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Abstract: This paper presents the initial development of a non-invasive system for identification
of the pulse pressure waveform to be used for screening cardiac problems. The system employs
a tonometric method using an off-the-shelf force sensor and custom-designed electronic circuits.
Initial results on the use of the system are presented.

Keywords: pulse pressure waveform; arterial tonometry; screening tool

1. Introduction

Arterial blood pressure has been recognized as of primary importance for assessment of
cardiac function [1–3]. Distinct methods can be employed for measuring arterial blood pressure,
providing discrete values, such as peak values or continuous values. The measurement of the
systolic and diastolic blood pressure on the brachial artery is used for diagnosis and management of
hypertension. Nevertheless, when assessing central aortic blood pressure, carotid and aortic pressures
are physiologically more relevant than peripheral pressures. The fact that the blood pressure waveform
is modified as it moves outward from the heart to the peripheral arteries, due to the occurrence of
wave reflections, creates a challenge in obtaining accurate estimations. As central blood pressure has
been recognized as a good predictor of cardiovascular risk, the continuous assessment of the blood
pressure along the cardiac cycle—the blood pressure waveform—presents a challenge that is explored
in this paper.

Distinct techniques and devices are available for measuring or estimating the central blood
pressure waveform. These methods can be grouped under invasive and non-invasive ones and present
distinct features, in terms of ease of use, for single measurement or continuous monitoring, and in the
way the acquired data is processed. The invasive blood pressure measurement can use extravascular
sensors (a fluid-filled catheter) or intravascular sensors (a micro-tip pressure catheter). In the fluid-filled
catheter method, a cannula needle is inserted in an artery and a sterile fluid is used to connect the
artery to the external pressure sensor, as seen in Figure 1. For the intravascular sensor, a micro-tip
pressure catheter is inserted directly in the artery. When using fluid-filled catheter methods, as the
blood pressure is transmitted to the sensor through the fluid, overdamping and underdamping can
occur, affecting the accuracy of the results [4]. A typical practice is to catheterize the radial artery,
since it is the one with least risk while assuring the patient’s comfort. In the cases where the radial
artery is not a possibility, the femoral or brachial artery are catheterization alternatives. Lakhal et al. [5]
report that the catheterization of the brachial artery is a safe short-term alternative to that of the radial
artery, provided that hand perfusion is regularly assessed.
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Figure 1. Invasive blood pressure measurement with a fluid-filled catheter [6].

The choice of artery to use for an invasive method is not critical since the peripheral arterial blood
pressure can adequately track central arterial blood pressure, as shown in the study conducted by
Mignini et al. [7]. The advancement of technology encouraged the work on systems that provide
remote monitoring to ensure that patients requiring long-term care can be supervised by their
physician from any location. The use of invasive techniques poses particular requirements, since the
patient is usually recommended to minimize movements and activities. Stupin et al. [8] developed
a device providing invasive-type blood pressure remote monitoring. The device uses an implanted
capacitive blood pressure sensor with wireless data transmission. This type of device improves the
possibility of long-distance long-term care for patients with permanent or lengthy illnesses, but it is
still in development. Although invasive approaches show a high rate of accuracy and are helpful in
emergency room situations, their invasive nature may not be suitable for many patients. They require
medical assistance to execute the catheterization procedure and have inherent risks. In the health
domain, one of the main concerns is patient safety and comfort, in parallel with their health and
recovery; therefore, non-invasive solutions might be considered.

Non-invasive blood pressure measurement methods are widely used due to their non-intrusive
nature and ease of use. Within these methods, there are those that provide a discrete measurement
of blood pressure parameters (systolic and diastolic pressure), such as the use of an inflatable cuff,
and others that produce a continuous measurement of the blood pressure waveform, such as the
arterial applanation tonometry or the volume clamp method.

The inflatable cuff method can be used in a manual mode, where the auscultatory method, based on
listening to Korotkoff sounds, and the palpatory method, play an important role in determining the
systolic and diastolic blood pressure. When the inflatable cuff is used in automated devices, the use of
oscillometry, based on measuring the pressure oscillation that occurs when the cuff is deflated during
the measurement procedure, allows the automatic identification of the systolic and diastolic pressure.
Some of the devices can use the data from the brachial cuff to estimate the central blood pressure.
While this approach is attractive, its accuracy is limited, leading to possible errors in the estimation of
central blood pressure [9,10].

The arterial applanation tonometry allows for monitoring the blood pressure waveform,
overcoming the limitation of the inflatable cuff method that can only measure discrete values of
systolic and diastolic blood pressure. The applanation method is based on the application of a
controlled force to the wall of a superficial artery using a force sensor that identifies the deformation of
the artery imposed by the blood flow. This contact-based sensor, like the SphygmoCor or Complior,
captures transducer-reading changes that occur when the tonometer probe is pressed against the artery
(Figure 2 [11]). These tonometer systems allow for recording of the blood pressure waveform.

When conducting any measurement with these type of devices, any movement done by either the
patient or the holder of the tonometer probe should be avoided since it could create noise, leading to
less accurate blood pressure profiles. As the tonometer probe cannot provide absolute values of the
systolic and diastolic pressures, when these values are required a calibration procedure has to also
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be performed. Typically, the mean arterial pressure and diastolic blood pressure values are used for
calibration purposes. These values are obtained with a conventional method, such as the inflatable cuff

at the brachial artery. These tonometer devices are also required to assess other characteristics related
to blood flow, such as pulse wave velocity (PWV), pulse transit time (PTT) and arterial stiffness [12–17].Information 2020, 11, x FOR PEER REVIEW  3  of  8 
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Figure 2. Schematic of using a tonometer probe [11].

The volume clamp method uses photoplethysmography (PPG) to detect blood volume change
within blood vessels over time [18]. This method is used with the finger clamp pulse oximeter.
These type of devices can identify important physiological parameters such as peripheral oxygen
saturation (SpO2), and heart and breathing rate. Several methods are available for estimating the blood
pressure and recording the blood pressure waveform from the pulse oximeter. In conjunction with the
electrocardiogram (ECG), it is also possible to assess the pulse transit time [19–22].

The blood pressure waveform, regardless of the location where obtained, at the carotid, femoral or
brachial arteries or even at the finger, can provide important information on the cardiac system.
The analysis of the waveform and other related parameters is being used to assess cardiac problems,
such as hypertension, arterial stiffness or heart arrhythmia, and has been recognized as of great
interest [23,24].

2. Development of Screening System

Since the emergence of the Internet of Healthcare Things (IoHT), some of the available medical
systems have included communication features, which ultimately can provide the possibility to be
connected to a network. With these features, it is possible to provide doctors and care takers with
the option to assess and examine their patient’s condition. Further, these devices can be a source for
generating a large anonymous set of medical data that can be useful for medical studies.

Therefore, a novel solution is suggested of a system for screening cardiac problems through
non-invasive identification of the blood pressure waveform. The system, based on tonometry
technology, provides short-term monitoring of the blood pressure waveform (Figure 3). The data
collected from the patient is sent to a cloud platform, to be processed with machine-learning techniques
and data analysis, and the result is returned to the person that conducted the exam. It is intended to be
used as a screening tool for identification or prediction of potential cardiac health problems, such as
identifying bisferiens and alternans cardiac pulses and not as a measuring device.

Preliminary testing with a force sensor revealed that the pulse waveform was discernible even
with a handheld sensor and without advanced signal processing. Thus, a proof-of-concept device was
produced using some commercially available components coupled with custom-developed electronic
circuits. Figure 4 shows the sensor probe and the USB interface for wireless communication.

The developed device is based on a Honeywell force sensor with a measuring range of 0 to
15 N (FSG015WNPB) and an analogue digital converter (ADC) from Maxim Integrated (MAX11410).
It allows waveform acquisition with real-time wireless transmission for data visualization and logging.
The prototype consists of a force sensor, mounted into a plastic grip, connected to a signal conditioning
and acquisition board, which communicates digitally with another board that houses a microcontroller
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and wireless module. A wireless receiver, connected to a computer, allows the waveform to be shown
in a custom-developed application.
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The chosen ADC is a 24-bit module that allows for interfacing with several fully differential
or unipolar inputs, and includes a low-noise programmable gain amplifier (PGA) with up to 128×
amplification and digital filters. It also contains two dedicated differential voltage reference inputs and
uses serial peripheral interface (SPI)-based communication for interfacing with the host microcontroller.

In order to allow maximum development flexibility, a printed circuit board was designed around
the chosen ADC module. The board allows for interfacing with up to two resistive force sensors
or load cells, in quarter-bridge to full-bridge configuration, through two independent Wheatstone
bridges. Each bridge output is connected both directly to the ADC and to an external amplification
circuit. This was meant to allow testing, if necessary, of sensors with different sensitivities, as well
as for the amplification of the ADC module. The independent amplification circuit is based on the
Texas Instruments instrumentation amplifier, the INA326. This ADC board also contains a dedicated
low-noise voltage regulator, for powering the ADC and the amplifier, as well as providing excitation
voltages to the force sensor.

The main microcontroller board hosts a Microchip microcontroller, the dsPIC33EP256MC202,
as well as a MiWi module from the same manufacturer, MRF24J40MA. The microcontroller handles all
ADC initialization, configuration and issues sampling instructions. The returned samples are then
transmitted through the wireless module.

On the computer side, a previously-built MiWi to USB transceiver was used to enable
communication with the device. The accompanying application features a rolling chart with a
representation of the sampled waveform, with vertical limits corresponding the data extremes within
the last few seconds of sampling. This is intended to help the operator control the applied force and
position the probe, by allowing to verify whether or not a pulse waveform is discernible. When a
session is concluded, the waveform data is stored in a CSV file for future analysis.

For the current implementation, the sensor was connected directly to the ADC module, with the
internal PGA gain set to 128×. The acquisition was configured for continuous acquisition, with a



Information 2020, 11, 150 5 of 7

fourth-order SINC digital filter configured with a first notch frequency of 240 Hz, enabling 240 Hz of
continuous acquisition.

The sensor presents a typical sensitivity of 2.4 mV/N/V (system excitation voltage), according to
manufacturer data. As an excitation voltage of 3.3 V and 128× amplification were used, the sensitivity
of this force measuring system should be, approximately, 1.014 V/N. Considering the 24-bit resolution
of the ADC, this means the system exhibits a maximum force measurement resolution of 5.88 × 10−8 N.
However, according to the ADC manufacturer, for the chosen combination of gain, filter and data rate,
the noise free resolution should be 14 bits, which results in a force measurement resolution of 61 µN.
Due to ADC saturation, the maximum measurement range is 0 to 3.25 N. Initial tests with this sensor
probe showed its feasibility, having been built a system to test it [25].

This setup was tested by several lab members, none of which having any medical training,
by pressing the sensor probe to the carotid artery. An example of the obtained results is shown in
Figure 5.
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Figure 5. Pressure waveform (a) measured with sensor probe (b) on the carotid artery.

As can be seen in Figure 5, most waveforms resemble the nominal pulse waveform expected
from a healthy subject. The variations in the measurement baseline are to be expected, as the probe
was placed manually and there were occasional shifts in positioning. Still, this should not present
an issue for waveform shape analysis. As the amplitude is approximately constant, the baseline can
be corrected through software and outliers discarded. These results also confirm that the achieved
resolution, sampling rate and force range are adequate for the proposed system.

As range is limited by the signal conditioning, one improvement that can be done in the future is
the replacement of the force sensor with another from the same series, but with a measuring range of 0
to 5 N. As it exhibits three times the sensitivity, it would require lower amplification to achieve the
same result, effectively enabling the acquisition of higher resolution waveforms at a higher frequency.

3. Discussion

The described system, developed to identify the blood pressure waveform, has the typical
drawbacks of the tonometer systems. Changes in relative position of the sensor probe and the exerted
force are responsible for different levels of values acquired during the 20 s test, as seen in Figure 5.
Nevertheless, with that data it is possible to identify the blood pressure waveform and the heart beat
rate. Figure 6 presents one pulse, extracted from the acquired data on a healthy individual. The systolic
and the diastolic peaks are clearly identified and a typical waveform of blood pressure at the carotid
is observed. Future developments will explore other methods to place the probe that can overcome
some of these limitations. A validation study of the developed tonometer probe using an invasive
method has not yet been conducted, as the current version of the probe is not adequate to pass the
criteria of system admission in a cardiac catheterization room. Regarding the data analysis of the
acquired blood pressure waveform, initial studies carried out involved the detection of abnormalities
in the waveform using machine-learning techniques [25]. The obtained results showed the feasibility
of using the system for screening purposes in identifying bisferiens and alternans cardiac pulses.
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4. Conclusions

The paper presents commonly-used methods to assess blood pressure waveform and presents
results from a system under development. The proposed system uses a tonometer sensor probe,
with an architecture designed for data cloud processing and analysis. Since our goal is to address the
blood pressure waveform, our method refers to the shape of the signal rather than its absolute values,
having it in mind to be used as a screening tool for detecting cardiac problems.
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