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Abstract

Objective—Pulse transit time (PTT) is being widely pursued for ubiquitous blood pressure (BP) 

monitoring. PTT-based systems may require periodic cuff calibrations but can still be useful for 

hypertension screening by affording numerous, out-of-clinic measurements that can be averaged. 

The objective was to predict the maximum calibration period that would not compromise accuracy 

and acceptable error limits in light of measurement averaging for PTT-based systems.

Methods—Well-known mathematical models and vast BP data were leveraged. Models relating 

PTT, age, and gender to BP were employed to determine the maximum time period for the PTT-

BP calibration curve to change by <1 mmHg over physiological BP ranges for each age and 

gender. A model of within-person BP variability was employed to establish the screening accuracy 

of the conventional cuff-based approach. These models were integrated to investigate the screening 

accuracy of the average of numerous measurements of a PTT-based system in relation to the 

accuracy of its individual measurements.

Results—The maximum calibration period was about 1 year for a 30 year old and declined 

linearly to about 6 months for a 70 year old. A PTT-based system with precision error of >12 

mmHg for systolic BP could achieve the screening accuracy of the cuff-based approach via 

measurement averaging.

Conclusion—This theoretical study indicates that PTT-based BP monitoring is viable even with 

periodic calibration and seemingly high measurement errors.

Significance—The predictions may help guide the implementation, evaluation, and application 

of PTT-based BP monitoring systems in practice.
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I. Introduction

Pulse transit time (PTT) is inversely correlated with blood pressure (BP) in a person and can 

be measured simply via the relative timing between proximal and distal pulsatile waveforms. 

Hence, PTT is being widely pursued to achieve ubiquitous BP monitoring [1]–[18].

However, there are several outstanding issues in realizing a PTT-based BP monitoring 

system. One issue concerns the calibration period. That is, PTT in units of msec must be 

calibrated to BP in units of mmHg, but the calibration curve relating PTT to BP for a person 

will change over time with aging [1]. Hence, periodic construction of the calibration curve 

using cuff BP measurements may be needed. The maximum period between such cuff 

calibrations that would not compromise accuracy is unknown. It is even uncertain if this 

period is long enough to make the cuff-less system worthwhile. Another issue pertains to 

acceptable error limits. Because of the calibration step and since PTT measurements can 

vary independently of BP (due to, e.g., smooth muscle contraction) [1], a PTT-based system 

will likely yield higher BP errors than cuff devices. However, these errors may be countered 

by the capability of making many measurements over time with the ubiquitous system. Such 

measurements could be averaged to not only mitigate the errors but also to eliminate the 

substantial BP variations within a person. In this way, the PTT-based system may be able to 

provide an estimate of the actual underlying BP of the person that is reliable enough for 

hypertension screening despite large errors in any one of its measurements. Because many 

measurements can be exploited, the acceptable error limits are unknown.

The objective of this study was to make predictions on the maximum calibration period and 

acceptable error limits for PTT-based BP monitoring systems using well-known 

mathematical models and vast BP data from the literature. The results of this theoretical 

effort may help guide the implementation, evaluation, and application of PTT-based BP 

monitoring systems in practice.

II. Materials and Methods

A. Predictions on Maximum Calibration Period

The maximum calibration period (i.e., the longest time period between cuff calibrations that 

would not introduce significant BP error) was first predicted. For this prediction, PTT was 

assumed to precisely reflect diastolic BP, as PTT is conventionally detected from the “feet” 

of proximal and distal waveforms and therefore at the level of diastole [1].

The nonlinear model of the area-BP (A−P) relationship of the aorta developed by Wesseling 

et al. [19] was employed. This model was integrated into the Bramwell-Hill equation 

( τ = ρ
A

dA
dP  where τ is PTT, and ρ is the known blood density) to yield a parametric function 

relating diastolic BP (PD), age, and gender to PTT as follows:
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τ = K

πP1 1 +
PD − P0

P1

2 1
2 + 1

π atan
PD − P0

P1

(1)

P0 = 76 − 0.89 ⋅ age for males
72 − 0.89 ⋅ age for females (2)

P1 = 57 − 0.44 ⋅ age . (3)

Here, K = 2, 819.7 mmHg ⋅ msec/m so that PD, τ, and age are in units of mmHg, msec/m, and 

years, respectively. Fig. 1(a) illustrates this function – as a diastolic BP versus PTT (per unit 

length) calibration curve – for different ages in males. (The function for females was, as 

expected, nearly the same.)

To account for systolic BP, a phenomenological model relating diastolic BP to systolic BP 

(see [20] and references therein) was employed. This model is a line whose slope is typically 

greater than unity and increases with aging. The simple model has been verified repeatedly 

via observed correlation coefficients between systolic BP and diastolic BP of 0.7-0.8. The 

slope is believed to represent the differential arterial compliance at diastole divided by the 

differential arterial compliance at systole, while the intercept may account for stroke volume 

and arterial properties. In particular, a linear model relating diastolic BP, age, and gender to 

systolic BP (PS) was derived based on the data of Master et al. [21] as follows:

PS = ηS1PD + ηS2 (4)

ηS1 = 0.75 + 0.0083 ⋅ age for males
0.90 + 0.0067 ⋅ age for females (5)

ηS2 = 52.9 − 0.32 ⋅ age for males
33.3 − 0.05 ⋅ age for females (6)

where PD > 50 mmHg and age = 30-70 years. Substituting Eqs. (4)-(6) into Eqs. (1)-(3) 

yields a function relating systolic BP, age, and gender to PTT. Fig. 1(b) illustrates this 

function – as a systolic BP versus PTT (per unit length) calibration curve – for different ages 

in males. (The function for females was similar.)
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The functions in Fig. 1 indicate how the calibration curves evolve with aging. For a given 

age and gender, the maximum time period for each calibration curve to change by no more 

than ε mmHg over a relevant BP range was determined. More specifically, since BP levels 

vary with aging and differ between genders, age- and gender-dependent BP ranges were 

applied. According to statistical data provided in tables of [22], age is linearly related to the 

mean and standard deviation of systolic BP (R = 0.98 − 1) and, to a lesser extent, diastolic 

BP (R = 0.70 – 0.88) but the diastolic BP statistics are much less dependent on age. Hence, 

the BP mean ( PX, where X = D for diastolic and X = S for systolic) and standard deviation 

σPX
 were computed as linear functions of age, where the slope and intercept are given in 

Table I for each BP level and gender. For each age, gender, and BP level, the calibration 

curve was specified over the BP range from PX − 2σPX
 to PX + 2σPX

, as shown in Fig. 1. A 

second calibration curve was specified for a 0.1 year higher age over the corresponding BP 

range. The two curves were subtracted over the overlapping BP range, and the maximum 

absolute BP difference was determined. The age was then increased in increments of 0.1 

year until the maximum absolute difference with the original curve reached ε mmHg (where 

ε 1, 2, or 3). The final age increase indicated the maximum calibration period for the given 

age, gender, and BP level.

B. Predictions on Acceptable Error Limits

About 45% of hypertensives in developed nations and about 55% of hypertensives in 

developing nations are unaware of their condition [23]. The main reason may be that many 

people do not have the means or interest to receive cuff BP measurements such as those in 

low resource settings or younger people who are not concerned with their health but who 

may be at risk for early development of hypertension [24], [25]. A secondary reason may be 

that hypertension detection in the office is challenging due to masked and white coat effects 

and large within-person BP variability [26]. A ubiquitous BP monitoring system would 

provide numerous, out-of-office measurements in the mass population so as to help increase 

hypertension awareness and possibly reduce the incidence of strokes and heart attacks. 

Hence, the principal, potential application of PTT-based BP monitoring systems is 

hypertension screening. A useful PTT-based system would be able to screen for 

hypertension with a level of accuracy that is at least comparable to the conventional cuff-

based approach. A model of within-person BP variability [27] was first employed to 

establish the accuracy of conventional hypertension screening and therefore the “required” 

level of screening accuracy for PTT-based systems. The hypertension screening accuracy of 

these systems was then analyzed in relation to their BP measurement accuracy by integrating 

this model with the models in Section II.A so as to make predictions about the acceptable 

error limits with respect to manual cuff devices. Acceptable error limits of PTT-based 

systems were finally considered with respect to automatic cuff devices again based on 

various models. Methodological details follow.

1) Conventional Hypertension Screening and Model of Within-Person BP 
Variability—Conventional hypertension screening is based on the average of two cuff BP 

measurements made during a single office visit at the minimum [28]. A common decision 
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rule is to conclude hypertension if the average systolic BP exceeds 140 mmHg and/or the 

average diastolic BP exceeds 90 mmHg. The accuracy of this screening approach is 

imperfect, because BP varies significantly in the short-term due to emotions, stress, physical 

activity, meals, and other factors, as well as masked and white coat effects in which patients 

present with BP levels that are not indicative of out-of-clinic settings. Indeed, an estimated 

15-30% of people may have lower BP outside the office [29]. As a result, the office 

screening result is often confirmed via ambulatory or home cuff BP monitoring [28], which 

is cumbersome to the patient.

To estimate the accuracy of conventional hypertension screening, the three-way nested 

ANOVA model of within-person BP variability developed by Rosner et al. [27] was used. 

The model considers BP measurements via manual cuff (auscultation) devices and is given 

as follows:

PX, ijk = PX + P∼X, i + νPX, i j + ePX, ijk, (7)

where PX,ijk is the kth auscultation BP measurement (X = S for systolic and X = D for 

diastolic) at the jth clinic visit from the ith person; PX is the population mean value; 

P∼X, i 𝒩 0, σPX
2  and represents between-person variability; νPX, i j 𝒩 0, σνPX

2  and represents 

between-visit variability for a specific person; and ePX, ijk 𝒩 0, σePX

2  and represents within-

visit variability for a specific person and visit. All random variables in the model are 

independent of each other. The values for PX and σPX
2  are again given as linear functions of 

age, where the slope and intercept values are provided in Table I for each BP level, gender, 

and race. Similarly, the values for σνPX

2  and σePX

2  are dependent on the BP level and person’s 

attributes and may be approximated as linear functions of age based on data from two age 

groups provided in tables of Rosner et al. [27], where the corresponding slope and intercept 

values are also given in Table I. All linear equations in Table I are valid for ages of 30-70 

years. This model treats the complex factors that cause within-person BP variability as 

random events. Note that the within-person systolic BP variances are larger than the within-

person diastolic BP variances (see Table I), the between-visit variances are larger than the 

within-visit variances (see Table I), and averaging measurements from a single visit will 

reduce the within-visit variance but not the between-visit variance.

The screening accuracy of two auscultation measurements during a single clinic visit was 

computed using the ANOVA model. An average person in Table I (i.e., age of 50 years with 

σνPX

2 = 51.3 mmHg2 for systolic BP and 26.2 mmHg2 for diastolic BP and σePX

2 = 14.4

mmHg2 for systolic BP and 7.1 mmHg2 for diastolic BP, where the averaging of variances 

was weighted assuming whites constitute 80% of the population) with long-term average 
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auscultation BP in the office deviating by ±5 mmHg from the 140/90 mmHg threshold 

values (i.e., PS + P∼S, i = 135or 145 mmHg and PD + P∼D, i = 85 or 95 mmHg) was assumed. 

The conventional screening accuracy was specifically computed as the probability of 

correctly detecting hypertension and normotension for the person.

2) Manual Cuff Device as the Reference—The BP measurement accuracy of a PTT-

based system should be assessed using a manual cuff device as the reference, because 

auscultation is the proven cardiovascular risk factor. Further, an AAMI (Association for the 

Advancement of Medical Instrumentation) protocol is already available to assess the 

accuracy of automated devices against auscultation [30]. This protocol generally involves 

obtaining three successive measurements from each of 85 sufficiently diverse subjects with 

the test device and auscultation and computing the bias error (mean of the errors) and 

precision error (standard deviation of the errors) of the device. The device meets the AAMI 

accuracy standard, if the bias and precision errors are within 5 and 8 mmHg, respectively. 

Note that these limits were set based on the level of accuracy of auscultation with respect to 

intra-arterial catheters [30].

A PTT-based system could yield higher BP errors when tested according to the AAMI 

protocol but still afford the required screening accuracy, because many measurements could 

be readily obtained over time with the ubiquitous system and averaged. Averaging many 

measurements can help with hypertension screening for two reasons. Firstly, it will eliminate 

within-person BP variability, thereby providing an estimate of the actual underlying BP. In 

this regard, averaging many measurements may be more helpful for detecting systolic 

hypertension, which is more prevalent and often occurs in isolation [31], due to higher 

within-person systolic BP variability. Secondly, averaging can mitigate the BP error in 

individual PTT-based measurements. However, averaging cannot completely eliminate this 

error because of anticipated correlation in the errors. In particular, this error includes a 

random component, which can be averaged out, and a fixed component, which cannot be 

averaged out. A simplified, linear model is presented below to glean insight into these 

important error components and thereby make various predictions on the acceptable error 

limits.

Linearized Model of Individual and Average PTT-Based BP Measurement Errors: The 

model is illustrated in Fig. 2. The input to the model is either the true diastolic BP or true 

systolic BP of a person at a given time, and the output of the model is the corresponding 

diastolic BP or systolic BP measurement error via a PTT-based system. This model may 

therefore be used to help understand both BP measurement and hypertension screening 

accuracies of the system. The model is based on a set of assumptions and operates as 

follows.

The input to the model is a BP measurement described by the ANOVA model in Eq. (7). 

Hence, auscultation was assumed to provide BP without error. Further, since BP variability 

between office visits may be reflective of BP variability between different days or different 

times within a day (e.g., morning to evening), PX,ijk in this model represents the kth 

auscultation measurement at the jth distinct time period from the ith person. For simplicity, 
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the model does not consider nighttime measurements, as nighttime dipping and the 

subsequent morning surge are largely deterministic events. However, a ubiquitous system 

could obtain nighttime BP measurements, which are of considerable value in detecting 

hypertensive risk [32].

Diastolic BP and PTT were again assumed to be precisely related. However, the nonlinear 

relationship in Eq. (1) was not used here, because it is too complicated (e.g., diastolic BP 

cannot be explicitly written in terms of PTT) to offer insight. Based on Fig. 1(a), PTT was 

instead assumed to be related to auscultation diastolic BP via a simple linear model as 

follows:

PD, ijk = ηD1, ijkτijk + ηD2, ijk, (8)

where ηD1,ijk and ηD2,ijk are the slope and intercept, which reflect arterial properties similar 

to P0 and P1 in Eq. (1). These coefficients were assumed to be person- and timespecific and 

represented by an ANOVA model analogous to Eq. (7) as follows:

ηD1, ijk = ηD1 + η∼D1, i + νηD1, i j + eηD1, ijk (9)

ηD2, ijk = ηD2 + η∼D2, i + νηD2, i j + eηD2, ijk . (10)

Here, ηD1 and ηD2 are the population mean values; η∼D1, i and η∼D2, i represent between-person 

variabilities due to cardiovascular aging and disease; νηD1, ijk and νηD2, i j represent between-

time period variabilities for a specific person due to smooth muscle contraction; and eηD1, ijk

and eηD2, ijk represent within-time period variabilities for a specific person and time period 

due to fast, neurally-mediated smooth muscle contraction. All terms with i, j, and/or k 
subscripts in each equation were assumed to be independent Gaussian distributed variables 

with zero-mean and some variance. Hence, like the ANOVA model of within-person BP 

variability in Eq. (7), this model treats the similar complex factors that cause withinperson 

smooth muscle contraction variability as random events. The true PTT (τijk) may then be 

determined from the auscultation diastolic BP input as follows:

τijk =
PD, ijk − ηD2 + η∼D2, i + νηD2, i j + eηD2, ijk

ηD1 + η∼D1, i + νηD1, i j + eηD1, ijk
. (11)

A ubiquitous system would measure PTT with convenient sensing modalities (e.g., 

ballistocardiography for the proximal waveform and photoplethysmography for the distal 
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waveform [11], [12]), which can be susceptible to measurement error. The PTT measured by 

the system τ ijk  was therefore assumed to be contaminated by additive noise as follows:

τ ijk =
PD, ijk − ηD2 + η∼D2, i + νηD2, i j + eηD2, ijk

ηD1 + η∼D1, i + νηD1, i j + eηD1, ijk
+ nijk, (12)

where nijk is independent Gaussian distributed noise with zero-mean and some variance.

Diastolic BP may then be computed from the noisy PTT measurement by the ubiquitous 

system PD, ijk  via the following linear calibration curve:

PD, ijk = ηD1τ ijk + ηD2, (13)

where the values of ηD1 and ηD2 may be established based on, for example, the age and 

gender of the person similar to Eqs. (2) and (3).

To account for systolic BP, a linear model relating auscultation diastolic BP to auscultation 

systolic BP (see Section II.A) was employed as follows:

PS, ijk = ηS1, ijkPD, ijk + ηS2, ijk, (14)

where ηS1,ijk and ηS2,ijk are the slope and intercept, which may again respectively indicate 

the ratio of the differential arterial compliance at diastole to the differential arterial 

compliance at systole and the stroke volume and arterial properties. Since these 

physiological variables likewise vary between people due to cardiovascular aging and 

disease and within a person due to, for example, neuro-humoral modulation caused by the 

aforesaid complex factors, the coefficients ηS1,ijk and ηS2,ijk were assumed to be person- and 

time-specific and represented by analogous models as follows:

ηS1, ijk = ηS1 + η∼S1, i + νηS1, i j + eηS1, ijk (15)

ηS2, ijk = ηS2 + η∼S2, i + νηS2, ijk + eηS2, ijk . (16)

Hence, within-person auscultation systolic BP and auscultation diastolic BP are imperfectly 

correlated in the model, which is consistent with the experimentally observed 0.7-0.8 

correlation coefficients between the two BP levels. Auscultation diastolic BP may then be 

determined from the auscultation systolic BP input as follows:
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PD, ijk =
PS, ijk − ηS2 + η∼S2, i + νηS2, i j + eηS2, ijk

ηS1 + η∼S1, i + νηS1, i j + eηS1, ijk
. (17)

The diastolic BP may thereafter be measured by the PTTbased system via Eqs. (12) and 

(13).

Finally, systolic BP may be computed from the diastolic BP measurement by the ubiquitous 

system PS, ijk  via the following linear calibration curve:

PS, ijk = ηS1PD, ijk + ηS2 = ηS1ηD1τ ijk + ηs1ηD2 + ηS2 (18)

where the values of ηS1 and ηS2 may be also derived based on, for example, the age and 

gender of the person as in Eqs. (5) and (6). Hence, both systolic BP and diastolic BP are 

obtained via the system by applying different linear calibration curves to the single PTT 

measurement.

The errors of the diastolic BP and systolic BP measured by the PTT-based system with 

respect to auscultation may be found using Eqs. (7), (12), (13), (17) and (18). Assuming 

small coefficients of variation for the involved variables, the equations may be simplified by 

neglecting second-order terms to give the following errors for diastolic BP (ED,ijk) and 

systolic BP (ES,ijk):

ED, ijk = PD, ijk − PD, ijk ≈

−PD − P∼D, i + ηD2
ηD1

η∼D1, i +
−PD − P∼D, i + ηD2

ηD1
νηD1, i j +

−PD − P∼D, i + ηD2
ηD1

eηD1, ijk − η∼D2, i − νηD2, i j
− eηD2, ijk + ηD1nijk

(19)

ES, ijk = PS, ijk − PS, ijk ≈
−PS − P∼S, i + ηS2 + ηS1ηD2

ηD1
η∼D1, i +

−PS − P∼S, i + ηS2 + ηS1ηD2
ηD1

νηD1, i j +
−PS − P∼S, i + ηS2 + ηS1ηD2

ηD1
eηD1, ijk −

ηS1η∼D2, i − ηS1νηD2, i j − ηS1eηD2, ijk +
−PS − P∼S, i + ηS2

ηS1
η∼S1, i +

νηS1, i j − eηS1, ijk + ηS1ηD1nijk,

(20)
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where PD + P∼D, i and PS + P∼S, i are the mean or long-term average of diastolic BP and 

systolic BP, respectively, for the ith person. These errors are Gaussian distributed with 

zeromean. The variances of the errors indicate the BP measurement accuracy. Note that the 

terms with the same subscripts (except for nijk) in each equation could possibly be correlated 

to each other (e.g., η∼D1, i and η∼D2, i or νηS1, i j and νηS2, i j), as they are due to similar factors.

The errors of the average of many PTT-based BP measurements for the ith person may be 

determined via Eqs. (19) and (20) by noting that each term with subscript j and/or k are 

zero-mean random variables and that terms without such subscripts are effectively constants. 

These errors for diastolic BP ED, i  and systolic BP ES, i  may then be given as follows:

ED, i = 1
JK ∑ j = 1

J ∑k = 1
K ED, ijk ≈

−PD − P∼D, i + ηD2
ηD1

η∼D1, i − η∼D2, i (21)

ES, i = 1
JK ∑ j = 1

J ∑k = 1
K ES, ijk ≈

−PS − P∼S, i + ηS2 + ηS1ηD2
ηD1

η∼D1, i

− ηS1η∼D2, i +
−PS − P∼S, i + ηS2

ηS1
η∼S1, i − η∼S2, i,

(22)

where J and K respectively denote the number of measurements during distinct time periods 

and within a time period and are large enough to average out the zero-mean random 

variables. For comparison with conventional hypertension screening, the error of the average 

of two auscultation measurements during a single office visit from the ith person EX, i
A  is 

given as follows:

EX, i
A = νPX, i1 +

ePX, i11 + ePX, i12

2 . (23)

This equation arises from Eq. (7). The errors in Eqs. (21)–(23) are also Gaussian distributed 

with zero-mean. The variances of these errors indicate the hypertension screening accuracy.

Eqs. (19)-(22) constitute a linearized model of the sources of the BP measurement error 

associated with a PTT-based system. In particular, the sources of the random error 

component are: (i) within-person smooth muscle contraction variability ( νηD1, i j, eηD1, ijk, 

νηD2, i j, eηD2, ijk); (ii) PTT measurement noise (nijk); and, for systolic BP only, (iii) imperfect 

within-person correlation between systolic BP and diastolic BP ( νηS1, i j, eηS1, ijk, νηS2, i j, 

eηS2, ijk). The source of the fixed error component is the discrepancy between the PTT-BP 
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calibration curves of the system and the long-term average of the person-specific curves 

relating PTT to BP ( η∼D1, i, η
∼

D2, i, η
∼

S1, i, η
∼

S2, i). Also, the actual underlying BP levels of the 

person and the coefficient values in the population average curves impact the error 

magnitude.

Model Simulations: Simulations were performed with the model so as to provide a 

conservative prediction for the acceptable error limits of a PTT-based BP measurement 

system. However, rather than assuming the linear relationship between diastolic BP and PTT 

in Eqs. (8) and (13), the nonlinear relationship in Eqs. (1)-(3) was employed. In particular, 

the calibration curve relating measured PTT to diastolic BP was defined exactly by these 

equations (i.e., a universal calibration curve), whereas the person- and timespecific curve 

was specified in terms of the same equations but with the P0 and P1 parameters set 

analogously to Eqs. (9) and (10). Similarly, a universal calibration curve relating diastolic 

BP to systolic BP was defined as Eqs. (4)-(6). The remaining model parameter values were 

then selected as follows. The standard deviations of the fixed error components ( P∼0, i, P
∼

1, i, 

η∼S1, i, η
∼

S2, i) were set to varying percentages (Y%) of their respective average values for the 

age and gender of the person ( P0, P1, ηS1, ηS2). Due to the absence of experimental data, the 

Y values were assumed to be the same for each of the four components. The single Y value 

may be thought of as the average of the magnitudes of these components. That is, if different 

Y values were assigned to each fixed error component but the average of these four values 

was maintained, the average of the results may be similar to the results from the single Y 
value. The standard deviations of the random error components were set to either modest or 

observed values as follows: (i) standard deviation of nijk to 5% of τijk in Eq. (11); (ii) 

standard deviation of 
νηS1, i j + eηS1, ijk −PS − P∼S, i + ηS2

ηS1
2 −

νηS2, i j + eηS2, ijk

ηS1
, which is an 

aggregate term arising from the linearization of Eq. (17), to a level that yields a correlation 

coefficient between the auscultation systolic BP input and auscultation diastolic BP in Eq. 

(17) of 0.75 for an average person; and (iii) standard deviations of νP0, i j + eP0, ijk and 

νP1, i j + eP1, ijk to 5% of P0 + P∼0, i and P1 + P∼1, i, respectively. The between-time period 

standard deviations in (ii) and (iii) accounted for 80% of the total standard deviations 

(similar to the within-person BP variances in Table I). For convenience, these ten error 

components were assumed to be independent of each other.

Simulations were performed for increasing values of Y. For each of these values, numerous 

AAMI and hypertension screening tests were simulated. For the AAMI tests, three 

consecutive auscultation and PTT-based BP measurements were simulated from 85 subjects, 

where the age, gender, and race of each subject were determined at random (uniform 

distribution between 30 and 70 years for age; Bernoulli distribution with p = 0.5 and 0.8 for 

gender and white). The BP measurement accuracy of the PTT-based system was then 

determined by averaging the resulting bias and precision errors over the many AAMI tests. 

For the hypertension screening tests, PTT-based BP measurements for an average person in 

Table I with long-term average auscultation BP deviating by ±5 mmHg from the 140/90 

Mukkamala and Hahn Page 11

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mmHg threshold values, as described earlier, were simulated for three successive 

measurements at 30 different time periods (e.g., daily measurements for a month or 

morning, afternoon, and evening measurements for 10 days) and then averaged. The 

screening accuracy was then determined by computing the fraction of the numerous tests for 

which hypertension and normotension were correctly detected via comparison of the 

averaged PTT-based measurements with the threshold values. The acceptable error limits 

were then predicted as the maximum bias and precision errors that allowed for the same 

screening accuracy as conventional auscultation.

A sensitivity analysis was performed to assess the robustness of the major predicted 

acceptable error limit. The standard deviation of each of the random error components 

(which represent the user-selected parameters in the simulations) was varied, one at a time, 

by ±50% relative to its nominal value or observed range. In particular, the standard 

deviation(s) of (i) nijk was set to 2.5 or 7.5% of τijk; (ii) 

νηS1, i j + eηS1, ijk −PS − P∼S, i + ηS2

ηS1
2 −

νηS2, i j + eηS2, ijk

ηS1
 was set so that the correlation 

coefficient between auscultation systolic BP and diastolic BP was 0.725 or 0.775 for an 

average person (observed range is 0.7-0.8); and (iii) νP0, i j + eP0, ijk and νP1, i j + eP1, ijk were 

set to 2.5 or 7.5% of P0 + P∼0, i and P1 + P∼1, i. The acceptable error limit for each of the six 

parameter settings was then similarly determined.

Finally, it is also of interest to examine the value added by a PTT-based system to 

auscultation in hypertension screening. Additional simulations were therefore performed to 

assess the screening accuracy of the average of the BP measurements from the PTT-based 

system and auscultation (using the nominal parameter settings).

3) Automatic Cuff Device as the Reference—While the BP measurement accuracy of 

a PTT-based system should be assessed against a manual cuff device, many developers may 

prefer initial testing using an automatic cuff device as a reference. In such convenient 

testing, the acceptable error limits may be higher because of significant error in the reference 

device. Predictions on the acceptable error limits with respect to an oscillometric device, 

which is the most popular automatic cuff device, were made as follows.

The error in a PTT-based system with respect to an oscillometric device may be expressed as 

the error in the PTTbased system with respect to auscultation minus the error in the 

oscillometric device with respect to auscultation. The bias error of the PTT-based system 

with respect to the oscillometric device is then simply the difference in the two bias errors 

with respect to auscultation. However, the precision error of the system with respect to the 

oscillometric device depends on the correlation between this pair of errors. The sources of 

the errors were analyzed to gain insight into the extent of the correlation and thereby make 

predictions on the acceptable bias and precision error limits with respect to an oscillometric 

device.
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III. Results and Discussion

A. Predictions on Maximum Calibration Period

The predicted maximum calibration period turned out to be determined by the highest BP 

level in the age- and genderdependent BP range. Fig. 3 illustrates the predicted maximum 

calibration periods for each BP level as a function of age that yield peak BP calibration 

errors of ε mmHg (where ε = 1, 2, or 3) for males. (The predictions for females were 

similar.) For diastolic BP, the maximum calibration period decreased linearly with aging. 

Since diastolic BP increases only modestly with aging (see Table I), this age dependency 

was mainly due to the calibration curve becoming steeper at a fixed BP level with increased 

age (see Fig. 1(a)). For systolic BP, the maximum calibration period decreased more 

precipitously with aging. The stronger age dependency was due to the added effect of 

systolic BP increasing appreciably with aging (see Table I). Note that the maximum 

calibration period for systolic BP was often longer than for diastolic BP. This unexpected 

result occurred, because aging caused diastolic BP to be overestimated for a given PTT (see 

Fig. 1(a)) and systolic BP to be underestimated for a given diastolic BP (see increasing ηS1 

with age in Eq. (5)) such that the two errors tended to offset each other. Hence, the diastolic 

BP result limited the predicted maximum calibration period. For negligible BP errors of <1 

mmHg, the predicted maximum calibration period is therefore about 1 year for a 30 year old 

and decreases linearly to about 6 months for a 70 year old. This prediction means that a 30 

year old would require the next cuff calibration at 31 years old; a 50 year old would require 

another cuff calibration at 50.75 years old; and a 70 year old would require the next cuff 

calibration at 70.5 years old. If BP calibration errors of <2-3 mmHg were tolerable, then the 

maximum calibration period would be 2-3 times longer.

It is important to emphasize that these maximum calibration period predictions may only be 

applicable to PTT measurements through the aorta. Peripheral arterial properties actually 

change less with aging than central arterial properties [33]. However, smooth muscle 

contraction is a significantly greater factor in the periphery [1]. Smooth muscle contraction 

is of concern, as it can change the calibration curve (e.g., the values for P0 and P1) even on 

the order of seconds to minutes due to neuro-humoral control mechanisms [1]. It therefore 

does not make sense to try to perform cuff calibrations to compensate for this fast 

phenomenon. The predictions ignore any smooth muscle contraction in the aorta and other 

confounding factors that can impact PTT-based BP measurement error (as described in 

Section II.B.2). These predictions are therefore reflective of the impact of only the age-

induced changes in the calibration curve on the BP error.

B. Predictions on Acceptable Error Limits

1) Conventional Hypertension Screening—The screening accuracy afforded by two 

consecutive auscultation measurements was 0.74 for systolic BP and 0.82 for diastolic BP in 

an average person ( 1 − Φ −5/ σνPX

2 + σePX

2 /2 = Φ 5/ σνPX

2 + σePX

2 /2 , where Φ is the 

cumulative Gaussian distribution function). Note that these accuracy levels indicate the 

minimum probability of correct hypertension and normotension screening in people whose 

underlying BP deviates by at least 5 mmHg from the threshold values. Also note that 
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additional within-visit measurements (e.g., four) would increase the screening accuracy only 

little (e.g., 0.75 for systolic BP), because the within-visit BP variances are only about 25% 

of the between-visit BP variances (see Section II.B.1). Finally note that this simple 

calculation did not take into account auscultation measurement error (due to the auscultatory 

gap and observer bias) or masked and white coat effects. Hence, these accuracy levels 

essentially represent upper bounds for conventional hypertension screening.

2) Manual Cuff Device as a Reference

Predictions Based on the Linearized Model of PTT-Based BP Measurement Errors: To 

summarize the model in Section II.B.2, the PTT-based BP measurement error includes a 

random error component, which can be averaged out with many measurements via the 

ubiquitous system, and a fixed error component, which cannot be averaged out. The sources 

of the random error component are (i) within-person smooth muscle contraction variability; 

(ii) PTT measurement noise; and, for systolic BP only, (iii) imperfect within-person 

correlation between systolic BP and diastolic BP. The source of the fixed error component is 

the calibration error (i.e., the discrepancy between the PTT-BP calibration curves of the 

system and the long-term average of the person-specific curves relating PTT to BP). By 

simply examining this model, important predictions can be made as follows.

Prediction 1: Smooth muscle contraction and imperfect correlation between systolic BP and 

diastolic BP were originally thought – at least by the authors – to be completely problematic 

for a PTT-based system. However, the model here indicates that, while these sources are 

surely an issue from a BP measurement accuracy perspective, they can be averaged out with 

many measurements and may therefore be of little concern from a hypertension screening 

perspective. That said, smooth muscle contraction can affect the magnitude of the fixed error 

component. For example, suppose a personspecific PTT-diastolic BP calibration curve is 

constructed without error using cuff measurements from the person at a given time period. In 

this case, the calibration curve would not represent the long-term average person-specific 

curve but rather the person-specific curve under the particular smooth muscle contraction 

state. Therefore, the variances of fixed error terms ( η∼D1, i and η∼D2, i in Eqs. (9) and (10)) 

would equal the variances of random error terms ( νηD1, i j + eηD1, ijk and νηD2, i j + eηD2, ijk in 

the same equations). Hence, although smooth muscle contraction variability can be averaged 

out, a high degree of such variability could increase the magnitude of the fixed error 

component so as to reduce the hypertension screening capacity of a PTT-based system. Note 

that a universal PTT-BP calibration curve built upon person attributes such as age and gender 

(see Eqs. (1)-(3)) may be prone to nontrivial error because of between-person variability in 

cardiovascular aging due to lifestyle and otherwise [34]. PTT measurement through the 

aorta, wherein smooth muscle contraction is relatively sparse, may thus be preferable [1].

Prediction 2: Pulse arrival time (PAT) is often used as a surrogate for PTT in studies on 

cuff-less BP monitoring [1]. PAT equals PTT plus the pre-ejection period (PEP). PEP can 

vary significantly with arterial and ventricular properties [1]. The complex factors that cause 

within-person PEP variability may be emotions, stress, physical activity, etc. Hence, 

withinperson PEP variability may also be regarded as a random error component that could 
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similarly be averaged out with many measurements. However, PEP also introduces a fixed 

error component. For example, a calibration curve relating measured PAT to diastolic BP 

could include, in addition to the calibration parameters relating PTT to diastolic BP (see ηD1
and ηD2 in Eq. (13)), an extra parameter reflecting the longterm average of PEP for the given 

person (which could possibly be derived based on age and gender [35]). Although the 

random variations in the PEP component of the PAT measurement about its mean value may 

be averaged out, the discrepancy between the long-term average of PEP for the person and 

the value assumed by the extra calibration parameter would represent another fixed error 

component that compromises hypertension screening accuracy. Measurement of PTT rather 

than PAT may thus be preferable.

Prediction 3: The variances of the errors in two auscultation measurements with respect to 

the long-term average (see Eq. (23)) for an average person are 58.5 mmHg2 for systolic BP 

and 29.8 mmHg2 for diastolic BP. Hence, the variances of the corresponding fixed error 

component of a PTT-based system (see Eqs. (21) and (22)) can be as high as these values 

without compromising hypertension screening accuracy. The variances of the random error 

components (see Eqs. (19) and (20)), which are independent of the fixed error components 

(due to the different subscripts), can be arbitrarily high without affecting hypertension 

screening accuracy provided that enough measurements can be made to average out these 

components. In sum, the acceptable precision error limits of the ubiquitous system are – at 

the very minimum – 7.6 mmHg for systolic BP and 5.5 mmHg for diastolic BP (i.e., square 

root of the above variances). Because there must be nontrivial random error components, 

these limits will be appreciably higher. Further, if errors in office auscultation measurements 

(due to the auscultatory gap, observer bias, and white coat and masked effects) and 

nighttime measurements by the ubiquitous system were taken into account, the error limits 

would rise even further.

Prediction 4: It is important to again emphasize that the model and its predictions pertain 

specifically to PTT measurements through the aorta. As mentioned above, this particular 

time delay may represent the best-case scenario for PTT-based BP monitoring. Further, 

insight about other time delays of interest, but for which well-established models are not 

available, can be gleaned from the quantitative framework. As an example, for the popular 

PAT, the PEP term introduces additional fixed and random error components. In general, 

when adding a random error component, the acceptable precision error limits will increase. 

On the other hand, when adding a fixed error component, the acceptable precision error 

limits will not change, but the magnitudes of the fixed error components needed to achieve 

the error limits will decrease. Since PAT may correlate better with systolic BP than diastolic 

BP [1], the error components may be smaller for systolic BP. In sum, the acceptable 

precision error limits for PAT relative to aortic PTT may be higher, but these error limits 

may be more difficult to achieve, especially for diastolic BP.

Simulations for Prediction of Acceptable Error Limits: Fig. 4 shows the screening 

accuracy versus the AAMI precision accuracy for systolic BP measurements via a PTT-

based system (where the accuracies were again varied by sweeping Y, which represents the 

relative magnitude of the fixed error component) along with the “required” screening 
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accuracy of 0.74. The bias errors were only 0-2 mmHg (results not shown), so each 

screening accuracy level largely reflected both sensitivity and specificity. These predictions 

suggest that the AAMI precision error for systolic BP can be near 12 mmHg (i.e., where the 

red and blue curves intersect) without loss of hypertension screening accuracy compared to 

conventional auscultation. Note that this acceptable precision error limit is significantly 

higher than the AAMI precision limit of 8 mmHg for automatic cuff devices. The 

predictions also suggest that the AAMI precision error for diastolic BP can be near 8 mmHg 

and satisfy the required screening accuracy of 0.82 (results not shown). Note that the Y 
value that yielded the required screening accuracy was near 7% for systolic BP (i.e., Y 
equals about 7% where the red and blue curves intersect) and near 16% for diastolic BP. 

Hence, although the acceptable systolic BP precision error limit is appreciably higher, the 

acceptable diastolic BP precision error limit may be more achievable. Also note that these 

predictions are quite conservative, yet still relatively high for systolic BP, for two reasons. 

Firstly, the magnitudes of the random error components were set to modest values (e.g., only 

5% smooth muscle contraction variability, which may be low even for aortic PTT). 

Secondly, the predictions again ignore error in office auscultation measurements and do not 

consider nighttime measurements. The acceptable bias error limits may be regarded as 5 

mmHg similar to automatic cuff devices.

When the magnitude of each of the user-selected parameters in the simulations was 

perturbed by ±50% relative to its nominal value or observed range, the predicted acceptable 

systolic BP precision error limit in Fig. 4 changed from about 11 to 13 mmHg (i.e., −3.5 to 

+9.5% of the predicted value of about 12 mmHg from the nominal parameter value settings). 

Hence, the major prediction may be quite robust to reasonable perturbations in the parameter 

choices.

When a PTT-based system was combined with conventional auscultation, the screening 

accuracy was improved by at least 0.05 over auscultation alone provided that the precision 

errors of the PTT-based system were within about 13 mmHg for systolic BP (i.e., where the 

black curve equals 0.79 in Fig. 4) and about 9 mmHg for diastolic BP (results not shown). In 

sum, the predicted acceptable precision error limits are about 12 mmHg for systolic BP and 

about 8 mmHg for diastolic BP when the PTT-based system is viewed as an alternative to 

auscultation and about 1 mmHg higher when the system is considered in addition to 

auscultation.

3) Automatic Cuff Device as a Reference—The error sources for PTT-based systems 

may be discrepancies in the calibration curve with respect to the actual curve, PTT 

measurement noise, and, for systolic BP only, variations in the within-person relationship 

between diastolic BP and systolic BP. According to modeling and experimental studies (see 

[36] and [37] and references therein), the major error sources for automatic oscillometric 

cuff devices may be variations in the width of the brachial artery compliance curve around 

zero transmural pressure and variations in pulse pressure. Although the sources of error for 

both methods implicitly or explicitly include variations in arterial compliances, the ranges of 

BP for the compliance values are different (i.e., transmural pressure of 0 mmHg for an 

oscillometric device and nominally 100 mmHg for a PTTbased system). Even over the same 

BP range, the correlation coefficient between the compliance of the aorta, which may be the 
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preferred PTT measurement site, and the brachial artery (as measured in terms of pulse wave 

velocity) is only about 0.36 [38]. Both methods also implicitly or explicitly share within- 

and between-person pulse pressure variations as sources of systolic BP error. However, 

within-person pulse pressure variations may translate into a relatively small component of 

the errors, and a PTT-based system may be more robust to between-person pulse pressure 

variations via person-dependent calibration. Hence, the correlation between the errors of a 

PTT-based system and oscillometric device may be small enough to reasonably approximate 

the precision error of a PTT-based system with respect to an oscillometric device as the 

square root of the sum of the error variances of the two methods with respect to auscultation.

The acceptable error limits of a PTT-based system with respect to an automatic cuff device 

in subjects with characteristics similar to AAMI protocol subjects may be as follows. If the 

acceptable bias and precision limits of the system with respect to auscultation were 5 and 8 

mmHg, which are the conservative bias and precision limits for diastolic BP from the model 

simulations and the current AAMI standard for automatic cuff devices, then the acceptable 

bias and precision limits with respect to an oscillometric device would be ±5 mmHg minus 

the bias of the latter device, as published in its brochure, and the square root of 64 mmHg2 

plus the square of the published precision error of this device, respectively. In this case, for 

oscillometric devices that meet the AAMI standard, the maximum acceptable bias and 

precision limits would be 10 mmHg in magnitude and 11 mmHg (=√(64+64)), respectively. 

If the acceptable precision limit of a PTT-based system with respect to auscultation were 12 

mmHg for systolic BP, as conservatively predicted via the model simulations, then the 

acceptable systolic BP precision error limit with respect to an oscillometric device would be 

above 14 mmHg. This predicted acceptable error limit is considerably higher than a naïvely 

assumed limit of 8 mmHg.

As a final comment on acceptable error limits, a standard protocol may not always suffice 

for testing the accuracy of PTT-based systems that require cuff calibration. For example, 

suppose a system is calibrated with cuff measurements for a subject, and the calibration 

curve yields similar BP levels despite appreciable variations in measured PTT (e.g., ηD1 is 

small in Eq. (13)). Then, when the system is tested in the same subject at a later time, its 

error may simply reflect the variability in the cuff measurements. This variability could be 

within the acceptable error limits predicted here, especially when young white males who 

are typically included in PTTbased BP measurement studies [1], form the study group (see 

Table I). Hence, PTT-based systems that require cuff calibration should be tested for 

accuracy using interventions that alter BP significantly (and in different ways) such as 

postexercise and cold pressor [1]. That is, the system should first be calibrated for a subject 

during a baseline and then tested in the same subject during the BP maneuvers. In this case, 

the demonstrated accuracy may be more compelling, and the predicted acceptable error 

limits may be more applicable. This suggestion is consistent with the IEEE Standard 

1708-2014 – Wearable Cuffless Blood Pressure Measuring Devices.

IV. Conclusion

A most important potential application of PTT-based, ubiquitous BP monitoring systems is 

hypertension screening. That is, by affording numerous, out-of-clinic BP measurements in 
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the mass population, such systems may enhance hypertension awareness and thereby help 

reduce the incidence of strokes and heart attacks. However, several questions are commonly 

put forth when discussing the viability of PTT-based BP monitoring systems. One question 

is: how often do these systems need to be calibrated with cuff measurements and is the 

period between such calibrations even long enough to make the systems worthwhile? 

Another question is: what are the acceptable error limits of these systems? This latter 

question comes up, because PTT-based systems could effectively screen for hypertension, 

despite serious error in individual measurements due to calibration and otherwise, by 

mitigating the error and eliminating nontrivial within-person BP variability via averaging of 

the many measurements. In this study, answers to these difficult questions were sought by 

making predictions on the maximum calibration period (i.e., the longest period between cuff 

calibrations that would not compromise accuracy) and acceptable error limits (i.e., the 

maximum error in individual BP measurements that would still permit, through 

measurement averaging, a hypertension screening accuracy that is comparable to the current 

cuff-based approach) via mathematical models and BP data from the literature.

The major predictions of this theoretical investigation were as follows:

• The maximum calibration period for PTT measurements is at least 6 months.

• The acceptable precision error limit for systolic BP, which is most important for 

hypertension screening [31], is >12 mmHg in an AAMI protocol with a manual 

cuff device as a reference. The corresponding acceptable bias error limits and 

diastolic BP precision error limit may be, at the minimum, similar to the current 

standard for automatic cuff devices. However, the diastolic BP error limits may 

actually be easier to achieve in practice.

• The acceptable bias and precision error limits for systolic BP can be up to 10 

mmHg in magnitude and >14 mmHg, respectively, with respect to an automatic 

cuff device. The corresponding limits for diastolic BP can be up to 10 mmHg in 

magnitude and >11 mmHg.

• The acceptable error limits for the popular PAT may be higher but more difficult 

to achieve in practice, especially for diastolic BP.

Interestingly, this study also yielded predictions that may not have been obvious as follows:

• The maximum calibration period for PTT measurements declines significantly 

with aging (e.g., from about 1 year at 30 years old to about 6 months at 70 years 

old).

• For hypertension screening, the deleterious effects of smooth muscle contraction, 

PEP, and within-person variations in the systolic BP-diastolic BP relationship 

can be mitigated (but not eliminated in the case of person-specific calibration) 

via measurement averaging.

The predictions as well as other information provided herein may be of some value in 

guiding the implementation, evaluation, and application of PTT-based BP monitoring 

systems in practice. Examples follow. For implementation, the predictions indicate that cuff 

calibrations should be performed more frequently with increasing age. For evaluation, the 
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predictions suggest that PTT-based systems showing bias and precision errors significantly 

above the standard 5 and 8 mmHg limits, especially with respect to automatic cuff devices, 

should not be readily dismissed, because these systems could still screen for hypertension 

just as effectively as the current cuff-based approach or enhance the screening accuracy 

when combined with this approach. Moreover, the pivotal evaluation of PTT-based systems 

should be a hypertension screening accuracy test rather than a measurement accuracy test. 

Such an evaluation may be most easily conducted by employing the system in a group of 

subjects with previously diagnosed hypertension and normotension and showing that its 

hypertension screening accuracy in this group is comparable or adds values to that of the 

manual cuff-based approach. For application, the predictions suggest that the system would 

be better off in reporting a running average of many BP measurements instead of individual 

measurements so as to indicate the true underlying BP of the person. Further, the screening 

results of the system should be confirmed with ambulatory or home cuff BP monitoring 

before any clinical treatment is prescribed.

In sum, the results of this theoretical study indicate that the PTT-based BP monitoring 

approach may be viable even with periodic calibration and seemingly high measurement 

errors. This information, which would have been difficult to ascertain experimentally, could 

possibly be helpful in achieving ubiquitous BP monitoring in practice.
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Fig. 1. 
Calibration curves relating pulse transit time (PTT) per unit length to (a) diastolic blood 

pressure (BP) and (b) systolic BP in males.
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Fig. 2. 
Model employed to predict the acceptable error limits for a PTT-based BP measurement 

system. The model input (blue) is either the true systolic BP or true diastolic BP, while the 

model output (red) is the corresponding measurement error of the PTT-based system. All 

mathematical symbols are completely defined in Eqs. (7)-(20).
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Fig. 3. 
Predicted maximum calibration period as a function of age for (a) diastolic BP and (b) 

systolic BP in males. Here, 1, 2, and 3 mmHg correspond to the largest tolerable BP error 

over a physiological BP range.
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Fig. 4. 
Predicted hypertension screening accuracy versus precision accuracy for systolic BP 

measurements via a PTT-based system as well the PTT-based system and conventional 

auscultation combined. Hypertension screening accuracy is quantified in terms of the 

probability of correctly detecting systolic BP >145 mmHg or <135 mmHg via many 

measurements from the PTT-based system and two consecutive auscultation measurements 

for the combined system. Precision accuracy is quantified in terms of the standard deviation 

of individual measurements from the PTT-based system in an AAMI protocol.
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