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ABSTRACT 

IMPROVED AUTOMATIC CUFF BLOOD PRESSURE  

MEASUREMENT 

By 

Jiankun Liu 

Hypertension affects approximately one-quarter of the world’s adult population[1].  It 

is a major risk factor for stroke and heart disease, which are leading causes of death.  

Hypertension can be treated with lifestyle changes and medication.  Medical therapy is 

associated with a 42% reduction in the risk of stroke and a 14% reduction in the risk of heart 

disease.  However, the detection of high BP is often missed.  An estimated 22% of people 

with hypertension do not know they have it[2].  Further, BP in known hypertensive patients 

is often uncontrolled.  An estimated 32% of hypertensive patients receiving treatment do not 

have their BP under control.  Hypertension management is especially difficult in low 

resource settings in which personnel trained in BP measurement are lacking.  Hypertension 

management is even nontrivial in state-of-the-art clinics due to, for example, masked and 

white coat hypertension and large BP variability amongst few measurements.  BP monitoring 

technology that is easy-to-use, low-cost and accurate could improve hypertension 

management.  

Here in this thesis, our research in oscillometry began by using a physical model to 

elucidate the sources and mechanisms of the BP estimation error of the fixed-ratios method.  

We then conceived BP estimation methods based on the same model.  The crux of the 

methods is to simultaneously estimate the arterial V-P relationship and BP of the patient 



 

 

from a standard oscillometric waveform.  We thereafter showed that these methods could 

largely reduce the oscillometric BP estimation error using a large patient data.  We showed 

that the physical model-based methods will not only show lower BP errors than the 

conventional methods but also achieve acceptable accuracy (i.e., within AAMI bias and 

precision limits of 5 and 8 mmHg and a British Society of Hypertension grade of A or at 

least B).  This is based on the fact that the new methods determine both the arterial stiffness 

and BP of the patient.   

In conclusion, most automatic cuff blood pressure (BP) measurement devices 

estimate BP from the oscillometric cuff pressure waveform using population average 

methods.  As a result, these devices may only work well over a limited BP range.  We 

proposed a patient-specific method for BP estimation from the same waveform.  The patient-

specific method showed significantly improved precision accuracy, especially in the high 

pulse pressure range, and repeatability compared to available BP estimation methods. Future 

commercialization of this technique could ultimately help lead to reduced cardiovascular 

mortality and events as well as healthcare costs. 
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CHAPTER 1. INTRODUCTION 

Background 

Hypertension affects approximately one-quarter of the world’s adult population[3] 

and is the most prevalent chronic disease in the US and India[4], [5].  It is a major risk factor 

for stroke and heart disease, which are leading causes of death in these nations and 

worldwide[6]–[8].  Hypertension can be treated with lifestyle changes and medication.  

Medical therapy is associated with a 42% reduction in the risk of stroke and a 14% reduction 

in the risk of heart disease[9].  However, the detection of high BP and other major 

cardiovascular risk factors are often missed.  An estimated one out of three people in India 

and one out of five adults in the US with hypertension do not know they have it[4], [10].  

Further, BP in known hypertensive patients is often uncontrolled.  An estimated 72% of 

hypertensive patients receiving treatment in India and 53% of such patients in the US do not 

have their BP under control[10], [11].  Hypertension detection and control are especially 

difficult in low resource settings in which personnel trained in BP measurement and the 

means for people to have their BP measured are lacking[12].  Hypertension detection and 

control are even nontrivial in state-of-the-art clinics due to, for example, masked and white 

coat hypertension and large BP variability amongst few measurements[13].  Regardless of 

the available resources, some people may not have the interest in taking time for BP 

measurements.  Technology that would permit serial BP measurements in people during the 

normal course of their daily lives, with no or minimal added effort and cost, may improve 

hypertension detection and control in the US, India, and elsewhere[12], [14]. 
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Existed BP measurement Techniques 

A number of BP measurement methods are now available.  However, these methods 

are invasive, operator-dependent, inaccurate, and/or expensive.   None are close to 

unobtrusive. 

Catheterization is the gold standard method.  This method measures instantaneous BP 

(i.e., a BP waveform) by placing a strain gauge in fluid contact with blood.  However, the 

method is invasive and restricted to critically ill patients with unstable BP. 

Auscultation is the standard clinical method.  This method measures systolic and 

diastolic BP by occluding an artery with an inflatable cuff and detecting the Korotkoff 

sounds using a stethoscope and manometer during cuff deflation.  The first sound indicates 

the initiation of turbulent flow and thus systolic BP, while the fifth sound is silent and 

indicates the renewal of laminar flow and thus diastolic BP.  The method is non-invasive but 

requires a skilled operator.  Further, due to safety and ecological concerns, mercury 

manometers are being replaced with high maintenance aneroid manometers[13]. 

Oscillometry is the most popular non-invasive and automatic method.  This method 

measures mean, diastolic, and systolic BP by likewise using an inflatable cuff but with a 

pressure sensor inside it.  The measured cuff pressure not only rises and falls with cuff 

inflation and deflation but also shows tiny oscillations indicating the pulsatile blood volume 

(BV) in the artery.  The amplitude of these oscillations varies with the applied cuff pressure, 

as the arterial BV to transmural pressure (V-P) relationship is nonlinear.  The BP values are 

estimated from the varying oscillation amplitudes using population-based methods (e.g., 
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fixed-ratios[15]).  As a result, the method is notoriously inaccurate[12], especially as arterial 

compliance (AC = dV/dP) falls (i.e., the artery stiffens) as we and others showed[16]–[18].  

Further, it is still cumbersome due to the need for cuff placement. 

Finger-cuff photoplethysmography (PPG) is a non-invasive and automatic method 

used in research[19]. This method measures a BP waveform by using an inflatable cuff and a 

PPG sensor to directly obtain the BV.  The BV at zero transmural pressure is estimated by 

inflating and deflating the cuff.  The cuff pressure is then continually varied to maintain this 

BV throughout the cardiac cycle via a fast servo-control system.  In this way, the applied cuff 

pressure equals BP.  The method is more accurate than oscillometry but is prohibitively 

expensive and just as cumbersome. 

Tonometry is another research method[20].  This method measures a BP waveform 

by pressing a manometer-tipped probe on an artery.  The probe must flatten (i.e., applanate) 

the artery so that its transmural forces are perpendicular to the probe.  Both manual and 

automatic applanation have proven difficult.  As a result, while the method should not 

require any calibration, the measured waveform is routinely calibrated with cuff BP values in 

practice[21].  Further, an operator is needed even for automatic systems.  Note that recently 

developed “e-skin” could function as a tonometer[22].  It may thus face similar challenges.  

Moreover, it is totally unproven in terms of tracking BP values. 

Scope and Organization  

In sum, hypertension is a major cardiovascular risk factor that is treatable, but 

undetected or uncontrolled, in many people in the US and India.  Accurate and affordable BP 
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monitoring technology could improve hypertension detection and control, especially in low 

resource settings.  However, the current conventional automatic blood pressure monitors use 

heuristic algorithm and thus prone to high error.  

The main goal of this thesis is to searching for an improved automatic oscillometric 

BP monitoring technique. There are five chapters here. The current chapter (first chapter) 

gave an introduction and background for the blood pressure monitoring.   In chapter two, we 

will systematically investigate the error mechanism of the conventional fixed-ratio blood 

pressure measurement method.  The goal of chapter three is to develop a patient-specific 

blood pressure measurement method. In chapter four, we will show the superior performance 

of the patient-specific blood measurement on 145 human subjects.  Finally, in chapter five 

perspective and significance of the work is explained.  
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CHAPTER 2. ERROR MECHANISM OF THE 

OSCILLOMETRIC FIXED-RATIO BLOOD PRESSURE 

MEASUREMENT METHOD 

 

 

The oscillometric fixed-ratio method is widely employed for non-invasive 

measurement of systolic and diastolic pressures (SP and DP) but is heuristic and prone to 

error.  We investigated the accuracy of this method using an established mathematical model 

of oscillometry.  First, to determine which factors materially affect the errors of the method, 

we applied a thorough parametric sensitivity analysis to the model.  Then, to assess the 

impact of the significant parameters, we examined the errors over a physiologically relevant 

range of those parameters.  The main findings of this model-based error analysis of the fixed-

ratio method are that:  (1) SP and DP errors drastically increase as the brachial artery stiffens 

over the zero trans-mural pressure regime; (2) SP and DP become overestimated and 

underestimated, respectively, as pulse pressure (PP) declines; (3) the impact of PP on SP and 

DP errors is more obvious as the brachial artery stiffens over the zero trans-mural pressure 

regime; and (4) SP and DP errors can be as large as 50 mmHg.  Our final and main 

contribution is a comprehensive explanation of the mechanisms for these errors.  This study 

may have important implications when using the fixed-ratio method, particularly in subjects 

with arterial disease. 
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Introduction 

Oscillometry is a popular method for non-invasive monitoring of blood pressure.  

This method determines systolic, diastolic, and mean arterial pressures using an occlusive 

brachial artery cuff, which acts as both an external pressure applicator and an arterial volume 

sensor.[23]–[27]  More specifically, as shown in Fig. 1a, the cuff is inflated to a supra-

systolic pressure level (e.g., 180 mmHg) and then slowly deflated to a sub-diastolic pressure 

level (e.g., 50 mmHg).  So, during the deflation period, the brachial artery experiences trans-

mural pressures ranging from negative  to positive values.  Since brachial artery compliance 

changes considerably around zero trans-mural pressure,[24] the amplitude of the brachial 

artery volume oscillation (due to the heart beat) varies greatly.  This variation accordingly 

alters the amplitude of the resulting pressure oscillation that is sensed inside the cuff, as 

illustrated in Fig. 1b.  Because the compliance of the arterial vessel becomes maximal when 

unloaded (i.e., at zero trans-mural pressure),[24] mean arterial pressure (MAP) is determined 

as the cuff pressure at which the maximum amplitude oscillation occurs.  Systolic and 

diastolic pressures (SP and DP) are then determined as the cuff pressures at which the 

amplitude of cuff pressure oscillation is some ratio of its maximum value[25]. Due to the 

absence of a systematic method, the ratios are fixed to empirically selected values.  As a 

result, the oscillometric fixed-ratio blood pressure measurement method is heuristic and 

susceptible to nontrivial errors arising from a number of factors. 

A few investigators have used mathematical models of oscillometry to test factors that 

could affect the accuracy of the fixed-ratios method[24], [28], [29] .  Drzewiecki et al. [24] 

varied SP and DP in their model over a wide range and showed that the fixed-ratio method 
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largely maintained its accuracy.  In a more comprehensive study, Ursino and Cristalli[28] 

varied several model parameters and found that alterations in arterial properties and pulse 

pressure (PP) affected the  

 

(a) 

Figure 1:  Oscillometric method for non-invasive blood pressure measurement.  (a) Cuff pressure during 

cuff inflation and deflation.  (b) Estimation of SP, DP, and MAP from cuff pressure oscillations via fixed-

ratio method and maximum oscillation amplitude. 
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Figure 1 (Cont’d) 

 

(b) 

 

accuracy, leading to SP and DP errors as great as 15-20%.  More recently, Raamat et al. [30] 

studied the effect of the arterial pressure waveform and the artery-cuff pressure-volume 

relationship in their model to conclude that alterations in these factors induced similar errors. 

These model-based studies have allowed the fixed-ratios method to be assessed in a manner 

that could not be achieved experimentally and have thus significantly contributed to the 

understanding of its potential pitfalls.  However, the reported model-based errors appear 

smaller than those observed in practice (e.g., 40 mmHg for SP and 25 mmHg for DP) [31]–

[35]perhaps due to the limited number of model parameters varied or the narrow parameter 
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range studied.  Further, to the best of our knowledge, neither these studies nor others have 

revealed the mechanisms for the errors of the fixed-ratios method. 

In this study, we investigated the errors of the oscillometric fixed-ratio blood pressure 

measurement method based on a mathematical model.  First, we determined the factors that 

significantly affect its accuracy via a thorough parametric sensitivity analysis.  Then, we 

showed that the errors could be much higher than those reported by previous model-based 

studies through a realistic range of parameter values.  Lastly and most significantly, we 

unveiled the mechanisms for these errors. 

 

Materials and Methods 

Oscillometric Model 

To reproduce the oscillometric measurement and study the root cause of its errors, we 

used the established mathematical model of Drzewiecki et al.[24] The model is illustrated in 

Fig. 2 and accounts for the pressure-dependent brachial artery compliance (Arterial P-A 

Relationship), the compressibility of air within the cuff as dictated by Boyle’s law 

(Inflation/Deflation), and the deformation and stretch of the cuff bladder via a nonlinear 

pressure-volume relationship (Cuff Bladder).  The inputs to the model are the brachial artery 

pressure waveform (𝑃𝑎) and the volume of air pumped into and out of the cuff (𝑉𝑝).  The 

output is the cuff pressure (𝑃𝑐), which also acts as feedback to both the blood vessel and the 

cuff.  In this model, the cuff volume  
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Figure 2:  Functional block diagram of the mathematical model of oscillometry
4 

used herein to investigate the 

accuracy of the non-invasive blood pressure measurement method.  𝐴: arterial lumen area; 𝑃𝑎 : brachial arterial 

pressure; 𝑃𝑇𝑀: arterial transmural pressure; 𝐿𝑐: length of cuff; 𝑃𝑐: cuff pressure; 𝑉𝑐: cuff volume; 𝑉𝑐0: initial cuff 

volume; 𝑉𝑒: cuff outer volume; 𝑉𝑖: cuff inner volume; 𝑉𝑖0: initial cuff inner volume; 𝑉𝑝: volume of air pumped into 

cuff. 

 

(𝑉𝑐 ) is defined as the difference between the external sheath volume (𝑉𝑒 ) and the inside 

volume contacting the arm (𝑉𝑖).  Details follow. 

Arterial P-A Relationship:  The cross-sectional area of the brachial artery (𝐴) is 

determined via its trans-mural pressure (i.e., the difference between arterial pressure and cuff 

pressure (𝑃𝑇𝑀 = 𝑃𝑎 − 𝑃𝑐)) according to the following nonlinear relationship: 

where 𝑎, 𝑏, 𝑐, and 𝑑 are subject-dependent parameters  (see the end of this section for 

a description of the effect of each of these parameters on the brachial artery compliance 

curve).   

Pc

Ve+
-

Vi

Initial Arm Volume Vi0

A

Area to Internal Volume

PTM
+

+Pa

Vp

Initial Air Volume Vc0

Cuff Volume Vc

Arterial P-A Relationship Cuff Bladder

Inflation/Deflation

PTM

A
Lc Pc

VeVi=ALc+Vi0

P

V

 𝐴 = 𝑑
ln(𝑎𝑃𝑇𝑀 + 𝑏)

1 + exp(−𝑐𝑃𝑇𝑀)
 

(

1) 
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Area to Internal Volume:  The brachial artery area 𝐴 is linked to the cuff through the 

volume of the arm 𝑉𝑖 as follows: 

where 𝐿𝑐 is the length of the arm cuff, and 𝑉𝑖0 is the initial arm volume for a collapsed 

brachial artery.   

Cuff Bladder:  The cuff pressure 𝑃𝑐 is determined by the external cuff volume, which 

is the sum of the cuff volume and arm volume (i.e., 𝑉𝑒 = 𝑉𝑐 + 𝑉𝑖), according to the following 

nonlinear relationship: 

Inflation/Deflation:  The cuff volume 𝑉𝑐 is determined by the cuff pressure 𝑃𝑐 and the 

pumped volume into and out of the cuff 𝑉𝑝 according to Boyle’s law as follows: 

where 𝑃𝐴 is atmospheric pressure, and 𝑉𝑐0 is the initial air volume in the cuff. 

𝑉𝑝 and 𝑃𝑎:  The two model inputs are defined in terms of the following equations: 

and 

 𝑉𝑖 = 𝐴𝐿𝑐 + 𝑉𝑖0 

(

2) 

 𝑃𝑐 = 𝐸𝑐 ∙  [(𝑉𝑒 𝑉𝑒𝑜⁄ )1 𝑛⁄ − 1]
𝑛

, 𝑛 = 4.0836 

(

3) 

 𝑃𝐴(𝑉𝑝 + 𝑉𝑐0) = (𝑃𝐴 + 𝑃𝑐)𝑉𝑐 

(

4) 

 𝑉𝑝(𝑡) = {
81 ∙ 𝑡                                    0 ≤ 𝑡 ≤ 3
245 − 45 ∙ (𝑡 − 3) 19 ⁄            𝑡 > 3

 

(

5) 

 𝑃𝑎(𝑡) = 𝑃𝑎̅ + 𝐴0 sin (
2𝜋𝑓𝐻𝑅

60
𝑡) + 𝐴1 sin (

4𝜋𝑓𝐻𝑅

60
𝑡 + 𝜙1) 

(

6) 
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where 𝑃𝑎̅ is MAP, 𝑓𝐻𝑅  is heart rate (HR) in Hz, and 𝐴0, 𝐴1, and 𝜙1 are parameters 

defining PP.  For a given 𝑉𝑝  and 𝑃𝑎 , the cuff pressure 𝑃𝑐  is computed by simultaneously 

solving the above equations for each time instant using a root-finding algorithm (FZERO 

routine in MATLAB).  See Drzewiecki et al.4 for additional model details including all 

parameter values. 

The effect of the parameters 𝑎, 𝑏, 𝑐, and 𝑑 on the brachial artery compliance curve 

(𝐶𝑎(𝑃𝑇𝑀) = 𝑑𝐴/𝑑𝑃𝑇𝑀) is graphically shown in Fig. 3.  The parameter 𝑎 slightly shifts the 

location of the peak of the compliance curve, but its effect is not significant.  By contrast, the 

parameters 𝑏 and 𝑐 play a crucial role in contributing to the compliance curve.  On one hand, 

decreasing 𝑏 and 𝑐 results in a decrease in the amplitude of the curve in the neighborhood of 

zero trans-mural pressure.  On the other hand, their effects are distinct outside of this range.  

In particular, decreasing 𝑏 has different impact on the compliance curve in the negative and 

positive trans-mural pressure regimes.  In the negative trans-mural pressure regime, 

decreasing 𝑏 mostly shifts the compliance curve to the right without changing the width of 

the curve itself.  In the positive trans-mural pressure regime, decreasing 𝑏 mostly yields an 

increase in the width of the compliance curve (see the 30 mmHg trans-mural pressure range 

in Fig. 3b, where the slopes of the curves become reversed), with a slight shift of the curve to 

the right.  In contrast to 𝑏, decreasing 𝑐 results in a widening of the compliance curve over 

the entire pressure range. Finally, the parameter 𝑑 acts simply as a scale factor.  By defining 

arterial stiffness as the change in pressure divided by the change in area in the neighborhood 

of zero trans-mural pressure, arterial stiffness increases as 𝑏 , 𝑐  and 𝑑  decrease.  It is 

important to emphasize that decreasing 𝑏 and 𝑐 increases arterial stiffness as defined here by 
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both reducing the amplitude of the curve and expanding its width, whereas decreasing 𝑑 

enhances the arterial stiffness only by reducing the amplitude of the curve. 

 

Figure 3: Model brachial artery compliance curve under different parameter values (see Equation (1)). 

 

Error Analysis 

To reveal the major factors affecting the accuracy of the oscillometric fixed-ratio 

method, we carried out a parametric sensitivity analysis.  We specifically investigated the 

following seven parameters as candidate factors:  PP, MAP, HR, and the brachial artery 

compliance parameters 𝑎 , 𝑏 , 𝑐 , and 𝑑 .  We did not include the parameters defining the 
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occlusive cuff in the analysis, as they can be regarded as fixed once a particular cuff is 

chosen.  (Note that while the results are presented here for only the bladder cuff in 

Drzewiecki et al.,[24] the results were highly comparable for both the bladder and the 

Critikon Duracuf cuffs in Drzewiecki et al.[24]) 

We studied the effects of the seven model parameters by quantifying the changes in 

the oscillometric blood pressure measurement errors caused by +/-50% variations in each 

parameter.  In particular, we first generated the cuff pressure output using the nominal 

parameter values and then obtained the SP, DP, and MAP errors via the fixed ratio method 

and the maximum oscillation amplitude.  We thereafter repeated this process with +50% and 

-50% variations to each of the parameters.  We quantified the impact of each parameter on 

the blood pressure errors in terms of the percent change in error caused by the parametric 

variation. 

In this analysis, we implemented changes in MAP and HR by directly altering 𝑃𝑎̅ and 

𝑓𝐻𝑅 and in PP by multiplying a factor of 1.5 (for 50% increase) and 0.5 (for 50% decrease) to 

𝐴0 and 𝐴1.  We used a systolic fixed ratio of 0.61 and a diastolic fixed ratio of 0.74, as these 

values resulted in small SP and DP errors for the nominal parameter values. 

Finally, to scrutinize the impact of the significant parameters, we examined the blood 

pressure errors over physiologically relevant ranges of those parameters. 
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Results 

Parametric Sensitivity Analysis 

Table 1 summarizes the results of the parametric sensitivity analysis.  There were 

appreciable changes in SP and DP errors but not MAP errors.   

 

Table 1:  Results of the parametric sensitivity analysis. 

Oscill

ometr

ic 

Error 

PP 

+50% 

PP 

-50% 

MAP 

+50% 

MAP 

-50% 

HR 

+50% 

HR 

-50% 
𝑎 

+50% 
𝑎 

-50% 
𝑏 

+50% 
𝑏 

-50% 
𝑐 

+50% 
𝑐 

-50% 
𝑑 

+50% 
𝑑 

-50% 

SP -9.37 +14.1 -3.02 +3.33 +0.33 -0.62 +3.60 +3.60 +3.93 -16.8 -4.72 +21.9 +0.40 -0.40 

DP +6.99 -9.93 -1.75 +5.73 -1.34 +3.90 +3.51 +3.51 +3.72 -14.1 +4.77 -19.5 -0.02 -0.10 

MAP +0.53 -0.92 -0.14 +0.44 -0.01 -0.13 +0.15 +0.38 +0.41 -1.59 +0.13 -0.55 +0.03 -0.00 

Values represent the difference between the oscillometric error upon indicated parametric perturbation and the 

oscillometric error under the nominal parameters divided by the oscillometric error under the nominal parameters. 

 

Recall that MAP is determined as the cuff pressure at which the maximum amplitude 

oscillation occurs on the basis that the compliance of the brachial artery is maximal at zero 

trans-mural pressure.  Hence, since alterations in 𝑎, 𝑏, 𝑐, and 𝑑 hardly changed the location 

of the peak of the arterial compliance curve (see above), MAP accuracy was maintained 

despite the major parametric variations. 

The model parameters, PP, 𝑏, and 𝑐, had great impact on SP and DP errors.  As PP 

decreased, the fixed-ratio method overestimated SP and underestimated DP.  This finding is 

consistent with other studies.9 As 𝑏 and 𝑐 declined, which increased the width and decreased 

the amplitude of the compliance curve, significant errors were incurred.  In particular, both 

SP and DP were underestimated as 𝑏 decreased, while SP was overestimated and DP was 

underestimated as 𝑐  decreased.  In contrast, the compliance parameter 𝑑  (as well as the 

remaining model parameters) hardly impacted the errors.  Hence, increasing arterial stiffness 
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(see definition above) specifically via an increase in the width of the compliance curve was a 

crucial factor.   

Error Magnitudes     

Fig. 5 illustrates the SP and DP errors over a physiologic range of PP and 𝑐.  A 

physiologic range for the latter parameter was determined based on the human aorta data at 

autopsy shown in Fig. 4.  The SP and DP errors gradually decreased as PP increased, 

whereas these errors dramatically increased as arterial stiffness increased (via a decrease in 

𝑐).  The errors were as high as 50 mmHg in the case of severe arterial stiffening.  Such errors 

are consistent with the experimental investigations of Coleman et al.[32] who reported errors 

up to 35 mmHg for the OMRON MX3 Plus device and Greeff et al.[33] who reported errors 

up to 40-45 mmHg for the OMRON MIT and OMRON M7 devices. 

 

 

 

 

 

 

 

 

 

 

  



17 

 

 

 

 

Figure 4:  (a) Experimental brachial artery compliance curves determined from humans with varying degrees of 

atherosclerosis at autopsy[36] and (b) corresponding model brachial artery compliance curves determined by 

varying 𝑐. 
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(a) 

 

(b)  

Figure 5:  (a) SP and (b) DP errors of the fixed-ratio method as a function of 𝑐 and PP.  Black plane indicates error 

of +/- 20 mmHg. 
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Discussion 

The oscillometric fixed-ratio method is widely employed for non-invasive blood 

pressure measurement.  Its accuracy under nominal physiologic conditions is supported by 

several studies.[37]  However, our model-based analysis shows that the method becomes 

susceptible to major SP and DP errors when arterial stiffness (defined as the change in 

brachial artery pressure divided by the change in brachial artery area in the neighborhood of 

zero trans-mural pressure) and PP deviate significantly from nominal levels.  While these 

findings are consistent with the previous model-based analysis of Ursino and Cristalli[28] 

(despite the use of different models), the error magnitudes shown here are markedly higher 

due to our exploration of a wider, realistic range of model parameter values.  Further, we 

describe the mechanisms for these errors below. 

Error Mechanisms for Arterial Stiffness Variations 

Variations in arterial stiffness via the model parameters 𝑏 and 𝑐, which alter the shape 

of the brachial artery compliance curve (width in particular), significantly impact the 

accuracy of the fixed-ratio method.  As exemplified for changes to 𝑐  in Fig. 6, both 

parameters dictate the shape of the envelope of the cuff pressure oscillations (normalized to 

unity), which is the key factor in determining the accuracy of the method.  So, even though 

the actual SP and DP are invariant in the figure, the fixed-ratio predictions (indicated with 

solid lines) deviate from these pressures with perturbations to 𝑐 from its nominal value.  By 

contrast, variations in arterial stiffness via the model parameter 𝑑, which alters the amplitude 

of the brachial artery compliance curve, have little impact on the accuracy, because the shape 

of the envelope of the cuff pressure oscillations hardly depends on the curve amplitude (not 
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shown).  So, the width of the compliance curve normalized by its maximum amplitude in the 

neighborhood of zero trans-mural pressure specifically represents the important factor 

affecting the accuracy of the fixed-ratio method. 

 

 

Figure 6:  Envelope of the model cuff pressure (𝑃𝑐) oscillations (normalized to unity) as a function of 𝑐.  Solid lines 

indicate SP (red) and DP (black) estimated by the fixed-ratio method. 

 

Fig. 7 illustrates the error mechanism when changes to 𝑐 occur.  From Fig. 6, the 

width of the cuff pressure oscillation envelope increases with decreasing 𝑐 , which 

corresponds to arterial stiffening.  For reduced 𝑐, the fixed-ratios predict higher SP and lower 

DP (see Fig. 7b), thereby overestimating SP and underestimating DP.  On the other hand, for 

increased 𝑐 , the fixed-ratios predict lower SP and higher DP (see Fig. 7c), resulting in 

underestimated SP and overestimated DP.  Fig. 7 also indicates that the cuff pressure 
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oscillation envelope becomes flatter as 𝑐 decreases.  Hence, even small perturbations to the 

fixed-ratio values can yield large errors in SP and DP.  In contrast, the envelope becomes 

steeper as 𝑐 increases.  So, the blood pressure errors are less sensitive to changes in the fixed-

ratio values.  In short, a reduction in 𝑐 , which corresponds to arterial stiffening, is 

particularly problematic and results in overestimation of SP and underestimation of DP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 

 

 

 

Figure 7:  Error mechanism of the fixed-ratio method for changes in arterial stiffness at zero trans-mural pressure. 
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The error mechanism when changes to 𝑏 occur is distinct due to the differing effect of 

𝑏 and 𝑐 on the brachial artery compliance curve (see Fig. 3).  First, recall that decreasing 𝑏 in 

the negative trans-mural pressure regime, which corresponds to the region where SP is 

determined, shifts the compliance curve to the right without changing its width.  Thus, the 

fixed-ratio predicts a lower SP, thereby underestimating this pressure.  Second, recall that 

decreasing 𝑏 in the positive trans-mural pressure regime, which corresponds to the region in 

which DP is determined, increases the width of the compliance curve while also slightly 

shifting the curve to the right.  Hence, the fixed-ratio predicts a lower DP, resulting in 

underestimated DP.  Further, for similar reasons as 𝑐, decreasing 𝑏, which corresponds to 

arterial stiffening, is far more problematic than increasing this parameter.  

Error Mechanisms for PP Changes 

In addition to arterial stiffening, changes to PP significantly impact the accuracy of 

the fixed-ratio method.  Fig. 8 shows the envelope of the cuff pressure oscillations (again 

normalized to unity) for a range of PP values and three different values of 𝑐 representing 

compliant (Fig. 8a), normal (Fig. 8b), and stiff (Fig. 8c) arteries.  As PP increases, the actual 

SP and DP move away from MAP.  The fixed-ratio predictions (indicated with solid lines) 

correctly show a tendency to likewise deviate from MAP.  However, this tendency decreases 

markedly with increasing arterial stiffness (e.g., compare Fig. 8a to Fig. 8c).  Further, the 

fixed-ratio predictions appear more erroneous over the low PP range than the high PP range 

(see Fig. 8 where the red and black solid lines appear closer than they should be for the lower 

range of PP).  Hence, smaller PP, particularly in combination with stiffer arteries, 

compromises the accuracy of the fixed-ratio method.  As a final point, Fig. 8 also indicates 
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that the value of PP in addition to the degree of arterial stiffening dictate the shape of the 

envelope of the cuff pressure oscillations. 

 

 

 

Figure 8:  Envelope of the model 𝑃𝑐 oscillations (normalized to unity) as a function of PP for three different values 

of 𝑐  representing (a) compliant, (b) normal, and (c) stiff arteries. Solid lines indicate SP (red) and DP (black) 

estimated by the fixed-ratio method. 
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Fig. 9 illustrates the error mechanism when changes to PP occur.  To describe this 

mechanism, it is important to first reiterate that the amplitude of the cuff pressure oscillations 

is determined by the amplitude of the brachial artery area oscillations.  In fact, the two 

variables are proportional to each other in the mathematical model herein.  The amplitude of 

the brachial artery area oscillations (𝛿𝐴) arises according to the following equation:      

Hence, PP determines the width of the brachial artery compliance curve 𝐶𝑎(𝑃𝑇𝑀) that 

is integrated to establish the amplitude of the brachial artery area oscillations and thus the 

amplitude of the cuff pressure oscillations.  Computing this area at each cuff pressure level 

(see green rectangles in left panels of Fig. 9) and plotting the resulting areas against the cuff 

pressures yield the cuff pressure envelope (see right panels of Fig. 9).  In this way, PP 

impacts the shape of the cuff pressure envelope and thus the accuracy of the fixed-ratio 

method.  

For normal or compliant brachial arteries (see Fig. 9a), the area difference across the cuff 

pressure levels is large for small PP (see upper, left panel) and small for large PP (see lower, 

left panel).  The reason is that large PP will include area under the central part of the brachial 

artery compliance curve, which is responsible for the majority of its total area, for many cuff 

pressure levels, whereas small PP will not.  Hence, as indicated in Fig. 9a as well as in Figs. 

8a and 8b, the cuff pressure oscillation envelope becomes flatter as PP increases and steeper 

as PP decreases.  On the other hand, for stiff brachial arteries (see Fig. 9b), the area 

difference across the cuff pressure levels is relatively small, because the brachial artery 

compliance curve is inherently flat (compare the left panels in Figs. 9a and 9b).  As a result, 

 𝛿𝐴 = ∫ 𝑑𝐴
𝑆𝑃−𝑃𝑐

𝐷𝑃−𝑃𝑐

= ∫
𝑑𝐴

𝑑𝑃
𝑑𝑃

𝑆𝑃−𝑃𝑐

𝐷𝑃−𝑃𝑐

= ∫ 𝐶𝑎(𝑃𝑇𝑀)𝑑𝑃
𝑆𝑃−𝑃𝑐

𝐷𝑃−𝑃𝑐

 
(

7) 
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as indicated in Fig. 9b as well as in Fig. 8c, the impact of PP on the cuff pressure oscillation 

envelope is relatively small.  For these reasons, as indicated in Fig. 5, the worst-case scenario 

for the fixed-ratio method is when PP is low and the brachial artery is stiff.  In this scenario, 

SP will be markedly overestimated and DP will be significantly underestimated (see upper, 

right panel of Fig. 9b).  However, when the brachial artery is normal or compliant, the fixed-

ratio method may be more effective against PP changes, yet far from impervious, due to 

greater responsiveness of the cuff pressure oscillation envelope to PP (see right panels of Fig. 

9a).  
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Figure 9:  Error mechanism of the fixed-ratio method for changes in PP at different levels of arterial stiffness at zero 

trans-mural pressure. 
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Study Limitations 

The main limitation of this study is that the mathematical model that we employed 

ignored the effect of arm tissue mechanics.  More precisely, the model assumed 

incompressible arm tissue.  We settled upon this model, despite this assumption, for three 

reasons.  First, the model was shown to be able to generate realistic oscillometric cuff 

pressure waveforms.[24] Second, the model turned out to afford similar parametric 

sensitivity results as a model that accounted for arm tissue mechanics.[28] Finally, the model 

offered a simple foundation upon which error mechanisms could be elucidated.  If arm tissue 

mechanics were taken into account, we surmise that the only difference in our results would 

have been greater fixed-ratio method error magnitudes.  

Concluding Remarks 

In summary, we employed a mathematical model to investigate the blood pressure 

measurement accuracy of the popular oscillometric fixed-ratio method.  We found that its 

accuracy was highly sensitive to the levels of PP and brachial artery stiffness (at zero trans-

mural pressure).  In particular, over a physiologic range of these parameters, the SP and DP 

errors of the method increased as the brachial artery stiffened and reached 50 mmHg.  We 

also explained, perhaps for the first time, the mechanisms for these errors.  This study may 

have important implications when using the fixed-ratio method, particularly in subjects with 

arterial disease.   
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CHAPTER 3. PATIENT-SPECIFIC OSCILLOMETRIC BLOOD 

PRESSURE MEASUREMENT 

 

Most automatic cuff blood pressure (BP) measurement devices are based on 

oscillometry.  These devices estimate BP from the envelopes of the cuff pressure oscillations 

using fixed ratios.  The values of the fixed ratios represent population averages, so the 

devices may only be accurate in subjects with normal BP levels.  Methods: A patient-specific 

oscillometric BP measurement method was developed.  The idea was to represent the cuff 

pressure oscillation envelopes with a physiologic model and then estimate the patient-

specific parameters of the model, which includes BP levels, by optimally fitting it to the 

envelopes.  The method was investigated against gold standard reference BP measurements 

from 57 patients with widely varying pulse pressures.  A portion of the data was used to 

optimize the patient-specific method and a fixed-ratio method, while the remaining data were 

used to test these methods and a current office device.  Results: The patient-specific method 

yielded BP root-mean-square-errors ranging from 6.0 to 9.3 mmHg.  On average, these errors 

were nearly 40% lower than the errors of each existing method.  Conclusion: The patient-

specific method may improve automatic cuff BP measurement accuracy. 
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Introduction 

Oscillometry is a widely used approach for automatic cuff blood pressure (BP) 

measurement [38]–[40].  In this approach, a cuff placed on the upper arm is inflated and then 

deflated while the pressure inside the cuff is measured.  As shown in Figure 10, the resulting 

cuff pressure not only rises and falls but also shows small oscillations indicating the pulsatile 

blood volume within the brachial artery underneath the cuff.  The amplitude of these 

oscillations changes with the applied cuff pressure, as the brachial artery compliance varies 

with transmural pressure (i.e., BP - cuff pressure).  BP is then estimated from the oscillation 

amplitudes and cuff pressure.  

  

 

Figure 10: Conventional fixed-ratio method for estimating mean blood pressure (MP) and then systolic and diastolic 

blood pressure (SP and DP) from the oscillometric cuff pressure waveform.  The fixed-ratio values (i.e., 0.55 and 

0.85) represent population averages. 
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The BP estimation is conventionally performed via fixed ratios [25], [38], [39].  As 

shown in Figure 10, first, mean BP (MP) is estimated as the cuff pressure at which the 

oscillation amplitude is maximal, since the brachial artery compliance peaks near zero 

transmural pressure.  Then, systolic and diastolic BP (SP and DP) are each estimated as the 

cuff pressure at which the oscillation amplitude is some fixed ratio of the maximal value.  

While current devices do not disclose their exact methods for estimating BP, they are 

believed to employ the fixed-ratio method or some variant thereof [38], [39], [41].  Since 

such methods are based on population averages, the devices may only work well in subjects 

with normal BP levels.  Indeed, the accuracy of the devices is known to be compromised in 

subjects with large artery stiffening and thus high pulse pressure (PP = SP - DP) [39], [41] – 

a common condition that occurs with aging and disease. 

In this study, we developed a patient-specific method to estimate BP from the 

oscillometric cuff pressure waveform.  The basic idea is to represent the oscillation 

amplitudes and cuff pressure with a physiologic model and then estimate the patient-specific 

parameters of the model, which includes BP levels, by optimally fitting it to the measured 

data.  We tested the method against gold standard reference BP measurements in patients 

referred for diagnostic cardiac catheterization – a population with widely varying PP.  Our 

results indicate that the patient-specific method can afford greater BP estimation accuracy 

than the fixed-ratio method and a current device used for hypertension management in the 

office.  A preliminary version of this study has been reported in abbreviated form [42]. 
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Patient-specific Oscillometric Blood Pressure Measurement Method 

The proposed method was inspired by Drzewiecki et al. who established a model to 

explain oscillometry [24].  Similar to available methods, a standard oscillometric cuff 

pressure waveform is obtained; the difference in the upper and lower envelopes of the 

oscillations (i.e., the high-pass filtered or AC waveform) as a function of the cuff pressure 

(i.e., the un-filtered waveform) is computed during the inflation or deflation period 

(whichever is longer); and BP is estimated from this oscillation amplitude versus cuff 

pressure function.  However, in contrast to available methods, the BP estimation is based on 

a physiologic model and is thus patient-specific.   

This novel BP estimation is implemented in four steps.  First, the oscillation 

amplitude versus cuff pressure function is represented using a parametric model of the 

nonlinear brachial artery blood volume-transmural pressure relationship.  Second, the model 

is optimally fitted to the measured function to estimate its unknown parameters including SP 

and DP.  Third, the blood volume waveform is constructed using the parameter estimates and 

cuff pressure oscillations.  Fourth, the BP waveform is derived by applying the blood volume 

and cuff pressure waveforms to the patient-specific brachial artery blood volume-transmural 

pressure relationship, and MP is computed from the derived waveform.  These steps are fully 

summarized in Figures 11and 12 and further described below.  

In the first step (see Figure 11), the oscillation amplitude versus cuff pressure function 

is represented using a parametric model of the nonlinear brachial artery blood volume-

transmural pressure relationship.  This model assumes a sigmoidal relationship as justified by 
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experimental data [24], [43] and is, in particular, based on a left-shifted, Fisk cumulative 

probability distribution function [44] as follows:  

 Va(t) = d{1 + [b−1 ((Pa(t) − Pc(t) − a) + b (
c−1

c+1
)

1

c
)]

−c

}

−1

                               (1) 

Here, t is time; Va(t) is the blood volume waveform; Pa(t) is the BP waveform; Pc(t) is 

the un-filtered cuff pressure waveform; and a, b, c, and d characterize brachial artery 

mechanics.  In terms of the brachial artery compliance curve, which is simply the derivative 

of Eq. (1) with respect to transmural pressure [Pa(t) - Pc(t)], a (units of mmHg) denotes the 

transmural pressure at which the curve is maximal; b (units of mmHg) and c (unitless) reflect 

the width of the curve and the degree of asymmetry about its maximum; and d (units of cm3) 

determines the amplitude of the curve.  Note that Eq. (1) is only valid over the range 

specified by (Pa(t)-Pc(t)-a)+b((c-1)/(c+1))1/c > 0.  

This model can directly represent a blood volume versus cuff pressure function.  That 

is, the upper and lower envelopes of the blood volume waveform as a function of cuff 

pressure may be represented with the above model by setting Pa(t) to SP and DP, respectively 

(see right plot in Figure 11 where the abscissae are specifically given by the negative of the 

un-filtered cuff pressure waveform).  However, the blood volume waveform is not measured. 

In order to apply the model to the measured cuff pressure waveform, two 

approximations are made.  First, the difference in the upper and lower envelopes of the blood 

volume waveform as a function of negative cuff pressure is essentially equivalent to the 

difference in the upper and lower envelopes of the blood volume oscillations (i.e., the high-
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pass filtered blood volume waveform) as a function of negative cuff pressure (compare right 

and upper plots in Figure 11).  Second, the cuff pressure-air volume relationship of actual 

cuffs is nearly linear over a wide range (see left plot in Figure 11) [24].  So, the unmeasured 

blood volume oscillations may be proportional to the measured cuff pressure oscillations (see 

upper and lower plots in Figure 11) with a proportionality constant equal to k, which 

indicates the reciprocal of the compliance of the cuff.  Note that these oscillations do not 

include the x-intercept of the cuff pressure-air volume relationship, as they are derived via 

high-pass filtering. 
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Figure 11: Proposed patient-specific method for estimating blood pressure (BP) from the oscillometric cuff pressure 

waveform.  The first two steps of the method yield estimates for SP and DP as well as the parameters, a, b, c, and e, 

which characterize the underlying model of the brachial artery blood volume-transmural pressure relationship.    

 

Putting the above model and approximations together, the measured oscillation 

amplitude versus cuff pressure function is precisely represented with the model as follows:     

Pc
oa(t) = e{1 + [b−1 ((SP − Pc(t) − a) + b (

c − 1

c + 1
)

1
c
)]

−c

}

−1

− e{1 + [b−1 ((DP − Pc(t) − a) + b(
c − 1

c + 1
)

1
c
)]

−c

}

−1

 

(

(2) 
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where Pc
oa(t) is the cuff pressure oscillation amplitude waveform and e = kd (units of 

mmHg).  Pc
oa(t) and Pc(t) are derived from the measured oscillometric cuff pressure 

waveform and thus known, whereas a, b, c, e, SP, and DP are patient-specific parameters and 

thus unknown. 

In the second step (see Figure 11), the unknown parameters are estimated by 

optimally matching both sides of Eq. (2) to each other in the least squares sense.  In 

particular, the following optimization problem is solved: 

Hence, the first two steps produce estimates for SP and DP.  The last two steps yield 

an estimate for MP as follows.  

 

 

 

 

 

min
{a, b, c, e, SP, DP} ∑

[
 
 
 
 

Pc
oa(t) − e{1 + [b−1 ((SP − Pc(t) − a) + b (

c − 1

c + 1
)

1
c
)]

−c

}

−1
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+ e{1 + [b−1 ((DP − Pc(t) − a) + b (
c − 1
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1
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−1
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Figure 12: Proposed patient-specific method for estimating BP from the oscillometric cuff pressure waveform 

(cont.).  The last two steps of the method use the parameter estimates from the first two steps to ultimately yield an 

estimate for MP.  The left-most plot here and the three right-most plots in Figure 11 were simulated by a 

mathematical model of oscillometry [7] for illustrative purposes. 

 

In the third step (see Figure 12), a scaled blood volume waveform [kVa(t)] is 

constructed using the parameter estimates.  The idea is to construct (to within a scale factor) 

the right-most plot in Figure 11, which indicates the blood volume waveform, by adding the 

cuff pressure oscillations to the lower envelope in this plot, which may be derived from the 

parameter estimates.  More specifically and referring back to Figure 12, the lower envelope 

of the cuff pressure oscillations as a function of negative cuff pressure (second plot from left) 

is subtracted from the cuff pressure oscillations as a function of negative cuff pressure (left-

most plot).  The resulting positive amplitude oscillations as a function of negative cuff 
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pressure (middle plot) are then summed to a function defined by the model of Eq. (1) scaled 

by k with the parameter estimates for a, b, c, and e and Pa(t) set to the DP estimate (second 

plot from right).  The ordinates of the function resulting from these simple operations specify 

the scaled blood volume waveform (right-most plot; compare to right-most plot in Figure 11).  

Note that the scaled blood volume waveform may also be analogously obtained from the 

upper envelope. 

In the fourth step (see Figure 12), the BP waveform is derived using the scaled blood 

volume waveform according to the model of Eq. (1) scaled by k.  In particular, for each t, all 

quantities in this equation are known, except for Pa(t).  Hence, BP is derived at each time 

instance by finding the root of the equation.  Finally, the time average of the constructed BP 

waveform is computed so as to yield an estimate for MP. 

Material and Methods 

The patient-specific oscillometric BP measurement method was investigated using 

data comprising the oscillometric cuff pressure waveforms for analysis and gold standard 

reference BP measurements from human subjects covering a wide PP range.  These data 

were divided into distinct training and testing sets.  While the proposed method is patient-

specific, a training dataset was still needed to define its detailed aspects including the values 

of its user-selected variables.  The training dataset was also utilized to establish a 

conventional fixed-ratio method.  The testing dataset was utilized to assess the accuracy of 

the patient-specific method and to compare its performance to the fixed-ratio method as well 

as a current device.  Details follow.  
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Patient Data 

Patients admitted to the Taipei Veterans General Hospital (Taiwan) were studied 

under IRB approval and with adherence to the principles of the Declaration of Helsinki.  The 

patient characteristics and study procedures are described in detail elsewhere [45], [46].  

Information relevant to the present study is briefly described below.   

Sixty patients referred for diagnostic cardiac catheterization were included.  These 

patients (63 ± 14 years, 77% males) had clinical diagnoses of mainly hypertension (68% of 

the patients), coronary artery disease (65%), dyslipidemia (44%), and/or diabetes (33%) and 

were on various medications.  All patients had normal sinus rhythm, and none of the patients 

showed an inter-arm BP difference of more than 3 mmHg. 

A micromanometer-tipped catheter (SPC-320, Millar Instruments, USA) was placed 

in a brachial artery to measure the gold standard reference BP waveform.  An oscillometric 

BP cuff (WatchBP Office, Microlife AG, Switzerland or VP-1000, Omron Colin, Japan) was 

placed over the opposite brachial artery to measure the oscillometric cuff pressure waveform 

for analysis as well as to document the SP, MP, and DP estimates of the Microlife or Omron 

device.  The waveforms were simultaneously recorded at a sampling rate of 250 Hz.  In 

many of the patients, the measurements were likewise recorded after administration of 

sublingual nitroglyercin to reduce BP.  

Data Analysis 

The data for study were divided into a training set comprising 40 of the patient 

records and a testing set consisting of the remaining 20 patient records.  The patient records 



40 

 

in each dataset were randomly selected.  All oscillometric cuff pressure waveforms in the 

two datasets were essentially artifact-free based on visual inspection.  However, the fidelity 

of the reference BP waveforms in three of the patient records in the training dataset was 

questionable.  These patient records were excluded from further analysis yielding a total of 

57 patient records for analysis. 

The training dataset was first analyzed.  More specifically, the patient-specific 

method was fully defined by minimization of the average of the root-mean-square-error 

(RMSE) between the SP estimate and reference SP and the RMSE between the DP estimate 

and reference DP in this dataset.  The method that resulted was actually slightly sub-optimal 

but potentially more robust.  This method was implemented as follows.  First, the upper and 

lower envelopes of the oscillations as a function of cuff pressure were identified by detecting 

the maximum and minimum of each beat, applying a median filter to the maxima and 

minima to remove respiratory contamination, and linearly interpolating between the filtered 

maxima and minima.  Then, the difference between these envelopes, which is the oscillation 

amplitude versus cuff pressure function, was represented with the physiologic model of Eq. 

(2).  Next, the unknown model parameters were estimated by solving the optimization 

problem of Eq. (3) but with constraints on the parameters.  The parameter constraints 

included imposing the valid range of Eq. (1) and setting a, which denotes the peak position of 

the brachial artery compliance curve, to near 0 mmHg and fixing the value of b for each 

value of c such that the curve is right-skewed by 35% about its peak.  Note that the peak 

position of the compliance curve is not an identifiable parameter but may be near zero 

transmural pressure anyhow and that the compliance curve may indeed be typically right-
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skewed due to differences in collapsed and distended artery mechanics [24].  Also note that 

fixing the c and d parameters in addition to the a and b parameters degraded the BP 

estimation accuracy, thereby suggesting that a patient-specific brachial artery blood volume-

transmural pressure relationship was necessary.  The four-parameter constrained 

optimization problem was specifically solved using sequential quadratic programming [47] 

to yield estimates for SP, DP, and the other parameters.  The parameter estimates were 

generally unique as ascertained via multiple initial seeds.  Finally, MP was estimated as 

outlined in detail in Section 2. 

A fixed-ratio method was also established using the training dataset.  That is, after 

estimating MP via the cuff pressure at which the oscillation amplitude is maximal, values of 

fixed ratios for SP and DP were defined by minimizing the RMSE between the SP and DP 

estimates and their reference values.  The optimal values that resulted were 0.55 for SP and 

0.78 for DP, which are consistent with previous reports [24], [25], [39]. 

The testing dataset was then analyzed.  First, the patient-specific and fixed-ratio 

methods were applied to the oscillometric cuff pressure waveforms.  Then, the SP, MP, DP, 

and PP estimates of these methods as well as the Microlife or Omron device were assessed 

against their reference values via the standard bias error (i.e., mean of the errors) [] and 

precision error (i.e., standard deviation of the errors) [] as well as the RMSE (i.e., total 

magnitude of the errors) [= (2+2)].  Finally, the bias and precision errors of the patient-

specific method were compared to those of the existing methods using the paired t-test and 

Pitman-Morgan test [48], respectively.  Similar results from the training dataset were also 
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obtained excluding the statistical comparisons with the current device, which, unlike the 

other two methods, was not optimized with respect to this dataset. 

In both datasets, reference SP and DP were specifically computed by detecting the 

maximum and minimum of each beat of the simultaneously recorded invasive BP waveform 

during the cuff deflation period (typically about 20 s) and then averaging the respective 

values over the beats.  Reference MP was computed as the time average of the invasive BP 

waveform during the same period. 

Results  

Table 2 shows the average, standard deviation, and range of reference SP, MP, DP, 

and PP before and after nitroglycerin administration in the combined training and testing 

datasets.  These BP statistics were similar between the two datasets.  The average of baseline 

SP was close to hypertensive levels, whereas the average of baseline DP was at normotensive 

levels.  Hence, the average of baseline PP was high.  Nitroglycerin reduced the average of SP, 

which impacted the averages of MP and PP.  The standard deviations of PP and SP were 

highest and near 20 mmHg.  PP and SP ranged from normal to high levels, so a number of 

the patients may not have had large artery stiffening. 

Table 2: Reference Blood Pressure (BP) Levels in the Combined Training and Testing Datasets 

Condition SP [mmHg] MP [mmHg] DP [mmHg] PP [mmHg] 

Baseline 137±19 (96-182) 95±11 (68-126) 68±10 (44-88) 68±19 (36-110) 

Nitroglycerin 126±19 (95-164) 88±11 (68-118) 67±9 (44-90) 59±17 (30-95) 

Values are averagestandard deviation (range).  SP, MP, and DP are systolic, mean, and diastolic BP, 

respectively, and PP is pulse pressure. 
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Table 3: BP Error Metrics for the Patient-Specific Method and Existing Methods in the Training Dataset 

Method 

SP Error [mmHg] MP Error [mmHg] DP Error [mmHg] PP Error [mmHg] 

Bias Precision Bias Precision Bias Precision Bias Precision 

Patient-Specific -0.6 5.0 2.0 5.7 -0.5 5.2 -0.1 8.1 

Fixed-Ratios -0.7 8.4* 3.5 10.0* 0.5* 7.5* -1.2* 13.2* 

         
Microlife -5.8 7.4 -4.8 8.4 6.9 7.1 -12.7 9.8 

* denotes p<0.05 compared with patient-specific method.  The Microlife device was not statistically compared 

to the patient-specific method. 

 

Table 3 shows the SP, MP, DP, and PP bias and precision errors for the patient-

specific and fixed-ratio methods as well as the Microlife device in the training dataset.  The 

patient-specific method produced small bias errors and precision errors of 5.0 to 8.1 mmHg.  

The fixed-ratio method yielded similar bias errors but higher precision errors of 7.5 to 13.2 

mmHg (p < 0.05).  Although it may not be fair to compare the Microlife device to these two 

methods in the training dataset, it is noted that the device did show higher bias and precision 

errors than the patient-specific method.  If the opposite were true, then the current device 

would be clearly superior.   

Table 4: BP Error Metrics for the Patient-Specific Method and Existing Methods in the Testing Dataset 

Method 

SP Error [mmHg] MP Error [mmHg] DP Error [mmHg] PP Error [mmHg] 

Bias Precision Bias Precision Bias Precision Bias Precision 

Patient-Specific -2.6 6.7 3.5 5.0 2.7 6.0 -5.3 7.7 

Fixed-Ratios 3.8* 9.4* -4.0* 14.0* -4.8* 8.4* 8.6* 11.2* 

Omron -2.9 8.9# -6.0* 11.5* 8.1* 5.9 -11.0* 8.9 

* and # denote p<0.05 and p<0.10 compared with patient-specific method, respectively. 

 

Table 4 shows the same quantitative BP error metrics for the two methods and the 

Omron device in the testing dataset, while Figure 13 shows the Bland-Altman plots of these 

three methods in this dataset so that their accuracy can be visually assessed and compared.  
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The patient-specific method achieved bias errors of 2.6 to 5.3 mmHg in magnitude and 

precision errors of 5.0 to 7.7 mmHg.  The fixed-ratio method showed significantly different 

bias errors (p < 0.05) with higher magnitudes of 3.8 to 8.6 mmHg and larger precision errors 

of 8.4 to14.0 mmHg (p < 0.05).  The Omron device yielded larger bias error magnitudes of 

6.0 to 11.0 for MP, DP, and PP than the patient-specific method (p < 0.05) and larger 

precision errors of 8.9 and 11.5 mmHg for SP and MP than this method (p < 0.10 or p < 

0.05).  These two methods showed precision errors for PP that did not statistically differ.  

However, the patient-specific method produced two large absolute errors for PP (see Figure 

13), which substantially compromised its precision error.  Indeed, after removing the bias 

component, the percent of PP errors >5 and >10 mmHg were 40% and 11% for the patient-

specific method but 75% and 25% for the Omron device.  In this quantitative sense, the PP 

precision accuracy of the patient-specific method was superior to the current device.  Overall, 

the average RMSE of the patient-specific method was 7.3 mmHg, which was about 40% 

smaller than the corresponding RMSE of each existing method.  The improved accuracy 

afforded by the patient-specific method was significant for all four BP estimates.  In addition, 

the patient-specific method showed BP errors that were least correlated with the reference 

BP values.   

Over the combined training and testing datasets, the patient-specific method yielded 

model parameter estimates that were distributed (meanSD) as follows:  a = 2.5 mmHg, b = 

73.330.0 mmHg, c = 5.50.9 unitless, and e = 8.21.5 mmHg.  The c and e parameters were 

5.20.6 unitless and 8.31.4 mmHg before nitroglycerin administration and 5.91.0 unitless 

and 8.91.5 mmHg after nitroglycerin administration, respectively (p < 0.05 via paired t-
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tests).  These significant c and e increases following nitroglycerin administration correspond 

to enhanced brachial artery compliance.  So, the patient-specific method predicted vascular 

changes consistent with the known effect of the drug.   

The BP estimation accuracy of the method was therefore not impacted by 

nitroglycerin administration but neither was the accuracy of the existing methods (results not 

shown). 

 

Figure 13: Bland-Altman plots (mean1.96SD) for the patient-specific method and existing methods in the testing 

dataset. 
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Discussion 

In summary, we conceived a method to estimate BP from the oscillometric cuff 

pressure waveform.  While current methods may perform the BP estimation based on 

population averages (see Figure 10), the proposed method leverages a physiologic model in 

combination with optimization to achieve patient-specific BP estimation (see Figures 11 and 

12).  In this way, automatic cuff BP measurement accuracy may potentially be maintained 

over a wide range of BP levels. 

We investigated the patient-specific method against gold standard reference BP 

measurements via a high-fidelity brachial artery catheter from 57 patients whose PP and SP 

ranged from normal to very high levels (see Table 2).  We used 65% of the data to develop or 

train the method and the remaining 35% of the data to test it.   

The patient-specific method yielded SP, MP, DP, and PP estimates with bias error 

magnitudes between 2.6 and 5.3 mmHg and precision errors between 5.0 and 7.7 mmHg for 

an overall average RMSE of 7.3 mmHg in the testing dataset (see Table 4 and Figure 13).  

The corresponding RMSE of the method in the training dataset was 1.2 mmHg lower (see 

Table 3).  The accuracy of the method in the testing dataset was well within the AAMI limits 

of 5 and 8 mmHg bias and precision errors for SP, MP, and DP and close to these limits for 

PP; however, these results were not obtained with an AAMI data collection protocol [49]. 

There are several potential sources of the BP estimation error of the method.  Firstly, 

the underlying physiologic model ignores arm tissue compressibility and brachial artery wall 

viscoelasticity.  However, compressibility of tissue around zero transmural pressure, which is 
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most crucial in oscillometry and typically amounts to an applied cuff pressure of about 100 

mmHg, may not be that significant, as it is largely compressed already.  Furthermore, the 

wall viscosity of the muscular, but medium-sized, brachial artery may not be that significant 

compared to its elasticity as argued elsewhere [50].  Secondly, the oscillometric cuff pressure 

waveforms that were available for analysis were either converted from volts to mmHg with 

inexact calibration information in the case of the training dataset (Microlife device) or did 

not include a high resolution (low quantization error) AC component in the case of the 

testing dataset (Omron device).  Hence, if the waveforms were of higher quality, the method 

could possibly have yielded lower errors.  Finally, the method assumes that cuff pressure 

oscillations are proportional to blood volume oscillations and thus neglects nonlinearity of 

the arm cuff pressure-volume relationship.  However, cuff nonlinearity is greatest at low cuff 

pressures (see left plot of Figure 11), and the patients for study were not hypotensive (see 

Table 2).  So, unlike the other potential error sources, we do not believe that cuff nonlinearity 

was a major contributor to the error.   

For comparison, we also investigated the conventional fixed-ratio method (see Figure 

10) by establishing the fixed ratio values using the training dataset and assessing the method 

in the testing dataset.  The overall average RMSE of the method was 9.9 mmHg in the 

training dataset and 12.1 mmHg in testing dataset (see Tables 3 and 4 and Figure 13).  Hence, 

the patient-specific method reduced the BP estimation error of the conventional method by 

about 40% in each dataset.  The error reduction was achieved mainly via lower precision 

errors for all four BP estimates.  This comparison was apples-to-apples.  That is, not only 

were the analyzed oscillometric cuff pressure waveforms and training and testing datasets the 
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same but also the oscillation amplitude versus cuff pressure functions from which BP was 

estimated. 

In addition, we included the BP estimates of a device designed for hypertension 

management in the office rather than for home monitoring of normal subjects (Microlife or 

Omron).  The overall average RMSE of the device was 11.3 mmHg in the training dataset 

(see Microlife in Table 3) and 11.6 mmHg in the testing dataset (see Omron in Table 4 and 

Figure 13).  Hence, the patient-specific method reduced the BP estimation error of a current 

device by 37% in the more meaningful testing dataset.  The error reduction was achieved via 

lower bias errors for MP, DP, and PP and lower precision errors for SP and MP.  Also, 

though not reflected in these error metrics, the patient-specific method achieved substantially 

better precision accuracy for PP, which is a more powerful predictor of cardiovascular 

outcomes in the elderly than SP [51].  However, this comparison was not exactly apples-to-

apples.  In particular, the oscillometric cuff pressure waveforms analyzed by the Microlife 

and Omron devices were surely well calibrated and of high resolution.  So, the device 

benefitted from higher quality waveforms for analysis than the other two methods.  The 

device also must have derived different oscillation amplitude versus cuff pressure functions 

to estimate BP.  We suspect that the device performs this initial step, which can also impact 

the accuracy, quite well.  

We utilized the most accurate reference BP measurement method available, namely 

micromanometer-tipped brachial artery catheterization.  For practical reasons, invasive BP 

has not been assessed as a predictor of risk for stroke and heart disease.  Rather, non-invasive 

BP via auscultation (i.e., manual cuff BP measurement using a stethoscope and mercury 
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manometer) is the proven cardiovascular risk factor [52].  However, auscultation is not as 

accurate as invasive BP due to various factors including operator error and the well-known 

auscultatory gap [53].  It may thus be reasonable to assume that invasive BP would constitute 

a superior predictor of stroke and heart disease.  In this sense, the improved accuracy of the 

patient-specific method shown here may be particularly significant. 

Nevertheless, because non-invasive BP via auscultation is the proven cardiovascular 

risk factor and for practical reasons, most, if not all, BP estimation methods of current office 

and home devices are built from data using auscultation as the reference [40], [54].  The 

Microlife and Omron devices studied herein were likely built to predict auscultation BP.  

There are systematic differences between invasive SP and auscultation SP as well as invasive 

DP and auscultation DP [49].  These differences could at least partly explain the higher bias 

error magnitudes of the current device (see Tables 3 and 4).  However, even if the bias errors 

were ignored altogether, the patient-specific method still attained precision errors that were 

25% lower for SP and 57% lower for MP than the current device while reducing PP errors >5 

and 10 mmHg by 52% compared to this device.     

We believe that inclusion of 57 patients for study is not insignificant.  Furthermore, 

even after dividing the patient records into training and testing sets, the improved accuracy of 

the patient-specific method over the competing methods was statistically significant.  Still, 

the main limitation of this study is the 20 patient sample size of the testing dataset.  Future 

studies are needed in a larger cohort of subjects to fully assess the accuracy of the proposed 

method relative to existing methods. 
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In conclusion, we have developed a patient-specific method for automatic cuff BP 

measurement via oscillometry and have shown that it can be appreciably more accurate than 

the current state-of-the-art.  With further successful testing, the method could possibly 

facilitate hypertension management in low and high resource settings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



51 

 

CHAPTER 4. PATIENT-SPECIFIC OSCILLOMETRIC 

BLOOD PRESSURE MEASUREMENT: VALIDATION FOR 

ACCURACY AND REPEATABILITY 

Oscillometric devices are widely used for automatic cuff blood pressure measurement.  

These devices estimate blood pressure from the oscillometric cuff pressure waveform using 

population average methods.  As a result, the devices may only be accurate over a limited 

blood pressure range.   The objective of this study was to evaluate a recently proposed 

patient-specific method, which estimates blood pressure by fitting a physiologic model to the 

same waveform.   A total of 145 cardiac catheterization patients and normal adults were 

included for study.  The oscillometric cuff pressure waveform was obtained with a current 

office device, while reference blood pressure was simultaneously measured via brachial 

artery catheterization or auscultation, during baseline and/or nitroglycerin administration.  

Fifty-seven of the subject records were utilized to refine the patient-specific method, while 

the remaining 88 subject records were employed to evaluate the method.  The patient-

specific method yielded significantly lower precision errors for systolic, mean, diastolic, and 

pulse pressures than the office device (by 29 to 79% on average) in subjects with high pulse 

pressure (> 50 mmHg) while showing similar precision errors to the device in subjects with 

normal pulse pressure (< 50 mmHg).  The patient-specific method also resulted in 

significantly lower standard deviations of the differences in repeated systolic, mean, and 

pulse pressure estimates than the office device (by 64% on average) in subjects with 

consecutive measurements.  The patient-specific method may afford more accurate automatic 
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cuff blood pressure measurement in patients with large artery stiffening while limiting the 

number of required cuff inflations/deflations per measurement. 
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Introduction 

Automatic cuff blood pressure (BP) measurement devices are routinely employed for 

hypertension detection and control.  Most of these devices are based on oscillometry.[38]–

[40]  Oscillometric devices act as both an actuator to alter the transmural pressure of the 

brachial artery via cuff inflation/deflation and a sensor to measure the small oscillations in 

the pressure inside the cuff, which reflect the pulsatile blood volume in the artery.  Since the 

volume-pressure relationship of the brachial artery is nonlinear, the amplitude of the cuff 

pressure oscillations varies with the applied cuff pressure.  BP is estimated from the 

oscillation amplitude versus cuff pressure function (henceforth referred to as the 

“oscillogram”). 

The BP estimation method is proprietary but believed to be achieved based on 

population averages.[38], [39], [41]  For example, the standard method is to first estimate 

mean BP (MP) as the cuff pressure at which the oscillogram is maximal and then estimate 

each of systolic and diastolic BP (SP and DP) as the cuff pressure at which the oscillogram is 

some fixed ratio of its maximal value.[25], [38], [39]  The fixed ratio values are determined 

by obtaining the oscillogram and reference BP from a group of subjects and then finding the 

values that maximize the agreement between the estimated and reference BP in the group.  

As a result, the devices may only be accurate in new subjects with typical BP levels.  Indeed, 

it is well known that oscillometric device accuracy degrades in patients with high pulse 

pressure (PP) due to large artery stiffening.[39], [41] 

In a recent study, we proposed and demonstrated proof-of-concept of a patient-

specific method for oscillometric BP measurement.[55]  The method represents the 

oscillogram with a physiologic model and then estimates the patient-specific model 
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parameters, which includes BP levels, by optimally fitting the model to the oscillogram.  In 

this way, the accuracy could be maintained over a wider BP range.  Furthermore, by 

employing a physiologic model, the method could be more robust to deviations in the 

oscillogram caused by respiration and heart rate variability and thus more repeatable. 

In this study, our aim was to more thoroughly assess the patient-specific method.  We 

analyzed data from 145 human subjects whose PP varied from normal levels to high levels 

induced by large artery stiffening.  Our results showed that the method was able to 

significantly improve upon current methods in terms of both precision accuracy, especially in 

subjects with high PP levels, and repeatability. 

Methods 

Patient-Specific Oscillometric Blood Pressure Measurement Method   

The method is illustrated in Fig. 14 and described in detail elsewhere.[55]  Briefly, 

BP is estimated from a standard oscillogram in four steps.  The first two steps produce 

estimates of SP and DP (see Fig. 14a), while the last two steps yield an estimate of MP (see 

Fig. 14b).  In the first step, the oscillogram (difference between the upper and lower 

envelopes in red) is represented with a parametric model accounting for the nonlinear 

brachial artery blood volume-transmural pressure relationship (Eq. (1)).  The unknown 

parameters represent SP, DP, and brachial artery mechanics [a, b, c, e].  In terms of the 

brachial artery compliance curve (i.e., the derivative of the nonlinear relationship with 

respect to transmural pressure), a reflects the transmural pressure at which the curve is 

maximum; b and c denote the width of the curve and extent of asymmetry about its 

maximum; and e indicates the amplitude of the curve.  The parameter e is actually 
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determined by the reciprocal of the cuff compliance [k], which is assumed to be constant as 

justified by experimental data (see approximately linear cuff pressure-air volume 

relationships), in addition to brachial artery mechanics.  In the second step, the patient-

specific parameters are estimated by optimally fitting the model to the oscillogram in the 

least squares sense (Eq. (2)).  In the third step, the blood volume waveform is constructed to 

within a k scale factor using the parameter estimates and cuff pressure oscillations through a 

sequence of simple operations.  Finally, in the fourth step, the entire BP waveform is derived 

from the scaled blood volume waveform and the estimated and likewise scaled brachial 

artery blood volume-transmural pressure relationship (Eq. (3)) via root finding, and MP is 

computed as the time average of the derived waveform. 
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Figure 14:  The patient-specific method for estimating blood pressure (BP) from the oscillogram.[55]. (a) The first 

two steps produce estimates for systolic and diastolic pressure (SP and DP) and the parameters, a, b, c, and e, which 

characterize the underlying model of the brachial artery blood volume-transmural pressure relationship.  (b) The last 

two steps use the resulting parameter estimates and measured cuff pressure oscillations to produce an estimate for 

mean pressure (MP).   
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Human Data 

To assess the patient-specific method, a total of 158 human subjects were studied at 

Taipei Veterans General Hospital (Taiwan).  All procedures were approved by the 

Institutional Review Board of the hospital and adhered to the principles of the Declaration of 

Helsinki.  Written, informed consent was obtained from all subjects prior to study. 

Amongst the subjects, 138 were adult patients admitted for diagnostic cardiac 

catheterization.  The study procedures for these subjects are described in detail 

elsewhere.[45], [46]  Briefly, all patients had normal sinus rhythm and inter-arm BP 

differences of no more than 3 mmHg.  A micromanometer-tipped catheter (SPC-320, Millar 

Instruments, Houston) was inserted into a brachial artery to measure the gold standard 

reference BP waveform.  An inflatable cuff of an office oscillometric device (WatchBP 

Office, Microlife AG, Switzerland or VP-1000, Omron Colin, Japan) was placed over the 

other brachial artery to measure the raw cuff pressure waveform for analysis and obtain the 

BP estimates of the device.  The waveforms were simultaneously recorded during baseline 

and/or sublingual nitroglycerin administration.  When the Microlife device was used, two 

cuff pressure waveforms were recorded per condition via repeated cuff inflation/deflation 

cycles.        

The remaining 20 subjects were normal adults.  The inflatable cuff of the Microlife 

device was placed over a brachial artery to again measure the cuff pressure waveform for 

analysis and obtain the BP estimates of the device.  Using a three-way stopcock, the same 

cuff was interfaced to a mercury sphygmomanometer to simultaneously obtain reference SP 

and DP from the same arm via auscultation.  The auscultation measurements were performed 
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strictly according to AHA guidelines.  Two pairs of cuff pressure waveforms and 

auscultation measurements were recorded via repeated cuff inflation/deflation cycles. 

The cuff pressure waveforms for analysis and invasive reference BP waveforms were 

visually screened for substantial artifact due to motion or otherwise.  All waveforms with 

such artifact were excluded from subsequent analysis.  A total of 315 pairs of cuff pressure 

waveforms and reference BP measurements from 145 patients and normal subjects remained 

for analysis.  The measurement pairs from 57 of the patients were identical to those 

previously analyzed to demonstrate proof-of-concept of the patient-specific method.[55]  

Hence, these data were utilized as training data to refine the method, while the remaining 

new data from 88 patients and normal subjects were utilized as testing data to more 

thoroughly evaluate the method.  Note that while patient-specific methods do not require 

training data in theory, all methods need such data in practice to define their user-selected 

variables.  Table 5 summarizes the measurement and subject characteristics of the training 

and testing datasets for analysis.  Table 6 shows the average, standard deviation, and range of 

reference SP, MP, DP, and PP during baseline and nitroglycerin administration for the 

patients and normal subjects in the testing dataset.  Hence, the BP levels varied widely, with 

PP and SP ranging from normal levels to high levels due to large artery stiffening.  The 

corresponding statistics for the training dataset, which are reported elsewhere[55], indicated 

a fairly similar BP range. 

Data Analysis 

First, the training dataset was analyzed.  The requisite oscillogram for BP estimation 

was constructed from each cuff pressure waveform as described previously.[55] 



59 

 

The user-selected variables of the patient-specific method were determined by 

maximizing the agreement between its BP estimates and the reference BP values while 

minimizing the number of parameters for estimation to enhance robustness.  The resulting 

user-selected variables were similar to those established previously.[55]  The only 

differences were fixing the a parameter, which indicates the peak position of the brachial 

artery compliance curve, to 1.5 instead of 2.5 mmHg and the b parameter for each value of 

the c parameter such that the compliance curve was right-skewed by 40 rather than 35% 

about its maximum.  Note that these parameter settings are buttressed by directly measured 

compliance curves.[24] Hence, the optimized patient-specific method estimated four 

parameters [SP, DP, c, e] from the oscillogram and yielded BP estimates with similar 

accuracy to the originally established method on the training dataset (see results in 

reference[55]). 
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Table 5: Measurement and subject characteristics 

      Training Data Testing Data 

      Cohort 1 Cohort 2 Cohort 1 Cohort 2 Cohort 3 

Measurement Characteristics 
      

 

Device Omron Microlife Omron Microlife Microlife 

 

Reference Invasive Invasive Invasive Invasive Auscultation  

 

# of Subjects 20 37 58 11 19 

 

# of Baseline Measurements 20 37 36 11 19 

 

# of Nitroglycerin Measurements 8 36 32 11 0 

 

# of Repeated Measurements 0 73 0 16 16 

  Total # of Measurements 28 146 68 38 35 

Subject Characteristics 
      

 

Age [years] 65.1±15.4 65.2±12.3 59.8±15.0 69.0±12.4 34.0±9.4 

 

Weight [kg] 64.5±12.4 74.6±13.4 70.12±11.5 68.9±14.2 60.4±15.8 

 

Height [cm] 164.0±6.4 163.6±8.0 161.6±7.8 162.2±10.4 164.2±9.3 

 

Waist circumference [cm] 84.6±11.4 90.0±12.3 91.8±9.5 97.2±11.9 75.8±11.2 

 

Men [%] 85 75.7 74.1 72.7 36.8 

  Smoking [%] 35 18.9 20.7 27.3 N/A 

Clinical diagnosis [%] 
 

  

 

Hypertension 65 59.5 56.9 90.9 N/A 

 

Type 2 Diabetes Mellitus 20 29.7 31 54.5 N/A 

 

Dyslipidemia 45 37.8 41.4 36.4 N/A 

 

Coronary Artery Disease 40 59.5 56.9 63.6 N/A 

  Chronic Renal Failure 5 2.7 3.4 18.2 N/A 

Medications [%] 
 

  

 

α-Blockers 20 13.5 12.1 27.3 N/A 

 

β-Blockers 30 43.2 37.9 63.6 N/A 

 

Calcium Channel Blockers 25 48.6 41.4 27.3 N/A 

 

Diuretics 20 18.9 20.7 36.4 N/A 

  Antiplatelet Agents 65 86.5 70.7 81.8 N/A 
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Table 6: Reference blood pressure (BP) levels in the testing data 

 Reference BP Condition SP [mmHg] MP [mmHg] DP [mmHg] PP [mmHg] 

Invasive 
Baseline 136±20 (109-192) 97±13 (76-127) 72±11 (46-95) 64±16 (45-107) 

Nitroglycerin 130±18 (99-169) 92±12 (72-115) 70±11 (46-70) 60±18 (31-102) 

Auscultation Baseline 105±11 (88-130) N/A 71±10 (54-88) 34±9 (21-54) 

Values are meanSD (minimum-maximum).  SP, MP, and DP are systolic, mean, and diastolic BP, respectively, and PP is pulse pressure. 

 

A fixed-ratio method was likewise developed using the training dataset by 

maximizing the agreement between its BP estimates from the same oscillograms and the 

reference BP values.  The resulting fixed ratio values were 0.57 for SP and 0.75 for DP.  This 

method also performed similarly to a previous fixed-ratio method on the training dataset (see 

results in reference[55]). 

Then, the testing dataset was analyzed.  The patient-specific and fixed-ratio methods 

were applied to oscillograms likewise constructed from the cuff pressure waveforms.  The 

BP estimates of these methods and the office device were compared for accuracy and 

repeatability. 

For accuracy, note that the testing dataset included reference BP via brachial artery 

catheterization or auscultation (see Table 5).  Further note that the patient-specific and fixed-

ratio methods were trained based on the former reference method (see Table 5), whereas the 

office device was surely developed based on the latter reference method.  Since there are 

systematic differences between the two reference methods (i.e., invasive SP and DP are a 

few mmHg higher and lower than auscultation SP and DP, respectively),[49] bias accuracy 

could not be fairly quantified and compared.  To quantify precision accuracy, the errors 

between the SP, MP, DP, and PP estimates and the reference BP values were computed.  The 

bias component of each of these errors for each method in each of the three cohorts in the 

testing dataset (see Table 5) was then removed.  The resulting precision errors were divided 
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into two groups:  normal PP (reference PP < 50 mmHg) and high PP (reference PP > 50 

mmHg).  Note that a 50 mmHg threshold was chosen so as to arrive at groups of 

approximately equal size.  In the case of repeated measurement pairs, only the first 

measurement pair was included in the groups.  The root-mean-square (RMS) of the errors 

and distribution of errors (i.e., percent of absolute errors < 5, < 10, and < 15 mmHg) in each 

PP group were then computed.  Finally, to compare precision accuracy, the Pittman-Morgan 

test was applied to the RMS of the errors (which were nearly void of a bias component) of 

pairs of methods in each PP group.[48]  A p < 0.0167 (= 0.05/3) was considered significant 

based on Bonferroni correction for pairwise comparison of three methods. 

For repeatability, the mean and standard deviation of the differences between each of 

the repeated estimates of SP, MP, DP, and PP of each method were computed.  The paired t-

test and Pittman-Morgan test were then applied to compare the resulting bias and precision of 

pairs of methods, respectively.  A p < 0.0167 was likewise considered significant. 

Results 

Table 7 summarizes the SP, MP, DP, and PP precision accuracy results for the 

patient-specific method, fixed-ratio method, and Omron/Microlife device in the normal PP 

and high PP groups of the testing dataset.  These results were obtained from 88 subjects 

wherein the normal PP and high PP groups constituted 42 and 58% of the data, respectively.  

The meanSD of PP was 39.98.0 mmHg in the normal PP group and 69.415.0 mmHg in 

the high PP group.  The RMS errors of the patient-specific method ranged from 6.3 to 7.6 

mmHg over both PP groups, and its error distributions were fairly similar between the groups.  

Hence, the patient-specific method was able to maintain the precision accuracy over a wide 
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PP range.  Furthermore, the precision errors of this method were significantly lower (or not 

different) relative to the fixed-ratio method in both PP groups.  In particular, the RMS errors 

for SP, DP, and PP of the patient-specific method were, on average, 36% smaller than those 

of the fixed-ratio method, while the absolute precision errors exceeding 10/15 mmHg of the 

new method were, on average, 50/75% less than the standard method.  More notably, the 

precision errors of the patient-specific method were significantly lower relative to the 

currently employed Omron/Microlife device in the high PP group while being similar in the 

normal PP group.  Specifically, in the high PP group, the RMS errors for all BP levels of the 

patient-specific method were, on average, 29% smaller than those of the Omron/Microlife 

device, while the absolute precision errors exceeding 10/15 mmHg of the new method were, 

on average, 51/79% less than the office device.  Hence, the patient-specific method was able 

to reduce the number of large precision errors and improve the precision accuracy, especially 

over the high PP range.  Fig. 15a shows Bland-Altman plots for visual assessment of the high 

PP group results.   
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Table 7: BP precision error metrics for the patient-specific method and two available methods in the testing data 

Normal PP Group (Reference PP < 50mmHg with Mean±SD = 39.9±8.0 mmHg) 

Method 

SP Precision Error MP Precision Error DP Precision Error PP Precision Error 

RMS <5 <10 <15 RMS <5 <10 <15 RMS <5 <10 <15 RMS <5 <10 <15 

[mmHg] [%] [%] [%] [mmHg] [%] [%] [%] [mmHg] [%] [%] [%] [mmHg] [%] [%] [%] 

Patient-specific 7.4 56 73 91 6.5 59 85 100 6.3 63 84 93 6.4 58 86 97 

Fixed-ratio 10.1* 30 60 84 8.9 40 77 88 9.5* 30 65 86 10.5* 39 69 89 

Omron/Microlife 7.8 41 63 95 7.1 48 77 92 6.4 69 86 93 5.5 67 95 100 

  

High PP Group (Reference PP > 50mmHg with Mean±SD = 69.4±15.0 mmHg) 

Method 

SP Precision Error MP Precision Error DP Precision Error PP Precision Error 

RMS <5 <10 <15 RMS <5 <10 <15 RMS <5 <10 <15 RMS <5 <10 <15 

[mmHg] [%] [%] [%] [mmHg] [%] [%] [%] [mmHg] [%] [%] [%] [mmHg] [%] [%] [%] 

Patient-specific 7.6 42 85 96 6.4 55 87 96 6.5 52 92 98 6.7 49 87 100 

Fixed-ratio 13.0* 34 52 71 7.8 52 84 90 9.1* 50 80 88 12.8* 30 50 74 

Omron/Microlife 10.6* 38 76 84 9.7* 50 73 88 8.5* 39 80 92 9.8* 38 71 90 

*p < 0.0167 compared to patient-specific method.  Only root-mean-square (RMS) of precision errors were 

statistically compared; bias errors could not be fairly quantified and compared as described in the text. 

 

Table 8 summarizes the SP, MP, DP, and PP repeatability results for the three 

methods in the testing dataset.  These results were obtained from 32 subjects for SP, DP, and 

PP and 16 subjects for MP.  The bias and precision of the differences in repeated estimates 

for all BP levels of the patient-specific method ranged from 0.1 to 1.1 mmHg and 2.1 to 5.9 

mmHg, respectively.  These values were significantly lower (or not different) relative to the 

other methods.  In particular, the bias of the differences in repeated estimates for SP and PP 

of the patient-specific method were, on average, 79% smaller than those of the fixed-ratio 

method, while the precision of the differences in repeated estimates for SP, MP, and PP of 

the new method were, on average, 53% smaller than those of the standard method and 64% 

smaller than those of the Microlife device.  Hence, the patient-specific method was able to 

improve the BP measurement repeatability.  Fig. 15b shows Bland-Altman plots for visual 

assessment of these results. 
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Table 8:  BP repeatability metrics for the patient-specific method and two available methods in the testing data 

 

*p < 0.0167 compared to patient-specific method. 

 

Secondary results (which are not shown) were as follows.  Firstly and as alluded to 

earlier, the bias accuracy for the SP and DP estimates of the patient-specific method tended 

to be superior relative to the Omron/Microlife device when invasive BP was the reference 

(bias error of -2.4 vs. -5.4 mmHg for SP and -0.1 vs. 1.5 mmHg for DP) but tended to be 

worse compared to the office device when auscultation BP was the reference (4.0 vs. 2.4 

mmHg for SP and -6.6 vs. -3.9 mmHg for DP).  However, the precision accuracy of the 

patient-specific method was similar relative to the office device when auscultation BP was 

the reference (precision error of 5.3 vs. 6.4 mmHg for SP and 5.2 vs. 5.1 mmHg for DP).  

Further, the c and e parameter estimates of the patient-specific method were 5.20.7 

(meanSD) unitless and 8.21.4 mmHg during baseline and 5.91.0 unitless and 8.91.4 

mmHg during nitroglycerin administration, respectively (p  0.013 via t-tests).  Increases in 

the c and e parameters both correspond to enhanced brachial artery compliance, so the 

patient-specific method was able to correctly track the drug-induced compliance changes.  

Finally, and perhaps as a result, the precision accuracy of the patient-specific method tended 

to be less impacted by nitroglycerin administration than the Omron/Microlife device 

(average difference in RMS error from baseline to nitroglycerin administration of -0.98 

mmHg vs. -1.95 mmHg).  

Method 

SP Difference b/w 

Repeated Estimates 

[mmHg] 

MP Difference b/w 

Repeated Estimates 

[mmHg] 

DP Difference b/w 

Repeated Estimates 

[mmHg] 

PP Difference b/w 

Repeated Estimates 

[mmHg] 

Bias Precision Bias Precision Bias Precision Bias Precision 

Patient-specific 1.1 3.3 0.2 2.1 0.1 4.3 1.0 5.9 

Fixed-ratio 4.3* 7.3* 0.1 5.4* -1.6 4.8 5.9* 10.0* 

Microlife 1.6 8.1* 0.8 10.9* 0.9 6.4 0.7 12.5* 
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Discussion 

Most automatic cuff BP measurement devices employ population average methods to 

estimate BP from an oscillogram and may thus be accurate only over a limited BP range.  We 

recently proposed a patient-specific method to estimate BP from the oscillogram by 

leveraging a physiologic model in conjunction with model fitting (see Fig. 14).[55]  In this 

way, the routinely used devices may not only maintain accuracy over a wider BP range but 

also be less sensitive to common physiologic deviations in the oscillogram and thus more 

repeatable.  Here, we refined the method and compared it to existing methods for accuracy 

and repeatability in human subjects with normal PP levels and high PP levels induced by 

large artery stiffening (see Tables 5 and 6).   

The patient-specific method achieved BP errors reflecting precision accuracy that 

ranged from 6.3 to 7.6 mmHg (see Table 7).  Hence, the method maintained the precision 

accuracy over both the normal and high PP ranges.  Further, this level of precision accuracy 

was within the AAMI precision limits of 8 mmHg.  However, the method did not meet the 

AAMI standard, because an AAMI data collection protocol was not employed. 

The patient-specific method was compared to both the standard fixed-ratio method, 

which was developed using the same training dataset as the new method, and a currently 

used office device (Omron or Microlife).  Overall, the office device attained greater precision 

accuracy than the fixed-ratio method (see Table 7), thereby suggesting that the device 

estimates BP based on other useful features in the oscillogram in addition to, or instead of, 

amplitude ratios.  However, the level of precision accuracy of the office device was not 

within 8 mmHg for the high PP range.  Compared to this device, the patient-specific method 

revealed significantly lower precision errors for all BP levels in the high PP range (by 29 to 
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79% on average) while showing similar precision errors in the normal PP range (see Table 7 

and Fig. 15a). 
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Figure 15:  Bland-Altman plots (mean1.96SD) of the (a) precision errors in the normal pulse pressure (PP) group 

(reference PP < 50 mmHg); (b) precision errors in the high PP group (reference PP > 50 mmHg); and (c) differences 

in repeated estimates for the patient-specific method and two available methods in the testing data.  
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Figure 15 (Cont’d) 
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Figure 15 (Cont’d) 
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The reference method was either auscultation BP or invasive BP in the normal PP 

range but almost exclusively invasive BP in the high PP range.  The well-known auscultatory 

gap is strongly related to carotid artery stiffening and aging[56] and thus high PP.  Perhaps as 

a result, the ability of auscultation to stratify risk for stroke and heart disease diminishes with 

aging.[52]  Since auscultation BP was not utilized as the reference in the high PP range, the 

improvement in precision accuracy attained by the patient-specific method here may be 

particularly significant.  The improved precision accuracy with respect to invasive BP could 

also be significant in terms of monitoring central BP, which may offer superior 

cardiovascular risk stratification to brachial BP.[57]  That is, a major source of error of non-

invasive measurements of central BP is the discrepancy between the BP estimates of current 

oscillometric devices, which are used to calibrate the arterial tonometry waveforms, and 

invasive brachial BP.[58], [59]  Hence, the patient-specific method may be able to enhance 

the accuracy of non-invasive central BP monitoring. 

The bias accuracy of the methods could not be fairly assessed and compared due to 

the systematic differences in the two reference methods[49] employed for testing as well as 

testing them.  While the inability to address bias accuracy represents the main study 

limitation, precision accuracy may be much more important anyhow.  For example, the bias 

accuracy of the patient-specific method, which was developed using the invasive BP 

reference, could be easily be corrected for an auscultation BP reference by subtracting and 

adding a constant (e.g., 3-4 mmHg[56]) to its SP and DP estimates, respectively.  

The patient-specific method also achieved a bias and precision of the differences in 

repeated BP estimates that ranged from 0.1 to 1.1 mmHg and 2.1 to 5.9 mmHg, respectively 
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(see Table 8).  This level of repeatability was within the AHA recommended limits of 5 

mmHg for SP, MP, and DP and near these limits for PP.[60]  

While the office device was more accurate than the fixed-ratio method, the standard 

method appeared more repeatable (see Fig. 15b).  However, the level of repeatability of the 

fixed-ratio method was not close to the AHA limits for SP and PP (see Table 8).  Compared 

to this method, the patient-specific method revealed significantly lower bias of the 

differences in repeated SP and DP estimates (by 79% on average) and precision of the 

differences in repeated SP, MP, and PP estimates (by 53% on average) (see Table 8 and Fig. 

15b).  

In sum, the patient-specific method afforded superior precision accuracy, especially in 

the high PP range wherein gold standard invasive BP served as the reference, and 

repeatability compared to population-based methods.  Hence, the new method could possibly 

improve cardiovascular risk stratification in the elderly and other patients with large artery 

stiffening while limiting the number of required cuff inflations/deflations per BP 

measurement.[60] 

The accuracy of current oscillometric BP measurement devices is also known to 

degrade in other conditions including arrhythmias, especially atrial fibrillation, and pre-

eclampsia.[60], [61]  Future studies would have to be conducted to determine if the patient-

specific method can offer improvements in such conditions.  Subsequent studies to confirm 

the results of this study and assess the cardiovascular risk stratification ability of the method 

may also be worthwhile. 

Conclusion 

Hypertension detection and control currently represent a major healthcare problem 
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around the world, especially in low resource settings.  Effective BP measurement technology 

is essential to alleviate this problem.  Amongst the available technologies, oscillometry offers 

a number of advantages.  In particular, it is non-invasive (unlike catheterization), easy-to-use 

(unlike manual auscultation or tonometry), inexpensive (unlike volume clamping), 

unaffected by the auscultatory gap and terminal digit bias (unlike manual auscultation), less 

sensitive to cuff position and ambient sound (compared to automatic auscultation), 

environmentally safe (unlike mercury manometers), and more convenient in terms of 

maintenance (compared to aneroid manometers).  However, the disadvantage of oscillometry 

is that it is not as accurate as other technologies (catheterization and manual auscultation).  

The reason is that BP is estimated from the oscillogram using population average methods.  

We evaluated a recently proposed patient-specific method for estimating BP from a standard 

oscillogram.  The new method showed significantly improved accuracy over a wide PP range 

as well as repeatability compared to the standard BP estimation method and a current office 

device.  With further successful testing, the patient-specific method could possibly facilitate 

the management of hypertension by affording more accurate automatic cuff blood pressure 

measurement in patients with large artery stiffening while limiting the number of required 

cuff inflations/deflations per measurement. 
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CHAPTER 5. CONCLUSION AND FUTURE WORKS 

 

Hypertension is a major cardiovascular risk factor that is treatable, yet undetected or 

uncontrolled in many people, especially in low resource settings.  Ubiquitous blood pressure 

(BP) monitoring technology could improve hypertension detection and control, but such 

technology has been elusive. 

We commenced our research on oscillometry five years ago.  First, we studied the 

standard oscillometric BP estimation algorithm using a mathematical model [62].  Then, with 

the aid of a SCH EXP grant, we built upon this and other such population-based algorithms 

by developing a patient-specific algorithm [63] and showing that it could yield more accurate 

and repeatable BP estimates than current devices offered by leading manufacturers [64].  

Finally, we conceived, and demonstrated the feasibility of, an idea to extend the oscillometric 

principle for cuff-less monitoring of finger BP.  We elaborate upon these efforts below.  

Our future works is to create cuff-less BP monitoring technology that can be readily 

used by the masses. In conventional oscillometry, an inflatable cuff is employed as both an 

actuator to vary the external pressure of an artery and a sensor to measure this pressure and 

the resulting variable-amplitude blood volume oscillations in the artery.  BP is then estimated 

from the oscillation amplitudes as a function of the applied pressure (i.e., the “oscillogram”).  

Our idea is to extend oscillometry for cuff-less monitoring of finger BP using only a 

smartphone.  In this case, the subject serves as the actuator by pressing her finger against a 

smartphone to steadily increase the external pressure of the underlying artery, while the 

smartphone, embedded with a basic photoplethysmograph (PPG) and pressure transducer, 

acts as the sensor to measure the blood volume oscillations and applied pressure.  The phone 
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also provides visual feedback to guide proper finger pressing.  BP is then likewise estimated 

from the oscillogram.  We developed a crude prototype to initially test this idea, and the error 

in mean BP was typically less than 10 mmHg. 

We propose to establish hardware and software technology to effectively implement 

the oscillometric finger pressing paradigm for cuff-less BP monitoring.  The future work 

includes: 

(1) To develop a PPG-pressure sensor unit to simultaneously measure the finger 

blood volume and applied finger pressure.  We will explore various force and pressure 

sensors, infrared, reflectance-mode PPG configurations, and additional structures to optimize 

the fidelity of the raw measurements.  We will also determine the physical dimensions of the 

sensor unit and the position of this unit within its encasing that facilitate finger pressing. 

(2) To develop visualization tools to guide finger pressing.  We will study various 

finger pressing protocols to balance the ease of implementation, as ascertained via user 

surveys, with the success of implementation, as determined via the level of agreement 

between the actual and target pressures.  We will then develop an instructional video and 

display for real-time, visual feedback on the actuation to facilitate user conformance to the 

protocol.   

(3) To develop algorithms to construct the oscillogram and assess the actuation.  

We will develop an algorithm to construct the oscillogram from the raw measurements that is 

robust against artifact due to both motion and imprecise application of external pressure.  We 

will also develop an algorithm to identify successful actuation in terms of the extent to which 

the oscillogram shows the anticipated physiologic morphology.  If the actuation is deemed 

unsuccessful, the system will ask the user to repeat the finger pressing protocol.           
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(4) To develop algorithms to estimate BP from a finger pressing oscillogram.  We 

will extend our model-based BP estimation method developed for arm cuff oscillograms via 

SCH EXP-funded research to successful finger pressing oscillograms.  Since the finger 

oscillograms will contain further artifact due to imprecise application of external pressure, 

we will also explore simpler, yet potentially more robust, data-driven BP estimation methods.  

(5) To evaluate the integrated hardware and software prototypes.  We will assess 

prototype systems in normotensive and hypertensive subjects.  We will evaluate its BP 

estimation accuracy using reference cuff BP values, the repeatability of its BP estimates, and 

the frequency of unsuccessful measurements.  We will also conduct surveys to assess 

adoptability.  

Successful completion of this project will be followed by efforts towards 

incorporating the hardware and software technology into smartphones.  These phones may 

also include software to, for example, warn users of high BP, securely transmit the measured 

BP to caregivers, and send text reminders to patients with uncontrolled BP to take their 

medications.  In this way, a complete hypertension management system will be available in 

the pockets of many. 
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