood was calculated as

where S(r) is the edge spread function. Prior to calculation, 
S(r) was normalized using mean ventricular signal intensi-
ties and baseline corrected by subtracting S(r) from mean 
myocardial signal intensities. Hence, 1/EBS determines the 
width of pixel between mean myocardial signal intensities 
and ventricular blood, and therefore describes endocardial 
blurring (EB). 

The EB was calculated for mid-cardial and basal segments 
(with myocardial circumference >90%) using a dedicated algo-
rithm in Matlab (The Mathworks, Natick, MA, USA).23  

Fig 1.  Example of recorded trigger signals. Top: The trigger signals for electrocardiogram (ECG), Doppler ultrasound (DUS), and pulse 
oximetry (POX) recorded by the log file with observed T-wave elevation in the ECG. Bottom: Only trigger signals that occurred during data 
acquisition and breath-hold were analyzed by the logging function of the magnetic resonance scanner. 

EBS = max( ( ))ds r
dr

,
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The ventricle was segmented into 36 radial sections for each 
slice and EB was calculated for each heart phase and section 
propagated over a whole RR interval. The cardiac cycle was 
divided into systole and diastole to calculate the respective sys-
tolic and diastolic EB for each trigger method. As the systole is 
a relatively constant time interval, the threshold defining the end 
of systole was set to 350 msec.27 Moreover, EB was calculated 
along the frequency and phase encoding direction.

The LV volumetry was assessed by a radiologist with  
6 years’ experience in CMR. LV end-diastolic volumes 
(EDVs), end-systolic volumes (ESVs), SVs, and ejection 
fraction (EF) were determined by manual delineation of the 
endocardial borders in end-systolic and end-diastolic short 
axis views using a dedicated workstation (Extended MR 
Workspace, Philips Medical Systems). The most basal slice 
at the level of the mitral valve needed to include at least 50% 
of myocardial circumference to be included into volumetric 
analysis.28

For quantitative analysis of PC-MRI, the aortic lumen 
was segmented by manually drawing a region of interest 
(ROI) encompassing the cross-sectional vessel area on one 
single frame in the magnitude images. The missing contours 
for the remaining frames were generated automatically and 
ROIs were super-imposed to phase images by the software. 
The automated segmentation was followed by inspection 
and, if necessary, by manual correction for exclusion of the 
vessel wall. The SV determined by PC-MRI was calculated 
by integration of the area under the antegrade flow curve. 
The time-velocity curve was automatically calculated by the 
software tool.

Statistical analysis
Data are presented as mean values ± standard deviation (SD). 
Potential differences of ECG, DUS, and POX trigger methods 
were evaluated using a one-way analysis of variance 
(ANOVA) for multiple groups in conjunction with Tukey’s 
honest significant difference (HSD) test. Differences within 
groups were evaluated using a paired t-test. The level of 
agreement and bias between methods were assessed using 
the method of Bland-Altman within a 95% confidence 
interval (CI).29 Inter-observer variability was measured using 
Kendall’s coefficient W of concordance, whereas 0 describes 
no agreement and 1 full agreement. All measurements were 
calculated using Matlab (Matlab, The Mathworks). A P value 
<0.05 was considered to indicate statistical significance. The 
P values are marked in figures according to the following 
criteria: ***P < 0.001; **P < 0.01; *P < 0.05.

Results
Trigger analysis
Synchronous recording of the three different trigger 
methods was successful in all subjects. The positioning of 
the DUS transducer on the volunteers’ chests took about  
30 sec for each subject. The DUS transducer had to be 

repositioned during MR examination in one subject due to 
movement and corresponding loss of trigger signal. None 
of the volunteers experienced any discomfort due to the 
DUS sensor. Although ECG was affected by the MHD 
effect causing T-wave elevations in 8 from 11 subjects 
(Fig. 1), CMR acquisition using ECG triggering could be 
conducted in all subjects.

The mean RR interval was 926 ± 111 msec. Results for 
each trigger method are shown in Table 1. Simultaneously 
recorded DUS and POX trigger signals strongly correlated 
with recorded ECG traces (R = 0.9 and R = 0.9) with a mean 
difference to ECG of −0.2 ± 0.4 msec [CI: (−2.9 to 2.9 msec)] 
(DUS) and −0.3 ± −0.5 msec [CI: (−4.4 to 3.9 msec)] (POX) 
(Fig. 2). The sensitivity of heart cycle recognition referring 
to ECG (99 ± 1%) was not significantly different for DUS 
(99 ± 1%, P = 0.6) and POX (99 ± 1%, P = 0.4) triggered 
acquisitions. Likewise, no significant difference was obtained 
for the variability between RR intervals for ECG (32 ± 12 
msec), DUS (27 ± 10 msec, P = 0.8), and POX (27 ± 10 
msec, P = 0.9). The delay in trigger recognition was not dif-
ferent (P = 0.9) between ECG (6 ± 3 msec) and DUS (4 ± 0.4 
msec) but significantly increased for POX (49 ± 9 msec) 
compared to ECG (P < 0.0001).

Quiescent diastolic heart phases occurred at 62 ± 6% 
(observer 1) and 63 ± 5% (observer 2) of the RR interval 
using ECG triggering. Inter-observer agreement for determi-
nation of cardiac quiescence was very high (R = 0.9, W = 
0.93). The DUS trigger signals occurred at 55 ± 6% of the 
RR interval and were strongly correlated to quiescent heart 
phases determined by observer 1 (R = 0.9) and observer 2 (R =  
0.9). The POX trigger signals occurred at 60 ± 6% of the RR 
interval and were also strongly correlated to quiescent heart 
phases determined by observer 1 (R = 0.9) and observer 2 (R 
= 0.9) (Fig. 2). The DUS signal appeared 6 ± 1%/8 ± 1% 
earlier, and the POX signal 2 ± 3%/4 ± 4% earlier than the 
visually determined beginning of the quiescent heart phases 
measured by observer 1 and 2, respectively. 

Table 1.  Comparison of cardiac cycle lengths and trigger detection 

  ECG DUS POX

RR intervals 82 ± 13 82 ± 11 84 ± 11

RR length (msec) 926 ± 111 926 ± 111 929 ± 111

Difference in RR  
length (msec)

- −0.2 ± 0.4 0.3 ± 0.5

Variability (ms) 31 ± 12 27 ± 10  26 ± 8

Sensitivity (%) 99 ± 1 99 ± 1 99 ± 2

ΔT (ms) 6 ± 3 4 ± 0.4 49 ± 9

Lengths of cardiac cycles (R-wave to R-Wave) for all subjects according 
to trigger methods with mean differences in respect to ECG. Total count 
of cardiac intervals for each cine acquisition with corresponding sen-
sitivities for each trigger method and time delay of trigger recognition 
(ΔT). DUS, Doppler ultrasound; ECG, electrocardiogram; POX, pulse  
oximetry; RR, cardiac cycle.
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Functional parameters
Parameters assessed from LV volumetry and aortic veloci-
metry did not significantly differ between trigger methods 
(Table 2). For ECG, DUS, and POX triggered 2D cine short 
axis BTFE sequence mean EDV was 178 ± 24 ml, 184 ± 24 
ml, and 181 ± 22 ml; mean ESV was 74 ± 13 ml, 76 ±14 ml, 
and 78 ± 14 ml. Resulting SV was 104 ± 13 ml, 107 ± 12 ml, 
and 103 ± 11 ml; EF was 58 ± 4%, 58 ± 4%, and 57 ± 4% 
(Fig. 3). The mean difference for EDV in reference to ECG 
was −2 ± 12 ml [CI: ( −11 to 6 ml)] for DUS, −5 ± 13 ml [CI: 
( −14 to 21 ml)] for POX. For ESV, the mean difference was 
2 ± 6 ml [CI: (−2 to 6 ml)] for DUS and −3 ± 6 [CI: (−7 to 1 
ml)] for POX (Fig. 4). As the time velocity curves of DUS 
and POX are right-shifted due to later trigger time points, the 
curves averaged over all subjects were resampled according 
to the mean time delay of the trigger in respect to ECG (Fig. 5). 
For ECG, DUS, and POX triggered 2D cine PC angiography 
SV was 116 ± 13 ml, 110 ± 13 ml, and 113 ± 13. Average 

peak velocities (VPeak) and mean velocities (VMean) did not 
significantly differ with VPeak = 128 ± 14 cm/sec, 127 ± 10 
cm/sec, 126 ± 11 cm/sec, and VMean = 16 ± 4 cm/sec, 15 ± 2 
cm/sec, and 16 ± 3 cm/sec, respectively.

Image quality 
The border sharpness between ventricular blood and myocar-
dium was successfully determined for each trigger method. 
An average of 5 slices was included for analysis resulting in 
5400 sample points per subject. Mean EB averaged over the 
entire cardiac cycle was similar for ECG, DUS, and POX 
(3.30 ± 0.12 pixel, 3.33 ± 0.14 pixel, 3.33 ± 0.11 pixel) with 
no significant differences (pECG/DUS = 0.5; pECG/POX = 0.9; 
pDUS/POX = 0.6). The mean difference in reference to ECG for 
DUS was −0.03 ± 0.11 [CI: (−0.08 to 0.01 pixel] and for 
POX −0.01 ± 0.16 [CI: (−0.07 to 0.05 pixel)]. Significant dif-
ferences were obtained between systolic and diastolic EB for 
DUS (3.37 ± 0.05 pixel and 3.19 ± 0.06 pixel; P < 0.0001) 

Fig 2.  Analysis of simultaneous acquired trigger signals. Bland-Altman plot of mean RR intervals and trigger signal intervals determined by 
(a) electrocardiogram (ECG) and Doppler ultrasound (DUS) and (c) ECG and pulse oximetry (POX). Dashed lines represent the confidence 
interval of ±1.96 of the standard deviation. Correlation between visually determined quiescent diastolic heart phases and time between 
R-wave and trigger signals of (b) DUS and (d) POX.
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Table 2.  Comparison of functional parameters with reference to the applied trigger method

ECG vs. DUS ECG vs. POX

  Difference P value Difference P value Subjects

EDV(ml) 5 ± 13 0.9 3 ± 12 0.8 11

ESV (ml) 3 ± 6 0.9 −2 ± 6 0.9 11

EF (%) −0.1 ± 1.8 0.6 2 ± 2 0.9 11

SV (ml) 3 ± 9 0.8 4 ± 8 0.9 11

SVPC (ml) −6 ± 4 0.8 −4 ± 7 0.6 9

Vmean (cm/sec) −2 ± 2 0.8 −1 ± 2 0.5 9

Vpeak (cm/sec) 0.5 ± 6.3 0.9 2 ± 6 0.9 9

Mean differences of parameters assessed from left ventrricular (LV) volumetry and velocimetry in the ascending aorta for each trigger method in  
respect to electrocardiogram (ECG). DUS, Doppler ultrasound; EDV, end diastolic volume; EF, ejection fraction; POX, pulse oximetry; ESV, end 
systolic volume; SV, stroke volume assessed by LV volumetry; SVPC, stroke volume assessed by velocimetry; Vmean, mean velocity; Vpeak, peak 
velocity.

and POX (3.38 ± 0.10 pixel and 3.24 ± 0.04 pixel; P = 
0.0003), but not for ECG (3.32 ± 0.11 pixel and 3.26 ± 0.05 
pixel; P = 0.06). Systolic EB was not significant different 
between trigger methods (pECG/DUS = 0.2; pECG/POX = 0.9; 
pDUS/POX = 0.1) (Fig. 6). Instead, early diastolic EB was sig-
nificantly reduced for DUS compared to ECG (pECG/DUS = 
0.02) and POX (pDUS/POX = 0.04), but not for ECG versus 
POX (pECG/POX = 0.9) (Fig. 7). The EB was significantly 
increased in the phase encoding direction compared to the 
frequency encoding direction for ECG (3.90 ± 0.4 pixel vs. 
3.47 ± 0.36 pixel; P = 0.01) and POX (3.87 ± 0.4 pixel vs. 
3.68 ± 0.2 pixel; P = 0.01), but not for DUS (3.76 ± 0.2 pixel 
vs. 3.62 ± 0.2 pixel; P = 0.11) (Fig. 6). 

In the pilot approach performing CMRA using ECG and 
DUS triggering similar image quality was achieved by visual 
assessment (Fig. 8). As DUS trigger signals occur at 55 ± 
60% of the ECG RR interval, representing the quiescent 

diastolic heart phase, no manual selection to start image 
acquisition was necessary using DUS. 

Discussion
Our study demonstrated the feasibility of DUS as an alter-
native trigger technique for human CMR at 3T. The DUS-
triggered CMR using different sequence types was 
successful in all subjects and revealed similar results in 
terms of accurate trigger quality, LV volumetry, aortic 
velocimetry, and image quality compared to ECG and POX 
triggered acquisitions. Despite distortion in the ECG due to 
the MHD effect, the trigger methods were not significantly 
different and showed a high level of agreement. An 
increased image quality could be achieved using DUS by a 
decrease in EB during early and the very late diastole com-
pared to ECG and POX. With the increasing application of 

Fig 3.  Mean results of LV function analysis and velocimetry. Mean values (±standard deviation) of parameters assessed from velocimetry 
in the ascending aorta (a) and LV volumetry (b) for each trigger method. DUS, Doppler ultrasound; ECG, electrocardiogram; EDV, end 
diastolic volume; ESV, end systolic volume; LV, left ventricular; POX, pulse oximetry; Vmean, mean velocity; Vpeak, peak velocity.
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3T CMR and possible distortions of ECG trigger signals 
that may influence image quality, our results emphasize the 
potential of DUS as an alternative CMR trigger method. As 
the trigger signal is generated during early diastole, DUS 
gating could be of interest in special fields of applications 
such as MR coronary artery angiography where ECG gating 

still requires manual adjustment of trigger delay due to 
inter-individual heart rate variability.

In this work, the DUS transducer was placed under the 
body coil during CMR where the maximum of interference 
and associated distortions are expected. The CMR acquisi-
tion was successful in all volunteers without image artifacts, 

Fig 4.  Bland-Altman plots in reference to the electrocardiogram. Bland-Altman plots of end-diastolic volumes (EDVs), end-systolic 
volumes (ESVs) and endocardial blurring (EB) are shown in reference to the ECG for DUS (a–c) and for POX (d–f). Dashed lines represent 
the confidence interval of ±1.96 of the standard deviation.

Fig 5.  Aortic blood flow velocimetry based on different trigger meth-
ods. (a) Time velocity curves (mean velocities) averaged over all sub-
jects for each trigger method. A time shift of the averaged curves is 
illustrated according to different trigger time points of ECG, DUS, and 
POX. The resampled time velocity curves referring to the trigger time 
delay of DUS and POX in comparison to ECG are shown in (b). DUS, 
Doppler ultrasound; ECG, electrocardiogram; POX, pulse oximetry.

Fig 6.  Endocardial blurring (EB) for each trigger method. Mean EB 
(± standard deviation) for electrocardiogram (ECG), Doppler ultra-
sound (DUS), and pulse oximetry (POX) triggering averaged over 
the entire cardiac cycle (All), referring to the cardiac cycle (dias-
tole and systole) and encoding direction (frequency and phase). 
Significant differences between cardiac cycles, encoding direction, 
and trigger methods are marked within the figure.
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Fig 7.  Left ventricular (LV) myocardial wall motion and endocardial blurring (EB) for each trigger method. Mid-ventricular short-axis images 
in end diastole for each trigger method [left column of (a–c)] and corresponding projection of LV myocardial wall motion over the cardiac 
cycle (time-motion equivalent) with detected endocardial blurring (EB) (d) at the endocardial border (yellow). The images and EB were 
resampled using the delay of the trigger with respect to the electrocardiogram. Average EB for each trigger method over the cardiac cycle is 
shown in the bottom row. EB is sensitive to cardiac phases (1. = systole, 2. = diastole), revealing a peak during early diastole (phases 16–19) 
and flattened plateau-like shape during later diastole. ECG, electrocardiogram; DUS, Doppler ultrasound; POX, pulse oximetry. 

Fig 8.  ECG and DUS triggered exemplary coronary magnetic reso-
nance angiography images. Transversal images of the navigator-gated 
free breathing three-dimensional turbo field echo gradient echo whole 
heart sequence using ECG (B, D) and DUS (A, C) triggering. Similar 
image quality allowed accurate delineation of the left main coronary 
artery branches (A, B) with ascending aorta (#) and left circumflex 
artery (blue arrows) and the proximal right coronary artery (C, D) 
(white arrows). ECG, electrocardiogram; DUS, Doppler ultrasound. 

MR signal loss, or interferences in the DUS signal. In com-
parison, the ECG may be disturbed by the MHD effect, RF 
pulses, or gradient artifacts, which overlap with the band-
width of the ECG signal and cannot be removed by simple 
low-pass filtering.10 More complex methods have to be used 
to address image disturbances caused by MR-related noise, 
the MHD effect, and arrhythmias. Existing methods are 
either able to reject arrhythmias or the MHD effect: adaptive 
noise cancelling achieved good results to reject arrhythmias 
but not addressing the MHD effect.10 In contrast, a 12-lead 
ECG for triggering high field CMR failed for an arrhythmia 
rejection.30 The spatial information of an ECG does not allow 
arrhythmia rejection in cases of atrial fibrillation with ectopic 
intervals as no change in the QRS loop occurs.8,11 In contrast, 
DUS is not affected by the MHD effect. As DUS signals are 
related to transmittal flow instead of electrophysiological 
activation (QRS) it thus theoretically allows the rejection of 
ectopic QRS-appearance. Moreover, it can be used for fetal 
CMR where triggering using conventional methods is not 
feasible.25,31 Acoustic triggering based on a phonocardio-
gram or POX has been successfully used for cine acquisi-
tions in high-field CMR as an alternative trigger method.12,15 
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However, switching gradients introduce noise to the acoustic 
triggering device resulting in limited reliability for PC angi-
ography acquisitions and thus suggesting dependency on 
sequence type.24

For a direct comparison and evaluation of ECG, DUS, 
and POX, trigger signals were recorded simultaneously 
during CMR acquisition. DUS and POX recorded cardiac 
cycle lengths revealed very good agreement with the refer-
ence standard of ECG in our study. The 99% sensitivity of 
trigger detection for each method is in accordance with 
results for an ECG using spatial information11 and DUS.23 
However, R-wave mis-registration with resulting cardiac 
motion artifacts was reported to occur in up to 30% at 7T15 
and even hampered CMR examination in 35% of patients at 
3T.5 Although the MHD effect was present in 72% of all 
examinations (Fig. 1), the trigger quality of ECG was not 
significantly different compared to DUS and POX. The 
observed variability for ECG, DUS, and POX were in the 
range of reported ECG heart rate variability of 23 ± 12 msec 
in healthy controls,32 and small in comparison to previously 
reported values for POX of 65 msec at 7T15 and 82 msec at 
1.5T,23 that may limit reliable synchronization. The temporal 
variability is an important measure as retrospective cine 
sequences distribute the image acquisition over multiple 
intervals. Thus, a large variability leads to motion artifacts, 
blurring, and impaired image quality.9 However, the varia-
bility is rather an indicator than a qualitative measure as heart 
rate variability is not considered. 

The DUS trigger signal originates from the E-wave 
during the rapid LV filling and hence occurs in early- to mid-
diastole.33 The POX signal measures the change in absorption 
rate of infrared light during systole and diastole and corre-
sponds to the absorption caused by arterialized blood.34 The 
quiescent heart phase with minimal cardiac wall motion was 
determined to begin at 63% of the RR interval, resembling 
mid-diastole. As DUS and POX trigger signals occurred at 
56% and 60%, respectively, these trigger signals may be an 
appropriate method to depict cardiac quiescence. We found a 
strong correlation between the beginning of cardiac quies-
cence and DUS and POX trigger signals with DUS and POX 
signals occurring 6% and 2% earlier, respectively. This may 
be of particular interest in coronary artery imaging where a 
biphasic pattern of coronary artery motion during the cardiac 
cycle is present, with an optimal scan time due to cardiac rest 
period during end-systole and also mid-diastole (60–80%).35,36 
To date, the variability of POX measurements to define car-
diac quiescence was higher compared to DUS and in the range 
of the temporal resolution (≈30 msec), suggesting that precise 
identification of quiescent heart phases is more reliable using 
DUS. In the first approach, the feasibility to use DUS for 
CMRA in conjunction with an automatic selection of diastolic 
cardiac quiescence was successfully evaluated in comparison 
to ECG. However, a possible improvement for CMRA using 
DUS with a detailed analysis of the image quality needs fur-
ther evaluation in a larger patient population. 

Comparing the three applied trigger methods, no signifi-
cant differences were found for LV volumetry and aortic 
velocimetry. All assessed parameters were in the range of 
reported inter-study variability.37,38

The observed wavelike increase of diastolic EB during 
atrial contraction in this study can be explained by peak 
radial and longitudinal velocities of the mid-ventricular and 
basal myocardium at this phase of the cardiac cycle.39 A sig-
nificantly decreased EB was observed for DUS triggering 
during this phase of the cardiac cycle. The following decrease 
of EB during diastole, irrespective of the trigger method, cor-
responds with cardiac quiescence due to reduced radial, tan-
gential, and longitudinal myocardial velocities.39 The 
findings of decreased diastolic EB using DUS may be 
explained by the different trigger time points of ECG, DUS, 
and POX. A constant RR interval length is assumed for seg-
mented cine acquisitions, however, the interval length 
changes due to intra-individual heart rate variability. Hence, 
blurring effects may be decreased for heart phases close to 
the trigger time point and, inversely, increase with later heart 
phases. This hypothesis is emphasized by the fact that sys-
tolic EB using ECG is decreased compared to DUS- and 
POX-triggering. However, the assumed effect of increasing 
EB with increasing heart phase is small and does not affect 
functional analysis. Although the POX trigger occurs only 
shortly (40–60 msec) after the DUS trigger, no decrease of 
diastolic EB was apparent. This may be due to the broad 
shape of the POX signal where the peak is more difficult to 
define5 and thus revealed higher variations in cardiac cycle 
length and therefore increased EB compared to DUS.

The EB calculation was sufficient to reveal the expected 
differences of EB in frequency and phase encoding direction, 
as motion-related blurring occurs in the phase encoding 
direction.40

A limitation of DUS application is patient compliance as 
motion can affect the position of the transducer. In addition, 
as the DUS trigger refers to the E-wave, its detection could 
be influenced in cases such as mitral valve insufficiency, 
severe left heart failure, diastolic dysfunction, or tachycardia. 
Hence, the signal quality of DUS for cardiac triggering may 
be distorted due to pathologic conditions and needs further 
evaluation in future studies. Although DUS itself is not influ-
enced by RF transmit fields or eddy currents, it is still based 
on the measurement of a voltage across piezo elements and 
requires conducting wires which may interact with the MRI. 
However, possible distortions in the DUS signal between the 
1 MHz ultrasound signal and induced RF signals of 127 MHz 
are well delimited and hence preventable using simple 
low-pass filtering. Finally, the small number of examined 
volunteers may not allow drawing general conclusions. 
The reported influence of the MHD effect on ECG triggering 
by Sievers et al.5 could not be verified in this study. One 
reason may be the small study group with only healthy vol-
unteers. Therefore, DUS application needs to be evaluated in 
a clinical setting with larger patient numbers, e.g., in patients 
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with arrhythmias or mitral valve defects, to confirm theoret-
ical benefits. 

Conclusion 
In conclusion, DUS proved to be a reliable gating method for 
CMR at 3T using different sequence types. DUS gating 
revealed no significant differences compared to ECG and 
POX in terms of trigger quality, image quality, and functional 
measurements but showed a significant improvement in EB 
during diastole. Future studies have to investigate the poten-
tial benefits of DUS in a patient population with cardiac 
pathologies and at higher field strength where the MHD 
effect is even more prominent. 
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