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ABSTRACT 

Background: Studies have established the prognostic value of central systolic blood 

pressure and pulse pressure. The SphygmoCor XCEL device provides practical central 

blood pressure measurement for daily clinical use with its easy-to-use, operator-

independent procedure. However, this device has not been validated against invasive 

measurement.  

Method: Simultaneous oscillometric and high-fidelity invasive measurements of central 

systolic blood pressure and pulse pressure were compared for 36 patients who underwent 

coronary arteriography. Invasive measurement of brachial blood pressure was also 

performed. Oscillometrically measured brachial systolic and diastolic blood pressures 

were used for calibration.  

Results: The difference between the invasive and the oscillometric measurements were -

4.6±9.9 mmHg for central systolic blood pressure and -18.5±10.6 mmHg for central pulse 

pressure (mean ± standard deviation). We found strong correlation between the invasive 

and oscillometric measurements (central systolic blood pressure and central pulse 

pressure, respectively: r = 0.91 and 0.89; slope, 1.28 and 1.38; both p <0.001). Although 

the large slopes of the regression lines indicated a systemic bias toward lower values when 

measuring in high pressure ranges, the bias was mainly due to calibration error rather than 



device-specific error because errors of the central measurements correlated well with 

those of brachial measurements (systolic blood pressure and pulse pressure, respectively: 

r = 0.80 and 0.77; both p <0.001). 

Conclusion: The impaired accuracy of central blood pressure measurement was mainly 

due to calibration-derived, but not device-dependent, bias. Strong correlation between 

oscillometric and invasive measurements indicates that SphygmoCor XCEL warrants 

future investigations to determine the clinical validity of this device. 
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INTRODUCTION 

Central, rather than peripheral blood pressure (BP) can serve as a direct indicator of 

hemodynamic load to target organs including the heart and brain. Several reports support 

the rationale that central BP indicators, especially central systolic BP (SBP) and pulse 

pressure (PP), are superior to brachial BP indicators in terms of prediction of 

cardiovascular events.[1-3] Assessment of central BP may improve the identification and 

management patients with high risk for cardiovascular disease. 

The noninvasive approach to measuring central BP is widely used in research. The 

SphygmoCor CP system (AtCor Medical, Sydney, Australia), which derives central BP 

based on radial applanation tonometry, is the most commonly used device for noninvasive 

estimation of central BP.[4] However, the use of this device requires a trained operator, 

and is not feasible in daily clinical practice. Recently developed brachial cuff-based 

oscillometric devices can estimate central BP in an operator-independent manner. Some 

of these devices have already been validated against established invasive aortic BP 

techniques, with acceptable results,[5,6] and have proven clinical effective.[7-9] As 

simple, effective, and noninvasive alternatives to central BP measurement are now 

available, it is expected that the use of central BP will become widespread in daily clinical 

practice in the near future. 



The SphygmoCor XCEL (AtCor Medical), a novel brachial cuff-based device for 

estimating central BP, is designed for use in daily clinical practice and has already been 

applied in a recent international randomized controlled trial.[10] This device records 

brachial pressure waveforms using the brachial oscillometric cuff, and reconstructs the 

central aortic pressure waveforms based on a generalized transfer function (GTF) after 

calibration of cuff-derived brachial SBP and diastolic BP (DBP). There are two studies 

validating the SphygmoCor XCEL against the SphygmoCor CP, which is the most 

commonly used device.[11,12] However, both studies used the same cuff-derived brachial 

BP for calibration, and did not perform central BP assessment via an established invasive 

method for verification; thus, the presence of a similar bias of both SphygmoCor devices 

in relation to well-established invasive measurements cannot be ruled out. In particular, 

errors from calibration procedure (i.e., input errors; namely, errors in brachial BP based 

on the oscillometric method) have a crucial effect on the accuracy of central BP estimation 

(output errors).[13-16] Direct measurement of central and brachial BP by well-established 

invasive techniques is, therefore, necessary in order to assess the true magnitude of these 

errors. In this context, the purpose of the present study was to assess the validity of 

noninvasive central SBP and PP estimations derived from SphygmoCor XCEL 

measurements against reference values obtained from measurements with a high-fidelity 



invasive catheter. 

 

METHODS 

Patients 

Patients undergoing elective coronary angiography for assessment of coronary artery 

disease (CAD) at our institution were included. Exclusion criteria were unstable clinical 

conditions, arrhythmias during pulse recordings, moderate or severe valvular heart 

diseases, or exhibiting a difference of more than 5 mmHg between the left and right 

brachial SBP. The difference in brachial SBP between the two arms was assessed on the 

day before the study. Thirty-six eligible patients (13 female) were enrolled in accordance 

with the European Society of Hypertension International Protocol for the validation of 

blood pressure-measuring devices in adults.[17] This study was approved by our regional 

ethics committee, and all participants gave written informed consent. Patients were 

considered hypertensive if they exhibited brachial SBP ≥140 mmHg or brachial DBP ≥90 

mmHg, or made use of antihypertensive drugs. Patients were considered as having 

diabetes mellitus if they exhibited fasting blood glucose levels of ≥126 mg/dL, HbA1c ≥ 

6.5 %, or made use of hypoglycemic agents or insulin. Patients were considered as having 

CAD if they exhibited a stenosis of >50% in a major epicardial coronary artery, or if they 

underwent prior percutaneous coronary intervention. 



 

Measurement of central and brachial BP 

All measurements were performed in the supine position on the catheterization table. 

Usual medications were not withheld for this study, but no vasoactive drug was 

administered during the measurement.  

For the invasive measurement, a homeostatic sheath (Radifocus, Terumo Medical, Tokyo, 

Japan) was placed via radial approach. The arm through which to cannulate the artery was 

chosen based on the Allen’s test (right arm, 61.1%; left arm, 38.9%). A high-fidelity 

pressure wire (diameter 0.014”, Certus® or Aeris®, St Jude Medical) was set at 0 mmHg, 

calibrated, and introduced through the guiding catheter into the proximal aortic root under 

radiographic guidance. Central aortic pressure waveform was digitally recorded at 100 

Hz, for 30 to 60 seconds. The pressure guide wire was subsequently pulled to the 

brachium and the brachial pressure waveform was recorded in a similar manner. 

Invasively recorded pressure waveforms were analyzed for obtaining the BP parameters 

during the 30- to 60-second recording period. Finally, the values of the invasively-

measured SBP, DBP and PP were calculated from the waveform.  

The central pressure waveform was also recorded noninvasively with the SphygmoCor 

XCEL, simultaneously to the invasive measurement. The SphygmoCor XCEL consists of 



a brachial cuff-based central BP estimating device validated against a tonometric device, 

the SphygmoCor CP. The brachial pressure waveforms were calibrated with cuff-

measured brachial SBP and DBP, and then transformed to central aortic waveforms by 

the device’s software using a GTF. A properly sized cuff, according to the manufacturer's 

instruction, was fitted on the contralateral brachium (the arm not used for the sheath 

insertion), and three repeated measurements were performed by trained investigators. 

Finally, the three recordings were averaged in order to calculate the noninvasively-

measured SBP, DBP and PP values.  

 

Statistical analysis 

All data were analyzed using STATA 14.1 software. All continuous values were expressed 

as mean ± standard deviation (SD), and categorical variables were reported as percentages. 

Agreement between the measurements made with the SphygmoCor XCEL and with the 

invasive catheter was assessed using the paired samples t-test and the Bland-Altman 

analysis. Pearson's linear correlation test was used to analyze the correlations between BP 

values of the paired invasive and noninvasive measurements, and the correlations 

between the errors of brachial SBP/PP (input error) and central SBP/PP (output error). All 

P-values were two-tailed. P-values <0.05 were considered statistically significant.  

 



RESULTS 

Patient Characteristics 

The 36 enrolled patients included 13 female patients (36.1%), 28 hypertensive patients 

(77.8%), 9 diabetic patients (25.0%), and 29 patients with CAD (80.6%, Table 1). Mean 

age of the patients was 69.1±13.5 years (range, 23-88 years). Twenty-eight patients 

(77.8%) were prescribed vasoactive drugs including renin-angiotensin system inhibitors, 

beta blockers, calcium-channel blockers, and nitrates.  

 

Comparison between SphygmoCor XCEL derived and invasive catheter derived BP 

The SphygmoCor XCEL underestimated central SBP by 4.6 mmHg, and the SD of the 

difference was large (9.9 mmHg) (Table 2). The average of brachial SBP values 

noninvasively-measured was comparable to that of the invasive measurement, but the SD 

of the difference was also large (8.0 mmHg). The SBP scatter plots of noninvasive versus 

invasive measurements are shown in Figure 1A. Although the slopes and intercepts were 

distant from 1.0 and zero, respectively, for both central and brachial SBPs (central SBP: 

y = 1.15·x - 28.8; brachial SBP: y = 1.15·x - 20.0), the correlation coefficients (r) were 

very high (central SBP: r = 0.93; brachial SBP: r = 0.91). Bland-Altman plots of these 

data showed significant upward slopes for both central and brachial SBPs (Figure 1B). 



  With regard to DBP, the SphygmoCor XCEL considerably overestimated central and 

brachial values, but the SDs were relatively small (central DBP: 13.4±6.4 mmHg; brachial 

DBP: 11.7±6.9 mmHg) (Table 2). The DBP scatter plots of noninvasive versus invasive 

measurements showed that the slopes were smaller than 1.0, but the intercepts were near 

zero for both central and brachial DBPs (Figure S1A). The r values were 0.83 for central 

DBP and 0.80 for brachial DBP. Bland-Altman plots did not show a clear trend as they 

did for SBP (Figure S1B). 

  The underestimation of SBP and overestimation of DBP account for the additive 

underestimation of PP for both central and brachial artery (Table 2). The PP scatter plots 

of noninvasive versus invasive measurements showed that the slopes were larger than 1.0, 

but the intercepts were near zero for both central and brachial PPs (Figure 2A). The r 

values were 0.89 for central PP and 0.90 for brachial PP, being similarly high to those of 

SBP. The corresponding Bland-Altman plots showed similar upward slopes to those 

found in SBP (Figure 2B). 

 

Relationships between input error and output error 

Figure 3 demonstrates the correlation between output error and input error. Output errors 

in SBP and PP (differences between invasively- and noninvasively-measured central 



SBPs or PPs) highly correlated with their corresponding input errors (differences between 

invasively- and noninvasively-measured brachial SBPs or PPs), suggesting that the 

accuracy for central SBP and PP estimation was mainly impaired by the calibration error 

derived from the oscillometric method.  

 

  



DISCUSSION 

To the best of our knowledge, this is the first study validating the SphygmoCor XCEL 

against well-established invasive techniques. We found that the cuff measurement error 

in brachial SBP and PP (i.e., input error) impaired the accuracy of the estimated central 

SBP and PP (i.e., output error); these results suggest that, in the SphygmoCor XCEL, 

input errors are transferred to output errors, which is a common problem to the tonometric 

device: the SphygmoCor CP. We noted strong significant correlations between 

measurements obtained via invasive catheter and the values estimated via the 

SphygmoCor XCEL,which warrants future investigations to determine the clinical 

validity of this device. 

 Two early studies reported that the SphygmoCor XCEL provided comparable estimation 

of central SBP to the SphygmoCor CP.[11,12] Although this present study also showed 

that the mean bias of the noninvasively-measured central SBP was within the acceptable 

limit (<5 mmHg)[18] in comparison with invasive measurement, we found a systemic 

bias in estimated central SBP as indicated by the large slope of the regression line. A 

similar bias observed in estimated brachial SBP and the strong correlation between the 

output errors and the input errors (r = 0.80, P<0.01) leaded us to conclude that this bias 

was mainly due to the input errors (i.e.calibration errors). Although the accuracy of central 



BP estimation by GTF largely depends on the accuracy of calibration,[13-16] noninvasive 

brachial BP estimation is coexistent with a consistent error.[15,19-21] This finding and 

our results indicate the systemic bias of estimated central SBP with this device is a 

common rather than device-specific issue among noninvasive devices including 

SphygmoCor CP and XCEL. 

The considerable underestimation of central PP noted in the present study 

(approximately 19 mmHg) was within the limits reported in literature; specifically, in 

almost all devices that rely on the oscillometric method, input errors consisting of 

underestimation of brachial SBP and overestimation of brachial DBP lead to the 

underestimation of central PP (output errors).[5,13,15] Moreover, as expected, the error 

in central PP estimation was largely determined by the error in cuff-derived brachial PP, 

as was the case with the estimation of central SBP.  

  While the accuracy of the SphygmoCor XCEL in estimating central SBP and PP was 

impaired by calibration errors, the usefulness of the device should be judged also based 

on its diagnostic and predictive ability. This device was shown to provide comparable 

estimation of central BP with the tonometric SphygmoCor device,[11,12] the clinical 

validity of which has been well established in several studies.[1,22,23] Furthermore, we 

found that estimated central SBP and PP strongly correlated with invasively measured 



values, which warrants future studies investigating the diagnostic and predictive ability 

of the SphygmoCor XCEL.  

  Although the SDs of the mean bias for the noninvasive estimates of central SBP and 

PP were above the acceptable limit (<8 mmHg), the Bland-Altman plots of SBP and PP 

suggested that the large SDs were considerably due to the upward trend of the regression 

lines, which resulted in increased SD as the range of BP widened. Since the scattering of 

values along the regression line was narrow, we speculated that the large SDs were due 

to the systemic bias of the brachial BP rather than the lack of precision of the SphygmoCor 

XCEL. 

  Our findings must be considered within the context of the strengths and limitations of 

our study. A major strength of the present study was that the validation of the 

SphygmoCor XCEL as a clinically valuable device for estimating central BP was 

performed against a well-established invasive technique that relies on a high-fidelity BP 

measuring system. In addition, the simultaneous measurement of brachial BP via invasive 

(direct) methods allowed us to assess the magnitude and source of the error in central BP 

estimation. On the other hand, our study included patients who underwent coronary 

angiography, resulting in a high prevalence of high-risk patients. This represents a 

limitation of the study, because such patients often take vasoactives that might affect the 



accuracy and precision of noninvasive central BP estimation. 

 

Perspectives 

As brachial cuff-based oscillometric devices can be used in an operator-independent 

manner, it is expected that their application for estimation of central BP will become 

routine in clinical practice. We present the validation of such a device, the SphygmoCor 

XCEL, against a well-established invasive technique for high-fidelity measurement of 

central BP. We found that the estimated values strongly correlate with the values obtained 

by the invasive approach, and concluded that the SphygmoCor XCEL is likely to provide 

reliable estimates of the central SBP and PP for use in daily clinical practice. However, 

as limited clinical data are available regarding this device, further study is warranted to 

assess the diagnostic and predictive ability of the central SBP and PP estimated using the 

SphygmoCor XCEL.  

 



ACKNOWLEDGEMENTS 

We gratefully acknowledge the assistance of the team of our cardiac catheterization 

laboratory. The SphygmoCor XCEL was lent from A & D Instruments (Tokyo, Japan) to 

perform this study.  

 

Conflicts of Interest/Disclosure Statement 

Sho Okada received lecture fees from Otsuka Pharmaceutical (Tokyo, Japan), Takeda 

Pharmaceutical (Osaka, Japan), and MSD (Tokyo, Japan). Sho Okada received a research 

grant from Daiwa Securities Health Foundation (Tokyo, Japan) and Kashiwado Memorial 

Foundation (Chiba, Japan). 

Yoshio Kobayashi received lecture fees from Daiichi-Sankyo (Tokyo, Japan), Takeda 

Pharmaceutical (Osaka, Japan), Bayer Yakuhin (Osaka, Japan), and Boehringer 

Ingelheim (Ingelheim, Germany). Yoshio Kobayashi received research grants from 

Boehringer Ingelheim (Ingelheim, Germany), Pfizer (New York, USA), Otsuka 

Pharmaceutical (Tokyo, Japan), Takeda Pharmaceutical (Osaka, Japan), Mitsubishi 

Tanabe Pharma (Osaka, Japan), Sumitomo Dainippon Pharma (Osaka, Japan), Astellas 

Pharma (Tokyo, Japan), St. Jude Medical (St. Paul, USA), Abbott Vascular Japan (Tokyo, 

Japan), and Daiichi-Sankyo (Tokyo, Japan). 

The other authors have no conflicts to report. 



REFERENCES 

1. Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T, et al. Central 

pressure more strongly relates to vascular disease and outcome than does brachial pressure: 

the Strong Heart Study. Hypertension 2007; 50:197-203. 

2. Pini R, Cavallini MC, Palmieri V, Marchionni N, Di Bari M, Devereux RB, et al. 

Central but not brachial blood pressure predicts cardiovascular events in an unselected 

geriatric population: the ICARe Dicomano Study. J Am Coll Cardiol 2008; 51:2432-2439. 

3. Jankowski P, Kawecka-Jaszcz K, Czarnecka D, Brzozowska-Kiszka M, Styczkiewicz 

K, Loster M, et al. Pulsatile but not steady component of blood pressure predicts 

cardiovascular events in coronary patients. Hypertension 2008; 51:848-855. 

4. Narayan O, Casan J, Szarski M, Dart AM, Meredith IT, Cameron JD. Estimation of 

central aortic blood pressure: a systematic meta-analysis of available techniques. J 

Hypertens 2014; 32:1727-1740. 

5. Weber T, Wassertheurer S, Rammer M, Maurer E, Hametner B, Mayer CC, et al. 

Validation of a brachial cuff-based method for estimating central systolic blood pressure. 

Hypertension 2011; 58:825-832. 

6. Horvath IG, Nemeth A, Lenkey Z, Alessandri N, Tufano F, Kis P, et al. Invasive 

validation of a new oscillometric device (Arteriograph) for measuring augmentation index, 

central blood pressure and aortic pulse wave velocity. J Hypertens 2010; 28:2068-2075. 

7. Protogerou AD, Argyris AA, Papaioannou TG, Kollias GE, Konstantonis GD, 

Nasothimiou E, et al. Left-ventricular hypertrophy is associated better with 24-h aortic 

pressure than 24-h brachial pressure in hypertensive patients: the SAFAR study. J 

Hypertens 2014; 32:1805-1814. 

8. Wassertheurer S, Baumann M. Assessment of systolic aortic pressure and its 

association to all cause mortality critically depends on waveform calibration. J Hypertens 

2015; 33:1884-1888; discussion 1889. 

9. Nakagomi A, Okada S, Shoji T, Kobayashi Y. Aortic pulsatility assessed by an 

oscillometric method is associated with coronary atherosclerosis in elderly people. Blood 

Press 2016:1-8. 

10. Williams B, Cockcroft JR, Kario K, Zappe DH, Cardenas P, Hester A, et al. Rationale 

and study design of the Prospective comparison of Angiotensin Receptor neprilysin inhibitor 

with Angiotensin receptor blocker MEasuring arterial sTiffness in the eldERly 

(PARAMETER) study. BMJ Open 2014; 4:e004254. 

11. Butlin M, Qasem A, Avolio AP. Estimation of central aortic pressure waveform 

features derived from the brachial cuff volume displacement waveform. Conf Proc IEEE Eng 

Med Biol Soc 2012; 2012:2591-2594. 



12. Peng X, Schultz MG, Abhayaratna WP, Stowasser M, Sharman JE. Comparison of 

Central Blood Pressure Estimated by a Cuff-Based Device With Radial Tonometry. Am J 

Hypertens 2016. 

13. Cloud GC, Rajkumar C, Kooner J, Cooke J, Bulpitt CJ. Estimation of central aortic 

pressure by SphygmoCor requires intra-arterial peripheral pressures. Clin Sci (Lond) 2003; 

105:219-225. 

14. Smulyan H, Siddiqui DS, Carlson RJ, London GM, Safar ME. Clinical utility of 

aortic pulses and pressures calculated from applanated radial-artery pulses. Hypertension 

2003; 42:150-155. 

15. Ding FH, Fan WX, Zhang RY, Zhang Q, Li Y, Wang JG. Validation of the noninvasive 

assessment of central blood pressure by the SphygmoCor and Omron devices against the 

invasive catheter measurement. Am J Hypertens 2011; 24:1306-1311. 

16. Shih YT, Cheng HM, Sung SH, Hu WC, Chen CH. Quantification of the calibration 

error in the transfer function-derived central aortic blood pressures. Am J Hypertens 2011; 

24:1312-1317. 

17. O'Brien E, Atkins N, Stergiou G, Karpettas N, Parati G, Asmar R, et al. European 

Society of Hypertension International Protocol revision 2010 for the validation of blood 

pressure measuring devices in adults. Blood Press Monit 2010; 15:23-38. 

18. White WB, Berson AS, Robbins C, Jamieson MJ, Prisant LM, Roccella E, et al. 

National standard for measurement of resting and ambulatory blood pressures with 

automated sphygmomanometers. Hypertension 1993; 21:504-509. 

19. Bur A, Herkner H, Vlcek M, Woisetschlager C, Derhaschnig U, Delle Karth G, et al. 

Factors influencing the accuracy of oscillometric blood pressure measurement in critically ill 

patients. Crit Care Med 2003; 31:793-799. 

20. Kobayashi H, Kinou M, Takazawa K. Correlation between the brachial blood 

pressure values obtained using the cuff method and the central blood pressure values 

obtained invasively. Intern Med 2013; 52:1675-1680. 

21. Bur A, Hirschl MM, Herkner H, Oschatz E, Kofler J, Woisetschlager C, et al. 

Accuracy of oscillometric blood pressure measurement according to the relation between cuff 

size and upper-arm circumference in critically ill patients. Crit Care Med 2000; 28:371-376. 

22. Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Collier D, et al. 

Differential impact of blood pressure-lowering drugs on central aortic pressure and clinical 

outcomes: principal results of the Conduit Artery Function Evaluation (CAFE) study. 

Circulation 2006; 113:1213-1225. 

23. Roman MJ, Devereux RB, Kizer JR, Okin PM, Lee ET, Wang W, et al. High central 

pulse pressure is independently associated with adverse cardiovascular outcome the strong 

heart study. J Am Coll Cardiol 2009; 54:1730-1734. 



  



Figure legends 

Figure 1. Scatterplots (A) and Bland-Altman plots (B) of SBP measured using an 

invasive catheter vs. using the SphygmoCor XCEL device.  

A. The dotted lines indicate the identity line. The regression lines were drawn as solid 

lines.  

B. Horizontal lines at the mean value (solid lines) and plus and minus two standard 

deviations (dotted lines) were drawn. The regression lines were drawn as solid lines. 

SBP, systolic blood pressure; c, central; b, brachial; inv, measured with an invasive 

catheter; xcel, measured with the SphygmoCor XCEL; SD, standard deviation. 

 

Figure 2. Scatterplots (A) and Bland-Altman plots (B) of PP measured using an 

invasive catheter derived vs. using the SphygmoCor XCEL device. 

A. The dotted lines indicate the identity line. The regression lines were drawn as solid 

lines.  

B. Horizontal lines at the mean value (solid lines) and plus and minus two standard 

deviations (dotted lines) were drawn. The regression lines were drawn as solid lines. 

PP, pulse pressure; c, central; b, brachial; inv, measured with invasive catheter; xcel, 

measured with the SphygmoCor XCEL; SD, standard deviation. 



 

Figure 3. Scatterplots of output vs. input errors in the estimation of central SBP and PP. 

The dotted lines indicated the identity line. The regression lines were drawn as solid 

lines. 

SBP, systolic blood pressure; PP, pulse pressure; c, central; b, brachial; inv, measured 

with invasive catheter; xcel, measured with the SphygmoCor XCEL. 
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