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Abstract

Goal—We tested the hypothesis that the ballistocardiogram (BCG) waveform could yield a viable 

proximal timing reference for measuring pulse transit time (PTT).

Methods—From fifteen healthy volunteers, we measured PTT as the time interval between BCG 

and a non-invasively measured finger blood pressure (BP) waveform. To evaluate the efficacy of 

the BCG-based PTT in estimating BP, we likewise measured pulse arrival time (PAT) using the 

electrocardiogram (ECG) as proximal timing reference and compared their correlations to BP.

Results—BCG-based PTT was correlated with BP reasonably well: the mean correlation 

coefficient (r) was 0.62 for diastolic (DP), 0.65 for mean (MP) and 0.66 for systolic (SP) pressures 

when the intersecting tangent method was used as distal timing reference. Comparing four distal 

timing references (intersecting tangent, maximum second derivative, diastolic minimum and 

systolic maximum), PTT exhibited the best correlation with BP when the systolic maximum 

method was used (mean r value was 0.66 for DP, 0.67 for MP and 0.70 for SP). PTT was more 

strongly correlated with DP than PAT regardless of the distal timing reference: mean r value was 

0.62 versus 0.51 (p=0.07) for intersecting tangent, 0.54 versus 0.49 (p=0.17) for maximum second 

derivative, 0.58 versus 0.52 (p=0.37) for diastolic minimum, and 0.66 versus 0.60 (p=0.10) for 
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systolic maximum methods. The difference between PTT and PAT in estimating DP was 

significant (p=0.01) when the r values associated with all the distal timing references were 

compared altogether. However, PAT appeared to outperform PTT in estimating SP (p=0.31 when 

the r values associated with all the distal timing references were compared altogether).

Conclusion—We conclude that BCG is an adequate proximal timing reference in deriving PTT, 

and that BCG-based PTT may be superior to ECG-based PAT in estimating DP.

Significance—PTT with BCG as proximal timing reference has potential to enable convenient 

and ubiquitous cuffless BP monitoring.

Index Terms

Pulse Transit Time (PTT); Blood Pressure; Ballistocardiogram (BCG); Pulse Arrival Time (PAT); 
Electrocardiogram (ECG)

I. Introduction

Pulse transit time (PTT) is the time interval required for a pressure wave to travel between 

two sites (typically between a proximal site and a distal site) in the arterial tree. It has 

attracted a vast amount of interest due to its potential for convenient and ubiquitous blood 

pressure (BP) monitoring: in contrast to currently widespread BP measurement techniques 

such as auscultation [1] and oscillometry [2] which can only provide intermittent BP 

measurement due to requisite interventions (i.e., cuff inflation/deflation), PTT may enable 

cuffless beat-to-beat BP monitoring. In fact, there is a large volume of research effort that 

has been made in PTT-based BP monitoring (see, for example, recent reviews on this topic 

[3][4]).

The majority of PTT measurement techniques reported to date employ the electrocardiogram 

(ECG) as proximal timing reference by virtue of its convenience and robustness to motion 

artifacts (see, e.g., some recent work on BP monitoring based on ECG as proximal timing 

reference for measuring PTT [5][6][7][8][9]). In the literature, the time interval between 

ECG and a distal arterial waveform is referred to as pulse arrival time (PAT) rather than 

PTT: PAT consists of pre-ejection period (PEP: the time interval corresponding to the 

isovolumetric contraction of the heart) in addition to PTT. While PTT is closely related to 

BP via arterial compliance (i.e., if arterial BP increases, arterial wall tension increases, then 

PTT decreases due to a decrease in arterial compliance as dictated by the wave equation 

[10]), PEP is affected by several factors such as myocardial contractility and afterload (see, 

e.g., [11][12]). Therefore, the relation between BP and PAT is affected by PEP as well as 

PTT. Thus, the correlation between BP and PAT is likely to be deteriorated unless PEP and 

PTT consistently respond to a perturbation in BP. In the literature, PAT has been shown to 

correlate very well with BP (especially SP [13]). However, PAT has often shown poor 

correlation with DP when the “foot” of distal arterial waveform was used as distal timing 

reference [14][15][16], perhaps partly due to the adverse influence of PEP.

The ballistocardiogram (BCG) is a measurement of the reaction forces of the body to cardiac 

ejection of blood into the aorta. As such, it may represent a true proximal timing reference 

for PTT. The BCG signal has been studied for a long time: the BCG phenomenon was first 
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discovered in the late 1800s [17] then pioneered in the early 1900s [18] and studied heavily 

in the mid-1900s [19]. However, by the late 1960s, with the introduction of medical imaging 

technologies, BCG began to wane and has since been completely removed from clinical 

practice [20]. Recently, there has been a resurgence of BCG research internationally, mainly 

due to the convenience with which it can be measured outside of clinical settings. 

Researchers have demonstrated convenient and inexpensive options for BCG 

instrumentation such as a weighing scale [21], chair [22], bed [23], or with wearable sensors 

[24]. With these instruments, BCG has been shown to be capable of trending changes in 

cardiac output [25] and myocardial contractility [26]. On the contrary, it has not yet been 

rigorously explored for measuring PTT and, accordingly, estimating BP. Since BCG is a 

measurement of body movements associated with the mechanical ejection of blood from the 

heart, and since the time interval between ECG and BCG has been shown to be strongly 

correlated to PEP [27], we posit that BCG represents an opportunity to obtain a convenient 

and accurate proximal timing reference for measuring PTT.

In this study, we tested the hypothesis that BCG waveform could be a viable proximal 

timing reference for measuring PTT (see Fig. 1). From fifteen healthy volunteers, we 

measured PTT as the time interval between BCG and a non-invasively measured finger BP 

waveform. To evaluate the efficacy of the BCG-based PTT in estimating BP, we likewise 

measured pulse arrival time (PAT) using the electrocardiogram (ECG) as proximal timing 

reference and compared their correlations to BP. To the best of our knowledge, this is the 

first intensive investigation to study the efficacy of BCG for the purpose of measuring PTT 

and estimating BP. We report our initial findings on how closely BCG-based PTT is 

correlated with BP, how the correlation between PTT and BP varies with respect to distal 

timing references, and how PTT compares with PAT in estimating BP.

II. Materials and Methods

A. Human Subject Study and Waveform Acquisition

Fifteen young, healthy volunteers without any history of hypertension or cardiovascular 

disease (age: 24±3 years; gender: 10 males and 5 females; weight: 70±12 kg; height: 175±10 

cm) were enrolled in our study, which was approved by the Georgia Institute of Technology 

Institutional Review Board. Upon providing written consent, standard gel electrodes (Ag/

AgCl) were placed on each subject for modified Lead II ECG acquisition using a wireless 

amplifier (BN-EL50, Biopac Systems, Goleta, CA). For BCG acquisition, a customized 

weighing scale was built as described in a previous study [21]. For BP acquisition, a finger-

cuff continuous non-invasive BP waveform sensor was placed on the middle finger of the 

subject (ccNexfin, Edwards Lifesciences, Irvine, CA). The sensors were interfaced to a 

computer via a data acquisition unit (MP150, Biopac Systems, Goleta, CA). The data were 

collected at 1 kHz sampling rate. The data acquisition schematic is presented in Fig. 2a. 

Each subject, while wearing all sensors, stood on the scale, and the experimental protocol 

was started (Fig. 2b). First, the subject stood still for 60 seconds for a baseline recording. 

Second, the subject was asked to breathe deeply and slowly. Third, the subject was asked to 

perform a sustained hand grip challenge in which the subject performed an isometric 

contraction against a fixed resistance with the contralateral hand to the one outfitted with the 
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sensors. In between the perturbations (deep breathing and hand grip), the subject stood at 

rest for 60 seconds.

B. Measurement of PTT and PAT

From the data thus collected, PTT and PAT were measured as follows. First, the BP 

waveform was smoothed by a Butterworth low-pass filter with 100 Hz cut-off frequency. 

Second, the R wave in each ECG beat was detected as the local maximum within each ECG 

beat. Third, individual BP and BCG beats were extracted guided by the ECG R waves. 

Fourth, BCG beats were smoothed with an exponential moving-average filtering technique 

as described in a previous study [27]. Fifth, the I wave of the BCG waveform was extracted 

from each BCG beat as the local minimum occurring right before the J wave (detected as the 

peak between the ECG R wave and the systolic maximum of BP waveform) within each 

BCG beat1. Sixth, distal timing references were extracted from each BP beat using the 

intersecting tangent [28], maximum second derivative, diastolic minimum and systolic 

maximum methods. Finally, PTT associated with each individual beat was measured as the 

time interval between the BCG I wave and the distal timing references, while PAT 

associated with each individual beat was measured as the time interval between the ECG R 

wave and the distal timing references. Thus, a total of four PTT and four PAT values were 

determined for each beat (see Fig. 3).

C. Data Analysis

Before performing the correlation analysis, PTT and PAT sequences measured for each 

subject were smoothed with a Butterworth low-pass filter with 0.1 Hz cut-off frequency to 

prevent the degradation of PTT-BP correlation by inadequately measured PTT samples 

arising from the BCG beats corrupted by motion artifacts. Then, a logarithmic model (1), 

derived from the Moens-Korteweg equation [29] and an exponential arterial elasticity model 

proposed by Hughes et al. [30], was fitted to PTT-BP and PAT-BP data pairs associated 

with each subject to correlate PTT and PAT to BP:

(1)

where P denotes BP (DP, MP or SP), T is either PTT or PAT, and K1 and K2 are individual-

specific parameters. For each subject, three sets of K1 and K2 values (each corresponding to 

DP, MP and SP, respectively) were derived via the least-squares method for PTT and PAT, 

respectively. Finally, using the same data pairs, PTT and PAT were transformed to BP by 

plugging them into the calibration equations.

In each subject, correlation coefficients (i.e., the r values) between true versus estimated DP, 

MP and SP were computed. Noting that four distal timing references were considered in 

measuring PTT and PAT, totally twelve r values were computed for each subject (3 BP × 4 

distal timing references). The statistical significance in differences between the r values 

associated with PTT versus their PAT counterparts was examined in two ways. First, the 

paired t-test was applied to the r values for PTT and PAT related to each distal timing 

1Though not shown in detail, we used the I wave in this study because the correlation between PTT and BP was consistently stronger 
with the I wave as proximal timing reference than J wave or H wave.
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reference (i.e., 15 samples). Second, the paired t-test was then applied to the r values for 

PTT and PAT related to all the distal timing references (thus 60 samples). The second 

analysis was conducted to compare PTT and PAT independently of the choice of distal 

timing reference, due to the observation that the distal timing reference corresponding to the 

best r value was different in different subjects.

III. Results

The mean BP (DP, MP and SP) as well as HR and PTT values were largely different across 

subjects. DP, MP and SP varied up to 43.0±16.5%, 43.8±14.3% and 46.2±15.5% of the 

respective mean values, HR up to 62.3±21.1%, and PTT up to 90.3±47.9%, by the deep 

breathing and sustained hand grip maneuvers used in this study. Fig. 4 shows a 

representative time responses of BP, PTT and PAT to deep breathing and sustained hand 

grip maneuvers in a test subject.

Table II summarizes the r values evaluated for BP (DP, MP and SP, respectively) versus 

PTT as well as compares the r values evaluated for the relation between BP (DP, MP and 

SP) versus PTT and PAT. Fig. 5 shows a representative example of true versus PTT- and 

PAT-estimated BP in a test subject (the r values were 0.79 and 0.59 (DP), 0.83 and 0.69 

(MP), and 0.84 and 0.75 (SP) for PTT and PAT, respectively). Fig. 6 shows the correlation 

plots for true versus PTT- and PAT-estimated BP associated with (a) the best, (b) a typical, 

and (c) the worst subject, in terms of the different in the r values between PTT-versus PAT-

estimated BP. Fig. 7 shows the Bland-Altman statistics for BP associated with PTT (upper 

panel) and PAT (lower panel), respectively, computed across all subjects.

IV. Discussion

Despite its widespread use and demonstrated correlation with BP (especially SP), ECG-

based PAT has often exhibited poor correlation with DP presumably due to its dependence 

on PEP. By virtue of its direct relation to the mechanical activity of the heart, BCG may 

potentially be used as proximal timing reference for PTT measurement. The central 

hypothesis of this study was that BCG could be a viable proximal timing reference in 

measuring PTT, and that BCG-based PTT may be superior to ECG-based PAT in estimating 

DP. To the best of our knowledge, this study is the first intensive investigation to examine 

the efficacy of BCG, compared with ECG, as a proximal timing reference for measuring 

PTT and estimating BP.

A. Subject Demographics and Physiologic States

The BP perturbation protocol designed in this study was able to widely vary BP and HR as 

well as PTT and PAT, which illustrates the adequacy of our BP perturbation protocol (see 

Table I).

B. Correlation between PTT and BP

PTT based on BCG as proximal timing reference was correlated with BP reasonably well 

(Table II, Fig. 5 and Fig. 6), and the corresponding confidence interval was also narrow 

(Fig. 7). The r values ranging between 0.54 and 0.66 between DP and PTT are much higher 
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than, while those ranging between 0.61 and 0.70 between SP and PTT are comparable to, 

those reported in the previous studies with ECG and non-invasive wrist/finger BP as 

proximal and distal arterial waveforms, respectively, such as 0.30 (DP) and 0.85 (SP) [31], 

0.40±0.35 (DP) and 0.70±0.14 (SP) [32], 0.26–0.57 (DP) and 0.74–0.79 (SP) [33] and 0.41 

(DP) and 0.26 (SP) [34].

Comparing the r values for PTT associated with each distal timing reference, the systolic 

maximum method resulted in the highest r values consistently for DP, MP and SP, followed 

by the intersecting tangent, diastolic minimum, and maximum second derivative methods. 

The differences in the r values between systolic maximum and intersecting tangent methods 

were not significant. In contrast, those between systolic maximum and maximum second 

derivative methods were significant (p<0.05 for DP, MP and SP consistently). In general, 

systolic maximum is not considered as ideal timing reference due to its susceptibility to 

corruption due to the wave reflection phenomena [10]. In fact, studies have shown that 

intersecting tangent method is a preferred choice due to its robustness to morphological 

artifacts in the arterial waveforms (see, e.g., [35]). Regardless, we found two studies in 

which PTT determined using the systolic maximum as distal timing reference showed a 

strong correlation with SP despite a relatively weak correlation with DP (0.85 (SP) versus 

0.30 (DP) [31] and 0.75±0.10 (SP) versus 0.44±0.34 (DP) [32]). Interestingly, subjects 

recruited in these studies, as well as ours, were healthy young adults. The efficacy of the 

systolic maximum method in these subjects may in part be attributed to relatively small 

wave reflection in these subjects, which may then resulted in negligible corruption of the 

systolic upstroke waveform (since early systolic augmentation of reflecting BP wave may be 

non-dominant in these subjects). Nonetheless, the statistical insignificance in the difference 

between systolic maximum versus intersecting tangent methods supports the 

recommendation that the latter is an adequate distal timing reference in measuring PTT [35].

C. Comparison with PAT

The r values associated with PAT were comparable to those we found in the previous studies 

in which ECG R wave and photoplethysmogram (PPG) were used as proximal and distal 

timing references (0.53±0.10 for DP and 0.76±0.05 for SP (mean±SD)) [36][13][37][15][38]

[39][16][40][41][42][43][7] [44][5][14][9][6][45][8][46][47].

The most notable finding from the comparison between PTT versus PAT is that PTT was 

more strongly correlated with DP than PAT regardless of the distal timing reference: the 

mean r values associated with PTT for intersecting tangent, maximum second derivative, 

diastolic minimum, and systolic maximum methods were all higher than their PAT 

counterparts by 22% (p=0.07), 10% (p=0.17), 12% (p=0.37) and 10% (p=0.10), respectively 

(see Table II). As well, PTT-estimated BP resulted in modestly narrower confidence interval 

(2×SD) than its PAT counterpart: confidence interval associated with PTT was 8.8 %, 5.5% 

and 1.0% narrower for DP, MP and SP, respectively, when the intersecting tangent method 

was used as distal timing reference. Considering the relatively small number of subjects 

recruited in this study, the results for the intersecting tangent method look especially 

promising. In fact, the difference between PTT and PAT was statistically significant 

(p=0.01) when the r values associated with all the distal timing references (thus 60 r values) 
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were compared altogether. The BCG waveform is known to be more easily corrupted by 

motion artifacts (especially in the standing posture) compared with ECG. Nonetheless, PTT 

with BCG used as proximal timing reference exhibited stronger correlation to DP and MP 

than PAT. This supports the central hypothesis of this work, that BCG may be used as 

proximal timing reference for PTT, and that BCG-based PTT may be superior to ECG-based 

PAT in estimating DP. In contrast to DP (and MP as well), PAT modestly outperformed 

PTT in estimating SP, although statistical significance could not be established. This finding 

is actually consistent with the previous observations that PAT is strongly correlated with SP 

(though the underlying mechanism hasn’t been clearly understood) [5][7][16][37][42]. Fig. 

5 illustrates that (i) PTT- and PAT-estimated BP track true BP adequately and (ii) PTT is 

overall superior to PAT but is also more susceptible to motion artifacts (as exemplified by 

the fluctuations in PTT-estimated BP at t=150 s and t=200 s during the sustained hand grip 

maneuver), while Fig. 7 shows that PTT-estimated DP and MP are associated with smaller 

numbers of outliers compared with their PAT counterparts.

In sum, the results of our study indicated that PAT generally correlated well with SP and 

was noise robust, while PTT correlated with DP better than PAT. BCG was more 

susceptible to motion artifacts than ECG. However, it may be more convenient than ECG 

because its waveform can be measured without a sensor placed on the body.

D. Limitations and Opportunities

This study has a number of limitations that must be examined in the follow-up 

investigations. First, the subjects recruited in this study were rather homogeneous: they were 

all young and healthy, and none was hypertensive. To rigorously assess the relevance and 

efficacy of BCG-based PTT, future work must evaluate how it can estimate BP in a large 

number of heterogeneous subjects from a wide range of populations. In particular, the 

efficacy of the systolic maximum as distal timing reference in older subjects should be 

examined. Second, this study did not explore diverse BP-varying perturbations. More 

specifically, we used only two perturbations in this study, both of which may have varied BP 

mainly by altering cardiac output. These perturbations also incurred body motion artifacts 

that may have distorted BCG measurement to an extent. In this regard, a wide range of BP 

perturbation protocols must be designed and employed to rigorously investigate the efficacy 

of BCG-based PTT. Third, with the goal of making initial grasp of strengths and weaknesses 

of BCG as proximal timing reference for PTT, this study employed only the basic foot 

detection methods that could be implemented very easily. However, the measurement of 

PTT and PAT may benefit from more sophisticated methods that are potentially more robust 

against artifacts and noise [48][49][50][51][52][53][54]. Future study must conduct 

comparative evaluation of PTT and PAT determined by such methods in estimating BP. 

Finally, this study did not examine the long-term validity of the calibration model (1) 

between BP versus PTT and PAT. The goal of this study was to examine the correlation 

between BP versus BCG-based PTT. So, long-term calibration capability of (1) was beyond 

the scope of this study. A related limitation is that we low-pass filtered PTT sequence (and 

PAT as well) before deriving (1). We employed low-pass filtering to automatically suppress 

the adverse impact of artifacts rather than manually removing the corrupted data for two 

reasons: identifying BCG beats corrupted by artifacts is very challenging; in addition, PTT 
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was perhaps continually influenced by artifact, especially during the sustained hand grip 

maneuver (Fig. 4). However, low-pass filtering may also have removed valuable 

information on high-frequency variability in BP from PTT sequence, thus limiting the 

validity of this study to the efficacy of PTT in tracking relatively slow variability in BP. 

Future work must examine the consistency and reliability of the calibration model (1) with 

respect to time over the course of a longitudinal study.

V. Conclusion and Future Work

We demonstrated that BCG may be used as proximal timing reference in measuring PTT, 

and BCG-based PTT may be superior to PAT in estimating DP. To the best of our 

knowledge, this is the first intensive study to examine the validity of BCG in measuring 

PTT, and ultimately, in estimating BP. The results from our study show promise. Yet, there 

are still open challenges before the efficacy of BCG in measuring PTT can be established. 

Follow-up studies are required to further elucidate the strengths and weaknesses of BCG as 

proximal timing reference in measuring PTT and estimating BP.

Acknowledgments

This material is based upon work supported by the National Institutes of Health under Grant 1U01EB018818-01.

References

1. Perloff D, Grim C, Flack J, Frohlich ED, Hill M, McDonald M, Morgenstern BZ. Human blood 
pressure determination by sphygmomanometry. Circulation. 1993; 88:2460–2470. [PubMed: 
8222141] 

2. Alpert BS, Quinn D, Gallick D. Oscillometric blood pressure: a review for clinicians. J. Am. Soc. 
Hypertens. 2014; 8:930–938. [PubMed: 25492837] 

3. Peter L, Noury N, Cerny M. A review of methods for non-invasive and continuous blood pressure 
monitoring: Pulse transit time method is promising? IRBM. 2014; 35(5):271–282.

4. Foo JYA, Wilson SJ. Clinical applications of pulse transit time in paediatric critical care. J. Med. 
Eng. Technol. 2009; 33(1):79–86. [PubMed: 19116857] 

5. Gesche H, Grosskurth D, Küchler G, Patzak A. Continuous blood pressure measurement by using 
the pulse transit time: comparison to a cuff-based method. Eur. J. Appl. Physiol. 2012; 112:309–
315. [PubMed: 21556814] 

6. Jeong IC, Wood J, Finkelstein J. Using Individualized Pulse Transit Time Calibration to Monitor 
Blood Pressure During Exercise. Informatics, Manag. Technol. Healthc. 2013; 190:39–41.

7. Masè M, Mattei W, Cucino R, Faes L, Nollo G. Feasibility of cuff-free measurement of systolic and 
diastolic arterial blood pressure. J. Electrocardiol. 2011; 44(2):201–207. [PubMed: 21353067] 

8. Ma HT. A Blood Pressure Monitoring Method for Stroke Management. Biomed Res. Int. 2014:1–7.

9. McCarthy BM, Vaughan CJ, O’Flynn B, Mathewson A, Ó Mathúna C. An examination of 
calibration intervals required for accurately tracking blood pressure using pulse transit time 
algorithms. J. Hum. Hypertens. 2013; 27(12):744–750. [PubMed: 23698006] 

10. McDonald, DA.; Nichols, WW.; O’Rourke, MJ.; Hartley, C. McDonald’s Blood Flow in Arteries, 
Theoretical, experimental and clinical principles. 4th ed.. London: 1998. 

11. Talley RC, Meyer JF, McNay JL. Evaluation of the pre-ejection period as an estimate of 
myocardial contractility in dogs. Am. J. Cardiol. 1971; 27(4):384–391. [PubMed: 5572582] 

12. Harris WS, Schoenfeld CD, Weissler AM. Effects of adrenergic receptor activation and blockade 
on the systolic preejection period, heart rate, and arterial pressure in man. J. Clin. Invest. 1967; 
46(11):1704–1714. [PubMed: 4294053] 

Kim et al. Page 8

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2015 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Poon, CCY.; Zhang, YT. Cuff-less and noninvasive measurements of arterial blood pressure by 
pulse transit time; 27th Annual International Conference of the Engineering in Medicine and 
Biology Society; 2006. p. 5877-5880.

14. Choi Y, Zhang Q, Ko S. Noninvasive cuffless blood pressure estimation using pulse transit time 
and Hilbert–Huang transform. Comput. Electr. Eng. 2013; 39:103–111.

15. Payne RA, Symeonides CN, Webb DJ, Maxwell SRJ. Pulse transit time measured from the ECG: 
an unreliable marker of beat-to-beat blood pressure. J. Appl. Physiol. 2006; 100:136–141. 
[PubMed: 16141378] 

16. Wong MYM, Poon CCY, Zhang YT. An evaluation of the cuffless blood pressure estimation based 
on pulse transit time technique: a half year study on normotensive subjects. Cardiovasc. Eng. 
2009; 9(1):32–38. [PubMed: 19381806] 

17. Gordon JW. Certain molar movements of the human body produced by the circulation of the 
blood. J. Anat. Physiol. 1877; 11:533–536.

18. Starr I, Rawson AJ, Schroeder HA, Joseph NR. Studies on the estimation of cardiac ouptut in man, 
and of abnormalities in cardiac function, from the heart’s recoil and the blood's impacts; the 
ballistocardiogram. Am. J. Physiol. 1939; 127(1):1–28.

19. Mandelbaum H, Mandelbaum RA. Studies Utilizing the Portable Electromagnetic 
Ballistocardiograph IV. The Clinical Significance of Serial Ballistocardiograms Following Acute 
Myocardial Infarction. Circulation. 1953; 7(6):910–915. [PubMed: 13051833] 

20. Inan OT, Migeotte PF, Park KS, Etemadi M, Tavakolian K, Casanella R, Zanetti J, Tank J, 
Funtova I, Prisk GK. M. B. and S. A. R. of R. A. Di Rienzo. Ballistocardiography and 
seismocardiography: A review of recent advances. IEEE J. Biomed. Heal. Informatics. 2015

21. Inan OT, Etemadi M, Wiard RM, Giovangrandi L, Kovacs GTA. Robust ballistocardiogram 
acquisition for home monitoring. Physiol. Meas. 2009; 30(2):169–185. [PubMed: 19147897] 

22. Koivistoinen, T.; Junnila, S.; Varri, A.; Koobi, T. A new method for measuring the 
ballistocardiogram using EMFi sensors in a normal chair; 26th Annual International Conference of 
the IEEE Engineering in Medicine and Biology Society (EMBC); 2004. p. 2026-2029.

23. Mack DC, Patrie JT, Suratt PM, Felder RA, Alwan M. Development and preliminary validation of 
heart rate and breathing rate detection using a passive, ballistocardiography-based sleep 
monitoring system. IEEE Trans. Inf. Technol. Biomed. 2009; 13(1):111–120. [PubMed: 
19129030] 

24. Castiglioni, P.; Faini, A.; Parati, G.; Di Rienzo, M. Wearable seismocardiography; 29th Annual 
International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC); 
2007. p. 3954-3957.

25. Inan OT, Etemadi M, Paloma A, Giovangrandi L, Kovacs GTA. Non-invasive cardiac output 
trending during exercise recovery on a bathroom-scale-based ballistocardiograph. Physiol. Meas. 
2009; 30(3):261. [PubMed: 19202234] 

26. Lindqvist A, Pihlajamaki K, Jalonen J, Laaksonen V, Alihanka J. Static-charge-sensitive bed 
ballistocardiography in cardiovascular monitoring. Clin. Physiol. 1996; 16(1):22–30.

27. Etemadi M, Inan OT, Giovangrandi L, Kovacs GTA. Rapid assessment of cardiac contractility on a 
home bathroom scale. IEEE Trans. Inf. Technol. Biomed. 2011; 15(6):864–869. [PubMed: 
21843998] 

28. Gaddum NR, Alastruey J, Beerbaum P, Chowienczyk P, Schaeffter T. A technical assessment of 
pulse wave velocity algorithms applied to non-invasive arterial waveforms. Ann. Biomed. Eng. 
2013; 41(12):2617–2629. [PubMed: 23817766] 

29. Milnor, WR. Hemodynamics. Baltimore: Williams & Wilkins; 1982. 

30. Hughes DJ, Babbs CF, Geddes LA, Bourland JD. Measurements of Young’s Modulus of Elasticity 
of the Canine Aorta with Ultrasound. Ultrason. Imaging. 1979; 1(4):356–367. [PubMed: 575833] 

31. Obrist PA, Light KC, McCubbin JA, Hutcheson J, Hoffer JL. Pulse Transit Time: Relationship to 
Blood Pressure and Myocardial Performance. Psychophysiology. 1979; 16:292–301. [PubMed: 
441223] 

32. Lane JD, Greenstadt L, Shapiro D, Rubinstein E. Pulse Transit Time and Blood Pressure: An 
Intensive Analysis. Psychophysiology. 1983; 20:45–49. [PubMed: 6828611] 

Kim et al. Page 9

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2015 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



33. Marie GV, Lo CR, Van Jones J, Johnston DW. The Relationship between Arterial Blood Pressure 
and Pulse Transit Time During Dynamic and Static Exercise. Psychophysiology. 1984; 21(5):521–
527. [PubMed: 6473621] 

34. Bernjak A, Stefanovska A. Pulse transit times to the capillary bed evaluated by laser doppler 
flowmetry. Physiol. Meas. 2009; 30(3):245. [PubMed: 19202235] 

35. Zhang G, Gao M, Xu D, Olivier NB, Mukkamala R. Pulse arrival time is not an adequate surrogate 
for pulse transit time as a marker of blood pressure. J. Appl. Physiol. 2011; 111(6):1681–1686. 
[PubMed: 21960657] 

36. Chen W, Kobayashi T, Ichikawa S, Takeuchi Y, Togawa T. Continuous estimation of systolic 
blood pressure using the pulse arrival time and intermittent calibration. Med. Biol. Eng. Comput. 
2000; 38:569–574. [PubMed: 11094816] 

37. Ahlstrom C, Johansson A, Uhlin F, Länne T, Ask P. Noninvasive investigation of blood pressure 
changes using the pulse wave transit time: a novel approach in the monitoring of hemodialysis 
patients. J. Artif. Organs. 2005; 8(3):192–197. [PubMed: 16235036] 

38. Muehlsteff, J.; Aubert, XL.; Schuett, M. Cuffless estimation of systolic blood pressure for short 
effort bicycle tests: the prominent role of the pre-ejection period; Annual International Conference 
of the IEEE Engineering in Medicine and Biology Society; 2005. p. 5088-5092.

39. Yan, YS.; Zhang, YT. A Novel Calibration Method for Noninvasive Blood Pressure Measurement 
Using Pulse Transit Time; In Medical Devices and Biosensors: 4th IEEE/EMBS International 
Summer School and Symposium; 2007. p. 22-24.

40. Douniama C, Sauter CU, Couronne R. Blood pressure tracking capabilities of pulse transit times in 
different arterial segments: a clinical evaluation. Computers in Cardiology. 2009:201–204.

41. Cattivelli FS, Garudadri H. Noninvasive cuffless estimation of blood pressure from pulse arrival 
time and heart rate with adaptive calibration. In Wearable and Implantable Body Sensor Networks. 
2009:114–119.

42. Yoon Y, Cho JH, Yoon G. Non-constrained Blood Pressure Monitoring Using ECG and PPG for 
Personal Healthcare. J. Med. Syst. 2009; 33(5):261–266. [PubMed: 19697692] 

43. Ye SY, Kim GR, Jung DK, Baik SW, Jeon GR. Estimation of systolic and diastolic pressure using 
the pulse transit time. World Acad. Sci. Eng. Technol. 2010; 67:726–731.

44. Spulak, D.; Cmejla, R.; Fabián, V. Parameters for mean blood pressure estimation based on 
electrocardiography and photoplethysmography; 2011 International Conference on Applied 
Electronics; 2011. p. 1-4.

45. Jadooei, A.; Zaderykhin, O.; Shulgin, VI. Adaptive algorithm for continuous monitoring of blood 
pressure using a pulse transit time; 2013 IEEE XXXIII International Scientific Conference on 
Electronics and Nanotechnology; 2013. p. 297-301.

46. Thomas, SS.; Nathan, V.; Zong, C.; Akinbola, E.; Aroul, ALP.; Philipose, L.; Soundarapandian, 
K.; Shi, X.; Jafari, R. BioWatch—A wrist watch based signal acquisition system for physiological 
signals including blood pressure; 2014 36th Annual International Conference on Engineering in 
Medicine and Biology Society; 2014. p. 2286-2289.

47. Younessi Heravi M, Khalilzadeh MA, Joharinia S. Continuous and Cuffless Blood Pressure 
Monitoring Based on ECG and SpO2 Signals ByUsing Microsoft Visual C Sharp. J. Biomed. 
Phys. Eng. 2014; 4(1):27–32. [PubMed: 25505765] 

48. Latson TW, Hunter WC, Katoh N, Sagawa K. Effect of nitroglycerin on aortic impedance, 
diameter, and pulse-wave velocity. Circ. Res. 1988; 62(5):884–890. [PubMed: 3129207] 

49. Pruett JD, Bourland JD, Geddes LA. Measurement of pulse-wave velocity using a beat-sampling 
technique. Ann. Biomed. Eng. 1988; 16(4):341–347. [PubMed: 3177981] 

50. Qasem A, Avolio A. Determination of aortic pulse wave velocity from waveform decomposition of 
the central aortic pressure pulse. Hypertension. 2008; 51:1–8. [PubMed: 17998477] 

51. Solà J, Vetter R, Renevey P, Chételat O, Sartori C, Rimoldi SF. Parametric estimation of pulse 
arrival time: a robust approach to pulse wave velocity. Physiol. Meas. 2009; 30(7):603–615. 
[PubMed: 19491457] 

52. Hahn JO, Reisner AT, Asada HH. Estimation of pulse transit time using two diametric blood 
pressure waveform measurements. Med. Eng. Phys. 2010; 32:753–759. [PubMed: 20537933] 

Kim et al. Page 10

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2015 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



53. Xu D, Ryan KL, Rickards CA, Zhang G, Convertino VA, Mukkamala R. Improved pulse transit 
time estimation by system identification analysis of proximal and distal arterial waveforms. Am. J. 
Physiol. Circ. Physiol. 2011; 301(4):H1389–H1395.

54. Gao M, Zhang G, Olivier NB, Mukkamala R. Improved Pulse Wave Velocity Estimation Using an 
Arterial Tube-Load Model. IEEE Trans. Biomed. Eng. 2014; 61(3):848–858. [PubMed: 
24263016] 

Kim et al. Page 11

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2015 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Overview of the methodology used in this study to measure pulse transit time (PTT) using 

the ballistocardiogram (BCG) as a proximal timing reference, and to correlate PTT to blood 

pressure (BP) measured at the finger. Two perturbations were used to vary BP by 

modulating intra-thoracic pressure (Pthor) and cardiac output (CO) in order to assess the 

correlation between PTT and BP under varying physiologic states.
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Fig. 2. 
(a) Schematic measurement setup for ECG, BCG, and finger-cuff non-invasive BP 

waveform. (b) Overview of human subjects protocol (left) and associated BP variability 

anticipated with the various components of the protocol (right).
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Fig. 3. 
Measurement of PTT and PAT using four distal timing references. The BCG I wave and 

ECG R wave were used as proximal timing references for PTT and PAT, respectively. The 

subscripts 1–4 in PTT and PAT denote distal timing reference (1: diastolic minimum, 2: 

maximum 2nd derivative, 3: intersecting tangent, 4: systolic maximum).
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Fig. 4. 
BP, PTT and PAT responses to deep breathing and sustained hand grip maneuvers in a test 

subject (Subject #3).
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Fig. 5. 
True versus PTT- and PAT-estimated BP in a test subject (Subject #3).
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Fig. 6. 
Correlations between true versus PTT- and PAT-estimated BP. (a) Best case (Subject #7). 

(b) Typical case (Subject #4). (c) Worst case (Subject #12).
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Fig. 7. 
Bland-Altman statistics associated with true versus PTT- and PAT-estimated BP (all 

subjects).
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TABLE II

Correlation of PTT and PAT to BP (mean±SD). Difference was measured in terms of average improvement in 

PTT-based correlation relative to PAT-based correlation.

DP MP SP

Intersecting Tangent

PTT 0.62±0.16 0.65±0.14 0.66±0.14

PAT 0.51±0.19 0.59±0.17 0.66±0.16

Difference (p-value) 22 % (p=0.07) 10 % (p=0.35) 0 % (p=0.99)

Max 2nd Deriv

PTT 0.54±0.16 0.58±0.14 0.61±0.13

PAT 0.49±0.18 0.56±0.16 0.63±0.15

Difference (p-value) 10 % (p=0.17) 4 % (p=0.62) −3 % (p=0.60)

Diastolic Min

PTT 0.58±0.20 0.60±0.18 0.61±0.18

PAT 0.52±0.25 0.60±0.23 0.66±0.22

Difference (p-value) 12 % (p=0.37) 0 % (p=0.98) −8 % (p=0.36)

Systolic Max

PTT 0.66±0.15 0.67±0.14 0.70±0.12

PAT 0.60±0.14 0.66±0.13 0.72±0.11

Difference (p-value) 10 % (p=0.10) 2 % (p=0.61) −3 % (p=0.56)

All

PTT 0.60±0.17 0.63±0.15 0.65±0.15

PAT 0.53±0.20 0.60±0.17 0.67±0.17

Difference (p-value) 13 % (p=0.01) 5 % (p=0.34) −3 % (p=0.31)

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2015 November 01.


