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At present, several echo-Doppler methods are avail-
able for the assessment of aortic regurgitation (AR).
Continuous-wave (CW) Doppler measurements pro-
vide the parameters of the slope, while the pressure
half-time (PHT) is used to evaluate AR severity (1-3).
Clinical and laboratory studies have demonstrated
that systemic vascular resistance, aortic or ventricular
resistance and heart rate (HR) can also influence the
AR (4-6). The results of previous studies have suggest-
ed that an increase in HR might have a beneficial effect
on the hemodynamic condition of patients with AR (7-
9). However, an increase in HR has been shown to
cause a significant increase in the regurgitant slope

and to shorten significantly the PHT (9), both of which
parameters are considered conventionally to be signs
of worsening AR. It has been shown previously that
the color M-mode Doppler flow propagation velocity
(FPV) method can be used to measure the severity of
AR (10). To the best of the present authors’ knowledge,
no data are currently available concerning the effects
of these variables on the FPV measurement of AR.

The study aim was first, to evaluate the effect of HR
increase on FPV, and second to compare the FPV and
CW Doppler parameter (PHT and slope) variations
which occur as a result of an increase in HR.

Clinical material and methods

Patients
Sixty-eight patients (28 males, 40 females; mean age

52 ± 15 years) with AR of various degrees of severity
were included. All study patients were in sinus
rhythm, and the HR ranged from 60 to 90 beats per
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Background and aim of the study: The results of pre-
vious studies have suggested that an increase in heart
rate (HR) may have a beneficial effect on the hemo-
dynamic condition of patients with aortic regurgita-
tion (AR), and reduce AR severity. An increase in HR
was shown to cause a significant increase in regurgi-
tant slope and to significantly shorten the pressure
half-time (PHT), both of which are considered to be
signs of worsening regurgitation. Color M-mode
Doppler flow propagation velocity (FPV) was used to
assess AR severity, but no data were available regard-
ing the effects of HR on FPV measurement of AR.
The study aim was to evaluate the effect of HR on
FPV, and to compare FPV and continuous-wave (CW)
Doppler parameter (PHT and slope) variations
resulting from an increase in HR.
Methods: Sixty-eight patients (28 males, 40 females;
mean age 52 ± 15 years) with AR of various severity
were included. Color M-mode Doppler was used in
FPV, while CW Doppler was used in PHT and slope

measurements. Atropine sulfate was titrated in all
patients to achieve at least a 20% increase in HR. The
FPV, PHT, slope and regurgitant fraction (RF) of AR
were measured before and after the increase in HR.
Results: An increase in HR (77.8 ± 8.9 versus 103 ± 9.9
bpm; p <0.001) caused a decrease in color M-mode
Doppler FPV (51 ± 21 versus 44 ± 19 cm/s), in the PHT
of the regurgitant velocity curve (468 ± 154 versus 411
± 128 ms), and in the RF of the AR (30.2 ± 16.3 versus
26.1 ± 14%). The slope of the regurgitant velocity was
increased (291 ± 136 versus 358 ± 122 cm/s2). All of
these variations were statistically significant.
Conclusion: An increase in HR caused a decrease in
the FPV and RF of the aortic regurgitation, and both
changes were signs of improved regurgitation. FPV
appears to be a more valuable parameter than CW
Doppler parameters in determining improvements
in AR resulting from an increase in HR.
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minute (bpm). Exclusion criteria were the existence of
more than mild regurgitation or stenosis of any valve
other than the aortic valve, more than mild stenosis of
the aortic valve, intracardiac or extracardiac shunts,
previous pacemaker implantation, inadequate
Doppler signal visualization of AR due to regurgitant
jet eccentricity, or poor echogenicity. The study proto-
col was approved by the ethical committee of the sci-
entific research programs of Adnan Menderes
University Medical School.

The etiology of AR was rheumatic in 36 patients,
degenerative in 28, bicuspid valve in two, and aortic
aneurysm in two. Forty of these patients had isolated
AR, 14 had combined mild aortic stenosis, and 24 had
mild mitral regurgitation. Patients were divided into
mild (n = 32), moderate (n = 20) and severe (n = 16) AR
groups according to aortic regurgitant fraction (RF)
measurements. Forty-four patients were assigned to
NYHA functional class I, and 24 to class II. All patients
were in a stable clinical condition, and none had any
clinical history of coronary artery disease.

Study protocol
A complete examination, including echocardiogra-

phy, Doppler and blood pressure measurements using
a sphygmomanometer was carried out at baseline and
after the HR increase. HR was increased by at least
20% of the baseline value with intravenous adminis-
tration of atropine sulfate (0.02 mg/kg). In 14 patients,
additional atropine sulfate (0.01 mg/kg) was adminis-
tered intravenously in order to achieve the target HR.
The mean total dose of atropine sulfate given intra-
venously was 1.48 ± 0.3 mg (range: 0.9 to 2.4 mg). All
echocardiographic studies were recorded on VHS
videotape for subsequent off-line review and analysis.

Echocardiographic evaluation
Echocardiography was performed with patients in

the left lateral decubitis position, using a Sonos 5500
instrument (Hewlett Packard, Andover, MA, USA) fit-
ted with a multi-Hz transducer. All echocardiographic
measurements were performed according to the rec-
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Figure 1: Flow propagation velocity (FPV) measurements
of severe aortic regurgitation (AR), recorded at two

different heart rates (HR). A) Baseline FPV measurement:
HR 76 bpm, FPV 87.8 cm/s, regurgitant fraction (RF)

56%. B) FPV measurements after an increase in heart rate:
HR 98 bpm, FPV 62.1 cm/s, RF 51%.

A

Figure 2: Continuous-wave Doppler measurements of
moderate AR, recorded at two different heart rates (HR).

A) Baseline pressure half-time (PHT) and slope
measurement: HR 62 bpm, PHT 467 ms, slope 314 cm /s2.
B) PHT and slope measurements after HR increase: HR 84

bpm, PHT 419 ms, slope 389 cm /s2.



ommendations of the American Society of
Echocardiography (11). Left ventricular volumes were
calculated by an ellipsoid monoplane area-length
method from an apical four-chamber view. Left ven-
tricular performance was evaluated by measuring frac-
tional shortening (FS) as:
EDD - ESD/EDD,
where EDD is the end-diastolic diameter and ESD is
the end-systolic diameter.

The ejection fraction (EF) was then calculated as:
EDV - ESV/EDV,
where EDV is the end-diastolic volume, and ESV is the
end-systolic volume.

The severity of AR was assessed according to the RF
measurements (12). RF was calculated as: Aortic regur-
gitant volume/Aortic forward stroke volume.

Aortic regurgitant volume was calculated as the dif-
ference between the forward stroke volume across the
aortic valve (which represents both forward and regur-
gitant flow), and forward stroke volume across the

pulmonary valve (cardiac output), which represents
only forward flow.

Hence:
RF = Regurgitant volume /Aortic forward stroke vol-
ume

= (Aortic forward stroke volume - Pulmonary for-
ward stroke volume)/Aortic forward
stroke volume

The aortic forward stroke volume was calculated as:
Cross-sectional area (CSA) × velocity time integral
(VTI) of the left ventricular outflow tract.

Pulmonary forward stroke volume (cardiac output)
was calculated as:
CSA × VTI of the right ventricular outflow tract.

The severity of AR was graded as either mild (RF
<20%), moderate (RF 20-40%), or severe (RF >40%).

Color M-mode Doppler evaluation
Color M-mode Doppler measurements were

obtained from an apical five-chamber view or from an
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Figure 3: Changes in: A) Regurgitant fraction (RF, %); B) Flow propagation velocity (FPV, cm/s); C) Pressure half-time
(PHT, ms); D) Slope (cm/s2) during an increase in heart rate (HR).



apical long-axis view. Attempts were made to place the
M-mode cursor as parallel as possible to the AR flow
obtained by color Doppler. Before color M-mode
Doppler measurements were made, the color scale of
the equipment was adjusted for aliasing. The narrow-
est sector angle that allowed best visualization of the
regurgitant jet was used, and color M-mode Doppler
recording was performed. Adjustments were made to
obtain the longest column of flow from the aortic valve
to the left ventricle. Color M-mode Doppler echocar-
diograms were recorded on videotape using a sweep
speed of 100 mm/s. The FPV was measured as the
slope of the first aliasing velocity from the aortic valve
to the left ventricular cavity (cm/s) (Fig. 1). The slope
of the color M-mode flow was described as the slope of
a line (drawn by hand) along the color/no-color bor-
der as described by Brun et al. (13). Three measure-
ments of cardiac cycles were made in all patients, and
the average value was calculated.

Continuous-wave Doppler evaluation
Continuous-wave Doppler recordings were obtained

from the cardiac apex using either apical five-chamber
or apical long-axis views. Color Doppler was used to
align the Doppler beam parallel to the flow. The slope
of diastolic deceleration was determined as the slope
of a straight line drawn along the peak velocities
throughout diastole (Fig. 2A and B). The PHT was
defined as the time required for the initial early dias-
tolic transvalvular pressure gradient to be halved (Fig.
2A and B). Three measurements of cardiac cycles were
made in all patients, and the average value was calcu-
lated.

Inter- and intra-observer variabilities
In order to determine inter-observer variability, color

M-mode and CW Doppler measurements were made
by a second observer from the video sequences. To
determine intra-observer variability, all patients were
re-analyzed by the first observer two weeks later.
Observer variability was defined as: (Absolute differ-
ence between two observations)/Mean value, with the
result expressed as a percentage.

Statistical analysis
All values were expressed as mean ± SD. Variations

in the parameters at different heart rates were evaluat-
ed using a paired-sample t-test. Correlations between
FPV, CW Doppler parameters and RF values were
obtained using the Pearson correlation and linear
regression analysis. A p-value <0.05 was considered to
be statistically significant.
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Figure 4: Correlations of percentage variations in
regurgitant fraction (RF) with: A) Percentage variation in
flow propagation velocity (FPV); B) percentage variation
in pressure half-time (PHT); and C) percentage variation

in slope.
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Results

Variations in HR, systolic and diastolic blood pres-
sures, left ventricular end-diastolic and end-systolic
dimensions, EF, FS, FPV, PHT and slope of AR during
the HR increase are listed in Table I. In addition,
absolute and percentage differences in the measured
parameters between baseline and after HR increases
are listed in Table I.

Changes in RF, FPV, PHT and slope during HR
increases are illustrated in Figure 3A-D. There was a
highly significant correlation between the percentage
variation in RF and in FPV (r = 0.89, p <0.001), though
the variation in RF did not correlate with the variation
in PHT and slope (Fig. 4).

The percentage variation in HR did not correlate
with the percentage variation in PHT, slope, FPV and

RF in all patients (Fig. 5). In the subgroup analysis of
patients with mild, moderate and severe AR, the per-
centage variation in HR did not correlate with the per-
centage variation in RF, FPV, PHT and slope in all of
the AR subgroups.

The increased ratio of HR was 35 ± 13%. However,
the decreased ratios of RF, FPV and PHT values were
14.2 ± 6.3%, 14.6 ± 4.5% and 12.8 ± 5.2%, respectively,
while the increased ratio of the slope value was 22.5 ±
13.7% (Tables I and II). The percentage variations in RF
and FPV values with an HR increase were more
prominent in the mild AR subgroup than in the mod-
erate and severe AR subgroups (Table II).

Inter- and intra-observer variability
Inter- and intra-observer variability was assessed by

linear regression between measurements, and also as a

192 Effect of heart rate on flow propagation velocity
A. O. Onbasili et al.

J Heart Valve Dis
Vol. 13. No. 2

March 2004

Table I: Changes in clinical and echocardiographic parameters during increase in heart rate (HR)*.

Parameter Baseline After atropine Absolute Percentage p-value
(I) sulfate difference difference (I versus II)

(II) between between baseline
baseline and after HR

and after HR increase
increase

HR (bpm) 77.8 ± 8.9 103 ± 9.9 26 ± 8 35 ± 13 <0.001
SBP (mmHg) 147 ± 31 142 ± 32 5.1 ± 7.4 3.4 ± 3.6 NS
DBP (mmHg) 76 ± 21 80 ± 19 3.5 ± 12 3.2 ± 13.2 NS
LVEDD (mm) 51.4 ± 4.9 50.9 ± 5.4 1.5 ± 1.2 3.1 ± 2.5 NS
LVESD (mm) 32.1 ± 3.5 31.8 ± 3.8 0.8 ± 0.6 1.7 ± 1.5 NS
EF (%) 66.8 ± 4.5 67.2 ± 4.3 1.3 ± 1.4 2.8 ± 3.1 NS
FS (%) 37.2 ± 3.5 38.1 ± 3.7 0.6 ± 1.0 1.3 ± 2.2 NS
RF (%) 31.2 ± 16 26.7 ± 13.9 4.5 ± 2.7 14.2 ± 6.3 <0.001
FPV (cm/s) 51 ± 21 44 ± 19 7.1 ± 2.8 14.6 ± 4.5 <0.001
PHT (ms) 468 ± 154 411 ± 128 63 ± 48 12.8 ± 5.2 <0.001
Slope (cm/s2) 291 ± 136 358 ± 122 67 ± 31 22.5 ± 13.7 <0.001

*Values are mean ± SD.
DBP: Diastolic blood pressure; EF: Ejection fraction; FPV: Flow propagation velocity; FS: Fractional shortening; LVEDD: Left
ventricular end-diastolic diameter; LVESD: Left ventricular end-systolic diameter; NS: Not significant; PHT: Pressure half-time;
RF: Regurgitant fraction; RV: Regurgitant volume; SBP: Systolic blood pressure.

Table II: Baseline and post-heart rate increase (HRI) values and change from baseline to post-HR increase (∆BL-HRI; %) of
regurgitant fraction (RF), flow propagation velocity (FPV), pressure half-time (PHT) and slope in mild, moderate, severe

aortic regurgitation (AR) subgroups.

Severity RF FPV PHT Slope
of AR _______________________ _______________________ _______________________ _______________________

Baseline Post-HRI ∆BL-HRI Baseline Post-HRI ∆BL-HRI Baseline Post-HRI ∆BL-HRI Baseline Post-HRI ∆BL-HRI

Mild 18.3±0.9 15.1±1.3 17.3±5.3 34.0±3.1 28.2±2.1 16.2±5.3 560±87 486±67 12.4±3.7 220±57 276±45 24.6±12.9
Moderate 29.1±5.7 24.9±5.3 13.9±2.6 48.1±8.4 41.4±8.2 14.0±3.7 505±118 428±98 15.6±6.1 269±49 320±36 18.8±13.3
Severe 55.9±8.2 49.4±7.4 11.8±7.6 85.1±7.1 74.1±7.2 12.6±2.7 259±44 232±39 9.4±3.8 432±166 536±148 23.6±14.1
Total 31.2±16 26.7±13.9 14.2±6.3 51±21 44±19 14.6±4.5 468±154 411±128 12.8±5.2 291±136 358±122 22.5±13.7



percentage of variability for the color M-mode, CW
Doppler and RF measurements of AR. The intra-
observer variability was 6 ± 4% for the FPV, 9 ± 4% for
the PHT, 8 ± 4% for the slope, and 8 ± 5% for the RF. The
inter-observer variability values for these parameters
were 7 ± 4%, 8 ± 5%, 9 ± 4% and 9 ± 6%, respectively.

Discussion

It has been shown previously that FPV attains high-
er values as the severity of AR is increased, and is also
highly correlated with the angiographically assessed
AR degree (10). To the best of the present authors’
knowledge, this is the first study to analyze the effect
of HR on FPV, and to show that FPV was decreased as
a result of an increase in HR.

The results of previous studies have suggested that
an increase in HR might have a beneficial effect on the
hemodynamic condition of patients with AR (8,14,15).

Such an increase causes a shortening of the diastolic
time in which regurgitation occurs, and may also lead
to a decrease in the regurgitant volume (9). In the pres-
ent study, an increase in HR caused a significant reduc-
tion in the RF, which was indicative of an
improvement in the regurgitation.

In the present study, a shortening of the PHT and an
increase in the slope of AR - both of which are regard-
ed as signs of worsening regurgitation - were found as
a result of an increase in HR. The PHT and slope of
aortic regurgitant velocity curve obtained by CW
Doppler echocardiography reflect the rate at which the
aortic and left ventricular pressures equilibrate across
the regurgitant orifice during diastole (4,6). Several
studies have shown a good correlation between the
slope and PHT of the regurgitant flow curve with AR
severity (2,9,16). The rate of decrease in aortic diastolic
pressure is greater in patients with more severe regur-
gitation; therefore, a rapid equilibration of the aortic
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Figure 5: Correlations of percentage variations in heart rate (HR) with: A) Percentage variation in FPV; B) percentage
variation in regurgitant fraction (RF); C) percentage variation in pressure half-time (PHT); and D) percentage variation

in slope.



and left ventricular pressures reflects severe regurgita-
tion. A short PHT or a steep slope are considered to be
conventional signs of severe regurgitation (1-6). An
increased HR decreases the left ventricular end-dias-
tolic pressure and influences the rate of fall in aortic
diastolic pressure (14-17). These variations cause a
more rapid equilibration of aortic and left ventricular
pressure, resulting in a steeper slope and shorter PHT
(9). This variation in the slope and PHT of aortic
regurgitation occurs in the presence of a prevalent
hemodynamic improvement.

In the present study, however, an increase in HR was
found to cause a decrease in FPV, which is a sign of
improving regurgitation. A reduction in flow velocity,
according to the Bernoulli equation, occurs as a result
of a reduction in the pressure gradient. Therefore, the
flow velocity between two chambers will vary directly
with pressure gradient. With AR, the aortic valve is a
restrictive orifice that controls the rate of diastolic flow
from the high-pressure aorta to the low-pressure left
ventricle. Gozzelino et al. (9) showed that an increase
in HR, obtained either by cardiac pacing or with
atropine sulfate administration, caused a significant
decrease in the difference in the aortoventricular gra-
dient between proto- and end-diastole constantly, and
also a decreasing trend in the mean diastolic gradient
per minute, which was expressing the total force per
minute causing regurgitant flow (9). This reduction in
diastolic aortoventricular pressure gradient might
explain the decrease in FPV which occurs as a result of
an increase in HR.

In the present study, the percentage variation in RF
correlated well with the percentage variation in FPV.
However, the variation in RF did not correlate with the
variation in PHT and slope, both of which are related
to pressure equilibration between the aorta and left
ventricle. Although these parameters are dependent
upon the size of the regurgitant orifice, they may be
influenced by other factors, such as systemic vascular
resistance and aortic or ventricular compliance (4-
6,18). Heart rate changes may also affect these factors,
and may be responsible for the finding that there is no
association between the RF and PHT or slope. This
result might show that FPV is affected by mainly the
regurgitant fraction, and is either minimally affected or
not affected by other factors such as systemic vascular
resistance and aortic or ventricular compliance.

In the present study, there was no correlation
between the percentage variation in PHT, slope, FPV
and RF with the percentage variation in HR. This may
be explained by the effect of HR on the diastolic time
during which aortic regurgitation occurs. Especially in
severe AR, a shortening of diastolic time with increas-
ing HR appears to influence to a lesser extent the
regurgitant volume because the majority of this vol-

ume occurs in early diastole (4,19-23). It was also
found that the percentage variations in RF with HR
increases were less prominent in the severe AR sub-
group than in the moderate and mild AR subgroups.
Therefore, HR changes do not correlate with regurgi-
tant fraction and other Doppler parameter changes.

In the subgroup analysis of patients with AR, the
percentage variation in HR did not correlate with the
percentage variations in RF, FPV, PHT and slope in all
subgroups, most likely because of the interactive effect
of multiple determinants of the color M-mode and CW
Doppler aortic regurgitant velocity curves (4,6).

Study limitations
A major limitation of the present study was that the

‘gold standard’ echocardiographic RF method used to
assess AR may be prone to measurement errors, with
accurate measurements being both time-consuming
and tedious. Poor lateral resolution may affect the
measurement of pulmonary artery diameter, and
minor changes in calculating aortic or pulmonary
stroke volumes would lead to significant errors in the
RF. The inter-observer variability was therefore rela-
tively high. However, quantitation of RF is the most
direct method to assess AR severity, and corresponds
most closely to the quantitative angiographic ‘gold
standard (24). When aortic RF was determined as the
difference between Doppler-derived aortic and pul-
monary flow in patients with AR, an excellent correla-
tion of 0.94 with the invasively determined RF was
recorded (25). The presence of mitral regurgitation
may affect calculation of the total left ventricular
stroke volume, though in the present study the pres-
ence of more than mild mitral regurgitation was an
exclusion criterion. Despite these limitations, this
approach provides quantitative, ordered data which,
when measured accurately in appropriate patients,
should provide a reasonable estimation of AR.
Alignment between the flow and the ultrasound beam
is crucial, as a beam that is incorrectly oriented due to
regurgitant jet eccentricity may lose flow close to the
aortic valve orifice and induce a false low propagation
speed. Hence, regurgitant jet eccentricity was accepted
as an exclusion criterion. Visual linear fitting of the AR
flow velocity curve may be another important source
of error. The PHT measurement is most accurate in
steep aortic regurgitation flow velocity curves, but in
flat curves it is very sensitive to small changes in visu-
al fitting. This may explain the higher PHT variability
with a small RF than with severe AR. The design of the
present study did not include invasive measurements,
which would have provided a ‘gold standard’ assess-
ment of the aortic regurgitant fraction. However, use of
the angiographic RF rather than echocardiographic
grading of AR as a standard reference will not provide
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practical standardization. Even a very slight change in
calculating either stroke volume or cardiac output will
lead to a significant error in the calculated RF. The
pressure drop across the aortic valve is dependent on
left ventricular compliance, systemic vascular resist-
ance and loading conditions. Previous studies have
demonstrated the effect of these variables on the decel-
eration slope and PHT measurements (4,5). These fac-
tors, which affect the pressure drop across the aortic
valve, may have adverse effects on FPV measure-
ments. In the present study, the effects of these param-
eters on FPV measurements were not examined, and
this might be considered another limitation.

In conclusion, FPV and CW Doppler parameters of the
AR were seen to be rate-dependent. An increase in HR
caused a decrease in RF and FPV of the aortic regurgi-
tation, and both of these changes are indicative of
improving regurgitation. Hence, FPV is considered to
be a more valuable parameter than PHT and slope in
determining improvements in AR as a result of an
increase in HR.
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