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ABSTRACT

The jugular venous pulse (JVP) waveform provides an insight into right heart function, and
its assessment is important in patients with heart failure. However, the conventional
pulse-transducer (contact) method for monitoring this waveform is not frequently used be-
cause it requires a high degree of skill. The aim of this study was to confirm the effectiveness of
a prototype non-contact system that employs microwave radar (24 GHz, 7 mW; non-contact
system) for JVP measurement. Experiments were conducted on eight healthy male volunteers
(21.88 + 0.99 years). JVP measurements were compared between the conventional contact
method and the proposed non-contact method. Change in JVP waveform was measured in
response to an angle of reclining in five steps from the supine position to 75° of elevation.
The obtained JVP measurements were similar between the two methods. Because in the
non-contact method the faint pulsation of the JVP is not suppressed by the pressure of a
sensor placed on the skin, the prototype microwave radar system is particularly suitable for
evaluating the JVP waveform.

1. INTRODUCTION

Numerous studies have investigated the left ventricle from morphological and functional viewpoints;
in contrast, there are few studies regarding the right ventricle. It is considered that the symptoms of left
heart failure can worsen rapidly with pulmonary congestion, but many of the symptoms of right heart
failure, due to congestion of the venous system, are slow in onset [1], and take time to investigate and di-
agnose. In addition, the structure and physiological character of the right ventricle are more complicated
than those of the left ventricle. More attention has recently been paid to the right ventricle with respect to
its role in heart failure; e.g., in evaluation of the relationship between right heart failure and indices of ex-
ercise tolerability and prognosis [1-3].
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Ultrasonographic techniques proposed for the non-invasive evaluation of right ventricular systolic
function include the 2D speckle tracking method [4, 5] and 3D ultrasonographic method [6]. However, no
reliable non-invasive method for evaluation of right ventricular diastolic function has yet emerged. Evalu-
ation of right ventricular diastolic function is generally by measurement of right atrial pressure (RAP) [1,
2], which requires placement of a central venous catheter or Swan-Ganz catheter, which is invasive and
places a heavy burden on the patient [7, 8].

A previous study has noted that it is possible to evaluate right ventricular diastolic function
non-invasively by monitoring jugular venous pulse (JVP) [9, 10]. The JVP can accurately reflect change in
right atrial pressure because in contrast to other veins, the jugular veins have only one pair of valves,
which are situated upward from the right atrium. Although the JVP value may have significance similar to
that of RAP, this has not been proven because JVP is not in common clinical use, for the reason that its
measurement requires considerable skill [11]. It is thought that jugular venous pressure is only 4 - 6
mmHg [12, 13]. When the point for measurement of JVP is identified by palpation, the jugular vein is
compressed by the fingers, and it becomes difficult to find pulsation of the vein. JVP information is re-
vealed in the peaks and valleys of each heartbeat but the values are very small and easily lost; accordingly,
JVP is considered an inefficient and unsuitable index. This is also a problem in contact sensing. JVP can be
monitored using a diaphragm sensor that must be set on a specific area just superficial to the jugular vein
in the right neck, because the scale of motion induced on the body surface by JVP is so small. Therefore,
sensors for measuring JVP must be highly sensitive to enable acquisition of signal of such small magnitude
without compressing the jugular vein.

In a new development, a method for monitoring vital signs using microwaves has recently been pro-
posed [14-16]. The method monitors vital signs non-invasively without directly touching the body, and
can measure motion induced on the body surface by cardiac and respiratory activity on an extremely small
scale. The measurement area can be controlled by the antenna settings. A previous study has reported
practical uses for this technique such as a ceiling-mounted microwave radar, positioned approximately 2
m above the subject, that can monitor the patient’s respiratory rate through thick bedding. Monitoring of
HRYV (heart rate variability) has also been achieved [17, 18]. The results of these studies indicate that the
circulatory system can be monitored using this technique. As the characteristics of the microwave radar
method correspond to the requirements for measurement of JVP, the method could possibly be applied for
this use, and would avoid placing a heavy physiological burden on the patients.

Therefore, the aim of the present research was to confirm the effectiveness of a non-contact technique
that uses microwave radar for measurement of JVP. We developed a prototype system for this purpose and
verified its effectiveness utilizing experimental data. We also discuss the potential of the method for future
application.

2.SYSTEM DESIGN
2.1. Microwave Radar Sensor and Specifications

The prototype system is generally equivalent to a system described previously [15, 18], comprising a
microwave radar sensor, patch antenna, and analyzer (Figure 1). The small microwave radar sensor
(NJR4261]; New Japan Radio Co., Ltd., Tokyo, Japan) has continuous-wave carrier frequency of 24 GHz
and mean output power of 7 mW (maximum 10 mW). The patch antenna has gain of 10 dBi and diffusion
angle of approximately 40 degrees. According to the guidelines for radio waves established by the Tele-
communication Bureau of the Ministry of Internal Affairs and Communication of Japan [19], electrical
field intensity is limited to 1 mW/cm? at frequencies >3 GHz. The electrical field intensity of the micro-
wave radar is 0.7 mW/cm?, thus conforming to the guidelines. The frequency band of our device is within
the limits of normal use for radio waves approved by Japanese law.

2.2. Measurement Data and Indices for Estimation of JVP

The output signals from two microwave radar sensors were amplified 50-fold by a DC amplifier
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Figure 1. Prototype non-contact monitoring system for observing JVP, comprising a microwave
radar sensor and patch antenna. The size of the microwave radar sensor is 45 x 22 x 10 mm (the
housing size is 85 x 48 x 15 mm); transmit/receive, the carrier frequency is 24 GHz with continuous
wave, and mean output power was 7 mW (maximum, 10 mW) with 10 dBi patch antenna.

(DA-710A; Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan). The output signals from reference
outputs and two microwave radars were sampled by an A/D converter (USB-6211; National Instruments
Co., Texas, US) with a sampling interval of 1 ms and stored in real time on a PC with system controls
written in LabVIEW (National Instruments). After A/D converter sampling, 0.5 and 10 Hz bandpass filters
were used to reduce noise and interference in both radar outputs. JVP normally has 3 or 4 fluctuations per
cyclic oscillation, corresponding to one heartbeat. The heart rate in the normal state is 1 - 2 Hz. Therefore,
the bandpass filters adequately covered a range of 3 - 4 fluctuations per heartbeat. After bandpass filtering,
the JVP parameters were acquired from the signal data and compared with those acquired by the reference
device.

3. METHODS

3.1. Experimental Setting and Protocols

The experiments were conducted on eight healthy male volunteer subjects (age range, 21 - 24 years;
(21.88 = 0.99 years) for approximately one hour in the midafternoon. Subjects without a history of serious
illness were selected for this study and instructions regarding the experiment were given and informed
consent was obtained. The study was conducted with the cooperation of Kansai Medical College and the
study protocol was reviewed and approved by the Committee on Human Research of Kansai Medical Col-
lege.

The reference data were obtained first, with placement of ECG electrodes and a diaphragm pressure
sensor on the subject’s body. Precordial ECG (Biotop; NEC Sanei Co., Tokyo, Japan) was obtained with
the electrodes placed in the V5 position. JVP was measured using a diaphragm pressure sensor
(MES-1000; Fukuda Denshi Co., Ltd., Tokyo, Japan) placed directly on the subject’s internal jugular vein.
The position of the internal jugular vein was confirmed by a medical specialist prior to each experiment,
and the position was identified by ultrasound (Xario 200; Canon Medical Systems Inc., Tokyo, Japan).

In the prototype experiment, the microwave radar sensor was placed directly above the subject’s in-
ternal jugular vein. A 12.5 mm guide spacer was installed on the sensor housing to maintain a distance of
one wavelength of 24 GHz microwaves between the housing and the skin surface.

In the clinical setting, JVP measurements are usually obtained by the diaphragm pressure sensor me-
thod with the patient reclining at an angle of 45° [12, 13]. In the experiments, for both methods we meas-
ured change in JVP waveform in response to change in angle of recline of the patient bed, as described be-
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low.

The control data were obtained as follows: after placement of electrodes, the subject was positioned
supine on an adjustable bed (KA-55151M; Paramount Bed Co., Tokyo, Japan) and allowed to rest for sev-
eral minutes. JVP was then measured over a period of one minute. JVP was measured with each of the
contact and the non-contact sensing methods in six conditions in various degrees of recline, from fully
supine (0°, control) to 75° in increments of 15°, each over a period of one minute. To compare the two
sensing methods, ideally the two sensors would both have been placed directly over the internal jugular
vein at the same time, and measured synchronously. However, this was physically impossible because the
sensors overlapped, and therefore placement and measurement were performed alternately with the di-
aphragm pressure sensor and microwave radar sensor (Figure 2(b)).

3.2. Analytical Protocols of Acquired Data

The JVP waveform comprises an a-wave, c- wave, v-wave, x-valley and y-valley in each beat. To con-
firm the accuracy of the signal acquired by the non-contact method, we compared the occurrence times
and amplitudes of a- and v-wave, and also x- and y-valley in each beat between the two methods. We did
not analyze the c-wave because it is often not distinguishable in the JVP [20].

The MES-1000 system (reference diaphragm pressure sensor system) has no ports to output analog
signals and cannot store digital signal data. Therefore, we captured and stored each frame that displayed a
measurement and extracted the shapes of the output signals by image processing. We also used image
processing to extract the coordinates of the peak points in the x and y axes of each wave and valley for
a-wave, v-wave, x-valley, and y-valley from the images displayed on the screen. Similarly, for the data ac-
quired from the microwave radar sensor, only the AC component was extracted for analysis. The ampli-
tudes of the cyclic oscillations corresponding to each heartbeat and the amplitude values and generated
times of the a- and v-waves and x- and y-valleys generated for each heartbeat were extracted for compari-
son with the reference values.

To compare the two methods, we compared the normalized coordinate data for each wave and valley
in the time and amplitude directions. It was difficult to directly compare the data obtained by the two
measurement methods because the timing of the data was not synchronized between them and there were
slight differences between the heartbeats in each measurement period. Statistical analysis was performed
using Excel and non-contact method was evaluated by the correlation coefficient value and the p-value
calculated by the paired t-test.

Microwave /
radar sensor

(a) (b)

Figure 2. Measurement of JVP waveform at various angles of recline. (a) Schema of the experimental
setup. (b) Photograph showing the upper body in recline on the bed. JVW was measured by each
method in each position from fully supine (control) to 75° of incline in steps of 15° over a period of
one minute.
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4. RESULTS

Figure 3(a) shows a representative JVP waveform obtained by the diaphragm pressure sensor system
for a period of about five seconds. Cyclic oscillations in the JVP waveform are similar to those of an ECG
waveform and show long-period fluctuations in baseline due to respiratory fluctuations. All waveform
components can be clearly identified. Figure 3(b) shows a representative JVP trace obtained by the mi-
crowave radar sensor system in the same subject for a period of about five seconds. Although the ampli-
tudes of the x- and y-valleys differ from those shown in Figure 3(a), cyclic oscillation is apparent and the
waveform is similar to that for the diaphragm pressure sensor system. Similar waveform characteristics
could be observed in all subjects. These results confirm similarity between JVP data and measurements
obtained by the prototype non-contact method microwave radar system and those obtained by the contact
method using the diaphragm pressure sensor.

Figure 4 shows the comparison of normalized coordinates in the amplitude direction of the JVP
a-wave, v-wave, x-valley and y-valley values of all subjects in the condition of reclining angle of 0° (supine
position). These values show the positional relationships of all waves and valleys within one full JVP
waveform. Data obtained by the non-contact method were consistent with the reference data measured by
the contact method (r = 0.895, p = 0.0019); e, the non-contact measurement system using microwave
radar could accurately grasp characteristic JVP information.

Figure 5 shows mean JVP amplitude between the x-valley and a-wave for the two measurement sys-
tems for reclining angles of 0° - 75° in all subjects. Amplitude values differed slightly between the two me-
thods but showed a similar decreasing tendency with increasing reclining angle. As the reclining angle in-
creased, the internal jugular vein became more vertical and the propagation of pressure from the right
atrium through the internal jugular vein decreased. Accordingly, pulsation of the internal jugular vein de-
creased and the amplitudes measured by both methods also decreased. The similar results obtained in both
measurement systems indicate the validity of information obtained by the non-contact measurement sys-
tem.

X
(a) (b)

Figure 3. Sample signals acquired by the reference devices (ECG and diaphragm) and the prototype
system. (a) Sample ECG (upper part), and JVP signal (lower part) measured by the diaphragm
pressure sensor system in subject A over a period of 5 seconds. (b) Sample JVP signal measured by
the non-contact system in subject A over a period of 5 seconds. The lower-case letters indicate the
a-wave, c-wave, v-wave, x-valley, and y-valley components of the JVP waveform.
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Figure 4. Comparison of JVP measured by the diaphragm sensor and microwave radar sensor
methods at a reclining angle of 0°. Normalized amplitudes of all beats for all subjects obtained
within the same measurement time for the diaphragm sensor (horizontal axis) and microwave radar
sensor (vertical axis) show a clear and stable linear relation(r = 0.895, p = 0.0019).
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Figure 5. JVP amplitude according to reclining angle. Mean amplitude between the x-valley and
a-wave components of the JVP waveform for all patients is shown for measurement by the (a)
diaphragm sensor and (b) microwave radar sensor systems. In both measurement methods, the
amplitude of JVP output shows a tendency to decrease as the reclining angle increases. Therefore, it
is highly likely that JVP is captured by microwave radar.

5. DISCUSSION

The results of the experiments confirmed the effectiveness of the non-contact method using micro-
wave radar for measurement of JVP. To obtain measurements under strict conditions, we set the micro-
wave radar sensor at a distance from the skin equal to that of a standing wave of 24 GHz microwaves; i.e.,
12.5 mm. However, we confirmed that pulsation on the skin surface could be measured from more distal
points, from several centimeters to ~10 centimeters i.e., about 10 wavelength of 24 GHz microwave [14,

15]. Therefore, this system has potential to obtain measurements from distances more remote from the
skin.
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In conventional measurement of right ventricular systolic function by JVP, the RAP value is very
small (~5 mmHg). Therefore, it is highly likely that the pressure of contact sensors set directly on the body
surface and of palpation by fingers near the area of the internal jugular vein will change the shape of the
JVP waveform and prevent detection of this information. In other words, the contact method is basically
unsuitable for measurement of JVP. In contrast, motion on the surface of the body is not inhibited when
JVP is measured by the microwave radar sensor system. In the present study, the proposed microwave ra-
dar sensor method acquired a-wave, v-wave, x-valley and y-valley JVP information in all subjects. The
high success rate of the proposed system is likely due to the inherent suitability of a non-contact acquisi-
tion and monitoring method in the situation of high sensitivity to pressure on the skin surface.

A recent study has reported that the JVP waveform contains important prognostic information re-
garding heart failure [1, 21]. We expect that use of the proposed method in acquisition of accurate JVP
waveform information will contribute to the diagnosis of such pathologies.

The proposed non-contact method has some advantages compared with the conventional method.
Although not completely uniform, the detection area of the proposed system is wider than with the diaph-
ragm sensor system. This advantage increases the usability of the system for medical staff in terms of eli-
minating the time required to position the sensor. The system also has the advantage of reduced patient
burden as it is completely non-contact and non-invasive.

Disadvantages of the proposed system include that the deviation tended to be slightly larger as the
reclining angle increased. We consider that pressure is less likely to be propagated through the internal
jugular vein as the reclining angle increases and the upper body becomes more upright because the right
atrial pressure is originally low and decreases further with increasing reclining angle. Body fat mass also
affects propagation of the JVP pulse to the body surface. Therefore, it is necessary to conduct further in-
vestigations that take personal physical characteristics into consideration. We did not consider the effects
of artifacts due to such as the contribution of arterial information, which could possibly be eliminated with
use of an algorithm. Because we could not perform synchronous measurement with the two sensors set at
the same position, there was a small time lag between the two datasets, which reduced the accuracy of the
comparisons. In future study, the accuracy of the proposed method could be further assessed by conduct-
ing a comparison with catheter-based measurements.

6. CONCLUSIONS

Despite several limitations, assessment of JVP measurements obtained by a non-contact method us-
ing microwave radar sensors showed the potential of the technique and its higher accuracy compared with
the conventional contact method.

Further evaluation of the method in real patients is necessary to assess its suitability for medical ap-
plication and possible usefulness for prognosis in heart failure.
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