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Central Blood Pressure Monitoring
via a Standard Automatic Arm Cuff
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Received: 7 July 2017 . Current oscillometric devices for monitoring central blood pressure (BP) maintain the cuff pressure at a
Accepted: 7 September 2017 . constant level to acquire a pulse volume plethysmography (PVP) waveform and calibrate it to brachial
Published online: 31 October 2017 . BP levels estimated with population average methods. A physiologic method was developed to further
: advance central BP measurement. A patient-specific method was applied to estimate brachial BP
levels from a cuff pressure waveform obtained during conventional deflation via a nonlinear arterial
compliance model. A physiologically-inspired method was then employed to extract the PVP waveform
from the same waveform via ensemble averaging and calibrate it to the brachial BP levels. A method
based on a wave reflection model was thereafter employed to define a variable transfer function,
which was applied to the calibrated waveform to derive central BP. This method was evaluated against
invasive central BP measurements from patients. The method yielded central systolic, diastolic,
and pulse pressure bias and precision errors of —0.6 to 2.6 and 6.8 to 9.0 mmHg. The conventional
oscillometric method produced similar bias errors but precision errors of 8.2 to 12.5 mmHg (p < 0.01).
The new method can derive central BP more reliably than some current non-invasive devices and in the
same way as traditional cuff BP.

Tonometric devices for non-invasive monitoring of central blood pressure (BP) have been available for many
years now. These devices either acquire a carotid artery tonometry waveform and calibrate it with brachial cuff
BP levels for a “direct” measurement of central BP or obtain a similarly calibrated, but easier-to-measure, radial
artery tonometry waveform and then apply a generalized transfer function (GTF) to the peripheral BP waveform
for an indirect measurement of central BP. The devices have even been shown to provide added clinical value over
traditional brachial cuff BP measurements in several research studies'. Yet, because applanation tonometry of any
artery is nontrivial, they have not reached patient care.

As a result, oscillometric devices for more convenient monitoring of central BP have recently been intro-
duced??. As indicated in Fig. 1a, these devices employ a special automatic arm cuff to derive central BP generally
in four steps. First, brachial BP levels are obtained in the standard way by slowly deflating (or inflating) the

. cuff and then estimating the values from the oscillogram (i.e., the variable cuff pressure oscillation amplitude

. versus cuff pressure function). Second, a fixed amplitude cuff pressure oscillation or “pulse volume plethysmog-

. raphy (PVP)” waveform is measured by maintaining a constant cuff pressure around the diastolic level for up to
30 sec*™!! or even above the systolic level by up to 35 mmHg'>"3. Third, a brachial BP-like waveform is derived
by calibrating the PVP waveform with the brachial BP levels. Fourth and finally, central BP is computed from
the peripheral waveform typically via a GTF. The error in the measured central BP can be substantial®. Like the
tonometric devices, the main error source is the error in the brachial BP levels used for calibration®'4!. This latter
error can be large, because automatic arm cuffs employ population average methods to estimate the brachial BP
levels'®-18, A secondary error source may be error arising from the use of a one-size-fits-all GTE.

Our broad objective is to achieve accurate central BP monitoring via a standard automatic arm cuff. In recent
studies, we developed a patient-specific method for estimating brachial BP levels from the oscillogram by lever-
aging physiologic modeling and optimization'® and showed that this method can be more accurate in estimating
the brachial BP levels than widely used population average methods®. We also previously proposed adaptive
transfer functions likewise based on modeling and optimization to derive the central BP waveform from a directly
measured peripheral BP waveform??, In this study, our new contributions were to (1) conceive simple, yet
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Figure 1. (a) Conventional method for monitoring central blood pressure (BP) via a special automatic arm cuff
device. The oscillogram is the variable cuff pressure oscillation amplitude versus cuff pressure function; PVP,
pulse volume plethysmography; SP, systolic BP; DP, diastolic BP. (b) Physiologic method for monitoring central
BP via a standard automatic arm cuff device. The sub-methods are shown in Fig. 2.

physiologic, methods to (a) extract the PVP waveform from the variable amplitude cuff pressure oscillation wave-
form and (b) vary the transfer function relating calibrated PVP to central BP with BP-induced changes in pulse
transit time; (2) integrate these methods with the patient-specific method to calibrate the PVP waveform and
thereby derive central BP; and (3) assess the integrated, “physiologic” method against a high fidelity aortic cath-
eter in a challenging set of patients. Our results indicate that the physiologic method can derive central BP more
reliably than some current non-invasive devices and in the exact same way as traditional brachial cuff BP.

Materials and Methods

Physiologic Method for Central BP Monitoring via a Standard Automatic Arm Cuff. The devel-
oped method is based on physiologic modeling and knowledge and is overviewed in Fig. 1b. This physiologic
method computes the central BP waveform from a cuff pressure waveform obtained only during conventional
deflation (or inflation) via successive application of three sub-methods as follows. First, a patient-specific method
is applied to an oscillogram (derived from the waveform) to yield brachial systolic and diastolic BP (SP and DP).
Then, an ensemble averaging/calibration method is applied to the variable amplitude cuff pressure oscillation
waveform (obtained by high pass filtering the cuff pressure waveform) to extract a “deflation PVP” waveform
and scale it to the brachial BP levels. Finally, a variable transfer function (VTF) method is employed to convert
the brachial BP-like waveform to the central BP waveform. Each of these three sub-methods is further described
below.

Patient-Specific Method for Estimation of Brachial SP and DP. The patient-specific method is
shown in Fig. 2a and described in detail elsewhere!. Briefly, as explained in'>?, the oscillogram (difference
between the upper and lower envelopes in red in Fig. 2a) is represented with a physiologic model accounting for
the nonlinear brachial artery blood volume-transmural pressure relationship (see Eq. (1) in Fig. 2a). In particu-
lar, the nonlinear relationship is represented with a sigmoidal function as justified by experimental data®, and
the model of the oscillogram is then specified as the nonlinear relationship evaluated at brachial SP (see upper
blue envelope in right plot of Fig. 2a) minus the nonlinear relationship evaluated at brachial DP (see lower blue
envelope in same plot). This model arises from two observations. First, the difference in the upper and lower
envelopes of the blood volume waveform as a function of negative cuff pressure is essentially equivalent to the
difference in the upper and lower envelopes of the blood volume oscillations (i.e., the high pass filtered blood vol-
ume waveform) as a function of negative cuff pressure (compare right and upper plots in Fig. 2a). Second, the cuff
pressure-air volume relationship of actual cuffs is nearly linear over a wide range (see left plot in Fig. 2a). Hence,
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Figure 2. (a) Patient-specific method for estimating brachial BP levels from a cuff pressure waveform obtained
during conventional deflation by leveraging a physiologic model and optimization. The method is described in
detail in"; and figure adapted from?® © 2016 IEEE. Reprinted, with permission, from IEEE (IEEE Transactions
on Biomedical Engineering). (b) Ensemble averaging/calibration method for extracting a brachial BP-like
waveform from the cuff pressure waveform obtained during conventional deflation. The method extracts a
deflation PVP waveform by normalizing and then averaging similar waveform beats from the deflation end
(wherein PVP and BP waveform shapes may better agree due to relatively constant brachial artery compliance)
and then scales the waveform to brachial SP and DP. (c) Variable transfer function (VTF) method for converting
the brachial-like BP waveform to the central BP waveform. The method defines the transfer function in terms
of the pulse transit time (Ty) and wave reflection coefficient (I') parameters of an arterial tube-load model and
then varies Ty based on its well-known inverse relationship with mean BP (MP). MP is estimated as the time
average of the brachial BP-like waveform. The model parameter values were defined via the training dataset (see
Table 1). T is in units of msec; MP, mmHg.

the unmeasured blood volume oscillations may be proportional to the measured cuff pressure oscillations (com-
pare upper and lower plots in Fig. 2a) with a proportionality constant equal to k, which indicates the reciprocal
of the compliance of the cuff. The model parameters therefore represent brachial SP and DP and brachial artery
mechanics [a, b, ¢, f]. In terms of the brachial artery compliance curve (derivative of the nonlinear relationship
with respect to transmural pressure), a denotes the transmural pressure at which the curve is maximal; b and ¢
indicate the width of the curve and extent of asymmetry about its maximum; and f equals the scale factor for the
curve [d] times k. As buttressed by directly measured compliance curves?, a is fixed so that the curve peaks near
zero transmural pressure, and b is constrained by the value of ¢ such that the curve is right-skewed. The remain-
ing four patient-specific parameters (i.e., brachial SP, brachial DP, ¢, f) are then estimated by constrained least
squares fitting of the model to the oscillogram (see Eq. (2) in Fig. 2a). The user-selected variables (most notably,
the a and b constraints) were established using a training dataset comprising cuff pressure waveforms for analysis
and invasive reference brachial BP waveforms from cardiac catheterization patients (see Patient Data). Note that
this method effectively employs a variable equation to estimate the brachial BP levels from the oscillogram. The
variables in the equation represent the brachial artery compliance curve but do not indicate the placement of the
cuff. Hence, the method is specific to the patient in terms of the former but not the latter.

Ensemble Averaging/Calibration Method for Estimation of the Brachial BP Waveform. The
patient-specific method also outputs the entire brachial BP waveform via additional steps dictated by its under-
lying model. While this waveform is suitable for estimating mean BP (MP), it contains some artifact caused by
inter-beat cuff pressure variations. Hence, another method is applied to extract a brachial BP-like waveform from
the variable amplitude cuff pressure oscillation waveform. This method is simpler but still founded in physiology.
In particular, each beat of the waveform not only varies in amplitude but also in shape. The shape variations are
likewise due (in part) to the brachial artery compliance changes with transmural pressure?. Since this compliance
may be relatively constant over the higher transmural pressure range of oscillometry (e.g., 50 mmHg) wherein
elastin fibers play a greater role in arterial wall mechanics?, the shape of a beat of the waveform may better reflect
that of the brachial BP waveform at lower cuff pressures (e.g., 50 mmHg). Hence, a deflation PVP waveform is
extracted from the variable amplitude waveform over the lower cuff pressure range via robust ensemble averaging
and calibrated to the brachial BP levels.

The ensemble averaging/calibration method is shown in Fig. 2b. The variable amplitude cuff pressure oscilla-
tion waveform is analyzed over the cuff pressure range extending from (i) the minimum cuff pressure analyzed by
the patient-specific method minus 40 mmHg to (ii) the minimum cuff pressure analyzed by the patient-specific
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Measurements
Device Microlife ‘ Omron ‘ ‘ Microlife
Device measurements deflation cuff pressure waveform + office brachial BP levels + sub-diastolic PVP waveform
Reference invasive brachial and central BP waveforms
# of subjects 36 43 8
# of baseline measurements 36 38 8
# of nitroglycerin measurements | 36 13 8
# of repeated measurements 70 0 10
Total # of measurements 142 51 26

Patients
Type Cardiac catheterization
Age [years] 64.9£12.6 57.1+£13.9 71.2+£12.7
Weight [kg] 75.7+13.1 69.7+12.1 69.3+14.9
Height [cm] 161.8+8.2 163.5+8.8 161.24+10.5
Waist circumference [cm] 90.4+12.5 92.6+11.5 94.5+11.0
Men [%] 75.7 75.0 75.0
Smoking [%] 18.9 20.5 25.0
Hypertension [%] 59.5 56.8 87.5
Type 2 Diabetes mellitus [%] 29.7 31.8 50.0
Dyslipidemia [%] 37.8 40.9 375
Coronary artery disease [%)] 59.5 56.8 62.5
Chronic renal failure [%] 2.7 2.3 12.5
a-Blockers [%] 13.5 11.4 25.0
3-Blockers [%] 432 38.6 62.5
Calcium channel blockers [%)] 48.6 40.9 25.0
Diuretics [%] 18.9 20.5 37.5
Antiplatelet agents [%] 86.5 70.5 87.5

Table 1. Measurement and Patient Characteristics.

method (red shading). The waveform beats are detected. To eliminate anomalies, all waveform beats of lengths
within 30% of the average beat length are selected. If fewer than three waveform beats meet this criterion, then
the three waveform beats with lengths closest to the average beat length are selected. Each selected waveform
beat, including 250 msec intervals before the first foot and after the last foot, is equalized by normalization to
peak amplitude of one and feet amplitudes of zero. (Time normalization could also be employed, if necessary, to
further equalize the waveform beats.) To further eliminate anomalies, a template waveform beat is constructed by
computing the ensemble median of all selected waveform beats over the minimum beat length and then apply-
ing the same normalization. The three waveform beats with root-mean-squared-error (RMSE) < 0.5 relative to
the template waveform beat that are nearest to the minimum cuff pressure are selected (red traces). If less than
three waveform beats meet this criterion, then the three waveform beats with the lowest RMSEs are selected.
The ensemble average of the selected waveforms beats is computed over the minimum beat length and likewise
normalized to yield the deflation PVP waveform. This waveform is then scaled to brachial SP and DP to yield
a brachial BP-like waveform. All user-selected variables (e.g., 30% beat length and 0.5 RMSE thresholds) were
defined with a training dataset (see Data Analysis).

VTF Method for Estimation of the Central BP Waveform. The VTF method is shown in Fig. 2c. The
method is based on a physiologic model of arterial wave reflection. This tube-load model is described in detail else-
where?!. Briefly, the tube accounts for the inertance [L] and compliance [C] of the large artery segment between the
ascending aorta and brachial artery and thus offers constant characteristic impedance [Z = V/(L/C)] and permits
waves to travel along it with constant pulse transit time [Ty= V/(LC)]. The load accounts for the small artery resistance
[R]. Waves traveling in the forward direction along the tube are reflected in the opposite direction at the terminal load
with a constant reflection coeflicient [I'= (R — Z,)/(R+Z,)] so as to mimic the well-known amplification of brachial
pulse pressure (PP) relative to central PP.

According to this model, the transfer function relating the brachial BP waveform [py(t)] (i.e., BP at the tube
end) to the central BP waveform [p (t)] (i.e., BP at the tube entrance) may be defined in terms of two parameters,
T, and I (see transfer function equation in the time-domain in Fig. 2c). As explained elsewhere?!, this transfer
function is often insensitive to I". Hence, this parameter could be fixed to a nominal value without significantly
compromising accuracy. On the other hand, Tj is a vital transfer function parameter. In particular, application
of the transfer function predicts high PP amplification (ratio of brachial PP to central PP) when Ty is large and
low PP amplification when T is small. It is well known that pulse transit time is strongly related to MP and other
variables. Hence, T; may be reasonably predicted from readily available measurements and thereby adapt to some
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extent to the inter-subject and temporal variations in PP amplification. The nominal value for I" and the predic-
tion equation for Ty were established using a training dataset (see Fig. 2c). The T prediction equation capitalizes
on the inverse relationship between pulse transit time and MP, which is due to slack collagen fibers in the arterial
wall and aging®*. Note that since this equation is fixed for all patients, the transfer function is not patient-specific.
However, the equation allows for a transfer function that can vary (as opposed to the conventional GTF) and is
simple enough that it may generally hold.

So, first, MP, computed as the time average of the brachial BP-like waveform over its foot-to-foot interval, is
used to predict Ty. Then, the fully defined VTF is applied in the time-domain to the entire brachial BP waveform
to compute the central BP waveform.

Patient Data. Experimental Procedures. To investigate the physiologic method for measuring the cen-
tral BP waveform, patients admitted for diagnostic cardiac catheterization at Taipei Veterans General Hospital
(Taiwan) were studied. The study procedures were approved by the hospital’s IRB and conformed to the principles
of the Declaration of Helsinki. Written, informed consent was obtained from each patient.

The data collection procedures are described in detail elsewhere®?. Briefly, all patients had inter-arm cuff BP
differences of no more than 3mmHg. A high-fidelity catheter with one or two micromanometers (SPC-320 or
SSD-1059, Millar Instruments, USA) was positioned in the ascending aorta and brachial artery to sequentially
or simultaneously measure gold standard reference central and brachial BP waveforms. An appropriately sized,
inflatable cuff of a special office device (WatchBP Office, Microlife AG, Switzerland or VP-1000, Omron Colin,
Japan) was placed properly over the other brachial artery to measure the cuff pressure waveform via conventional
deflation, a PVP waveform via maintenance of the cuff pressure at 60 mmHg (“sub-diastolic PVP” waveform) for
30sec, and the brachial BP levels estimated by the device. All of these cuff measurements were obtained during
each sequential BP waveform measurement or the simultaneous BP waveform measurement under baseline and/
or sublingual nitroglycerin conditions. Repeated cuff measurements were made per condition for the Microlife
device.

Data Selection.  All sets of cuff pressure and BP measurements were screened for possible exclusion from sub-
sequent analysis. The exclusion criteria for a measurement set were: (a) substantial artifact due to motion or
otherwise in at least one waveform as determined by visual inspection; (b) MP difference in brachial and central
BP waveforms, which are sequentially (as opposed to simultaneously) measured, exceeding 5mmHg; or (c) BP
waveforms, which are sequentially measured, during the transient nitroglycerin condition. The latter two criteria
ensured that the central and brachial BP waveforms were indicative of the same physiologic state. About 120
patients were included for study, and a total of 209 measurement sets from 87 patients remained for analysis.
The measurement sets from 36 of the patients were previously used to develop the patient-specific method for
estimating brachial BP levels, so these data constituted the training dataset. The measurement sets from the other
51 patients formed the testing dataset. Table 1 shows the measurement and patient characteristics for the datasets.
Note that the testing dataset included Omron and Microlife cohorts.

Data analysis. The training dataset was analyzed to develop the sub-methods of the physiologic method.
The patient-specific method was rigorously developed as described elsewhere!?, whereas simple, but sub-optimal,
approaches were applied here to develop the ensemble averaging and VTF methods. For comparison, the training
dataset was also used to build the conventional method of Fig. 1a.

To develop the ensemble averaging method, the variable amplitude cuff pressure oscillation waveforms and
sub-diastolic PVP waveforms were analyzed. In particular, the user-selected variables of the method were estab-
lished so that the RMSE of the deflation PVP waveform extracted from the variable amplitude waveform with
respect to the corresponding sub-diastolic PVP waveform (formed by conventional ensemble averaging and
amplitude normalization for the average waveform beat but not the individual waveform beats) was <0.1.

To develop the VTF method, the sub-diastolic PVP waveforms, simultaneously measured central BP wave-
forms, and invasive brachial BP waveforms were analyzed. The sub-diastolic PVP waveforms were first calibrated
to invasive brachial DP and SP so as to avoid over-fitting the transfer function to random calibration error. For
each pair of brachial BP-like and central BP waveforms, I and Ty were estimated by least squares fitting of the
model predicted central BP waveform (see Fig. 2c) to the measured central BP waveform. The value of I' was
then set to the average of the I' estimates. A Ty prediction equation was created using the T, estimates as the
dependent variable and various measurements as the independent variables. The investigated independent vari-
ables included the invasive brachial BP levels (to likewise prevent overfitting of the equation), the brachial artery
compliance parameter estimates of the patient-specific method, pulse rate, and patient anthropomorphic data
such as age, height, and arm circumference. Multivariate linear regression was employed, and the utility of the
independent variables was assessed using a step-wise approach. MP was concluded to be the only independent
variable in the final prediction equation (see Fig. 2c). The correlation coefficient between the predicted and meas-
ured Ty was almost 0.6. PTT limits were thereafter added to the T prediction equation to protect against gross
MP estimation error (see Fig. 2c).

To develop the conventional method, various possible implementations were explored, and the best imple-
mentation was selected. In particular, the GTF was defined in terms of the tube-load model of Fig. 2c or an autore-
gressive exogenous input model?!. To set the model parameters of the GTE, the sub-diastolic PVP waveforms were
calibrated to invasive brachial SP and DP, invasive brachial MP and DP, the brachial SP and DP obtained with the
office device, or the brachial MP and DP obtained with this device. The selected GTF was based on the tube-load
model with parameters set to the averages of the aforementioned I' and T, estimates. This parameter setting is
justifiable, because the sub-diastolic (rather than deflation) PVP waveform was used and calibrated to invasive
(instead of patient-specific) brachial SP and DP in the development of the VTF method. Note that this GTF must

SCIENTIFICREPORTS | 7: 14441 | DOI:10.1038/s41598-017-14844-5 5



www.nature.com/scientificreports/

Brachial | 1344:21(99-192) | 96413 (72-129) | 71411 (43-101) | 63+19(33-113)

1.240.15(0.99-1.7)

Central | 125423 (85-190) | 9513 (69-128) | 73210 (47-101) | 5320 (26-108)

Table 2. Reference Blood Pressure (BP) Parameters in the Testing Dataset. Values are average & SD (minimum
- maximum). SP, MP, and DP are systolic, mean, and diastolic BP, respectively; PP, pulse pressure; and PP
amplification, ratio of brachial PP to central PP.

Omron —57+12 |10.7£09 |27+1.1 9.5+0.8 —84+1.5 129+1.1
Patient-specific | 0.7%+1.0 |8.8*+0.7 |3.5+0.8 7.3¥+0.6 | —2.8%+£11 |9.4%¥+0.8
Microlife —454+12 |10.6+£09 |44£0.6 54+04 —89+15 132+1.1
Patient-specific 34409 |75%+06 |—-11%¥£0.7 |58%0.5 —23%*£1.1 |10.0¥£0.8

Table 3. Brachial BP Bias and Precision Errors (average & SE) in the Testing Dataset. *p <0.01 compared to
corresponding office device via paired t-test for bias error (1) and Pitman-Morgan test for precision error (o).

be evaluated as applied to the PVP waveform calibrated with the brachial SP and DP obtained with the office
devices rather than an invasive catheter system. However, the office devices were likely developed based on refer-
ence auscultation BP measurements, which systematically underestimate invasive brachial SP and overestimate
invasive brachial DP?%, Hence, prior to the PVP waveform calibration, the office brachial BP levels were corrected
in terms of their bias error (see below). Such a bias correction allowed the GTF to serve its intended purpose
of reducing PP amplification, significantly improved the central BP measurement accuracy of the conventional
method, and could easily be implemented in practice. Finally and importantly, the other implementations of the
conventional method did not improve the central BP waveform accuracy in the training or even testing datasets
(results not shown).

The testing dataset was then analyzed to assess and compare the accuracy of the developed methods. The
physiologic method as well as the physiologic method with the VTF replaced by the GTF were applied to the
standard cuff pressure waveforms, whereas the conventional method was applied to the additional, sub-diastolic
PVP waveforms calibrated to the brachial SP and DP estimated by the office device from the standard cuff pres-
sure waveforms. For reasons mentioned above, prior to PVP waveform calibration, the office brachial BP levels
were corrected so that their bias errors were the same as those of the patient-specific method for each of the two
patient cohorts. The errors between the resulting brachial and central SP, MP, DP, and PP measurements and the
gold standard reference BP levels were quantified via the conventional bias error (i.e., mean of the errors) [p] and
precision error (i.e., standard deviation of the errors) [o]. The bias and precision errors for the lower, middle, and
upper tertile PP amplification subgroups were also computed to investigate the added value of the VIF method.

Statistical Methods. The bias and precision errors of two methods were compared via paired t-tests and
Pitman-Morgan tests*, respectively. To generously account for multiple comparisons, a p < 0.01 was considered
significant.

Data availability. The data analyzed in this study may be available from H.M.C., S.H.S., and C.H.C. via rea-
sonable requests made to the corresponding author.

Results
The training dataset was needed to develop the methods for investigation. However, the results from this dataset
carry little meaning and did not offer additional insight. Hence, only the testing dataset results are provided.

Patient BP Levels. Table 2 shows the average = SD and range of reference brachial and central S, MP, DP,
and PP as well as PP amplification (ratio of brachial PP to central PP). All of the BP parameters varied widely.
Most notably, central SP and PP ranged over 105 and 82 mmHg, respectively.

Brachial BP Measurement Accuracy. Table 3 shows the brachial SP, DP, and PP bias and precision errors
(average &= SE) of the patient-specific method and the office devices. The patient-specific method yielded sig-
nificantly lower precision errors than the office devices and thereby afforded superior calibration. As expected,
the patient-specific method also produced significantly lower bias errors. However, the office device bias errors
could be corrected in practice (by e.g., adding and subtracting constant values from brachial SP and DP). Hence,
in this study, the BP levels of the office devices were adjusted to make their bias errors equal to those of the
patient-specific method.

Central BP Measurement Accuracy. Fig. 3 shows the central SP, PP, and DP bias and precision errors
(average & SE) of the patient-specific method versus the office device (top) and of the physiologic method versus
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Figure 3. Central SP, pulse pressure (PP), and DP bias errors (p) and precision errors (o) (average + SE) of the
patient-specific method (Fig. 2a) versus the office device (a population average method) and the physiologic
method (Fig. 1b) versus the conventional method (Fig. 1a) in the testing dataset. Note that the patient-specific
method and office device measure brachial BP levels, so the upper plots represent errors between brachial

BP levels and central BP levels (i.e., starting point errors prior to applying the transfer function). *p <0.01
compared to corresponding method via paired t-test for p and Pitman-Morgan test for o.

the conventional method (bottom) aggregated over both cohorts. (The precision errors for each cohort were along
the lines of Table 3). The central BP errors of the patient-specific method and office device (i.e., the errors between
the brachial BP levels measured by these methods and the reference central BP levels) represent the “starting
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Figure 4. Bland-Altman plots of the central SP, PP, and DP errors of the physiologic method and conventional
method in the testing dataset.

point” errors prior to applying the transfer function. As expected, the central SP and PP bias errors were large
and positive. While the two methods yielded the same bias errors due to the bias correction, the patient-specific
method produced significantly lower precision errors. Comparing the precision errors to those in Table 3, it can
be inferred that the main source of these errors is the calibration error rather than PP amplification variability.
Application of the transfer function reduced the central SP and PP bias errors greatly but not the correspond-
ing precision errors (compare top to bottom). The physiologic method afforded central BP bias errors of —0.6
to 2.6 mmHg and precision errors of 6.8 to 9.0 mmHg. These errors were significantly lower than those of the
conventional method by 22% in terms of average RMSE. This error reduction was mainly due to improved PVP
waveform calibration. Fig. 4 shows Bland-Altman plots of the errors of the two featured methods for comparison.

Fig. 5 shows the central SP, PP, and DP bias errors (average & SE) of the patient-specific method versus the
physiologic method versus the physiologic method with the VTF replaced by the GTF for the low, middle, and
high PP amplification subgroups. (The precision errors were similar amongst the methods.) The purpose of this
figure is to reveal the value of the VTF method. As expected, the patient-specific method (which again measures
brachial rather than central BP levels) yielded central SP and PP bias errors that were large and positive when
PP amplification was high and that decreased appreciably with PP amplification. As also expected, the GTF sig-
nificantly decreased the central SP and PP bias errors by mitigating the overestimation of these BP levels when
PP amplification was higher but substantially increased the errors by underestimating central SP and PP when
PP amplification was low. The VTF provided significantly lower central SP and PP bias errors over the whole PP
amplification range by decreasing the pulse transit time parameter of the tube-load model transfer function with
increasing MP. However, it was not always superior. While the VTF reduced or maintained the central SP and PP
bias errors of the GTE, its added value overall was not large due to the higher precision errors of both methods
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Figure 5. Central SP, PP, and DP bias errors (average + SE) of the patient-specific method versus the
physiologic method versus the physiologic method with VTF replaced by GTF for different PP amplification
(ratio of reference brachial PP to central PP) subgroups in the testing dataset. Again note that the patient-
specific method measures brachial BP levels. *p <0.01 between physiologic method and other method via
paired t-test. The precision errors of the methods were similar for the subgroups.

(see Fig. 3). On the other hand, the patient-specific method yielded significantly lower central DP bias errors.
Hence, the patient-specific DP could instead be used to improve central DP accuracy to a mild extent.

Accuracy of the Intermediate Variables for Measuring Central BP.  The ensemble averaging method
yielded a RMSE of the deflation PVP waveform with respect to the corresponding sub-diastolic PVP waveform
0f 0.07£0.03. The time average of the deflation PVP waveform calibrated with patient-specific brachial SP and
DP yielded MP bias and precision errors of 4.3 and 7.8 mmHg. Finally, the T, prediction equation produced a
correlation coeflicient between predicted and measured T, of 0.5.

Discussion

We proposed a “physiologic method” to monitor the central BP waveform via a standard automatic arm cuff
(see Fig. 1b). The method applies three sub-methods in succession as follows. First, a patient-specific method
that we recently introduced!? is employed to estimate brachial BP levels from a cuff pressure waveform obtained
during conventional deflation by leveraging a physiologic model and optimization (see Fig. 2a). This method
can yield more accurate brachial BP levels than current population average methods, as we showed previously?
and herein (see Table 3), and may thus reduce the major calibration error of most current tonometric and
oscillometric devices for non-invasive monitoring of central BP>!*!°. Then, an ensemble averaging/calibration
method is applied to the same cuff pressure waveform so as to extract a “deflation PVP” waveform and scale it to
patient-specific brachial SP and DP (see Fig. 2b). This simple, yet physiology-based, method may eliminate the
need for the additional step performed by all available oscillometric devices in which the cuff is maintained at a
constant pressure to measure the PVP waveform, which is then calibrated to the population average brachial BP
levels (see Fig. 1a). Finally, a VTF method is employed to convert the brachial BP-like waveform to the central
BP waveform. The method defines the transfer function in terms of the pulse transit time (T;) and wave reflec-
tion coefficient (I') parameters of a physiologic model (see Fig. 2¢). The reflection coeflicient is set to a nominal
value, as the transfer function is often insensitive to this parameter, while the pulse transit time, which has sig-
nificant impact on the extent to which the transfer function reduces PP amplification, is predicted based on its
well-known inverse relationship with MP (see Fig. 2¢). This simple, physiologic modeling method may thus adapt
the transfer function to BP-induced changes in arterial stiffness unlike the GTFE, which is utilized by most of the
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current tonometric and oscillometric devices (see Fig. 1a). In this way, central BP could be measured - for the first
time - both reliably and in the exact same way as traditional brachial cuff BP.

We developed and evaluated the physiologic method for measuring the central BP waveform using data
from cardiac catheterization patients (see Table 1). These data included the cuff pressure waveform obtained
during conventional deflation, the brachial BP levels estimated from this waveform by popular office devices, a
“sub-diastolic PVP” waveform obtained during constant inflation at 60 mmHg, and gold standard invasive refer-
ence central and brachial BP waveforms. In the testing dataset, the reference BP parameters varied widely (e.g.,
central SP ranged from 85 to 190 mmHg) mainly due to differing degrees of patient arterial stiffness (see Table 2).
The precision errors between the brachial SP and PP computed by the office device and reference central SP and
PP were 11.3 and 13.2 mmHg, respectively (see Fig. 3). These high “starting point” errors together with the wide
BP parameter range underscored the challenge presented by the testing dataset.

The physiologic method yielded central SP, DP, and PP bias errors within 2.6 mmHg in magnitude and pre-
cision errors within 9 mmHg (see Figs 3 and 4). These errors nearly satisfied the AAMI limits of 5 and 8 mmHg,
though an AAMI data collection protocol was not employed.

We also compared the physiologic method to the conventional oscillometric method in which a GTF is
applied to a sub-diastolic PVP waveform calibrated with office brachial BP levels to derive the central BP wave-
form (see Fig. 1a)*>%. Since the GTF was built using invasive brachial SP and DP, the office devices were likely
built using auscultation rather than invasive BP as the reference, and there is systematic error between the two
reference methods?S, the bias errors of the office brachial BP levels (see Table 3) were first corrected to be the
same as the patient-specific method. A GTF defined by the tube-load model in Fig. 2¢, but with average values
for both parameters, was then applied. Note that the bias correction was necessary to improve the accuracy of the
conventional method and could be performed in practice. Importantly, other possible implementations of the
conventional method (i.e., different PVP calibration procedures with and without bias correction and different
GTFs) did not measure central BP levels more accurately. Hence, the employed conventional method may repre-
sent the best possible implementation.

Compared to the conventional method, the physiologic method produced significantly lower central SP, DP,
and PP errors (see Figs 3 and 4). Overall, the physiologic method yielded a 22% error reduction. The improved
calibration afforded by the patient-specific method for measuring brachial BP levels was the main contributor to
the reduction (see Table 3 and Fig. 3). The transfer function adaptation to BP-induced arterial stiffness changes
offered by the VTF method was a secondary contributor and was most helpful relative to the GTF method in
patients with low PP amplification (see Fig. 5) where it was able to reduce the average central BP RMSE by 10%.
The VTF method did not reduce the error compared to the GTF method in patients with high PP amplification,
as the Td prediction via MP actually underestimated Td on average. Hence, despite being imperfect, the simple
VTF method was still good enough to yield an improvement in central BP measurement accuracy in patients
not used in its development. Further, the deflation PVP waveforms produced by the ensemble averaging method
were similar enough to the sub-diastolic PVP waveforms that they hardly impacted the central BP errors (results
not shown).

Other methods for central BP monitoring via an automatic arm cuff are available that instead obtain a
supra-systolic PVP waveform and/or compute central BP from a calibrated PVP waveform without using a GTE
One method applies a transfer function based on the tube-load model in Fig. 2¢ to a calibrated, supra-systolic
PVP waveform to derive the central BP waveform'. The interesting idea is that, when the brachial artery is
occluded by the supra-systolic cuff inflation, the forward and backward waves will be equal in magnitude?. In
this way, I is correctly determined as unity. However, the transfer function is often insensitive to I'?!, as we have
mentioned, and whether the more important Ty can be well determined from the proposed time delay between
systolic PVP peaks or not is less certain. Further, the main source of error is the calibration rather than the trans-
fer function, and the supra-systolic PVP waveform is small and thus susceptible to noise. Another method, which
some of us developed, applies a multiple regression equation to several features of a calibrated, sub-diastolic PVP
waveform of about 30 sec in duration to predict central SP and PP*-!!. This equation can yield significantly smaller
central PP errors than a GTF by effectively reducing the calibration error!!. The reported precision errors of the
method are also lower than those herein for the physiologic method'’, but the patient data for evaluation were not
the same. The error differences could also be explained by the fact that the central BP waveforms derived by the
physiologic method were obtained from single cuff deflation measurements, whereas the central BP levels pre-
dicted by the regression method represented the average of two cuft deflation measurements. Such averaging can
reduce the precision error by a factor of up to 1/v/2. In any case, future comparisons of the physiologic method
with other methods should be performed using the same data and analyses to obtain a conclusive assessment of
their relative accuracy.

Even if other methods prove more accurate than the physiologic method in head-to-head comparisons, the
difference would presumably have to be large enough to justify their additional cuff inflation. Automatic arm
cuffs are already cumbersome enough to use**. Requiring a prolonged sub-diastolic PVP waveform measurement,
which could approximately double the measurement time, or a supra-systolic PVP waveform measurement,
which is uncomfortable to the subject, may reduce patient compliance for using the device. Conversely, a method
for measuring central BP with an acceptable level of error, but without changing the traditional measurement
procedure, could increase the adoption of central BP.

This study has limitations. One limitation is that the data were not homogeneous (see Table 1). For example,
two office devices (Microlife and Omron) were employed. Such heterogeneity could have added variability to our
results. On the other hand, any variability introduced by the use of two devices may not have been substantial (see
Table 3). Another limitation pertains to the VTF method. This transfer function neither accounts for differences
in the shapes of brachial PVP and BP waveforms due to viscoelastic effects® nor is patient-specific (i.e., truly
adaptive). That said, a superior transfer function method would not have made a major difference here, as the
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calibration error dominated. Adaptive transfer functions, such as those proposed by some of us?*2, may offer

greater value when calibration error is not a factor such as when invasive peripheral BP waveforms are available or
when calibrated radial artery tonometry waveforms are converted to likewise calibrated carotid artery tonometry
waveforms.

In conclusion, PP and SP are amplified in the brachial artery relative to the central aorta. So, it is central BP
that truly affects cardiac performance. Moreover, central BP rather than brachial BP is a major determinant of
the degenerative changes that occur in aging and hypertension®. Hence, central BP could provide greater clinical
value than brachial BP. While several studies have demonstrated the added value of central BP', the extent of the
difference may be considered unsatisfying. One possible explanation is that non-invasive central BP measure-
ments suffer from substantial error due to the error introduced by the calibration step, which can be similar in
magnitude to the difference between central and brachial BP levels. Another explanation is that the tonometric
devices that have long been available for non-invasive central BP monitoring are not convenient enough for
central BP to be studied broadly. We introduced a physiologic method to both mitigate the calibration error
and obtain central BP measurements in the exact same way as traditional automatic cuff BP measurements. We
showed that this method can yield central BP measurements that agree with gold standard reference measure-
ments to a significantly greater degree than some current non-invasive devices. Future investigations may be
worthwhile to confirm the accuracy of the new method, especially in a real-time device, investigate the method
during improper cuff usage, and apply it broadly to determine the full clinical potential of central BP.

References

1. Vlachopoulos, C. et al. Prediction of cardiovascular events and all-cause mortality with central haemodynamics: a systematic review
and meta-analysis. Eur. Heart J. 31, 1865-1871 (2010).

2. Papaioannou, T. G. et al. Accuracy of commercial devices and methods for noninvasive estimation of aortic systolic blood pressure
a systematic review and meta-analysis of invasive validation studies. . Hypertens. 34, 1237-1248 (2016).

3. McEniery, C. M., Cockcroft, J. R., Roman, M. ], Franklin, S. S. & Wilkinson, I. B. Central blood pressure: Current evidence and
clinical importance. Eur. Heart J. 35,1719-1725 (2014).

4. Pucci, G. et al. Evaluation of the Vicorder, a novel cuff-based device for the noninvasive estimation of central blood pressure. J.

Hypertens. 31, 77-85 (2013).

. Weber, T. et al. Validation of a brachial cuff-based method for estimating central systolic blood pressure. Hypertension 58, 825-832 (2011).

6. Verberk, W. J. et al. Practical suitability of a stand-alone oscillometric central blood pressure monitor: A review of the Microlife
WatchBP Office Central. Pulse (Basel, Switzerland) 3, 205-16 (2016).

. Agnoletti, D., Millasseau, S., Topouchian, J., Safar, M. E. & Blacher, J. Comparison of central blood pressure devices on the basis of a
modified protocol of the European Society of Hypertension: application to the Centron cBP301. Blood Press. Monit. 19, 103-108 (2014).
8. Peng, X., Schultz, M. G., Abhayaratna, W. P, Stowasser, M. & Sharman, J. E. Comparison of central blood pressure estimated by a

cuff-based device with radial tonometry. Am. J. Hypertens. 29, 1173-1178 (2016).
9. Cheng, H.-M. et al. Estimation of central systolic blood pressure using an oscillometric blood pressure monitor. Hypertens. Res. 33,
592-599 (2010).

10. Cheng, H.-M. et al. Measurement accuracy of a stand-alone oscillometric central blood pressure monitor: A validation report for
Microlife WatchBP Office Central. Am. J. Hypertens. 26, 42-50 (2013).

11. Cheng, H.-M. et al. Measurement of central aortic pulse pressure: Noninvasive brachial cuff-based estimation by a transfer function
vs. a novel pulse wave analysis method. Am. J. Hypertens. 25, 1162-1169 (2012).

12. Liang, F. Numerical validation of a suprasystolic brachial cuff-based method for estimating aortic pressure. Biomed. Mater. Eng. 24,
1053-1062 (2014).

13. Horvath, I. G. et al. Invasive validation of a new oscillometric device (Arteriograph) for measuring augmentation index, central
blood pressure and aortic pulse wave velocity. J. Hypertens. 28, 2068-2075 (2019).

14. Shih, Y.-T., Cheng, H.-M., Sung, S.-H., Hu, W.-C. & Chen, C.-H. Quantification of the calibration error in the transfer function-
derived central aortic blood pressures. Am. J. Hypertens. 24, 1312-1317 (2011).

15. Cheng, H.-M., Lang, D., Tufanaru, C. & Pearson, A. Measurement accuracy of non-invasively obtained central blood pressure by
applanation tonometry: A systematic review and meta-analysis. Int. J. Cardiol. 167, 1867-1876 (2013).

16. Alpert, B. S., Quinn, D. & Gallick, D. Oscillometric blood pressure: a review for clinicians. J. Am. Soc. Hypertens. 8,930-938 (2014).

17. van Montfrans, G. A. Oscillometric blood pressure measurement: progress and problems. Blood Press. Monit. 6, 287-290 (2001).

18. National High Blood Pressure Education Program (NHBPEP)/National Heart, Lung, and Blood Institute (NHLBI) and American
Heart Association (AHA) Working meeting on blood pressure measurement. Available at: https://www.nhlbi.nih.gov/files/docs/
resources/heart/bpmeasu.pdf (Accessed: 26th June 2017).

19. Liu, J. et al. Patient-specific oscillometric blood pressure measurement. IEEE Trans. Biomed. Eng. 63, 1220-1228 (2016).

20. Liu, J. et al. Patient-specific oscillometric blood pressure measurement: Validation for accuracy and repeatability. IEEE J. Transl. Eng.
Heal. Med. 5,1-10 (2017) © 2016 IEEE. Reprinted, with permission, from IEEE (IEEE Transactions on Biomedical Engineering).

21. Gao, M. et al. A simple adaptive transfer function for deriving the central blood pressure waveform from a radial blood pressure
waveform. Sci. Rep. 6, 33230 (2016).

22. Hahn,J.,, Reisner, A. T, Jaffer, E. A. & Asada, H. H. Subject-specific estimation of central aortic blood pressure using an individualized
transfer function: A preliminary feasibility study. IEEE Trans. Inf. Technol. Biomed. 16, 212-220 (2012).

23. Drzewiecki, G. M., Hood, R. & Apple, H. Theory of the oscillometric maximum and the systolic and diastolic detection ratios. Ann.
Biomed. Eng. 22, 88-96 (1994).

24. Mukkamala, R. et al. Towards ubiquitous blood pressure monitoring via pulse transit time: Theory and practice. IEEE Trans. Biomed.
Eng. 62, 1879-1901 (2015).

25. Shih, Y.-T., Cheng, H.-M., Sung, S.-H., Hu, W.-C. & Chen, C.-H. Comparison of two generalized transfer functions for measuring
central systolic blood pressure by an oscillometric blood pressure monitor. . Hum. Hypertens. 27, 204-210 (2013).

26. American national standard for manual, electronic or automated sphygmomanometers. Association for the Advancement of Medical
Instrumentation Available at: https://fmc4me.qa-intranet.fmcna.com/idc/idcplg?IdcService=GET_
FILE&Rendition=Primary&RevisionSelectionMethod=Latest&dDocName=PDF_100032384 (Accessed: 26th June 2017) (2003).

27. Snedecor, G. W. & Cochran, W. G. Statistical methods. (Ilowa State University Press, 1980).

28. Newman, D. L., Greenwald, S. E. & Bowden, N. L. An in vivo study of the total occlusion method for the analysis of forward and
backward pressure waves. Cardiovasc. Res. 13, 595-600 (1979).

29. Lee, J. et al. Physical basis of the relationship between central arterial blood pressure and distal pulse volume waveforms. IEEE J.
Biomed. Heal. Informatics (2017).

30. Agnoletti, D. et al. Pulse pressure amplification, pressure waveform calibration and clinical applications. Atherosclerosis 224,
108-112 (2012).

wu

~

SCIENTIFICREPORTS | 7: 14441 | DOI:10.1038/s41598-017-14844-5 11



www.nature.com/scientificreports/

Acknowledgements
This work was supported in part by the NSF under Grants IIS-1404436 and IIS-1403004.

Author Contributions

H.M.C. and R.M. initiated and designed the study; J.H. and R.M. guided the study; H.M.C,, S.H.S., and C.H.C.
collected the data; K.N., J.L., and M.G. developed and performed the data analysis; K.N. and R.M. drafted the
manuscript; and H.M.C., C.H.C., and ].H. edited the manuscript.

Additional Information
Competing Interests: KN, J.L., M.G., ].H. and R.M. have pending patents on the physiologic method.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
SE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 14441 | DOI:10.1038/s41598-017-14844-5 12


http://creativecommons.org/licenses/by/4.0/

	Central Blood Pressure Monitoring via a Standard Automatic Arm Cuff

	Materials and Methods

	Physiologic Method for Central BP Monitoring via a Standard Automatic Arm Cuff. 
	Patient-Specific Method for Estimation of Brachial SP and DP. 
	Ensemble Averaging/Calibration Method for Estimation of the Brachial BP Waveform. 
	VTF Method for Estimation of the Central BP Waveform. 
	Patient Data. 
	Experimental Procedures. 
	Data Selection. 

	Data analysis. 
	Statistical Methods. 
	Data availability. 

	Results

	Patient BP Levels. 
	Brachial BP Measurement Accuracy. 
	Central BP Measurement Accuracy. 
	Accuracy of the Intermediate Variables for Measuring Central BP. 

	Discussion

	Acknowledgements

	Figure 1 (a) Conventional method for monitoring central blood pressure (BP) via a special automatic arm cuff device.
	Figure 2 (a) Patient-specific method for estimating brachial BP levels from a cuff pressure waveform obtained during conventional deflation by leveraging a physiologic model and optimization.
	Figure 3 Central SP, pulse pressure (PP), and DP bias errors (μ) and precision errors (σ) (average ± SE) of the patient-specific method (Fig.
	Figure 4 Bland-Altman plots of the central SP, PP, and DP errors of the physiologic method and conventional method in the testing dataset.
	Figure 5 Central SP, PP, and DP bias errors (average ± SE) of the patient-specific method versus the physiologic method versus the physiologic method with VTF replaced by GTF for different PP amplification (ratio of reference brachial PP to central PP) su
	Table 1 Measurement and Patient Characteristics.
	Table 2 Reference Blood Pressure (BP) Parameters in the Testing Dataset.
	Table 3 Brachial BP Bias and Precision Errors (average ± SE) in the Testing Dataset.




