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Abstract

Background: Ultra-high field magnetic resonance imaging (MR) may be used to improve intracranial blood flow
measurements. However, standard cardiac synchronization methods tend to fail at ultra-high field MR. Therefore, this
study aims to investigate an alternative synchronization technique using Doppler ultrasound.

Methods: Healthy subjects (n=9) were examined with 7T MR. Flow was measured in the M1-branch of the middle
cerebral artery (MCA) and in the cerebral aqueduct (CA) using through-plane phase contrast (2D flow). Flow in the cir-
cle of Willis was measured with three-dimensional, three-directional phase contrast (4D flow). Scans were gated with
Doppler ultrasound (DUS) and electrocardiogram (ECG), and pulse oximetry data (POX) was collected simultaneously.
False negative and false positive trigger events were counted for ECG, DUS and POX, and quantitative flow measures

were compared.

bias+1.96SD: 0.61 4+ 13.6 pl).

Results: There were fewer false positive triggers for DUS compared to ECG (5.3+ 11 vs. 25+ 31, p=0.031), while
no other measured parameters di ered significantly. Net blood flow in M1 was similar between DUS and ECG for
2D flow (1.5+0.39 vs. 1.6 +0.41, bias+ 1.96SD: —0.021 + 0.36) and 4D flow (1.8 £0.48 vs. 9+ 0.59, bias £ 1.96SD:
—0.086 - 0.57 ml). Net CSF flow per heart beat in the CA was also similar for DUS and ECG (3.6 2.1 vs. 3.0£5.8,

Conclusion: Gating with DUS produced fewer false trigger events than using ECG, with similar quantitative flow
values. DUS gating is a promising technique for cardiac synchronization at 7T.
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Background

For many magnetic resonance imaging (MRI) applica-
tions, it is necessary to synchronize the MR data acquisi-
tion to the cardiac rhythm, either to investigate motion
due to the heartbeat, or to avoid artifacts or image blur-
ring caused by the pulsation. Examples relevant for MRI
neuroimaging at 7T are neurovascular flow and velocity
mapping [1-3], arterial pulsation measurements [4] and
cardiac gated functional magnetic resonance imaging
(fMRI). In clinical practice, cardiac synchronization is
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done with electrocardiogram (ECG) or pulse oximetry
(POX), techniques that through continuous technical
development work well at both 1.5 T and 3 T [5]. How-
ever, at high field strengths such as 7T, ECG-based meth-
ods become unreliable due to the magnetohydrodynamic
e ect (MHD) [6, 7]. Several studies find that ECG gating
at 7T fails in 10-20% of examinations, and is subopti-
mal in another 20—30%, leading to prolonged scan time
or reacquisitions [8—12]. POX synchronization can be
disturbed by certain gradient schemes and is sensitive
to hand motion and skin temperature [13]. In addition,
the trigger signal from POX is delayed 200—300 ms com-
pared an ECG trigger at the R-peak, and the POX trigger
has a higher temporal variability (jitter) due to pulse wave
broadening. is can cause image blurring and might not
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be acceptable when high temporal resolution is required
[14, 15].

Development of reliable cardiac synchronization tech-
niques is therefore essential for cardiac-gated examina-
tions to benefit from ultra-high field MR. Several new
methods for cardiac synchronization have been pro-
posed, such as self-gating [16—18], advanced ECG pro-
cessing [9, 19], scattering of a parallel transmit RF coil
[20, 21] or using acoustic [14, 22], optical [23] or mag-
netohydrodynamic (MHD) signals [23]. However, these
methods require hard- or software that are di cult to
implement or not readily available.

At 7T, accurate high-resolution flow quantification in
small vessels is possible, provided that an accurate and
reliable gating method is applied.  is work investigates
the e cacy of a synchronization technique based on
Doppler ultrasound (DUS) for the application of intracra-
nial velocity mapping, and compare it to vector ECG and
POX. Gating with the DUS technique is expected to be
beneficial at 7T, since it is not sensitive to MHD e ects
or magnetic field gradients. e feasibility of gating MR-
scans by DUS was first investigated by Rubin et al. [24].

e safety and e cacy of DUS-gating at 7T has been
investigated for cardiac imaging [25]. In more recent
work, DUS-gating was shown to be as successful as ECG
for cardiac cine imaging at 1.5 T [15], cine imaging and
phase contrast imaging at 3 T [26, 27], and fetal cardiac
imaging [28—30]. e flow in small vessels in the brain,
including pathways for cerebrospinal fluid, are orders of
magnitude smaller than for cardiovascular applications.

erefore, purpose of this paper is to investigate the
e cacy of a DUS device for gating of intracranial flow
measurements at 7T. Specifically, the aim is to quantita-
tively compare false positive and negative trigger events
as well as the results of quantitative flow measurements
when using DUS and ECG, respectively.

Methods

Population

Healthy volunteers (n=9, age range 22—45 years, BMI
range 21-31, two female) without cardiovascular dis-
ease were enrolled in the study. e local Ethical Review
Board approved the study, and all subjects provided writ-
ten informed consent.

Doppler ultrasound for cardiac synchronization

e Doppler ultrasound (DUS) device and signal process-
ing algorithms used in this work consist of a custom-built
DUS unit and a signal processing unit [15, 25, 26] (north
medical GmbH, Hamburg, Germany). e DUS unit
transmits 1 MHz pulses with a repetition frequency of
3.2 kHz to a single 1 x 1 cm-piezoelectric element trans-
ducer, made from non-magnetic lead zirconate titanate,
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placed on the subjects’ chest. e long single conductive
line is shielded with copper, 3 mm in diameter, and six
RF/cable traps are placed with 10 cm distance to avoid
coupling to the electric field (E-field). In addition, a reso-
nant circuit is placed at the end of the transmission line.
A safety assessment was performed in [25] for the case
where the transducer was placed within the transmitting
volume of a 7T cardiac array coil. In the present work,
the transducer is placed more than 25 cm from the end of
the transmitting head coil, where the E- and H-fields are
significantly reduced compared to the placement in [25].
In this study, B, mapping was performed in a phantom
setup prior to any human examinations, and neither the
transducer nor the cable a ected the B, field [25]. e
DUS processing unit was placed inside the scanner room,
keeping it at a distance corresponding to a field of 20 mT
(200 Gauss) following local safely guidelines for investi-
gational devices. e DUS signal processing algorithms
were implemented on a microcontroller (STM32F4,
STMiicroelectronics, Geneva, Switzerland). An important
feature of the processing is to remove the ultrasound sig-
nals originating from blood flow, while keeping the domi-
nant component from wall motion [31]. A peak detection
algorithm (previously described in detail [15]) generated
the 5 V TTL trigger signal, which was fed into the MR
system via the standard ECG input. In brief, after low-
pass filtering, peaks within the DUS signal were found
using a discrete wavelet transform. As the ultrasound sig-
nal reflects the motion of both blood and myocardium,
the appearance of the signal can vary. In order to restrict
the data to be analyzed in real time, a window of interest
is created where the next heartbeat is anticipated. A con-
tinuous autocorrelation of the first 2.5 s of the DUS signal
is used to estimate the mean RR-interval and to create
a window of interest. e peak detection algorithm is
restricted to the data in the window of interest, and the
best fitting peak within this window is used to generate a
trigger pulse.

e DUS e cacy was compared to the vendor’s 4-lead
vector ECG system, using a fiber optical connection to
the scanner and the vendor provided detection algo-
rithms [5]. As a common reference, the vendor’s pulse
oximetry (POX) system was used during both DUS- and
ECG gated examinations. As the DUS device used the
ECG system’s input connections, trigger signals from
ECG and DUS could not be recorded simultaneously in
the present setup.

Placement of the DUS sensor on the subjects’ chest
was performed with visual feedback of the raw DUS
signal, provided on a display on the signal processing
unit (Fig. 1a). e sensor was placed at the sternum and
moved towards the left side and towards the head until a
strong signal was displayed on the screen. e sensor was
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Fig. 1 a Schematic view of the Doppler ultrasound (DUS) setup. The
DUS transducer was placed over the heart on the subject’s chest.
The exact location was adjusted while observing the signal on the
DUS interface box to achieve a clear signal. The trigger signal from
the DUS box was then converted to electrocardiogram (ECG) levels
and connected to the ECG input device on the scanner. The cable
between the transducer and DUS interface box included several
radiofrequency (RF) traps to avoid heating of the cable. b Example of
the timing of the triggers from the DUS diastolic wave (green, short
dashes), DUS systolic wave (blue, long dashes) and ECG R-wave (red,
dotted). As seen on the time scale, the triggers occur at di erent

point in the cardiac cycle

then fastened with surgical tape and a strap around the
subjects’ chest (Fig. 1a). e time for the setup was com-
parable to that for the ECG (a few minutes per subject).

e DUS signal is the results of both myocardial motion
and blood flow, and assigning standard echocardiography
waves to the signals can be misleading. e DUS trans-
ducer picks up two peaks suitable for triggering; one sys-
tolic peak and one diastolic peak.

MR data acquisition

All examinations were performed using an actively
shielded 7T MR scanner (Achieva Philips, Best, the
Netherlands) and a dual channel transmit head coil with
32 receive elements (NOVA Medical, Wilmington, MA,
USA). Retrospectively cardiac gated quantitative velocity
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Table 1 Acquisition parameters of the 2D and 4D ow
scans

2D Flow M1R? 2D Flow CA® 4D Flow CoW®

Scan duration (min:s) 1:08-151 1:40-3.04 4:34-7:27
Heart rate (median) 50-72 (66) 50-79 (66) 51-84 (65)
Resolution (mm x mm) 05x05 03x03 07x07

Slice thickness (mm) 50 50 0.7

Time frames (median)  14-20 (17) 13-20 (20) 6-10 (7)

FOV (mm x mm) 200 x 220 200 x 220 180 x 180 x 21

TR (ms) 10 10 56

TE (ms) 28 43 28

a(’) 5 5 8

BW (Hz/pixel) 405 403 404

Turbofactor 2-3 2-3 6

SENSE 20 20 35

Temporal resolution 40-60 40-80 130-140
(ms)

Venc (€M/s) 150 15 150

2 Right M1 branch of the middle cerebral artery (MCA)
b Cerebral aqueduct
¢ Circle of Willis

mapping was performed both with through-plane phase
contrast (2D flow) and three-dimensional, three-direc-
tional phase contrast (4D flow). e 2D flow measure-
ments were used to assess blood flow in the right M1
branch of the middle cerebral artery (MCA) and flow of
cerebrospinal fluid (CSF) in the cerebral aqueduct (CA).
Additionally, flow in both branches of the M1 were also
quantified with 4D flow. Scan parameters for 2D flow
measurements of blood and CSF were the same, except
for the velocity encoding sensitivity (V) (150 cm/s
and 15 cm/s for the M1 and CA, respectively) and the
inplane resolution (0.5x0.5 mm? and 0.3x0.3 mm?,
respectively). To keep the temporal resolution compa-
rable, the number of cardiac phases was maximized in
each individual. Scan parameters for the 2D and 4D flow
sequences are listed in Table 1.

In addition to the velocity mapping scans, the proto-
col consisted of a B,-map for second order image-based
shimming and a 3D T1-weighted fast gradient echo scan
for positioning of subsequent scans (1 mm?® isotropic
resolution).

Each scan session consisted of two parts. e subject
was equipped with sensors for the ECG (standard MR
electrodes) or the DUS transducer. e MR scanners
pulse oximeter (POX) was placed on the subjects left
middle finger. e protocol was executed, after which
the patient table was moved out of the scanner to allow
for exchange of the sensors, keeping the subject’s head
in the same position. e table was moved back into the
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bore, and the same set of sequences were performed. To
minimize possible systematic errors due to the order, five
subjects started with the DUS setup and four with the
ECG setup. All trigger signals as well as POX and ECG
waveforms were recorded in a log file. e POX signals
were acquired simultaneously with the DUS/ECG gating
signal, but was not used for gating.

Analysis of trigger events
An in-house script (Matlab, MathWorks Inc., Natick,
MA) extracted the detected trigger signals with time
information for DUS/ECG and POX from the physiology
log files for each scan, copied from the MRI scanner. e
RR-intervals were deduced from the trigger signals, and a
mean RR-interval (RR.,,) Was calculated for each scan.
ree other measures were also deduced from the physi-
ology log files; the total number of triggers, the number
of triggers with an RR-interval larger than 1.5 x RRcan
(number of false positive triggers, FPT), the number of
triggers with an RR-interval shorter than 0.6 x RR a0
(number of false negative triggers, FNT), and a combined
sensitivity measure as defined in Eqg. (1) [25].

s (FPT + FNT)
Sensitivity = 100 x | 1

Total number of triggers
1)
FPT is thus the approximate number of erroneously
detected triggers and FNT the number of missed true
triggers. e definitions assume that the true heart rate
variation is within the limits (0.6—1.5) X RR,,can. 1S CON-
dition was fulfilled by setting the scanner to reject heart
beats outside (0.7—1.3) x RRean- Each subject had three
gated scans for each triggering method (two 2D flow
scans and one 4D flow scan).  ese three were combined
into a total number of triggers, FPT and FNT per subject
and trigger method.

Analysis of quantitative ow data

e 2D flow data was analyzed in Segment 2.2 R6410 [32]
(Medviso AB, Lund, Sweden). Phase background correc-
tion was performed by fitting a linear function to static
tissue, defined by two ROIs semi-automatically placed in
static tissue surrounding the vessel of interest. After sub-
traction of the phase background, the vessel of interest
was manually delineated and velocity and flow param-
eters obtained.

e 4D flow data was analyzed in GTFlow R3.1.9
(Gyrotools LLC, Zirich, Switzerland). A linear function
was fitted to static tissue as defined by thresholds set on
velocity and magnitude. After this subtracting the lin-
ear fit of the phase background, vessels were delineated
in a plane placed orthogonally to the M1 branches of the
right and left MCA, and velocity and flow parameters
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were deduced. In healthy subjects, the flow in the two M1
MCA branches is on average be equal, even if it can dif-
fer in each individual [33].  erefore, data from both the
left and right M1 branches were used in the final 4D flow
results.

Statistical methods

Trigger event data: e measures of number of false posi-
tives (FPT), false negatives (FNT) and trigger sensitivity
were compared with Wilcoxon matched-pairs test with
p<0.05 as the threshold for significance.

MRI flow data: Di erences in measured flow and veloc-
ity values from ECG- and DUS gated scans were analyzed
using Bland—Altman analysis, from which results are
reported as bias+1.96 standard deviations (SD), corre-
sponding to a 95% confidence interval (CI). For Wilcox-
on's matched pairs test, p<0.05 was used as threshold for
statistical significance.

Results
For two subjects, the ECG signal was of so low quality
that no signals were generated, and the comparative flow
measurements were instead gated with the POX signal.
For two other subjects, the ECG gated scans had to be
reacquired between 1 and 5 times as the low quality of
the ECG caused excessively long or aborted scans. e
low quality of the ECG signal was reflected in both false
negative and false positive triggers in the quantitative
analysis. e range of heart rates over all subjects was
50—84 bpm.

For DUS, the synchronization was done on a systolic
peak in five cases and on the diastolic peak in four cases.

e timing di erence between the triggers is shown in
Fig. 1b. e DUS scans mainly su ered from false nega-
tive triggers which were to varying degree present in four
of the subjects.

Trigger event data

Figure 2 and Table 2 show a summary of the trigger
event results. e number of false positive triggers (FPT)
ranged between 0 and 28 (median: 0) for the DUS gated
scans, 1 and 95 (median: 15) for the ECG scans and
between 0 and 273 (median: 7) for the POX. e num-
ber of false negative triggers (FNT) was between 0 and 58
(median: 16) for DUS gated scans, 0 and 111 (median: 11)
for the ECG scans and between 0 and 128 (median: 7) for
the POX gating. e deduced sensitivity measure (Eq. 1)
showed ranges of 90% to 100% (median: 97%) for DUS,
and 79% to 100% (median: 95%) for EGC and 13 to 100
(median: 99) for POX gated scans. Only FPT showed a
statistically significant di erence between DUS and
EGC gated scans (p=0.031). All results are presented in
Table 2.



Markenroth Bloch et al. BMC Med Imaging (2020) 20:128

Page 5 of 10

a False positives b False negatives € Sensitivity

8 ®

g ns (p = 0.078) () s (p=0.57)

(o) 1 2 1 o

= £ 1201 100% e e

o *(p =0.031 B P U i

2 1p0{ ~RZ2%D 0 : %

= = ns (p = 0.64) > ano ®

3 o o 80- S 80% o

g- 804 ® 8 "‘i; E—

3 . o c ns (0.57)

2 40l —|— T 40 & 60%:-

o ° ‘5 |

0] . ns (0.30

g o Yoo 2 a0l =020

é DUS ECG POX g DUS ECG POX DUS ECG POX

Triggering method < Triggering method Triggering method

Fig. 2 The graphs show the number of (a) false positive triggers, (b) false negative triggers and (c) the sensitivity measure for the DUS and ECG
gated flow scans. The DUS and POX triggers are simultaneously acquired in the DUS triggered scans, and no gating is done on the POX signal

Table 2 Summary of the trigger event results

DUS ECG POX
False positive triggers
Range (median) 0-28 (0) 1-95 (15) 0-273(3)
Mean £ SD 53+11 25+31 47489
p=0.031(*) p=0.078 (ns)
False negative triggers
Range (median) 0-58 (16) 0-111(11) 0-126 (7)
Mean £ SD 18+19 22+34 32450
p=0.64 (ns) p=0.57 (ns)
Sensitivity (%)
Range (median) 90-100 (97) 79-100 (95) 13-100 (99)
Mean 4 SD 96+35 93+77 86+28
p=0.37 (ns) p=0.30(ns)

As the DUS triggering was made in diastole in four sub-
jects and in systole in five, we also investigated whether
this made a di erence. e analysis showed that there
was no significant di erence between the two (see Addi-
tional file 1: Fig. 1).

Quantitative MR ow data
M1-branches of the MCA
Comparing the results from 2D flow gated by ECG and
DUS in the right M1-branch of the MCA (M1R), the
Bland—Altman results of net volumes, mean flow, mean
velocity and peak velocity resulted in bias+1.96SD of
—0.021+0.36 ml, —0.010+0.37 ml/s, 1.3+ 3.9 cm/s and
—1.5+108 cm/s respectively (Fig. 3, Table 3).

ere were no statistically significant di erences in any
2D flow measurements of the M1R branch of the MCA,;
as an example, the net flow volumes were 1.6 0.4 ml/s

vs. 1.540.39 ml/s for ECG and DUS (p=0.84) (results
presented in Table 3).

Using 4D flow, the Bland—Altman analysis gave
bias+1.96SD of —0.086+0.57 ml, —0.071+£0.58 ml/s,
—0.077+£14 cm/s and 7.6+44 cm/s for net volume,
mean flow, mean velocity and peak velocity, respec-
tively (Fig. 4, Table 4).  ere were no statistically signifi-
cant di erences; for example, the net flow volumes were
1.84+0.48 ml and 1.940.59 ml in the M1 for ECG and
DUS (p=0.84) (results presented in Table 4). For all M1
measurements, the positive direction of flow is outwards
from the circle of Willis along the direction of flow.

Cerebral aqueduct

Bland—Altman analysis of the ECG and DUS gated
2D flows analysis show a small bias and a wide limit
of agreement: bias+1.96SD: 0.61+13.6 pl for the
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Fig. 3 Examples of velocity maps for (a) the right M1 branch of the mid

caused by misalignment of the measurement plane in one scans
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The right column shows Bland—Altman plots of the net volumes for (b) the right M1 MCA branch and (d) the cerebral aqueduct. The outlier in (d) is

Average ECG-DUS
dle cerebral artery and (b) the cerebral aqueduct (CA), both gated with DUS.

Table 3 Quantitative 2D ow results

2D ow M1R? 2D owCAP
ECG DUS ECG DUS
Net flow volume
(ML:ml, CA:l) 16+041 15+0.39 —30+£58 —36+21
Bias 4 1.96SD —00214+0.36 0614136
Mean flow
(MLZ:ml/s, CA: pl /s) 174045 174041 —30+6.1 —39+24
Bias 4 1.96SD —0.0104-0.37 090415
Mean velocity (cm/s) 27+34 29443 —0078+0.18 —016+0.13
Bias 4 1.965D 13+39 0.78+54
Peak velocity (cm/s) 90+31 101430 —97+19 —88+29
Bias 4 1.965D —1574+108 —091+47

@ Right M1 branch of the middle cerebral artery (MCA). Direction of positive ow
b Cerebral aqueduct. Direction of positive ow is towards the ventricles

net flow volume per heart beat (Fig. 3, Table 3). For
the mean flow, bias+1.96SD is 0.90+15 upl/s, for
the mean velocity 0.78+5.4 cm/s and for the peak
velocity —0.91+4.7 cm/s. No statistically signifi-
cant di erences in flow and velocity between the ECG
and DUS- gated results measures were observed.

is towards the right side of the patient, away from the Circle of Willis

For example, the net volumes per heart beat were
—3.0+£58 pl and —3.6+2.1 pl (»p=0.91), mean flow
—3.0+6.1 pyl and —3.94+2.4 pl (p=0.82), mean velocity
—0.078+0.18 cm/s and —0.16 +0.13 (p=0.57) and peak
velocity —9.7+1.9 cm/s vs. —88+2.9 (p=0.25), for
ECG and DUS gating, respectively. e net flow volume
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Fig. 4. 4D flow visualizations from one subject, gated with (a)
DUS and (b) ECG. Panel (c) shows the Bland—Altman plots of the
net volumes for left and right M1 MCA branches when comparing
DUS and ECG gating. The di erence in visualization is due to the
positioning being slightly di erent between the two scans

Table 4 Quantitative 4D ow results

4D ow M1?

ECG DUS
Net volume (ml) 184048 194059
Bias+1.96SD —0.086+0.57
Mean flow (ml/s) 20+048 20+062
Bias+1.96SD —0.071+058
Mean velocity (cm/s) 28+6.38 29+88
Bias+1.96SD —0077+14
Peak velocity (cm/s) 84+25 77+34
Bias+1.96SD 76+44

@ Both M1 branches of the middle cerebral artery (MCA). Direction of positive
ow is away from the CoW
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is defined as the sum of the upwards and downwards
slope during one heart beat and reflects the net transport
of CSF. Note that for the CA measurements, positive flow
is by convention defined as directed cranially, towards
the ventricles.

Pulsation artefacts
Pulsation artefacts were slightly more prominent for the
DUS gated scans. Out of 18 2D flow scans, six ECG-
gated scans had weak pulsation artefacts while four of the
DUS-gated scans showed weak pulsation and four had
stronger artefacts.

Discussion

In this work, we have investigated the sensitivity and
robustness of a Doppler ultrasound-based (DUS) cardiac
synchronization technique for intracranial flow meas-
urements at 7T. Doppler ultrasound is not a ected by
the magnetohydrodynamic (MHD) e ect, and we found
that the DUS-device produces clean trigger signals in the
ultra-high field MR environment.  is in combination
with the simple setup makes DUS a promising technique
for cardiac synchronization in ultra-high field MR. How-
ever, the autocorrelation implemented in the peak detec-
tion algorithm was tuned for application in fetal cardiac
MRI and was therefore too restrictive for use in healthy
adults, which resulted in missed events. Nevertheless,
quantitative flow values from ECG and DUS gated scans
agreed well.

Trigger accuracy and precision

e DUS system can be described as consisting of three
functional parts, and false triggers can originate from
any of them. First, the sensor must be able to detect the
signals. Second, the filtering algorithm should clean up
the raw signal and output the pulse forms relevant for
the chosen application.  ird, peak detection and trig-
ger generation should result in reliable trigger signals.

is procedure uses some a priori knowledge; for exam-
ple, it is not likely that an individual RR-interval di ers
too much from the mean RR-interval and trigger signals
that would correspond to such events can be discarded.
In the four subjects with many false negative triggers in
the DUS-triggered data, the filtered signal from the DUS
device was visually assessed as high quality, and the nega-
tive triggers likely originated from too restrictive peak
detection algorithms. Ongoing development will fine
tune the algorithm to be more robust. e DUS sensor is
sensitive to chest motion, and deep breathing can cause
false negative triggers. Hardware development, for exam-
ple using an array of sensors, could address this issue and
possibly also allow for motion detection. Together, these
causes resulted in the DUS giving about the same total
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number of false negative triggers as the ECG and the
POX. e number of false positive triggers was signifi-
cantly lower for DUS than for ECG, but not significantly
di erent from POX. is may be explained by the fact
that the MHD e ect increases the T-wave, which can be
misinterpreted as an R-wave in the ECG signal [19, 22].
Since the sensitivity measure contains both false nega-
tive and positive triggers, it does not di er significantly
between DUS, ECG and POX. False negative and positive
triggers influence the acquisition and images di erently.
While false negative triggers mainly prolong the data
acquisition, false positive triggers can introduce image
artifacts. e quantitative flow and velocity results do not
di er significantly between the synchronization meth-
ods, demonstrated by the small Bland—Altman biases
(Tables 3 and 4, Figs. 3 and 4), showing that there is no
systematic di erence between the gating methods. Ana-
lyzing the FPT, FNT and sensitivity separately for DUS
triggering in systole and diastole, we found no statistically
significant di erences. is is somewhat unexpected as
the systolic signal amplitude is generally lower and con-
sisting of several peaks, and could therefore be expected
of having a greater chance of being missed by the peak
detection algorithm.

One potential concern could be di ering artifact
strength from the two methods, for example pulsation
artefacts. Several events in the cardiac cycle gives detect-
able ultrasound signals. e DUS sensor can detect a
peak in early diastole corresponding to the rapid filling
of the left ventricle, and another originating from myo-
cardial motion and blood flow in systole (Fig. 1b). e
diastolic signal is easier to detect, with a larger amplitude
and more symmetric appearance, but is delayed about
300 ms from the ECG R-peak and about 150 ms after the
systolic DUS wave [15]. When the RR-interval varies, it
is mainly the diastolic phase that varies in length [34].
When triggering in early diastole, pulsation artefacts are
expected as data acquisition will take place at di erent
distance from the R-peak for di erent k-space lines. e
systolic DUS signal occurs in mid-systole, closer to the
ECG-generated triggers at the R-peak. For arterial veloc-
ity measurements, gating on the systolic wave is therefore
preferred. However, for coronary artery imaging, acqui-
sition takes place in mid-diastole and diastolic gating
would be optimal [15]. e relevant peak can be selected
by transducer placement and signal filtering [15].

Comparison to earlier studies

Several techniques have been developed to especially
address the challenges of cardiac synchronization in
high magnetic fields. e main alternatives to DUS
as a replacement of standard ECG are pulse oximetry
(POX), acoustic cardiac triggering (ACT) and advanced
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developments of the ECG technique. ese and further
techniques are discussed below.

Pulse Oximetry (POX) has the benefit of a very easy
set-up, consisting of a finger clip containing a light source
with red and IR light sources. However, it is sensitive to
hand motion and temperature, and is less precise as the
trigger time point is determined when the pulse wave
reaches the subjects finger.  is takes place 200—300 ms
after the RR-peak, in the early diastolic phase, and the
variation causes pulsation artefacts. It is also shown that
POX triggers have a higher temporal variability than
required for high-temporal resolution investigations,
which can for example cause image blurring [14, 15, 23].

Certain gradient schemes may a ect the POX signal,
reducing sensitivity. Flow quantification sequences with
their fast gradient switching are therefore often prone to
cause POX disturbances [13].

Phonocardiogram or acoustic cardiac triggering (ACT)
has the benefit of being immune to MHD e ects in the
same manner as DUS synchronization. e first heart
tone is picked up by an acoustic sensor positioned at the
subjects’ chest and acoustic noise from the scanner is
removed by low-pass filtering [14, 22]. In a recent study
at 7T, 23% of the examinations had to be switched from
ACT to POX for technical reasons, suggesting that the
ACT technique had a similar failure rate as ECG [35].

Another approach is to explore ECG-based methods
that are more robust to MHD-induced signal distor-
tions than current implementations of ECG gating (Vec-
tor ECG (VCG) [5]). As examples, Krug et al. presented
a strategy based on independent component analysis of
signals from a 12-lead ECG set-up in a 7T MR [9] while
Gregory et al. [36] introduced a 3D representation of
the ECG leads and used cross-correlation between data
recorded outside and inside the MR scanner. However,
the study by Gregory et al. only contains two volunteers,
showing large individual performance variations of the
3D method. Another similar method uses the standard
3-lead ECG setup, and shows that inclusion of data from
a training phase outside the scanner increases the success
rate [19].

Self-gating is a general term for methods that deduce
the trigger signal from the acquired data instead of rely-
ing on an external sensor.  ese methods are based on
finding a trigger point from the signal variation in the
field of view induced by the periodic flow. Several imple-
mentations have been proposed, but are not widely
available [16—18]. Self-gating depends on using tai-
lored k-space readout schemes, limiting the flexibility of
sequence design and requiring non-standard reconstruc-
tion algorithms. An extension of the notion of self-gating
has been presented [20, 21, 37], where the authors show
that the parallel transmit (pTx) coil scattering matrix
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reflects the heart beat as well as respiration, and can be
used for synchronization.

e use of photoplethysmography, an optical technique
to detect blood volume changes in the skin, is being
explored for many medical applications including bed-
side detection of cardiac arrhythmias [38] and respiration
[39]. One setup for 7T by Spicher et al. [23] using a video
camera to record changes in forehead skin tone induced
by blood volume changes in the capillary bed was shown
to give clear trigger signals. However, this setup was
intended for cardiac imaging, and would be di cult to
use with a 7T head coil.

Finally, Frauenrath et al. suggested to use the character-
istics of the increased MHD e ect for gating [6] and sev-
eral studies have investigated measuring and modelling
of the MHD e ects throughout the body [40, 41]. ese
methods show promise, but are at an early stage of tech-
nical development.

Limitations

e main limitation of this study is the low number of
subjects, and the fact that all subjects are healthy vol-
unteers. However, as the volunteers were both male and
female and had a range of resting heart rates, and each
subject had three quantitative scans for each synchroni-
zation method, therefore even this small sample gives a
good indication of the potential value of the technique.

e interpretation of the trigger data would have been
simplified if DUS and ECG trigger signals were recorded
simultaneously. However, the equipment available at the
time of this study did not allow this. For upcoming stud-
ies, the equipment will be improved to allow for simulta-
neous ECG and DUS recording.

Conclusions

Doppler ultrasound (DUS) has the ability to produce
trigger signals from cardiac motion that are una ected
by the magnetohydrodynamic e ects that degrade elec-
trocardiogram (ECG) quality at 7T. In combination with
the simple setup, this makes DUS a promising technigue
for cardiac synchronization in ultra-high field MR quan-
tification of intracranial flow of blood and cerebrospinal
fluid. Further development is needed for fine-tuning of
the peak detection algorithm which translates the DUS
signals to triggers for the MR system.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512880-020-00523-x.

Additional le 1. The results of the trigger event analysis when separating
the data triggered on the DUS diastolic and systolic signals. There are only
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four data points for diastolic triggering and five for the systolic triggering,
but with this limited amount of data, there is no di erence between the
two trigger points.
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