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Ejection time: influence of hemodynamics and site
of measurement in the arterial tree

Yurie Obatal??, Maki Mizogami2’3, Sarabdeep Singhl, Daniel Nyhanl, Dan E Berkowitz!, Jochen Steppan!

and Viachaslau Barodkal

The left ventricular ejection time is routinely measured from a peripheral arterial waveform. However, the arterial waveform
undergoes constant transformation as the pulse wave propagates along the arterial tree. Our goal was to determine if the left
ventricular ejection time measured peripherally in the arterial tree accurately reflected the ejection time measured through the
aortic valve. Moreover, we examined/accessed the modulating influence of hemodynamics on ejection time measurements.
Continuous wave Doppler waveform images through the aortic valve and the simultaneously obtained radial artery pressure
waveforms were analyzed to determine central and peripheral ejection times, respectively. The peripheral ejection time was
significantly longer than the simultaneously measured central ejection time (174.5 + 25.2 ms vs. 120.7 + 14.4 ms; P<0.0001;
17.4 + 8.7% increase). Moreover, the ejection time prolongation was accentuated at lower blood pressures, lower heart rate and
lower pulse wave velocity. The time difference between centrally and peripherally measured ejection times likely reflects intrinsic
vascular characteristics. Moreover, given that the ejection time also depends on blood pressure, heart rate and pulse wave
velocity, peripherally measured ejection times might need to be adjusted to account for changes in these variables.
Hypertension Research (2017) 40, 811-818; doi:10.1038/hr.2017.43; published online 30 March 2017
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INTRODUCTION

The arterial blood pressure (BP) waveform is transformed as it travels
from the ascending aorta to the peripheral arteries.! In a healthy
compliant vasculature systolic blood pressure (SBP) and pulse pressure
(PP) increase, whereas diastolic blood pressure (DBP) decreases
slightly from the central to the peripheral arterial tree. These
changes are called BP amplifications.> The magnitude of these
amplifications depends on intrinsic vascular properties such as the
elastic modulus, arterial stiffness, pulse wave velocity (PWV), wave
reflection sites and systemic vascular resistance.> Peripherally
determined ejection time is measured from the foot of the peripheral
arterial waveform (indicating the initiation of ejection) to the dicrotic
notch (indicating aortic valve closure and end of ejection).* Since
the arterial blood pressure waveform undergoes a transformation
from the central to the peripheral vascular tree it is unknown
whether the ejection time measured at the site of a peripheral artery
accurately represents the ejection time at the level of the heart.
This has important implications for clinical devices, which rely
on a peripherally measured ejection time: for example, VaSera
devices (Fukuda Denshi, Tokyo, Japan) rely on the duration
from the end of ejection to the dicrotic notch on the peripheral

pressure waveform (diastolic pulse transit time) to calculate the
cardio-ankle vascular (CAVI), which
properties.” Other technologies that rely on peripherally measured
ejection times are minimally and noninvasive cardiac output
measuring devices, which use arterial pulse contour analysis such as
the Vigileo-FloTrac system (Edwards Lifesciences, Irvine, CA, USA)
and the LidCO rapid system (LidCO Ltd, Cambridge, UK). Unfortu-
nately, they don’t have great level of agreement with each other and
the trending ability in critical care patients with abnormal peripheral
vascular tone is limited.® It is possible that their bias and precision
might be greatly improved if accurate ejection time would be taken
into account.

To the best of our knowledge, the potential modulating influence of
hemodynamics on central and peripheral ejection time measurements
and any potential differences have not been previously studied.
We hypothesize that peripheral ejection times overestimates
central ejection times. Thus, the aims of the present study were:
(1) to compare central ejection time derived from a continuous
wave (CW) Doppler signal across the aortic valve to the simulta-
neously measured peripheral ejection time derived from an invasive
arterial pressure waveform; and (2) determine the modulating
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influences of BP, heart rate (HR) and PWV on the relationship
between these two ejection time measurements.

METHODS
Subjects
This retrospective observational study utilized the data from cardiac surgery
patients who underwent surgery at The Johns Hopkins Hospital between
October 2011 and September 2013 and our cardiac surgery intraoperative
transesophageal echocardiography (TEE) database. The protocol was approved
by the Johns Hopkins Medicine Institutional Review Boards (IRB00088711).
The inclusion criteria were as follows: patients 18 years of age or older
undergoing any cardiothoracic surgery who had paired simultaneous images of
radial arterial waveforms superimposed on the CW Doppler waveforms
through the aortic valve. All images were obtained before the initiation
of cardiopulmonary bypass (CPB) and with different values for BP. Exclusion
criteria were arrhythmias and/or presence of an implanted cardiac pacemaker.

Measurements

Intraoperative care was similar in all patients, all of which received
general anesthesia with a combination of midazolam (2-10 mg), fentanyl
(750-2000 pg), vecuronium (10-20 mg) and isoflurane (0.5-1%). All patients
had a 20 gauge radial arterial catheter for continuous BP measurements. A TEE
probe was inserted after the induction of general anesthesia, and a compre-
hensive TEE examination performed by a cardiac anesthesiologist with
advanced echocardiography certification using a Philips iE33 ultrasound
machine (Philips Medical Systems, Amsterdam, the Netherlands). The arterial
pressure and ECG waveforms were recorded and simultaneously projected onto
the aortic valve CW Doppler waveforms by connecting the clinical monitor
(GE Healthcare, Little Chalfont, UK) to the TEE machine at the identical speed
of 75mm s~ !. The CW Doppler images were obtained from either the deep
trans-gastric or trans-gastric long axis views of the aortic valve. All images were
stored on the clinical server and the offline measurements performed using the
software ‘Synapse Cardiovascular’ (FUJIFILM, Tokyo, Japan). Only images
obtained before initiation of cardiopulmonary bypass (CPB) were used for this
analysis. We defined: t1 as the time interval from the start of ejection on the
CW Doppler waveform to the initiation of the upstroke on the arterial
waveform; t2 as the time interval from the end of the ejection on the
CW Doppler waveform to the dicrotic notch on the arterial waveform;
t3 as the duration of ejection on the CW Doppler waveform; and t4 as the
duration of ejection measured from the initiation of the upstroke to the dicrotic
notch on the arterial waveform. (Supplementary Figure 1) The time differences
were calculated as Atl=t2-tl and At2=t4-t3. The normalized time
differences were also calculated as AtIn% = (t2—t1)/t1:100% and At2n
% = (t4 —13)/t3-100%. The systolic BP, diastolic BP and pulse pressure were
measured from the simultaneously recorded arterial blood pressure waveform.
The mean arterial pressure (MAP) was calculated according to the following
formula: MAP=DBP+PP/3. HR was determined from the ECG signal,
recorded on the same TEE image. PWV was obtained by dividing vascular
path length (L) by tl. Vascular path length is the distance traveled by the pulse
wave from the aortic valve to the site of the radial artery catheter. We estimated
vascular path length using the formula L= (demi-span) — (hand length), where
demi-span (distance from sternal notch to the tip of the fingers) and hand
length were estimated from height, age and gender as described previously.”*

Statistical analysis

We report continuous variables as mean +s.d. or median (interquartile range:
IQR), and categorical variables as proportions. Wilcoxon signed rank test was
performed to compare tl, t2, t3 and t4. We used two methodologies to
compare ejection time durations measured centrally and peripherally,
Atl (t2—t1) and At2 (t4—t3). Their equivalence was assessed using a two
one-sided 95% confidence interval approach. We defined the zone of
indifference as 5% of average of At2, which is equivalent to+2.7 ms.”!? The
relationship between two continuous variables was assessed using a simple
linear regression analysis. To account for variability within a subject (or patient)
an estimation of the effect of BP, HR and PWV on At2, a linear mixed model
was created.!! Due to high multicollinearity (Variance Inflation Factor:
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Table 1 The demographic data and patient characteristics

Variable Data
Number of patients 29
Age (years old)
Median 67
IQR 60-71
Gender
Female (%) 1(3)
Male (%) 28 (97)
Height (cm)
Median 175
IQR 168-178
BMI (kg m~2)
Median 28
IQR 25-33
Operation
Isolated CABG (%) 20 (69)
Valve (%) 3(10)
CABG plus valve (%) 2(7)
Others (%) 4 (14)

Abbreviations: BMI, body mass index; CABG, coronary artery bypass grafting;
IQR, interquartile range.

VIF>10) among the BP variables (MAP, SBP, PP and DBP), we considered
only MAP to study the association between At2 (outcome variable), and HR
and MAP (predictor variables) after adjusting for age and the BMI of the
patients.

The linear mixed model analysis was performed in R version 3.2.2
(R foundation for Statistical Computing, Vienna, Austria).'? The rest of the
analysis was performed with GraphPad Prism version 6.0 (GraphPad Software,
San Diego, CA, USA). Statistical significance was set at P<0.05 and all tests
were two sided.

RESULTS

We identified 37 patients who had images of the radial arterial
waveforms superimposed on the CW Doppler waveforms through the
aortic valve. Eight patients who had only one image were excluded.
None of the patients needed to be excluded for arrhythmias or an
implanted cardiac pacemaker. A total of 495 data pairs (CW Doppler
and peripheral blood pressure waveforms) from 29 patients were
used in this analysis. The median number of data pairs per patient
was 11 (interquartile range: IQR, 7-26). The baseline characteristics
are shown in Table 1. None of the patients required inotropic agents
or mechanical cardiopulmonary support before CPB.

The values of the incident wave travel time to the foot (t1) and the
end of the ejection travel time to the dicrotic notch (t2) were
120.7 + 14.4 ms and 174.5 +25.7 ms, respectively. t2 was significantly
longer than t1 (P<0.0001) (Figure la). The difference between t2 and
t1 (Atl) was 53.8 +20.8 ms and Atln% was 45.2 +17.9%.

The values of the centrally measured ejection time via CW Doppler
across the aortic valve (t3) and the peripherally measured ejection time
from the foot of the wave to the dicrotic notch on the arterial
waveform (t4) were 314.8 +35.4 ms and 367.8 + 35.9 ms, respectively.
t4 was significantly longer than t3 (P<0.0001) (Figure 1b).
The difference between t4 and t3 (At2) was 53.0+22.4 ms, with
a normalized difference At2n% of 17.4 +8.7%.
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Figure 1 Comparison between time arrivals, central and peripheral ejection times, and difference between them (t1, t2, t3, t4, Atl, At2). Box plots showing
the distribution of t1, t2, t3, t4. The top of each box in the box plots indicates the 75th percentile, the bottom of each box indicates the 25th percentile
and the bar inside the box is the median. Whiskers above and below the box indicate the maximum and minimum values. (a) Box plot of t1 compared to
that of t2. (b) Box plot of t3 compared to that of t4. (*P<0.0001) (c) Scatter plots for relationship between Atl and At2. The function of regression line,
the coefficient determination (R2), and P-value are presented. (d) The relationship between t3 and t4 within patient, (e) the relationship between At2 and t3
within patient. The median (IQR) slope and the median (IQR) P-value are presented in upper right corners. IQR, interquartile range.

The range of the 90% confidence interval to assess the equivalence
between Atl and At2 ranged from —1.46 to —0.10 ms. This range lay
within 5% of At2 (+2.7 ms), which we defined as the zone of
indifference. Figure 1c illustrates the equivalence between them.

The relationship between t3 and t4, At2 and t3 within patients are
shown in Figures 1d and le. Although each patient had a different
simple linear regression line and a different P-value, the overall trend
of each individual regression line was estimated by a linear mixed
model. (Table 2) A positive association was observed between t3 and
t4 (slope: 0.72, P<0.0001). In addition, At2 was inversely related with
t3 (slope: —0.29, P<0.0001).

The linear regression lines demonstrating a relationship between
3 and MAP, t4 and MAP, and At2 and MAP in each individual patient
are depicted in Figures 2a—c. The estimated slopes showing relationships

between t3 and MAP was —0.13 (P<0.01), t4 and MAP was —0.35
(P<0.0001), and At2 and MAP was —0.44. (Table 2) At2 was more
likely to vary with MAP than t3 and t4. And all relationships between
A2 and blood pressure (MAP, SBP, DBP and PP) were negative
(Slope: —0.44, —0.30, — 0.55 and — 0.50, respectively). Hence, increasing
BPs significantly associated with decreasing At2.

The relationships between t3 and HR, t4 and HR, and At2 and HR
are shown in Figures 3a—c. It was observed that both t3 and t4 became
longer as HR decreased. The slope of the linear mixed model of
t3 vs. HR was —1.39 (P<0.0001) and the slope of t4 vs. HR was
—-1.78 (P<0.0001,). At2 vs. HR was also explained by a linear mixed
model (P<0.001); however, the slope was relatively small (—0.35).
Individual patient linear regression lines showed substantial variability
(slope median —0.41 and IQR —1.02 to 0.11) (Figure 3c).
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Table 2 Estimated intercept and slopes for the dependent variable — independent variable after using linear mixed model

Linear mixed models

Variables Intercept 95%ClI (intercept) Slope 95%Cl (slope)
t3-t4 51.20"" 26.14, 75.82 0.72"" 0.65, 0.78

At2-13 147.0" 126.39, 167.43 -0.29"" -0.35,-0.23
t3-MAP 306.1"" 290.6, 321.3 -0.13* -0.32, -0.06
t4—MAP 400.2"" 384.1, 416.3 -0.35"" -0.48, -0.22
At2 - MAP 89.17" 78.38, 97.95 -0.44"" -0.54,-0.35
At2 -SBP 88.45™"" 78.81, 98.08 -0.30"" -0.36,-0.23
At2 -DBP 86.92"" 77.01, 96.84 -0.55"" -0.68, -0.43
At2 -PP 81.90"" 72.81, 91.00 -0.50"" -0.61,-0.39
t3-HR 405.8"" 386.89, 424.82 -1.39"" -1.65,-1.13
t4-HR 482.1"" 464.83, 499.32 -1.78"" -2.01,-1.54
At2-HR 74.52"" 59.52, 89.46 -0.35" -0.56, -0.13
t3—PWV 34417 319.6, 368.6 —4.60% -8.45,-0.75
t4—PWV 423.4™" 399.8, 446.9 -9.71"" -13.4,-5.97
At2 - PWV 78.25"" 61.36, 95.08 -4.85" -7.79,-1.88

Abbreviations: Cl, confidence interval; DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure; PP, pulse pressure; PWV, pulse wave velocity; SBP, systolic blood pressure.

*P-value<0.01; **P-value<0.001; ***P-value<0.0001.
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Figure 2 Relationships between central and peripheral ejection times and MAP. Each line indicates a simple linear regression line in each individual patient.
(@) The relationship between central ejection time (t3) and MAP, (b) the relationship between peripheral ejection time (t4) and MAP, (c) the relationship
between difference in peripheral-central ejection times (At2) and MAP. The median (IQR) slope and the median (IQR) P-value are presented in each graph.

IQR, interquartile range; MAP, mean arterial pressure.

The relationships between t3 and PWV, t4 and PWV, and At2 and
PWYV are shown in Figures 4a—c. The negative slopes presented at the
right top corner of each graph means that the dependent parameters
(3, t4 and At2) decrease as PWV increases. The range of P-values
presented in the figure represent P-values for each individual patient.
The increase in PWV was significantly associated with shortening of
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3, t4 and At2 (slope: —4.60, P<<0.01, slope: —9.71, P<0.0001, slope:
—4.85, P<0.001).

After accounting for multiple variables in the mixed model,
At2 decreases with increases in MAP (coefficient: —0.46, 95%
confidence interval (CI): —0.56 to —0.35, P<<0.001) and At2 increases
with increases in BMI (coefficient: 1.08, 95% CI: 0.08 to 2.08,
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Figure 3 Relationships between central and peripheral ejection times and HR. Each line indicates a relationships between central ejection time (t3) and HR
(a), peripheral ejection time (t4) and HR (b), and difference between peripheral and central ejection times (At2) and HR (c) in each individual patient.
The median (IQR) slope and the median (IQR) P-value are presented in each graph. IQR, interquartile range; HR, heart rate.

P=0.04). Age and HR were not significantly associated with
At2 (coefficient: 0.10, 95% CI: —0.37 to 0.59, P=0.66, coefficient:
0.07, 95% CI: —0.15 to 0.29, P=0.56, respectively).

DISCUSSION

The most important finding of the present study is that the ejection
time measured from the radial artery waveform is significantly longer
compared to the centrally measured ejection time. This prolongation
of the ejection time at the peripheral artery is different in each
individual and also depends on BP, HR and PWYV, such that low blood
pressures, low heart rates and low pulse wave velocities result in
a more pronounced prolongation of the peripherally measured
ejection time. We consider our study as a proof of principle study
focusing on the dependence of the peripherally measured ET on the
site of measurement and hemodynamics, given that the technical setup
utilized in our study is not practical to be routinely used in other
settings since it requires TEE and an invasive arterial line. Our finding
that the central ejection time (t3), as measured by Doppler ultrasound
through the aortic valve, is shorter than the peripherally measured
ejection time (t4) has several explanations. It could be that there is a
time delay between the end of ejection and aortic valve closure
(Supplementary Figure 2-(1)). Physiologically this is consistent with
the notion that following the end of ejection on CW Doppler, there
exists an interval before the LV pressure falls below the aortic pressure
with aortic valve closure and the associated dicrotic notch is seen on
the arterial trace. Moreover, the aortic valve does not close instanta-
neously, rather it takes a finite time for complete aortic valve closure.
From this perspective any ejection time measurement based on the
aortic valve closure will overestimate ‘true’ ejection time as measured
by Doppler ultrasound across the aortic valve. Two prior studies
support this mechanism. Aase et al.'> demonstrated that end systole
occurred significantly earlier than aortic valve closure in healthy

human subjects (by 26.7 +6.2 ms). Duan et al. investigated different
methodologies of measuring ejection times utilizing Doppler and
M mode ultrasound, thoracic impedance cardiography, and peripheral
photoplethysmography in young healthy subjects. In their study,
the central ejection time measured by M mode utilizing aortic
valve opening and closing was longer than central ejection time
directly measured by Doppler through the LVOT and the aortic valve
(328 vs. 309 ms, respectively). In addition and consistent with our
findings they reported differences between the central ejection time
from Doppler ultrasound and peripheral ejection time from
photoplethysmography. The average peripheral ejection time was
348 ms, a 12.6% prolongation of the peripherally measured ejection
time compared to the central ejection time. This is in good agreement
with our results showing an average of 17.8% prolongation.* However,
neither of the above studies performed simultaneous hemodynamic
measurements. They therefore do not report the hemodynamics at the
time of ET measurement, nor do they propose a mechanism(s) for the
observed difference.

A second potential mechanism for the observed time delay
might reside at the level of the aortic root, due to retrograde flow in
the aorta after aortic valve closure. (Supplementary Figure 2-(2))
This mechanism was proposed in an elegant animal study by
MacCanon et al in 1964."* They simultaneously recorded the central
aortic pressure waveform and aortic valve closure in 11 dogs. They
showed that aortic valve closure precedes the incisura on the central
aortic pressure tracing by at least 5-13 ms.

A third possibility could be that the arterial waveform undergoes
significant transformation during transmission across the vascular tree.
(Supplementary Figure 2-(3)) The waveform at the site of the
peripheral muscular arteries is dramatically different from the one in
the elastic central aorta, in part, due to the existence of a central to
peripheral arterial stiffness gradient.!>1¢ It has been proposed that

Hypertension Research
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Figure 4 Relationship between central and peripheral ejection times and PWV. Each simple linear regression line indicates a relationship between central
ejection time (t3) and PWV (a), peripheral ejection times (t4) and PWV (b), and difference between peripheral and central ejection times (At2) and PWV
(c) within patient. The median (IQR) slope and the median P-value are presented in each graph. IQR, interquartile range; PWV, pulse wave velocity.

during propagation from the aorta to the radial artery the forward
wave is transformed by resonant responses of the peripheral artery
such that the location of the dicrotic notch at the level of radial artery
mainly depends on the natural frequency of the radial artery rather
than the transmission of the aortic incisura.!” This shift in the location
of the dicrotic notch in comparison to the aortic incisura might
explain our observed differences in centrally vs. peripherally measured
ejection times. In an elegant simulation study, Schwid et al.'® showed
how various factors such as aortic compliance, peripheral resistance
and HR could affect the position of the dicrotic notch. A high aortic
compliance, low peripheral resistance and low HR may shift the
dicrotic notch rightward on the downslope of the arterial waveform.
However, they did not measure the ejection time. The fact that the
dicrotic notch shifts does not automatically mean that the ejection
time becomes longer. From a numerical vascular tree simulations
study, Politi et al'® suggested that reflected waves might be the
major contributors to the time-position and the amplitude of the
dicrotic notch.

Our results have important implications for certain clinical devices.
Several prior studies investigated the brachial ET (bET) measured
by a clinical device ABI-form (Colin VP1000, Komaki, ]apan).zo‘23
The bET is automatically measured from the foot of the waveform to
the dicrotic notch of the brachial artery pulse waveform. The brachial
pre-ejection period (bPEP) is also automatically calculated by
subtracting the bET from the QS2 interval (time from the onset of
the QRS complex on the ECG to the first high-frequency vibrations
of the aortic component of the second heart sound on the
phonocardiogram). These studies demonstrated that the ratio of the
bPEP to bET was associated with fluid overload in diabetic chronic
kidney disease (CKD),?° adverse renal outcomes in patients with
advanced CKD,?! impaired left ventricular ejection fraction?? and
left ventricular diastolic dysfunction.?> However, the underlying
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assumption is that the peripherally measured ET (bET) accurately
represents true central ejection time, which as shown by our data and
others is only an approximation of the central ejection time.

The Cardio-Ankle Vascular Index (CAVI) has been developed as
a BP-independent arterial stiffness indicator measured by VaSera
(Fukuda Denshi, Tokyo, Iapan).5 However, recent studies reported
that the CAVI does depend on BP.?4%> Given that calculation of the
CAVI depends on measurements of the duration from the end of
ejection to the dicrotic notch of the peripheral blood pressure
waveform (diastolic pulse transit time), our results might provide an
explanation why the CAVT is indeed significantly associated with
BP and peripheral resistance. On the basis of the formula to calculate
the CAVI, we predict that the observed average of a 45% increase in
pulse wave travel time (Atl) would correspond to a 17% change in
ejection time, which will decrease the CAVI by 50%, which is clinically
significant. In addition, several algorithms used for noninvasive
cardiac output monitors rely on the discrimination of systolic
and diastolic phases. This distinction is made using the ET of
the peripheral arterial waveform, hence inaccuracies in estimating
the peripheral ET would affect the clinically important calculation
of cardiac output.

We found only two studies that do not directly support our
findings. Chan et al compared the automatic beat-to-beat detection of
left ventricular ejection time measured in the central aorta by Doppler
flow velocity waveform and peripherally using finger photoplethysmo-
graphic pulse oximetry. Interestingly, the ejection time measured in
the central aorta was longer than at the peripheral site on average by
14 ms. This is in contrast to our findings. However, they measured
central ejection time in the aorta and not true ejection time across
aortic valve. They also didn’t measure central and peripheral ejection
time simultaneously. In another study, Su et al?’ reported that
the ejection time derived from the pulse wave Doppler waveform in



the LVOT is longer than the brachial pulse volume waveform.
However, they used pulse volume measurements to obtain peripheral
ejection times with an ABI-form device (Colin VP1000). Moreover,
they used a brachial site for peripheral measurements of ejection time.
It is unclear if the pulse volume methodology at the brachial artery site
and the resultant waveform correlate with the invasive blood pressure
waveforms. Moreover, they didn't measure central and peripheral
ejection times simultaneously. This limits the ability to accurately
assess the effect of different hemodynamic parameters. Focusing
on the cardiac surgical population, subjects in our study already
had images of the radial arterial waveforms superimposed onto the
CWD waveforms through the aortic valve. This provided us with the
ability to simultaneous record the parameters of interest.

Our study has several limitations. Firstly, the subjects represented
a very heterogeneous group of patients who underwent cardiothoracic
surgery. Moreover, these patients usually have multiple cardiovascular
risk factors. These patient characteristics are known to affect
vascular function and stiffness.232° Second, the data was collected
on anesthetized and intubated patients during cardiac surgery. Surgical
stimulation, mechanical ventilation, changes in volume status as well
as effects of anesthesia medication all modulate vascular tone,
peripheral resistance, stroke volume, dP/dt, BP and HR. The observed
prolongation of the peripherally measured ejection time might be
confounded by those factors. Nevertheless, they allowed us to
investigate effects of changes in HR, MAP and PWV on the ejection
time. And we compared central and peripheral ejection times at the
same heartbeat to minimize the effect of ejection time variation for
each heartbeat. It should also be noted that the radial artery waveform
is significantly dampened when peripheral resistance becomes
extremely low, which we did not measure. In our analysis, we used
only the data collected prior to initiation of CPB to minimize the effect
of post CPB variables. Third, due to technical limitations we used
a calculated MAP instead of a MAP that was calculated from the
area under the curve for each arterial waveform.3° Fourth, the precise
time interval measurements on a spectral analysis of Doppler flow
requires Fourier transformation. We did not use any mathematical
transformation of the original waveforms. Instead, we performed
measurements manually and hence our results dependent on the
individual observer’s judgment. The advantage of this was that
mathematical transformation generally generates a moderate amount
of broadening of the flow waveform, which we avoided by analyzing
the original waveform. Also, there are timing and bandwidth
issues that arise when comparing disparate types of waveforms
(flow and pressure). There is a potential for hardware-related temporal
lags on the two data streams (flow and pressure), which were not
measured in our study. Another potential for a hardware-related
confounding issue would be the presence of bubbles in the manometer
tubing, which could have damped the signal and distorted the
waveform. Even if significant hardware-related time delays exist, they
should equally affect t1 and t2, hence delta Atl =2 —t1 will cancel out
such time delay. However, since PWV is calculated based on t1, any
hardware-related temporal lags could greatly affect the absolute value
of PWV. Finally, we did not obtain central aortic blood pressure
waveforms and hence we do not know its relative contribution to the
observed prolongation of the peripherally measured ejection time.
Opverall, however, our results are consistent with the concept that low
blood pressure, low PWV and hence low resistance against ejection
causes a quicker ejection of the stroke volume, slower aortic valve
closure and a larger distortion of the arterial waveform during
transmission across the arterial tree resulting in the observed time
prolongation of the peripherally measured ejection time.
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In conclusion, ejection time measured peripherally from the arterial
BP waveform is significantly longer than the central ejection time in
patients under anesthesia undergoing cardiothoracic surgery. This
time difference is more pronounced at low BPs, low HRs and low
PWV. These findings suggest that ejection time measured from the
peripheral arterial waveform should not be substituted unadjusted for
the central ejection time when used by clinical devices. Further studies
are required to confirm our findings.
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