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Abstract

Purpose: Assessment of contractile function is a major challenge in patients with left ventricular
dysfunction, especially during cardiac surgery. The initial tangent of the femoral arterial pressure
increase (tan;,) has recently been described to be an estimate of left ventricular (LV) contractility.
To confirm these findings tan;, was compared to various indices of LV performance in patients
undergoing cardiac surgery. Methods: Data from 17 patients were evaluated retrospectively.
Myocardial performance was estimated by the echocardiographic indices ejection fraction (EF),
shortening fraction (FS), circumferential fiber shortening velocity (Vcf), the parameters of pulse
contour analysis area under the curve (AUC) and tan;,. Measurements were taken before and after
cardiopulmonary bypass (CPB). Results: Tan;, increased significantly (813 + 216 mmHg/s vs. 1490
*+ 450 mmHg/s, p < 0.05) after CPB, as well as Vcf (0.89 + 0.14 circ/s vs. 1.47 * 0.27 circ/s, p < 0.05)
and EF (65% * 7% vs. 74% * 6%, p < 0.05). FS did not change (40.7% * 7% vs. 46.5% * 5%, p =
0.30). AUC significantly dropped after CPB (435 + 54 mmHg*s vs. 263 + 27 mmHg*s). Tan;, and Vcf
correlated strongly (r = 0.70, p < 0.001), while tan;, showed only weak correlation with EF (r =
0.36, p = 0.037). There was no significant correlation with FS (r = 0.31, p = 0.079). Tani, and AUC
correlated inversely (r = -0.62, p < 0.001). Conclusions: While showing little or no correlation with
EF and FS respectively, tani, correlated well with the less preload-dependent parameter Vcf, thus
suggesting that tan;, may be used as an easily accessible estimate of LV contractility during cardiac
surgery.
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1. Introduction

Intraoperative assessment of LV contractility in cardiac surgery is of great importance to evaluate the patient’s
hemodynamic condition and to guide appropriate treatment. Impairment of myocardial function may occur at
various stages during cardiac surgery, especially during separation from cardiopulmonary bypass (CPB) [1].

The most widely used index of LV contractility is the maximal first derivate of LV pressure with respect to
time (LV dP/dt,,). Although LV dP/dt.., is afterload independent as it is measured in the early period of con-
traction, it is considerably dependent on preload changes [2]. In addition, assessment of LV dP/dt,. requires an
invasive left cardiac catheter, limiting its use outside the catheter laboratory [3].

Transesophageal echocardiography (TEE) has become a standard monitoring tool in cardiac surgery [4].
Ejection phase indices such as systolic shortening fraction (FS) and ejection fraction (EF) are most commonly
used in clinical practice to estimate myocardial performance, but are strongly load-dependent [2] [3]-[5].
Circumferential fiber shortening velocity (Vcf), a variable relatively independent to preload changes, has been
described years ago, but is rarely used in clinical practice [2] [6]. Calculations of cardiac indices using TEE are
time-consuming, even if done by an experienced investigator and thus can only be described as semi-conti-
nuous. Furthermore, due to visual interpretation of cardiac function, TEE is prone to subjectivity and poor re-
producibility, especially when cardiac function is only roughly estimated via “eyeballing” [7].

In recent years, pulse wave analysis has gained importance in clinical routine. In pulse contour models, indi-
vidual stroke volume (SV) and cardiac output (CO) are derived from AUC of the arterial pressure curve during
LV ejection phase [8]. Measurements are taken continuously and minimally invasively via an arterial catheter,
and changes in hemodynamics may thus be observed and instantly reacted to. In contrast to echocardiography,
pulse wave analysis is observer-independent. However, as SV and CO are strongly influenced by cardiac load-
ing conditions, they do not represent suitable estimates of cardiac contractility [4]. The rate of pressure increase
of the arterial pressure curve, expressed as either the initial tangent on the slope (tan;,) or the maximum first de-
rivative (dP/dtn.x), are potentially helpful, but scientifically not very well evaluated parameters of LV perfor-
mance, which can be easily calculated by pulse contour analysis. In previous studies, the pressure increase of the
arterial curve correlated well with various indices of LV contractility [9]-[11], however, so far neither tan;, nor
dP/dt,.x have been evaluated in patients undergoing cardiac surgery. The purpose of the present study was to
investigate, whether tan;, could be used as an estimate of left ventricular contractility during cardiac surgery. To
test this hypothesis, the initial tangent of the femoral arterial pressure increase (tan;,) was compared with various
echocardiographic LV contractility parameters (EF, FS, Vcf) before and after cardiopulmonary bypass.

2. Materials and Methods
2.1. Study Population

The study was performed retrospectively in accordance with the regulations of the Ethical Committee of the
Ludwig Maximilian University, Munich, Germany. 17 patients having received elective cardiac surgery during
February and March 2011 at the Ludwig Maximilian University, Campus Grosshadern, were included into the
study. Inclusion criteria were scheduled cardiac surgery with cardiopulmonary bypass, the availability of a sys-
tematic TEE evaluation, and invasive femoral-arterial pressure measurement. Patients with poor quality echo-
cardiographic images, atrial fibrillation or contraindications for either TEE or femoral arterial catheterization
were excluded.

2.2. Anesthesia

Anesthesia and catheterization were performed according to internal standards of the Cardiothoracic Anesthesia
Division of the Department of Anesthesiology. Routine monitoring included a 5-lead electrocardiogram, pulse
oximetry, capnography, invasive measurement of arterial blood pressure by a femoral arterial catheter, central
venous pressure, and TEE. Anesthesia was induced with midazolam (5 - 10 mg), etomidate (10 - 20 mg), sufen-
tanil (50 - 100 pg) and rocuronium (50 mg), and maintained with isoflurane (1.0 - 2.0 vol% end-expiratory) and
sufentanil (50 - 100 pg/h). Patients received the catecholamines norepinephrine, epinephrine and/or the phospo-
diesterase 111 inhibitor milrinone in order to maintain cardiovascular stability. After CPB, an atrial and/or ven-
tricular pacing was performed if bradycardia or atrioventricular block occurred.
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2.3. Measurements and Calculations

Transoesophageal cardiac echocardiographic (TEE) examinations were performed by the cardiac anesthesiolo-
gist using a Vivid i system (GE Healthcare, Munich, Germany). Measurements of left ventricular performance
were taken throughout the surgery and recorded on an internal hard drive as dicom files. The arterial blood
pressure curve was measured by a fluid-filled femoral-arterial catheter system and recorded digitally on a com-
puter via an 16 bit analog/digital converter (sampling rate 250 kHz). Measuring time points analyzed for this
study were hemodynamically stable states directly before opening and after closure of the thoracic cave. Intra-
operatively recorded loops of standard transgastric short-axis view as well as midesophageal four-chamber and
long axis views were processed to calculate systolic shortening fraction (FS) and biplane ejection fraction (EF).
M-mode pictures of the left ventricle were examined to calculate the fractional shortening velocity (Vcf). Post-
operative analysis of echocardiographic recordings was performed using the Vivid i system and MicroDicom
analysis software (MicroDicom, Sofia, Bulgaria).

Calculation of fractional shortening (FS): Maximal end-diastolic (EDD) and minimal end-systolic (ESD)
diameters were obtained through analysis of M-mode loops of standard transgastric short axis views generated
and stored before and after CPB (GE Vivid i software). FS was calculated using Equation (1):

FS=(EDD-ESD)/EDD [%] (1)

Calculation of ejection fraction (EF): Echocardiographic loops of standard midesophageal four-chamber and
long axis views recorded before and after CPB were processed via the GE Vivid i system to calculate systolic
biplane ejection fraction (EF) from enddiastolic (EDV) and endsystolic volume (ESV) using the modified
Simpson’s rule as described elsewhere [12] [13], following in principle Equation (2):

EF =(EDV-ESV)/EDV [%] )

Calculation of Vcf: M-mode loops of standard transgastric short axis views generated and stored before and
after CPB were semi-automatically evaluated with image analysis software (MicroDicom, Sofia, Bulgaria).
Maximal end-diastolic (EDD), minimal end-systolic (ESD) diameters, and ejection time (ET), defined as the
time from minimal to maximal isotonic contraction of the left ventricle, were obtained to calculate Vcf as de-
picted in Figure 1 and Equation (3):

Vcf =(EDD-ESD)/(EDD *ET) [circ/s] ©)
Calculation of tan;,: The recorded arterial pressure curve was processed postoperatively by measurement

software (DASYlab 11.0, Measurement Computing, Norton, USA). The initial tangent tan;,—defined as the
tangent of the initial pressure increase until the first inclination change [9] as depicted in Figure 2—was fitted

. EDD =ESD
EDD % ET

EDD

Figure 1. Calculation of circumferential fiber shortening ve-
locity by MMODE transesophageal echocardiography.
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Figure 2. Calculation of the initial tangent of the femoral
arterial pressure increase (tan;p).

manually to the arterial pressure curve by an investigator blinded to the echocardiographic examinations, and
then calculated semi-automatically using Equation (4).

tan;, =tana =a/b=(y, -y,)/(t, —t,) [nmHg/s] “)

Calculation of AUC: The area under the curve (AUC), defined as the integral of the arterial pressure, was fit-
ted manually to the initial pressure increase of the femoral arterial pressure curve until the dicrotic notch (inves-
tigator blinded to the echocardiographic measurements), and then calculated semi-automatically (DASYlab 11.0,
Measurement Computing, Norton, USA).

Measurement of each variable was repeated to improve accuracy. For echocardiographic imaging (FS, EF,
Vcf), the mean value of three measurements was calculated. For pulse contour analysis parameters (tan;, and
AUC), the results of ten subsequent pressure waves were averaged.

2.4. Statistical Analysis

Data were presented as median + semi-interquartile range, as not all of the data were normally distributed (Kol-
mogorov-Smirnov-test). Correlation was tested by the Spearman rank correlation, and a significance level below
0.05 was considered to be statistically different. Differences between measurements before and after CPB were
investigated by the median test and p < 0.05 was considered to be statistically different.

3. Results

Data from 17 patients (Table 1) undergoing cardiac surgery with cardiopulmonary bypass were analyzed. Sur-
gery included coronary artery bypass graft (CABG) surgery, aortic and mitral valve replacement or reconstruc-
tion, and replacement of the ascending aorta (Table 2). Echocardiographic and pulse contour analysis parame-
ters, basic measurements and vasopressor/inotropic support before and after cardiopulmonary bypass (CPB) are
shown in Table 3. FS did not change (40.7% + 7% vs. 46.5% * 5%, p = 0.30), whereas EF (65% + 7% vs. 74%
+ 6%, p < 0.05) and Vcf (0.89 + 0.14 circ/s vs. 1.47 + 0.27 circ/s, p < 0.05) increased significantly after CPB.
Tanj, also increased significantly (813 + 216 mmHg/s vs. 1490 + 450 mmHg/s, p < 0.05). The area under the
curve (AUC) did significantly decrease after CPB (435 + 54 mmHg*s vs. 263 + 27 mmHg*s) (Figure 3). Tan;,
did not correlate with FS (r = 0.31, p = 0.079), but showed weak correlation with EF (r = 0.36, p = 0.037), and
strong correlation with Vcf (r = 0.70, p < 0.001). Additionally, tan;, correlated inversely with AUC (r = -0.62, p
<0.001) (Figure 4, Table 4).

4. Discussion

The rate of arterial pressure increase is a rarely investigated parameter of LV performance deduced from pulse
wave analysis. Mathematically, the slope of an arterial pressure curve is calculated using the first derivative
dp/dt of the pressure wave. The derivative of a function can also be described as the slope of a tangent line to the
graph, i.e. the arterial curve. Most previous studies used the maximum first derivative (dP/dt..,) to describe LV
function [10] [11]. Our group preferred the initial tangent line to the arterial pressure curve (tan;,), which is de
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Table 1. Demographic information about the study population,
duration of cardiopulmonary bypass (CPB) and crossclamping.
Data are displayed as median * semi-interquartile range.

Study population

Patients =
Number of patients 17
Male 11
Female 6
Age 65 + 7 years
Height 173+6cm
Weight 76 + 13 kg
Time of CPB 108 + 20 min
Time of crossclamping 73 £19 min

Table 2. Different types of cardiac surgery with cardiopulmo-
nary bypass (CPB) included into the studygraphic information
about the study population, duration of cardio-pulmonary by-
pass (CPB) and crossclamping. Data are displayed as median +
semi-interquartile range.

Types of cardiac surgery

Cardiac surger
g Number of patients n

Aortocoronary bypass 10
Mitral valve recontruction/replacement

3
Aortic valve replacement 2
Aortoplasty 1

1

Aortoplasty and aortic valve replacement

Table 3. Results from transesophageal echocardiography, pulse contour analysis, basic measurements and vasopressor/ino-
tropic therapy. For shortening fraction, ejection fraction and circumferential fiber shortening velocity, the mean value of
three measurements was calculated. Pulse contour analysis parameters (area under the curve and initial tangent) were aver-
aged using the results of ten subsequent pressure waves. Data are displayed as median + semi-interquartile range. P < 0.05

median-test.

pre CPB post CPB
Transoesophageal echocardiography
Shortening fraction (%) 40+7 ns
Ejection fraction (%) 65+7 *
Circumferential fiber shortening velocity (circ/s) 0.89+0.14 1.47 +0.27 *
Enddiastolic volume (ml) 80+ 14 75+17 ns
Pulse contour analysis
Area under the curve (mmHg*s) 435 +54 263 = 27 *
Initial tangent (mmHg/s) 813 + 216 1490 + 450 *
Pulse pressure variation (%) 47+21 58+3.1 ns
Basic measures
Mean arterial pressure (mmHg) 867 ns
Central venous pressure (mmHg) 11+3 *
Heart rate (min™*) 499 *
Vasopressor and inotropic therapy
Norepinephrine (mg/h) 0.3+0.1 05+0.1 *
Epinephrine (mg/h) 0.0+0.0 01+0.1 *
Milrinone (mg/h) 0.0+0.0 04+0.2 *

D
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Figure 3. Biplane ejection fraction, area under the curve, circumferential fiber shortening velocity and the initial tangent

before and after cardiopulmonary bypass.
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Figure 4. Correlation of the initial tangent (tan;,) with left ventricular (LV) ejection fraction (EF), the area under the curve
(AUC) and the LV circumferential fiber shortening velocity (Vcf).

fined as the beginning of pressure increase until the first inclination change (Figure 2) [9]. As the rate of pres-
sure increase is supposed to be at its maximum during the early part of the LV ejection phase, dP/dt.x and tan;,
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Table 4. Correlations. Results from transesophageal echocardiography, pulse contour analysis, basic measurements and va-
sopressor/inotropic therapy. For shortening fraction, ejection fraction and circumferential fiber shortening velocity, the mean
value of three measurements was calculated. Pulse contour analysis parameters (area under the curve and initial tangent)
were averaged using the results of ten subsequent pressure waves. Data are displayed as median + semi-interquartile range.
“P < 0.05 median-test.

Correlation of

FS (%) EF (%) Vcf (circls) AUC (mmHg*s)
Tani, (mmHg/s) with
Correlation coefficient 0.31 0.36 0.70 —-0.62
P-value 0.079 0.037 <0.001 <0.001
ns * * *

should be more or less equivalent. However, there have been no studies directly correlating these two indices
yet.

In the present study tan;, was compared with other parameters of LV performance before and after CPB. EF
and tan;, did significantly increase after CPB, whereas FS did not. In contrast, the area under the curve was sig-
nificantly smaller after CPB. Hemodynamic changes after CPB have been thoroughly investigated in previous
research and are not subject of this study [14] [15]. However, changes of tan;, before and after CPB have never
been addressed before. Its significant increase after CPB in accordance with concordant changes of other indices
of LV function confirm the assumption that tan;, might be used as a parameter of LV performance. Interestingly,
when comparing tan;, to the other indices, mainly load-dependent parameters like EF and FS showed either only
weak correlation (EF) or none at all (FS). In contrast, the less preload dependent \Vcf proved a strong correlation
with tanj,.

To date, little is known about the use of arterial dP/dt.« and tan;, respectively, for the assessment of LV con-
tractility. De Hert et al. investigated the relationship between LV dP/dt,.x and arterial dP/dt,, in patients with
preserved cardiac function scheduled for CABG surgery [10]. LV dP/dt.., tended to be underestimated by arte-
rial dP/dt,, in absolute values, but changes in LV dP/dt,.x and arterial dP/dt.x did correlate very strongly. In-
fusion of cardiac inotropes significantly increased LV dP/dt. as well as arterial dP/dt,,. In an experimental
study in pigs, the increase of the aortic pressure curve was compared to endsystolic elastance, the gold-standard
for the description of LV contractility [9]. Tan;, significantly correlated with endsystolic elastance, whereas the
second part from the dicrotic notch to the pressure peak of the pulse wave did not. Application of beta-agonists
led to an increase of tan;,, whereas beta-antagonists lowered tan;,. Morimont et al. could show a significant cor-
relation between endsystolic elastance and arterial dP/dty,.x in pigs with septic shock [10]. These findings all in-
dicate that dP/dt.x and tan;, can be used as parameters for LV function.

The extent of load-dependency of arterial dP/dt..x and tan;, remains unclear. De Hert et al. investigated the
influence of a preload increase by leg raising on parameters of LV performance. Interestingly, preload change
did neither significantly alter LV dP/dt,.« nor arterial dP/dt, although previous studies demonstrated a distinct
preload dependence of LV dP/dty. [2] [10]. Morimont et al. detected a relationship between arterial dP/dtyx
and vascular filling: the correlation between endsystolic elastance and arterial dP/dt,,, increased when vascular
filling was adequate, defined as pulse pressure variation (PPV) <11% [11]. In this study, preload parameters
such as enddiastolic volume and PPV did not change significantly after CPB. Furthermore, mean PPV was well
below 11% before and after CPB, thus implicating that the patients were adequately filled during measurements
of tan;,.

Tan;, as well as arterial dP/dt,x are ejection phase indices and must therefore be assumed to be afterload de-
pendent. Arterial pressure increase does most likely not only reflect left ventricular contractility, but is probably
also affected by various variables which influence arterial compliance and pulse wave reflection, such as vascu-
lar filling conditions, vasoactive drugs, and aortic impedance (Zc). Aging and numerous cardiovascular diseases
common in cardiac surgery, e.g. arterial hypertension, lead to aortic stiffening responsible for an increased aortic
impedance. Various methods to measure and estimate the individual Zc have been described [8] [16], however,
due to the retrospective character of the study, Zc could not be assessed and included into the calculation of tan;,.
Arterial compliance has been described to be easily measurable by pulse contour analysis [17]. It seems possible

G2
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to decrease the influence of afterload on tan;, by including impedance and compliance measurements in future
studies.

We did not observe any significant differences of LV function parameters when comparing patients receiving
inotropics after CPB to patients who did not (data not shown). Conceivably, patients without the need for ino-
tropic support might already have had good contractility after CPB. However, most patients did receive norepi-
nephrine, a vasopressor with inotropic effects. Furthermore, the difference between both groups might be too
small to attain the level of significance due to the size of the study group.

A closer look at the demand for inotropic cathecholamines reveals a peculiar detail: two patients received a
repair/replacement of the mitral valve due to high-grade insufficiency. Both of them were treated with dobuta-
mine during the pre-CPB period for hemodynamic stabilization. Initial values of Vcf and tan;, were considerably
larger compared to all other patients. It remains unclear if the reason for this observation lies in elevated con-
tractility or reduced afterload. Interestingly, corresponding differences were not seen in any other indices of LV
function.

Certain methodological problems that could not be controlled due to the retrospective character of this study
need to be addressed here.

First, invasive blood pressure measurement by fluid filled catheter systems is prone to a multiplicity of errors
and artifacts, which can falsify the measurement. The dynamic accuracy of a fluid catheter is affected by reson-
ance and dampening and can lead to either overestimation or underestimation of arterial blood pressure [18].
Imprecise leveling and zeroing as well as contamination of the catheter line such as air bubbles, thrombotic ma-
terial, and blood may further deteriorate signal quality and accuracy. With worse signal quality, the measure-
ment of tan;, becomes less accurate. Underdamping might be an explanation for one outlier we observed after
cardiopulmonary bypass. In this single case, the slope of the arterial pressure wave was so steep that measure-
ment was almost impossible, thus resulting in extreme values.

Second, Vcf was calculated in M-mode only. Due to the retrospective study design, transgastric short axis
loops were not available for a true circumferential measurement of Vcf, so septal and lateral wall motion ab-
normalities might have been missed by analyses in M-mode. However, with one exception only, none of our
subjects had regional wall abnormalities. One patient presented with a septal and anterior hypokinesia, which
was limited to the cardiac apex, thus not influencing Vcf measurement in M-mode.

Third, different valve pathologies were included in this study. Aortic stenosis produces a fixed obstruction to
left ventricular ejection resulting in a slow initial rise and a late systolic peak in the arterial pressure wave (pul-
sustardus). By contrast, in aortic regurgitation, the arterial pressure wave rises rapidly. It is likely that especially
in aortic stenosis tan;, underestimates left ventricular contractility by a degree which increases with disease se-
verity. The effect of mitral valve pathologies on the initial tangent remains unclear.

Finally, it is unknown to which extent tan;, is influenced by heart rhythm. Patients with atrial fibrillation were
not included into this study, as clinical experience indicates that tan;, is not consistent during arrhythmia absolu-
ta. Furthermore, we do not know, if tan;, is affected by heart rate. Heart rate has been significantly higher after
CPB as patients with bradycardia were paced to ensure sufficient cardiac output. Vcf has also been described to
be sensitive to acute alterations in heart rate [19]. All statistic analysis for LV function indices were thus con-
trolled with heart rate corrected parameters using Bazett’s formula [20], but the results did not differ signifi-
cantly from the findings presented here (data not shown). A higher heart rate leading to a shortening of systolic
ejection and diastolic filling times, however, might explain why a significant decrease in AUC could be ob-
served after CPB.

5. Conclusion

In conclusion, tan;, correlated well with Vcf, a less preload-dependent measure of left ventricular contractility,
whereas tan;, weakly correlated with biplane EF and did not correlate with FS. These findings suggest that con-
tinuous and minimal invasive estimation of LV contractility is easily feasible by measuring tan;, via a fluid filled
femoral arterial catheter system. Moreover, tan;, might even be superiorly suited for assessing LV contractility
as compared to standard observer dependent echocardiographic parameters, such as EF and FS. However, addi-
tional prospective studies are required to confirm our results in other clinical settings and to further define the

load dependence of tany,.
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