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Abstract: Measurement of heartbeats is essential in cardiovascular mag-

netic resonance imaging because the measurement must be synchronized

with the phase of cardiac cycles. Many existing studies on radar-based

heartbeat monitoring have focused on echoes from the torso only, and such

monitoring cannot be applied to subjects in magnetic resonance scanners

because only the head and soles can be seen from the outside. In this study,

we demonstrate the feasibility of the remote monitoring of heartbeats from

the subject’s soles using a 60-GHz ultra-wideband radar. The heartbeat

intervals measured using the radar are quantitatively compared with those

measured using conventional electrocardiography.

Keywords: heartbeat, radar, ultra-wideband, magnetic resonance imaging,

soles

Classification: Microwave and millimeter wave devices, circuits, and

systems

References

[1] T. Niendorf, L. Winter and T. Frauenrath: in Electrocardiogram in an MRI
Environment: Clinical Needs, Practical Considerations, Safety Implications,
Technical Solutions and Future Directions, Advances in Electrocardiograms—
Methods and Analysis, ed. R. Millis (InTech, Croatia, 2012) 309.

[2] J. W. Krug, G. Rose, G. D. Clifford and J. Oster: J. Cardiovasc. Magn. Reson.
15 (2013) 104. DOI:10.1186/1532-429X-15-104

[3] J. R. Keltner, M. S. Roos, P. R. Brakeman and T. F. Budinger: Magn. Reson.
Med. 16 (1990) 139. DOI:10.1002/mrm.1910160113

© IEICE 2015
DOI: 10.1587/elex.12.20150786
Received September 17, 2015
Accepted October 7, 2015
Publicized October 22, 2015
Copyedited November 10, 2015

1

LETTER IEICE Electronics Express, Vol.12, No.21, 1–6

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



[4] R. Sablong, A. Rengle, A. Ramgolam, H. Saint-Jalmes and O. Beuf: IEEE
Trans. Biomed. Eng. 61 (2014) 162. DOI:10.1109/TBME.2013.2278712

[5] B. Lohman, O. Boric-Lubecke, V. M. Lubecke, P. W. Ong and M. M. Sondhi:
IEEE Eng. Med. Bio. 21 (2002) 161. DOI:10.1109/MEMB.2002.1044188

[6] A. D. Droitcour, O. Boric-Lubecke, V. M. Lubecke, J. Lin and G. T. A. Kovacs:
IEEE Trans. Microw. Theory Techn. 52 (2004) 838. DOI:10.1109/TMTT.2004.
823552

[7] B.-K. Park, O. Boric-Lubecke and V. M. Lubecke: IEEE Trans. Microw.
Theory Techn. 55 (2007) 1073. DOI:10.1109/TMTT.2007.895653

[8] M. Chen, O. Boric-Lubecke and V. M. Lubecke: IEEE Trans. Instrum. Meas.
57 (2008) 690. DOI:10.1109/TIM.2007.911629

[9] W. Massagram, V. M. Lubecke, A. Høst-Madsen and O. Boric-Lubecke: IEEE
Trans. Microw. Theory Techn. 57 (2009) 2542. DOI:10.1109/TMTT.2009.
2029716

[10] J.-H. Lee, J. M. Hwang, D. H. Choi and S.-O. Park: IEEE Trans. Inf. Technol.
Biomed. 13 (2009) 400. DOI:10.1109/TITB.2009.2018623

[11] I. V. Mikhelson, S. Bakhtiari, T. W. Elmer, II and A. V. Sahakian: IEEE Trans.
Biomed. Eng. 58 (2011) 1671. DOI:10.1109/TBME.2011.2111371

[12] I. V. Mikhelson, P. Lee, S. Bakhtiari, T. W. Elmer, II, A. K. Katsaggelos and
A. V. Sahakian: IEEE Trans. Inf. Technol. Biomed. 16 (2012) 927. DOI:
10.1109/TITB.2012.2204760

[13] M. Zakrzewski, H. Raittinen and J. Vanhala: IEEE Sensors J. 12 (2012) 627.
DOI:10.1109/JSEN.2011.2119299

[14] J. Li, L. Liu, Z. Zeng and F. Liu: IEEE J. Sel. Top. Appl. 7 (2014) 783. DOI:10.
1109/JSTARS.2013.2259801

[15] W. Hu, Z. Zhao, Y. Wang, H. Zhang and F. Lin: IEEE Trans. Biomed. Eng. 61
(2014) 725. DOI:10.1109/TBME.2013.2288319

[16] J. Kranjec, S. Begus, J. Drnovsek and G. Gersak: IEEE Trans. Instrum. Meas.
63 (2014) 838. DOI:10.1109/TIM.2013.2287118

[17] T. Sakamoto, R. Imasaka, H. Taki, T. Sato, M. Yoshioka, K. Inoue, T. Fukuda
and H. Sakai: IEEE Trans. Biomed. Eng. (2015). DOI:10.1109/TBME.2015.
2470077

[18] T. Sakamoto, R. Imasaka, H. Taki, T. Sato, M. Yoshioka, K. Inoue, T. Fukuda
and H. Sakai: IEICE Electron. Express 12 (2015) 20141197. DOI:10.1587/
elex.12.20141197

[19] C. Li, Y. Xiao and J. Lin: IEEE Trans. Microw. Theory Techn. 54 (2006) 4464.
DOI:10.1109/TMTT.2006.884652

[20] G. Vinci, S. Lindner, F. Barbon, S. Mann, M. Hofmann, A. Duda, R. Weigel
and A. Koelpin: IEEE Trans. Microw. Theory Techn. 61 (2013) 2093. DOI:
10.1109/TMTT.2013.2247055

[21] J. Wang, X. Wang, Z. Zhu, J. Huangfu, C. Li and L. Ran: IEEE Trans. Microw.
Theory Techn. 61 (2013) 2101. DOI:10.1109/TMTT.2013.2252186

[22] S. Suzuki, T. Matsui, M. Kagawa, T. Asao and K. Kotani: J. Biomed. Sci. Eng.
6 (2013) 704. DOI:10.4236/jbise.2013.67086

[23] D. Nagae and A. Mase: Rev. Sci. Instrum. 81 (2010) 094301. DOI:10.1063/
1.3478017

1 Introduction

In cardiovascular magnetic resonance (CMR) imaging, image acquisition must be

synchronized with heart motion [1] because CMR images become blurred during

the cardiac cycle without compensation for the artefacts of heart motion [2]. Most
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existing technologies of CMR employ an electrocardiogram (ECG), which is a

recording of electrical heart activity measured using electrodes attached to the

person.

Recent studies on magnetic resonance (MR) scanners have made many efforts

to increase the magnetic field strength jBj of MR scanners from a clinical 1.5 or 3T

up to 7T or even 9.4 T. The increasing field strength makes it difficult to analyze the

ECG recorded by MR scanners because a magnetohydrodynamic electric field

EM ¼ v � B is generated by the flow of blood (velocity v) and severely interferes

with the ECG signal [3]. Various approaches, such as the use of fiber optics [4],

Doppler ultrasound, finger plethysmography, and phonocardiograms have been

proposed to avoid this problem [2].

Recently, much attention has been paid to the remote monitoring of heartbeats

using radar systems [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,

23] that measure the slight displacement of a patient’s skin surface due to heart-

beats. However, patients in an MR scanner are surrounded by the interior wall of

the scanner, with only the top of their head and soles seen from the outside. In this

study, we demonstrate the possibility of the remote measurement of heartbeats from

soles using an ultra-wideband radar system. Most existing studies of the remote

monitoring of heartbeats use echoes from the torso [5, 6, 7, 8, 9, 10, 11, 12, 13, 14,

15, 16, 17, 18], whereas there have been no reports on remote monitoring of

heartbeats from the soles.

Li et al. [19] and Vinci et al. [20] reported that the back side of a seated

subject’s torso was the best spot for the heartbeat measurement among four sides

(i.e., front, back, left and right). They explained that this was due to a frequency

component called the harmonics in the spectrum, which was neither the respiration

nor heartbeat component. In contrast, Wang et al. [21] measured heartbeats from

the four sides of a seated subject’s torso and concluded that the frontal chest wall

was better than the back side, which is inconsistent with the studies of [19] and

[20]. The different conclusions were explained by Wang et al. as being due to the

different operating frequencies (15GHz [21] versus 27GHz [19]) and the direct

current (DC) suppression algorithm proposed by [21], which suppressed the

harmonic components generated by incorrect DC levels. Suzuki et al. [22] meas-

ured subjects in supine or prone position on a mattress with antennas placed under

the mattress, and reported that the measurements were more accurate for the prone

position than for the supine position, indicating that measurement of the frontal

chest wall was better. They suggested the reason that the heart was located

physically close to the frontal side of the torso.

As seen from the results of the above studies, even heartbeat measurements of

the torso have basic unsolved questions, whereas there are few studies on the

heartbeat monitoring of other parts of the body such as limbs. Nagae et al. [23]

measured echoes from a thigh for heartbeat measurement, and estimated instanta-

neous heart rates. To improve the heart rate accuracy, the authors of the present

study developed an algorithm that uses the topological features of radar signals

[17], and the algorithm was successfully applied to measurements using an ultra-

wideband radar system operating at a frequency of 26.4GHz [18], where we

measured echoes from the frontal chest wall only. Because the displacement
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of soles due to heartbeats is expected to be smaller than the displacement of the

chest, a more sensitive radar system is required. In this study, therefore, we develop

and use a 60GHz ultra-wideband radar, which has higher sensitivity to a displace-

ment than the previous radar, making it easier to detect the slight displacement

of targets.

2 Sixty-gigahertz ultra-wideband radar system

To detect a slight displacement of soles induced by heartbeats, we use an ultra-

wideband radar system with an operating frequency of 60.5GHz. A block diagram

of the system is presented in Fig. 1. The radar system generates binary pseudo

noise (PN), more specifically an m-sequence, with a bit rate of 1.25Gbps for

modulation of the intermediate frequency (IF) signal (8.7GHz), which is subse-

quently up-converted to 60.5GHz by multiplying by a 51.8-GHz local oscillator

frequency (LOF) signal, and fed to the transmitting antenna. The received signal is

down-converted by multiplying by the same LOF signal, and is then sent to a

quadrature demodulator for multiplying by the IF signal. The resultant baseband

signals are A/D converted to digital sequences. The in-phase (I) and quadrature (Q)

digital signals are pulse compressed by multiplying by the PN sequence. The pulse-

compressed I/Q data are stored in memory.

The antennas have wide beam patterns with a 96.5-degree beamwidth, which is

wide enough to cover the whole subject’s body. The transmitting power is less than

20mW, and the range scan interval is 457.0 µs. The range resolution is 12.0 cm,

which is high enough to separate soles from other parts of the body and clutter. The

received signals are processed according to the topology [17] to obtain the heart

interbeat intervals. The wavelength corresponding to the frequency 60.5GHz is

4.96mm, for which a displacement of 10 µm is converted to a phase shift of 1.5

degrees in the received signal. Because the typical displacement of the chest wall

due to heartbeats is between 100 and 500µm, our 60-GHz radar system can detect

even smaller displacements if the local oscillator phase is stable.

3 Measurement data and heartbeat detection

Fig. 2 shows the measurement setup with the 60-GHz radar system and a subject in

the supine position on a Styrofoam board. The transmitting and receiving antennas

were pointed toward the soles, and placed 60.0 cm apart from the surface of the

soles. We recorded ECG data using an RF-ECG EK device (Micro Medical Device,

Fig. 1. Block diagram of the 60-GHz radar system used in the
measurements.
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Inc., Tokyo, Japan) while recording the radar signal. The measurement was

performed for 60.0 s, while the subject was breathing normally.

Fig. 3 shows the heartbeat intervals estimated from radar and ECG data. In the

figure, the black and red lines represent the estimates made with the ECG and radar,

respectively. The root-mean-square error was 14.0ms. Fig. 4 is a scatter diagram of

the interbeat intervals measured using the radar and ECG. The correlation coef-

ficient was 0.93. The remote measurement of heartbeats from human soles using

our 60-GHz radar was thus successfully demonstrated and is a promising technol-

ogy that overcomes the difficulty of monitoring the heartbeat of a patient in an

MR scanner.

Because CMR scanners require trigger signals synchronized with the heartbeat,

the processing time of the heartbeat monitoring needs to be short enough for trigger

signals to be generated in real time. As explained in [17], the proposed algorithm

uses only a few feature points extracted from the signal, instead of the entire signal

waveform. Thus, the processing of the proposed algorithm is faster than that of

conventional methods based on the fast Fourier transform. In this regard, the

proposed approach is considered to be suitable for CMR applications. The evalua-

tion of the actual processing time, which depends on the hardware and implemen-

tation, will be an important topic of future study.

Fig. 2. Measurement setup using 60-GHz radar with a subject in the
supine position on a Styrofoam board.

Fig. 3. Time sequences of estimated heartbeat intervals derived from
an ECG (black) and radar (red).
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4 Conclusion

We measured echoes from a subject’s soles using 60GHz ultra-wideband radar

system. We recorded ECG data to monitor the electrical heart activity at the same

time. We applied a topology algorithm to the radar data and estimated the heart

interbeat interval. The accuracy was evaluated by comparing with the ECG

estimate. The results suggest the possibility of using the 60-GHz ultra-wideband

radar to monitor the heartbeat of a patient in an MR scanner, which is an essential

technology in CMR imaging.

Acknowledgments

Our research was approved by the Ethics Committee of the Kyoto University

Graduate School and Faculty of Medicine. The authors thank Prof. Tetsuya

Matsuda at the Graduate School of Informatics, Kyoto University for his help

with and advice on this study. This research was partially supported by the

Supporting Program for Interaction-based Initiative Team Studies (SPIRITS) as

part of the Japan–Netherlands joint development of sleep monitoring technology

using ultra-wideband radar, the Center of Innovation Program (COI) under The

Last 5X Innovation R&D Center for a Smart, Happy, and Resilient Society, JSPS

KAKENHI under grant numbers 25249057 and 15K18077, and the R&D project

for the expansion of radio spectrum resources for more efficient use of frequency

resources for the future supported by The Ministry of Internal Affairs and

Communications, Japan.

Fig. 4. Scatter diagram of heartbeat intervals estimated from radar and
an ECG.
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