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Abstract 

Aortic blood pressure is more meaningful than brachial blood pressures for clinical 

diagnosis, and ambulatory blood pressure monitoring is better predictor for the 

outcomes than clinical blood pressure monitoring. However, there are few devices 

which provide continuous central blood pressures and arterial stiffness noninvasively. 

In this study, pressure sensors were developed to detect two radial and one carotid 

pulse waveforms. Central aortic pulse, two radial pulses and carotid pulse were 

recorded simultaneously during surgery. Parameters were extracted and the 

relationships among them were examined. Standard deviations for radial and carotid 

pulse pressures were all within the range of ±5 mmHg for every experimental setup. 

Augmentation index from aortic pulse showed much lower value than that from the 

radial sites, and the values of averaged augmentation index showed different trends, 

which might be caused by the different force applied to the pressure sensor on the 

carotid artery. The observed correlation, not only between the RADI SBP and estimated 

SBP, but also between the pulse pressure measured by the RADI pressure wire and 

estimated pulse pressure, proved the usefulness of the estimated central blood pressure 

obtained from the radial pressure pulse waveform using the ARX model. 
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1. Introduction 

With the increased longevity of modern societies the relationship between vascular 

aging and cardiovascular disease has assumed major importance. Especially, increased 

arterial stiffness is influenced by functional as well as structural changes and may 

predict vascular damage before the onset of any clinical symptoms. Early researchers 

used pulse contour analysis of peripheral pressure waveforms to obtain information 

about arterial stiffness. Pressure waveform at various body sites is a composite of the 

forward-going and reflected waveforms. However, the relationship between the aortic 

pressure and peripheral pressure is not well established yet. Such relationship is 

clinically important because it is central aortic, and not peripheral, pressure waveform 

which determines left ventricular workload. Therefore, extraction of the parameters 
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from the pressure waveform for central aorta, rather than for peripheral artery may 

provide better prediction of cardiovascular risk [1-3].  

It has been demonstrated that pulse contour analysis is one of the techniques which is 

simple, reproducible, and known as a good marker of systemic arterial stiffness [2-5]. 

Pulse waveforms recorded in any arterial site are the combination of both the forward and 

reflected pulse waves. The forward wave is dependent on the elastic properties of the aorta, 

whereas the reflected waves from the periphery is dependent on the stiffness of entire arterial 

tree including travel time from the heart to the periphery and the distance to the major 

reflecting sites [6]. Therefore, it is documented that the central aortic pressure value is the one 

which determines left ventricular workload and provides better prediction for cardiovascular 

disease [7]. However, it is difficult to obtain central aortic pressure waveforms 

noninvasively. Establishment of transfer function is a solution, and there have been 

many studies performed for various types of transfer functions, which estimates central 

pressure waveform from the radial pressure waveforms. 

The standard method for central aortic blood pressure measurement uses invasive 

procedure by inserting catheter in clinical environment. It is used only when necessary 

because of complexity and involving many risks. Several methods for estimating central pulse 

waveform were developed by applying transfer function to the radial pulse waveform [8-9]. 

However, since the relationship between the aortic pressure and peripheral pressure is not 

well established yet, accuracy of noninvasive central blood pressure measurement devices 

using peripheral arterial pulse waveforms needs to be improved. 

Brachial or radial arteries are the common sites for noninvasive blood pressure 

measurement. Various methods were being used for peripheral blood pressure measurement, 

and it is worth noting that the systolic blood pressure and pulse pressure are amplified as the 

pressure waveforms move from the aorta to the periphery [10-11]. Difference of systolic 

blood pressure between aorta and radial artery is amounting to 20 mmHg or more but the 

diastolic pressure does not vary significantly [12-13]. Moreover, ambulatory blood pressure 

monitoring (ABPM), which provides 24-hour continuous blood pressure values is a better 

predictor of outcome than clinical blood pressure monitoring (CBPM) [14]. Almost all of the 

conventional ABPM devices provide blood pressure values by employing an inflatable cuff, 

which is uncomfortable and inconvenient for long time monitoring. Recently developed 

ABPM devices are still using traditional inflatable cuff for the calibration of pressure pulse 

from radial artery [15]. 

Objective of the study was to develop pressure sensors to detect radial pulses from the 

wrist and one carotid pulse waveform. Central aortic pulse waveforms were recorded 

invasively under the clinical setting. Then, meaningful parameters from the waveforms were 

extracted and analyzed for comparison. Also, transfer function for estimating central aortic 

pressure waves from radial arterial pulse was established. Then, algorithm for 

extracting accurate points from pulse contour was established. Finally, compare the 

previous studies and developed algorithm which obtained AIx form peripheral pressure.  

 

2. Methods 

Overall experimental design for the study is illustrated in Figure 1. Two radial pulse 

waveforms and one carotid pulse waveform were obtained from three pressure sensors, 

and recorded using MP150 (Biopac Systems Inc., CA) system. Central aortic pulses 

were acquired invasively using RADI pressure wire system (RadiAnalyzer Xpress 

Measurement System, St. Jude Medical, USA), which is composed of pressure sensor 

tip wire and recoding subsystems. 
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Digital signal processing was applied to the waveforms to extract various meaningful 

parameters for diagnosis. Finally, the correlation studies for the acquired waveforms 

were performed to provide the relationships. 

 

 

Figure 1. Block diagram for the overall experimental design. 

 
2.1. Sensor design 

As shown in Figure 2, piezoresistive pressure sensor was developed for obtaining 

radial and carotid pulse waveforms. A plastic housing and soft rubber encapsulates each 

sensor for sensor protection and lossless pressure delivery. The pressure sensor  die is 

sealed by epoxy and senses pressure through gel which is fully filled in the wide hole.  

 

 

Figure 2. Cross section of the pressure sensor encapsulated inside the 
plastic housing 

 

Clip and straps were developed for carotid and radial pulse measurements as shown 

in Figure 3. Carotid pressure sensing module (Figure 3(a)) is composed of sensor holder, 

upper clip, lower clip and bolt cap. Two straps (Figure 3(b)) were used to fix radial 

pressure sensors on the wrist over the radial artery. Two sensors were separated and 

located on the radial artery 2cm apart from each other, and elastic bands with velcro 

attachment were used to ensure the sensors locating right over the radial artery.  
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(a) Carotid artery sensor and clip 

 

(b) Radial artery sensors and elastic bands 

Figure 3. Fixtures for data collection from carotid artery and radial artery 
 

2.2. Data collection 

Clinical experiments were performed at the Cardiovascular Center, Dongguk 

University College of Medicine, Ilsan Hospital, Korea. Figure 4 shows an example of 

the pressure pulse waveforms obtained from the aorta using RADI pressure wire system.  

Two radial sensors and one carotid sensor were placed before the surgery. Before 

inserting RADI pressure wire into the aorta, pulse waveforms from both lef t and right 

sides of the body were acquired for twenty seconds. After RADI pressure wire insertion, 

the aortic pulse waveforms, one carotid and two radial pulse waveforms were recorded 

simultaneously for twenty seconds from the left side of the body. Then,  the 

carotid/radial pulse waveforms and aortic pulse waveforms from the right side of the 

body were recorded under the same condition. Finally, both left and right sides of 

carotid/radial pulse waveforms were acquired again after RADI pressure wire had bee n 

withdrew. 

 

 

Figure 4. The RADI Pressure wire output (central aortic waveform). 
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2.3. Data conditioning and transfer function 

Pre-processing of the acquired signals was performed prior to the application for 

establishing transfer function as input and output. It includes 20Hz low pass filter, trend 

removal, and normalization for removing unwanted noises and trends included in the 

raw data. Furthermore, brachial blood pressure was measured and used to adjust the 

radial pressure pulses into the unit of mmHg. It is achieved by setting brachial blood 

pressure, diastolic values of the radial pulse, and pulse pressure to the same values.  

Chen and Fetics performed for establishing forward-going and inverse ARX 

(autoregressive exogenous) modeled generalized transfer function and Fourier 

transformed transfer function using central pressure waveform obtained from Millar 

catheter and radial pulse waveform. They showed that the results based on Fourier 

transform give the lower accuracy than others.  

In this study, order of the ARX model was set at 10
th

 order based on the FPE (Final 

Prediction Error) method by analyzing relationship between the order size and 

prediction errors. 
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2.4. Data analysis 

Various meaningful parameters from radial artery and central aorta were extracted 

and analyzed. Since the values of diastolic blood pressure between aorta and peripheral 

arteries are almost same, the brachial diastolic blood pressure is used to calibrate and 

compensate for the radial pulse waveform obtained from developed pressure sensor.  

Figure 5 represents the parameters extracted from radial pulse waveforms. Several 

researches have documented that the pulse pressures (PP), and augmentation index 

(AIx) derived from radial pulse waveform are the most important values for clinical 

diagnosis. Augmentation index, which depends on ventricular ejection, the timing of 

reflected waves, may be useful in identifying patients who might benefit from treatment 

for reducing arterial stiffness. Radial AIx was calculated as P2/P1 × 100%. 

 

 

Figure 5. Feature extraction from radial pulse waveform. 

 
Since the carotid pulse is considered same as the central pulse, same parameters were 

extracted from both central aortic pulse and carotid pulse waveforms. Descriptions of 

the parameters from both central and carotid pulse waveform are illustrated in Figure 6. 
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There are critical parameters for central aortic pulse such as central blood pressure, AIx 

(AP/PP × 100%), and ejection duration (ED). 

 

 

Figure 6. Feature extraction from carotid and central aortic pulse 
waveform. 

 

3. Results and discussion 

Previous studies applied to detect first negative slope zero-crossing 100msec after 

the 4
th

 derivative. It is obviously clarified that the algorithms between developed by 

previous studies and this study showed that the -11.5±14.34 point differences and -

3.75±1.26 point differences, respectively. As a result, developed algorithm appeared to 

provide high accuracy for the detection of augmentation point.  

Table 1 and 2 are summarized results for comparison among the previous studies by 

Chen[16] and Fetics[17] and developed algorithm estimated by ITF (individual transfer 

function) and by GTF (generalized transfer function), respectively. According to the 

comparison data from the tables, it is clear that estimated parameters extracted from 

ITF showed higher accuracies than those from GTF. Moreover, developed algorithm 

showed the minimum AIx deflection when compared with the previous studies.  

Table 1. Results for comparison among the previous studies and 
developed algorithm estimated by ITF 

Parameters Chen[16] Fetics[17] Developed Algorithm 

SYS_BP  

(Systolic BP, mmHg) 
-0.2±0.9 -0.7±0.8 -2.78±1.08 

PP (Pulse Pressure) -0.2±1.4 - -2.6±2.31 

ED - 14.7±10.8 13.7±13.8 

AIx  

(% error) 
-27±22 -39.5±39.4 5.31±17 

 

Table 2. Results for comparison among the previous studies and 
developed algorithm estimated by GTF 

Parameters Chen[16] Fetics[17] Developed Algorithm 

SYS_BP  

(Systolic BP, mmHg) 
0.0±3.7 0.4±2.9 -4.75±3.86 

PP (Pulse Pressure) 0.2±3.8 - -5.29±3.16 

ED - 19.8±24.8 19.3±20 

AIx  

(% error) 
-30±45 -50±232 13.04±27.26 
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According to the experimental protocol, aortic pulse waveforms, carotid pulse waveforms 

and radial pulse waveforms from two different sites were acquired in clinical environment. 

Central aortic pulse waveform was used as a reference for evaluating carotid and radial pulse 

waveforms obtained by developed pressure sensors. Twenty-second of pulse waveforms 

under three different clinical setups (before RADI insertion, during RADI insertion and after 

RADI withdrawal) were acquired and analyzed to extract meaningful parameters. 

Averaged parameter values of both PP and AI for the two radial sensors are shown in 

Table 3. It was found that standard deviations for the values of radial pulse pressure from 

both sensor1 and sensor2 were within the range of ±5 mmHg for every experimental setup. 

Also, it was notices that the parameter values for the pulses from two different radial sites 

(sensor1 and sensor2) were different because of the direction of blood flow from the heart. As 

expected, PP from aorta showed lower values than that from the radial sites. The values from 

two radial sites were almost similar regardless of inserting or withdrawing of RADI pressure 

wire. AI from aortic pulse showed much lower value than that from the radial sites as 

expected. 

Table 3.  Summary of the averaged parameter values for radial and aortic 
pulses 

 PP (mmHg) AI (%) Period 

Radial 1 

42.5 ± 3.5 91.6± 4.4 Before RADI insertion 

42.8 ± 2.2 91.9± 1.0 During RADI insertion 

52.5 ± 1.9 90.5± 1.0 After RADI withdrawal 

Radial 2 

47.4±3.0 86.8± 1.3 Before RADI insertion 

48.2± 2.9 88.1± 0.9 During RADI insertion 

52.7± 1.9 88.8± 1.4 After RADI withdrawal 

Aorta 43.1 ± 4.6 43.0 ± 3.8  

 

Since the carotid pulse waveform is usually considered same as the aortic pulse waveform, 

averaged values of the parameters from central and carotid pulses during RADI wire insertion 

were compared to find relationship and the resulting values are summarized in Table 4. 

Among those parameters shown in Table 4, PP, P2, and AG, which are important since they 

reveal the reproducibility of the acquired signal, were closely examined. Pulse pressure of 

carotid pulse normally shows higher value than that of central pulse, however, the results 

showed that the carotid pulse pressure was lower than central pulse pressure. It probably was 

caused by the different force applied to the pressure sensor on the carotid artery. 

The values of averaged augmentation index show different trends and large standard 

deviation for all three clinical setups. It probably was caused by the different force applied to 

the pressure sensor on the carotid artery. However, since the outcome shows the consistent 

results, it is promising for continuing detailed study with enough number of patients. 
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Table 4.  Summary of the averaged parameter values for carotid and aortic 
pulses 

Parameter (Unit) Aorta Left carotid Right carotid 

PP (mmHg) 43.1 ± 4.6 39.7 ± 4.0 38.8 ± 5.0 

T1 (msec) 66.3 ± 5.1 101.1 ± 21.0 95.6 ± 17.5 

T2 (msec) 196.6 ± 25.6 170.6 ± 34.0 179.9 ± 33.6 

TF (msec) 699.8 ± 28.1 666.2 ± 55.6 702.1 ± 42.3 

P1 (mmHg) 108.7 ± 3.6 149.1 ± 5.9 144.0 ± 8.2 

P2 (mmHg) 127.3 ± 4.4 152.9 ± 6.0 150.3 ± 7.2 

AG (mmHg) 18.6 ± 1.4 3.8 ± 2.6 6.3 ± 2.9 

AIx (%) 43.0 ± 3.8 9.6 ± 6.3 17.1 ± 8.6 

ED (msec) 274.7 ± 24.8 306.6 ± 12.5 307.7 ± 31.3 

 

4. Conclusions 

Among various types of blood pressure device, there exit problems of accuracies and 

convenience for monitoring. Therefore, the study was performed for the development of 

blood pressure monitoring device which provides 24-hour continuous blood pressure values 

without using inflatable cuff. It also is necessary to provide central aortic blood pressure and 

aortic stiffness noninvasively. Once the peripheral pulse waveforms were obtained accurately 

from various arterial sites, the central aortic pressure waveforms could be compared with 

those pulse waveforms.  

Pressure sensors for obtaining accurate pulse waves from the radial and carotid artery 

using piezoresistive pressure sensor were developed, and the sensor were sensitive enough to 

provide accurate arterial pulses. Differences of the parameter values extracted from two 

different radial arterial sites revealed the similar patterns for both right and left sides as 

expected. It suggests the possibility of using two radial sensors for applying adequate forces 

to the artery based on the comparison of outputs form the two sensors. 

Parameter values for pulse pressure extracted from different sites show that the carotid 

pulse pressure values were lower and radial pulse pressure values were greater than central 

pulse pressure values. The reason for this suggests necessities for the modification of 

calibration process using diastolic pressure values of central pulse waveform. Parameter 

values for augmentation index extracted from different sites showed that the values for 

carotid and radial arteries are lower and higher than that of central pulse waveform, 

respectively.  

It was concluded that once the peripheral pulse waveforms were obtained accurately 

from various sites, the central aortic pressure waveforms could be derived. Many types 

of central pressure waveforms were synthesized for the purpose of evaluation , however, 

since the physiological signal varies a lot from person to person, further in-depth 

studies are necessary to the accuracy of the parameter extraction process. 

Further research will be focused on finalizing pressure sensors with the use of air pumps 

for controlling applying forces to the two pressure sensors on the radial artery. Additional 

clinical experiments will also be performed with enough data collection for analysis. 

Moreover, estimation of central aortic pressure waveform from radial artery pulse waves 

using transfer function will be performed, and direct comparison of pulse waveforms between 

central aortic pulse and carotid pulse will also be performed. Results of this study could be 
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used as a valuable data for developing 24-hour continuous blood pressure monitoring device 

without using inflatable cuff for early diagnosis of cardiovascular diseases. 
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