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Summary

Background: Obtaining cardiac output (CO) mea-
surements noninvasively during routine blood pressure
recording can improve hypertension management. A new
method has been developed that estimates cardiac output
using pulse-waveform analysis (PWA) from a brachial
cuff sphygmomanometer. This study evaluates the abil-
ity of PWA to track changes in CO as derived by Doppler
ultrasound during dobutamine stimulation.

Hypothesis: This study aims to validate the PWA CO
estimation over a wide CO range as would be obtained
by dobutamine stimulation during Doppler ultrasound
evaluation.

Method: A total of 48 patients undergoing standard
dobutamine stress echocardiography testing for accepted
clinical indications were enrolled. Among them, 44
patients (age 36–83, 18 females, 26 males) with good
waveform data for analyses provided estimates of CO in
this study. Noninvasive measurements of CO were per-
formed using both Doppler ultrasound recordings and
PWA techniques simultaneously at each stage of dobu-
tamine infusion.

Results: A total of 207 simultaneous pulse-waveform
analyses and Doppler measurements were taken dur-
ing dobutamine stress on 44 cardiac patients. Linear
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regression analysis revealed good intra-patient corre-
lation between pulse-waveform analysis and Doppler
at different dobutamine-induced CO with coefficients
from r = 0.69 to 0.98 (p<0.05). Analysis of all patients
yielded an overall correlation of r = 0.82 (p<0.001,
bias = 0.4 L/min, standard deviation = 1.8 L/min).

Conclusion: The CO measured noninvasively from
a sphygmomanometer using this PWA method corre-
lates well with those of Doppler through a range of
dobutamine-stimulated levels. The CO by PWA should
be useful for monitoring hemodynamic changes in hyper-
tensive and cardiac patients during routine blood pressure
measurement.
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Introduction

Recent data suggests that hemodynamic approaches to
the management of hypertension may be superior to stan-
dard clinical care, using additional treatment algorithms
based on cardiac output (CO) and systemic vascular
resistance.

1
Anti-hypertensive therapies should not only

lower arterial blood pressure but also improve hemo-
dynamics and normalize functional and structural com-
ponents of the cardiovascular system.

2
On the basis of

cardiac waveform analysis methods,
3 – 12

newer noninva-
sive devices that measure various hemodynamic parame-
ters other than blood pressure, including CO and arterial
compliance have recently become available. A simple
noninvasive technique has been developed to estimate
CO based on arterial PWA method. Combining this PWA
CO to our previously developed Pulse-Dynamics (PD)
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Method
11 – 13

that measures blood pressures, heart rate
(HR), arterial compliance and resistance conveys the
potential to provide hemodynamic profiles during rou-
tine sphygmomanometry. This PD technology analyzes
the oscillometric brachial arterial pressure waveform,
Figure 1, acquired from the cuff sphygmomanometer to
obtain the rate of pressure change dP

dt
, systolic blood

pressure (SBP) and diastolic blood pressure (DBP) as
illustrated in Figure 2.

In the present study, we have described and derived
estimates of CO by this PWA PD CO methodology,
and compared them with those from Doppler ultrasound
(echo) method at various levels of CO occurring during
dobutamine stress echocardiography.

14

Methods

Study Group: The study group consisted of 48 patients
undergoing standard dobutamine stress echocardiography
testing for accepted clinical indications at the University
of California, San Diego (UCSD) Medical Center. Three
patients were excluded due to severe motion artifacts and
irregular heart beats throughout the examination. One
additional patient was excluded due to extreme obesity
and the blood pressure cuff not fitting the upper arm
properly. The remaining 44 patients provided estimates
of CO in this study. The group consisted of 26 males
and 18 females, age 36–83 (mean ± SD of 65 ± 12
years), and of varying races (31 caucasian, 7 blacks, 3
Hispanic, 2 Asian, and 1 Middle Eastern). None of the
patients exhibited any clinical condition (such as signifi-
cant valvular regurgitation or severe arrhythmias), which
would alter Doppler CO measurements. Patients gave
informed consent and the study protocol was approved
by the Institutional Review Board.

Dobutamine Stress

The primary indication for the dobutamine stress
echocardiography protocol used in this study was to eval-
uate the presence of coronary artery disease. The beta-
adrenergic agonist effects of dobutamine hydrochloride
increase myocardial contractility and heart rate (HR),
thus increasing CO. Throughout the examination, elec-
trocardiogram (ECG) and blood pressure measurements
were continuously monitored, while intravenous dobu-
tamine was administered in increasing concentration at
intervals of 10 mcg/kg/min from 0 to 40 mcg/kg/min.
Atropine in doses of 0.5 to 1.0 mg was administered
to 65% of the patients in whom the HR increase in
response to dobutamine was inadequate. At each stage of
dobutamine infusion the sonographer captured echocar-
diographic images to assess ventricular wall thickening
and endocardial excursion. The study ended when the
patient manifested myocardial ischemia or arrhythmias,
or reached the target HR of 85% of maximum HR cal-
culated using an age-based scale.

Procedures

Noninvasive measurements of CO were performed
using both Doppler ultrasound recordings and PD (Dyna-
Pulse 200M, Pulse Metric, Inc., San Diego, Calif.) tech-
niques simultaneously at each stage of dobutamine infu-
sion. During recovery, measurements were obtained at
every HR decrease of 10–15 beats per minute until the
examination was concluded. The original data recorded
by the DynaPulse device was first stored on a PC and
then uploaded to a server (DynaPulse Analysis Cen-
ter [DAC]) where the arterial pulsation signal data was
processed using proprietary algorithms. The Doppler
echocardiographic signals were recorded on paper for
subsequent analysis and measurement.

The procedure for simultaneously capturing CO mea-
surements involved direct coordination between the sono-
grapher and the technician acquiring arterial recordings.
The left ventricular outflow tract (LVOT) diameter was
first obtained. Then, as the blood pressure cuff deflated
to record the pulsating oscillometric signal, the sonog-
rapher began acquiring the flow velocity profile at the
LVOT. When the cuff deflated to DBP, as judged by
the graphic display of a mercury sphygmomanometer,
the sonographer captured and freeze-framed the velocity
profile, traced the profile to calculate the systolic veloc-
ity time integral, and used that information to determine
the stroke volume of that specific cardiac cycle. This
procedure was established to ensure proper timing and
accuracy of the CO measurements, since stroke volume
may change substantially from beat to beat.

Measurement Techniques

Echo method: Measurements of CO by Doppler ultra-
sound were calculated as the product of the systolic
flow velocity integral (FVI) and the cross-sectional area
(CSA) of the LVOT. The largest diameter of the LVOT
was identified by medial/lateral scanning in the paraster-
nal long axis view at a level just below the aortic valve
annulus. The cross-sectional area of the LVOT was then
obtained as π( diameter

2 ).2 The flow velocity signal in the
LVOT was obtained with a pulsed Doppler sample vol-
ume positioned at the aortic annulus. The time velocity
integral of LVOT flow was derived internally within the
echograph from an operator trace of modal velocity dur-
ing systole. CO was calculated as FV I ∗ CSA.

DynaPulse method: The PD technique was used to
determine SBP, DBP and mean arterial pressure (MAP)
by PWA of the oscillometric cuff signal (Figure 2) from
the brachial artery.

12,13,15
The PWA PD CO is then

derived by further analyzing the changes in PD pres-
sure waveform. First, BA dP

dt max obtained at brachial
artery (Figure 2) was used to approximate left ventricular
(LV) dP

dt max and LV contractility (LVC) using Gaussian
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FIG. 1 Oscillometric pulse-dynamics waveform.

FIG. 2 A Pulse-Dynamics arterial pressure waveform (nor-
malized to SBP and DBP).

transformation function,
16 – 18

shown below:

LV
dP

dt max
= BAdP

dt max

T r
∗ e

T r2−1
2 , and

LV C = BAdP
dt max

T r
∗ e

T r2

2

SBP

where,

1

T r
= TppLV

TppBA

=
√

1 + DBP

SBP − DBP
∗ √

e, and

Tpp = time interval between dP
dt max to dP

dt min for BA
and LV pressure contours.

The CO was then obtained using equation CO ∝
LV C ∗ HR ∗ BSA and an empirically determined scal-
ing factor obtained by comparing to thermo-dilution
(TD) CO of 11 non-PH patients from a previous study

12

(data shown in Table 1). Where, body surface area (BSA)
is defined by standard DuBois equation, a function of
weight and height.

Statistics

Statistical analyses were performed using Microsoft
Excel (Redmond, Wash., USA) and SPSS (SPSS, Inc.,
Chicago, Ill., USA). Results were expressed using linear
regression analysis, showing the correlation coefficient

TABLE 1 Summary of statistics of PD CO versus TD CO

Patient
group r p N

Bias
(L/min)

Standard
deviation
(L/min)

PH patientsa 0.81 <0.01 z09 –1.8 0.7
Non-PH 0.63 <0.04 11 −0.0 0.8
patients
All patients 0.47 <0.04 20 −0.8 1.1

a PH = pulmonary hypertension.

and the significance of correlation between the two meth-
ods. A Bland-Altman analysis was performed to show the
precision and bias between the two techniques.

19

Multivariate analysis was also performed using step-
wise linear regression on selected variables to determine
the independent predictors of CO measured by Doppler
ultrasound. Similar analyses were performed with PD
CO as a model comparison.

Results

The protocol was successfully completed in 44 patients.
No severe arrhythmias or adverse events were experi-
enced. Technically adequate data for analysis was obtained
in all patients. The HR ranged from 44–139 bpm and
Doppler CO from 2.91 to 21.70 L/min. Blood pressures
ranged from 97–225 mmHg systolic, and 42–116 mmHg
diastolic. A total of 207 simultaneous measurements of
CO by Doppler and PD were available for statistical
analysis.

Figure 3 displays results of linear regression analysis
comparing all 207 Doppler and PD measurements. The
analysis yielded a relation of y = 0.74x + 2.42 between
Doppler ultrasound and PD values of CO. There was a
small systematic overestimation of Doppler CO by PD
CO. Linear regression analysis revealed a good correla-
tion, r = 0.82, p < 0.001. Figure 4 illustrates the results
of Bland-Altman analysis of the data. The dispersion of
values can be seen to increase at CO levels above 6.0
L/min with an overall standard deviation of 1.8 L/min.

Clinical Cardiology DOI:10.1002/clc
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FIG. 3 Linear regression analysis of DynaPulse PD CO
versus Doppler echo CO.

FIG. 4 Bland-Altman analysis comparing DynaPulse PD
CO versus Doppler echo CO.

Table 2 displays the correlation between Doppler and
PD CO for each stage of the dobutamine protocol.
The wider ranges of CO encountered during infusion
and recovery yielded greater correlation coefficients than
were observed at baseline. Nevertheless, the bias and
precision values were generally similar for all three
stages. Overall correlation coefficient was very signifi-
cant (r = 0.82, p < 0.001, n = 207).

Table 3 shows partial correlation coefficients in mul-
tivariate analysis to determine the significant indepen-
dent predictors of Doppler CO. The model included age,
height, weight, SBP, DBP, MAP, pulse pressure, HR,
and derived LVC. The significant predictors were HR,
weight, LVC, height, and DBP. The overall correlation
coefficient for the model was r = 0.83. Table 4 shows

TABLE 2 Summary of statistics (PD CO versus Doppler
CO) at each stage dobutamine stress

Stage r p n
Bias

(L/min)

Standard
deviation
(L/min)

Baseline 0.70 <0.001 36 0.33 1.64
Infusion 0.70 <0.001 101 −0.13 2.60
Recovery 0.77 <0.001 77 0.68 1.95
Overall 0.82 <0.001 207 0.45 1.83

TABLE 3 Multivariate analysis for significant predictors of
Doppler CO

Variable entereda Partial correlation p

HR 0.695 <0.001
Weight 0.572 <0.001
LVC 0.492 <0.001
Height −0.254 0.008
DBP −0.217 0.023

Overall model r = 0.834.
a Model included Height, Weight, SBP, DBP, MAP, PP, HR,
LVC (contractility).

the results of the same analysis performed against PD
CO. The significant determinants were HR, weight, LVC,
SBP, and height. The overall model correlation was r =
0.98 with p < 0.001.

Discussion

Considerable effort continues to be directed towards
implementing noninvasive methods to quantify CO. The
recent development of PD technology to acquire an oscil-
lometric pressure waveform has provided a potential to
estimate CO. The results of this study show good cor-
relations between CO derived from PD and Doppler
ultrasound techniques during dobutamine stress echocar-
diography. The correlation was very good during stress-
induced augmentation of CO, and showed lesser but
acceptable correlations during baseline measurements.
Thus, this new technique offers the potential to obtain
quantitative estimates of CO, particularly with regard to
determination of directional changes, in the course of
measuring blood pressure by cuff sphygmomanometry.

Previous Study

In the development of this new PWA PD CO esti-
mating method, we compared PD CO to TD CO from
a previous study, to obtain the scaling factor, twenty
patients, 17 men, aged 46–78 years, underwent right-
heart catheterization at UCSD Medical Center, while
their TD CO and PD blood pressure and pulse waveform

Clinical Cardiology DOI:10.1002/clc
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TABLE 4 Multivariate analysis for significant predictors of
PD CO

Variable entereda Partial correlation p

HR 0.941 <0.001
Weight 0.918 <0.001
LVC 0.897 <0.001
SBP −0.814 <0.001
Height −0.514 <0.001

Overall model r = 0.983.
aModel included height, weight, SBP, DBP, MAP, PP, HR,
LVC (contractility).

were obtained as described in an earlier paper.
12

Among
the 20 patients, 9 had been diagnosed with pulmonary
hypertension (PH) and only the remaining 11 non-PH
patients were used to calculate the scaling factor for the
PD CO estimation. Table 1 exhibits PD CO values (aver-
age of 3 corresponding PD waveform analyses) estimated
by this PWA method and compared to the TD CO (aver-
age of 3 determinations) for 9 PH and 11 non-PH cases
and all 20 patients. In this study, we observed that TD
CO in the PH group was significantly lower (mean 3.62
L/min) than non-PH group (mean 4.84 L/min). Measur-
ing CO in PH patients may introduce unknown variables.
We also chose CO data from the non-PH group to obtain
the scaling factor, since no PH patient was admitted in
the Echo-dobutamine stress study.

Limitations

The PD technique derives CO primarily from LVC,
BSA and HR, and Doppler CO measurement is based on
LVOT flow and cross-section area. Multivariate analysis
showed similarities between the independent predictors
of Doppler CO and the determinants of PD CO. In
both methods, HR, weight, and LV contractility were
significant contributors to the model. The SBP was a
significant determinant for PD CO but not for Doppler
CO, while DBP was significant for Doppler CO but
not for PD CO. Further refinements of PD account for
these variables may be forthcoming. When comparing
with invasive TD CO measurement, noninvasive PD
CO was found to overestimate PH patients since it was
normalized to non-PH TD CO group. This is a limitation
of the current PD CO technique, unless a prediagnosis
of PH is made available and a different scaling factor is
used in PD CO calculation.

Other limitations may prevent the application of PD
CO estimation in specific disease populations. Patients
with severe obesity (BMI � 40 kg/m2) may exhibit
abnormal nonlinear characteristics resulting in excep-
tions to the physical model used, possibly excluding this
population from the PD application. The oscillometric
cuff-based PD technology also has inherent weaknesses
due to artifacts of brachial artery pressure waveform.

Artifacts may include both intrinsic sources including
severe arrhythmias, valvular disorders, or vascular inter-
ventions, and extrinsic sources such as motion artifacts.
Severe pulse waveform artifacts that could not be fil-
tered by DynaPulse hardware and software may limit
the technology in some clinical applications. Evaluation
of specific waveform morphology should be considered
during physician assessment in these cases. Despite these
limitations, the ability to monitor changing values of CO
as well as to estimate systemic vascular resistance (SVR),
as derived by SV R = MAP

CO
, would be useful in moni-

toring the overall hemodynamic status of patients with
hypertension or cardiovascular diseases.

It should be noted that echocardiographic assessment
of CO also has its limitations. The method assumes that
the LVOT is circular and does not change in size or shape
through the cardiac cycle, that the flow velocity profile
is uniform across the vessel, that the ultrasound beam is
parallel to the direction of flow, and that the diameter
of the flow channel can be accurately measured. These
assumptions may limit the precision with which CO and
SV can be made by Doppler ultrasound, and may have
influenced the results of this study.

Conclusions

We have developed and described a novel noninva-
sive method to derive estimates of CO from the same
oscillometric technology used to determine arterial pres-
sure. Our results indicate that this method can provide
estimates of CO that correlate with those obtained by
echocardiography. The directional changes seen in PD
CO, as evidenced by the ability to accurately detect alter-
ations induced by dobutamine can be of added value in
the ability to trend changes in cardiovascular function.
This additional data, simply and noninvasively acquired
while measuring routine blood pressure, has the poten-
tial to add clinically valuable information that may be
used in managing patients with hypertension and other
cardiovascular conditions.
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