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Electrical velocimetry has
 limited accuracy and
precision and moderate trending ability compared
with transthoracic echocardiography for cardiac
output measurement during cesarean delivery
A prospective observational study
S.M. Feng, MD, Jin Liu, PhD

∗

Abstract
We aimed to evaluate the accuracy and interchangeability of stroke volume and cardiac output measured by electrical velocimetry
and transthoracic echocardiography during cesarean delivery.
We enrolled 20 parturients in this prospective observational study. We recorded the stroke volume and cardiac output using both

methods and compared the values at seven specific time points. We analyzed the data using linear regression analysis for Pearson’s
correlation coefficients and Bland-Altman analysis to determine percentage errors.We conducted a trending ability analysis based on
the four-quadrant plot with the concordance rate and correlation coefficient.
We recorded 124 paired datasets during cesarean delivery. The correlation coefficients of the measured cardiac output and stroke

volume between the twomethods were 0.397 (P< .001) and 0.357 (P< .001). The 95% limits of agreement were�1.0 to 8.1Lmin�1

for cardiac output and�10.4 to 90.4ml for stroke volume. Moreover, the corresponding percentage errors were 62% and 60%. The
concordance correlation coefficients were 0.447 (95% CI: 0.313-0.564) for stroke volume and 0.562 (95% CI: 0.442-0.662) for
cardiac output. Both methods showed amoderate trending ability for stroke volume (concordance rate: 82% (95%CI: 72–90%)) and
cardiac output (concordance rate: 85% (95% CI: 78–93%)).
Our findings indicated that electrical velocimetry monitoring has limited accuracy, precision, and interchangeability with

transthoracic echocardiography; however, it had a moderate trending ability for stroke volume and cardiac output measurements
during cesarean delivery.

Abbreviations: AVD = aortic valve diameter, CD = cesarean delivery, CO = cardiac output, COEv = cardiac output measured by
electrical velocimetry, COTTE= cardiac output measured by transthoracic echocardiography, COTTE= cardiac output measured by
transthoracic echocardiography, CSEA = combined spinal-epidural anesthesia, DAP = diastolic arterial pressure, EV = electrical
velocimetry, HR= heart rate, MAP=mean arterial pressure, PAC= pulmonary artery catheterization, SAP= systolic arterial pressure,
TTE = transthoracic echocardiography, SV = stroke volume, SVEv = stroke volume measured by electrical velocimetry, SVTTE =
stroke volume measured by transthoracic echocardiography, VTI = velocity time integral.
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1. Introduction
Parturients undergoing cesarean delivery (CD) usually present
obvious hemodynamic variability[1,2] and a high frequency of
hypotension.[3] Traditionally, we have only clinically monitored
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the noninvasive blood pressure and heart rate as indirect
surrogate parameters for cardiac output (CO) measurement.
Given the inconvenience and potential risks associated with
invasive hemodynamic monitoring,[4,5] it might no longer be
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correction.
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desirable for parturient management.[6] With the introduction of
noninvasive hemodynamic monitoring, there has been increasing
research on the measurement of maternal hemodynamics for
improved safety of the mother and fetus. Transthoracic
echocardiography (TTE) has shown excellent agreement
with pulmonary artery catheterization (PAC) in CO measure-
ments in pregnant women; further, it has been widely recognized
as an acceptable method for hemodynamic assessment in
parturients.[7] A meta-analysis of 39 studies on CO measure-
ments of pregnant women reported that echocardiography was
used in 31 studies.[8]

Electrical velocimetry (EV) is a method that allows for non-
invasive continuous monitoring of CO. Compared with TTE, EV
has unique advantages including continuous monitoring, low
time-consumption, and user independence. There has been
limited clinical use of EV in parturients with case reports being
published.[2,9] We aimed to compare the accuracy, precision, and
trending ability of stroke volume (SV) and CO estimation using
EV and TTE during CD.
2. Methods

We conducted this prospective observational study at the West
China Second University Hospital after obtaining approval from
the China registered clinical trial ethics review board (registration
number: ChiCTR1900021321). This article adheres to the
Strengthening the Reporting of Observational studies in
Epidemiology statement. We obtained informed consent from
all the study participants.
We enrolled 20 parturients who underwent cesarean delivery

in West China Second University Hospital between February
2019 andMarch 2019. The inclusion criteria were as follows: age
>18 years old, singleton pregnancy, and undergoing elective CD.
The exclusion criteria were as follows: refusal to provide consent,
severe cardiac disease, persistent arrhythmias, severe preeclamp-
sia, and contraindications to combined spinal-epidural anesthesia
(CSEA, e.g., coagulopathy, infection, severe lumbar disc
herniation and patient refusal.).
2.1. Data collection

We obtained SV and CO measurements at the following 7
intraoperative time points:
(1)
 before anesthesia, supine position (T1);

(2)
 before anesthesia, left lateral position (T2);

(3)
 after spinal injection, anesthesia level reaching the sixth

thoracic (T3);

(4)
 5minutes after fetus delivery (T4);

(5)
 15minutes after fetus delivery (T5);

(6)
 30minutes after fetus delivery (T6); and

(7)
 45minutes after fetus delivery (T7). At each time point,

we obtained the following hemodynamic data: systolic,
diastolic, and mean arterial pressure; heart rate (HR); SV;
and CO.
2.2. EV Measurements of SV and CO

The ICON monitoring system (Osypka Medical GmbH, Berlin,
Germany) is based on the EV model.[10] An electrode pair is
placed at the base of the neck on the left side while another pair
is placed on the left inferior part of the thorax at the xiphoid
2

process level. The SV (SVEv, ml) and CO (COEv, Lmin�1) can be
derived using the following equations:

SV ¼ VITBV
zn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dZ=dtmax

Z0

r
TLVE

CO ¼ SV�HR=1000

where VITBV= intrathoracic blood volume (ml), z= index of
transthoracic aberrant electrical conduction, dZ/dtmax=peak
rate of change of the blood resistivity (velocity) component of the
transthoracic cardiogenic impedance pulse variation (ohmic
mean acceleration) (Vs�2), Z0= transthoracic base impedance

(V),
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dZ=dtmax

Z0

q
¼ acceleration step� down transformation ðs�1Þ,

and TLVE= left ventricular ejection time (s) without heart rate
2.3. TTE Measurements of SV and CO

We measured the aortic valve diameter (AVD) using the
parasternal long axis view by TTE (Mindray M7; Shenzhen
Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China).
We obtained the velocity time integral (VTI) using the apical five
chamber view with the pulsed wave Doppler placed within the
left ventricular outflow tract at approximately 0.5cm proximal to
the aortic valve. We recorded five consecutive beats to obtain the
average VTI to calculate the SV and CO measured by TTE
(SVTTE and COTTE, respectively) at each time point.

SV ¼ p�ðAVD=2Þ2�VTI
CO ¼ SV�HR=1000

2.4. Anesthesia management

Preoperative routine monitoring involved obtaining arterial pulse
oxygen saturation, noninvasive blood pressure, and five-lead
electrocardiogram measurements (Philips IntelliVue Monitoring;
Philips Medical Systems, Andover, MA). CSEA was performed
with parturients in the left lateral position as follows. First, an 18-
gauge Tuohy needle was inserted into the L3-L4 interspace using
the loss of resistance to saline technique to identify the epidural
space. Next, a 27-gauge Whitacre spinal needle was placed
through the Tuohy needle until dural puncture and isobaric 0.5%
bupivacaine 2.5ml was administered. Subsequently, we inserted
an epidural catheter (Zhejiang Haisheng Medical Device Co.,
Ltd, Zhejiang, China) 4cm into the epidural space. We did not
administer a test dose with lidocaine. The parturients were
immediately placed in a supine position and the uterus was
manually displaced to the left. The intraoperative hemodynamic
and medical management was conducted at the discretion of the
attending anesthesiologist without considering the SV and CO
measurements obtained using the two study devices.

2.5. Statistical analysis

We performed statistical analysis using SPSS 20.0 (SPSS Inc.,
Chicago, IL) and R statistical software (R Studio, version 3.5.2; R
Foundation for Statistical Computing, Vienna, Austria). We
made figures using GraphPad Prism 7.0 (GraphPad Software Inc,
La Jolla, CA). The data were presented as mean±SD, median
(interquartile range), or number (percentage). The normality of



Table 1

Patient characteristics and surgical procedure (N=20).

Characteristic Descriptive statistics

Age, yr 33±4
Weight, kg 68.9±6.6
Height, cm 161.1±5.4
BMI, kgm�2 26.6±3.0
BSA, m2 1.73 (1.66-1.80)
Gestational age, week 39 (38-40)
Aortic Valve Diameter, cm 1.85 (1.74-1.93)
Time to reach T6 sensory level, min 10.2±4.3
Surgery time, min 45.6±17.7
Uterine incision-Delivery time, min 6.0±3.3
Patients requiring phenylephrine, n (%) 11 (55%)

Data are expressed as mean±SD, median (interquartile range), or number (percentage), as
appropriate.
BSA=body surface area, BMI=body mass index.
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data was assessed using the Shapiro-Wilk test. We compared
hemodynamic parameters using repeated measures analysis of
variance (ANOVA).We used linear regression analysis and Bland-
Altman analysis to assess the agreement between the two
methods.[11,12] A correlation coefficient of 0.9-1.0 indicates a
strong correlation while a correlation coefficient of<0.5 indicates
aweakcorrelation.Wecalculated thebias, limitsof agreement, and
percentage error. A bias estimate of close to zero and a narrow CI
indicates a highly precise and accurate agreement between both
measurements.Wecalculated thepercentage error as the95%limit
of agreement (1.96� standard deviation [SD] from the bias)
divided by the mean (calculated as the mean of both methods)
multiplied by 100. The clinically acceptable percentage error is
<30%. We assessed the trending ability using a four-quadrant
plot.[13] The central exclusion zone of the four-quadrant plot was
±10ml and±0.75Lmin�1 for small changes in SV andCO.[14]We
defined the concordance rate as the percentage of the total number
of plots in the first and third quadrants of the four-quadrant plot.
The concordance rate was considered good and clinically
acceptable if the rate was >92%. All P values were 2-sided and
P< .05 was considered statistically significant except for in
repeated measures ANOVA with Bonferroni adjustment where
statistical significance was set at P< .01.

3. Results

In this prospective observational study, we enrolled an initial 23
parturients who underwent planned CD. Subsequently, we
excluded 3 parturients and included data from the remaining 20
parturients in the final analysis. Among the 3 excluded parturients,
two were excluded for poor TTE images and the other for a poor
electrical signal. Operations on thirteen parturients were ended
beforeT7 (45minutes after fetusdelivery); subsequently, therewere
only 7 paired data available at T7, which were excluded from
repeated measures ANOVA. Further, we did not acquire two TTE
data at T2 and one TTE datumat T3; finally, we acquired a total of
124 paired SV and CO data. Table 1 shows the baseline
demographic and surgical characteristics of theparturients. Table 2
presents the hemodynamic measurements at each time point.

3.1. Linear regression analysis

The Pearson’s correlation coefficients between SVEv and SVTTE
and between COEv and COTTEwere 0.357 (P< .001) and 0.397
(P< .001), respectively (Fig. 1).
Table 2

Intraoperative hemodynamic data (N=20).

T1 T2
∗

T3†

HR 89±12 90±12 88±17
SBP 119±10 104±15¶ 105±12¶

MBP 86±10 78±12¶ 75±14¶

SVTTE 56.4±10.6 54.3±9.2 59.7±13.6 6
SVEv 89.1±17.1x 93.7±17.9x 107.4±26.1x 11
COTTE 5.0±1.2 4.8±0.9 5.0±1.2
COEv 7.7±1.7x 8.2±1.7x 9.1±2.1jj,x 1

SVTTE(COTTE): Stroke volume (Cardiac output) measured by transthoracic echocardiography, SVEv (CO
∗
18 paired data at T2.

† 19 paired data at T3.
‡ 7 paired data at T7 and excluded from Repeated Measures ANOVA.
x P< .001 compared with TTE.
jj P< .01 compared with T1in Repeated Measures ANOVA.
¶ P< .001
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3.2. Accuracy and precision of agreement

We performed Bland-Altman analyses with all the time points
(T1-T7) considered. The bias between SVEv and SVTTE was
40.3ml while the SD bias was ±25.7ml; further, the 95% CI of
the limits of agreement ranged from �10.4±4.0ml to 90.4±4.0
ml (Fig. 2A). The bias between COEv and COTTE was 3.5L
min�1 while the SD bias was ±2.3Lmin�1; further, the 95% CI
of the limits of agreement ranged from �1.0±0.4Lmin�1 to 8.1
±0.4Lmin�1 (Fig. 2B). The percentage errors of SV and COwere
60% and 62%, respectively. The ICON device reported higher
SV and CO measurements than the TTE standard values.

3.3. Trending ability

We expressed the trending ability of EV using the four-quadrant
plot with the concordance correlation coefficient (CCC) and
concordance rate (Fig. 3). We applied an exclusion zone of 10ml
for SV and 0.75Lmin�1 for CO as previously reported.[14] There
was a strong correlation between DCOEv and DCOTTE (r=
0.734 (95% CI: 0.615-0.820), P< .001; Fig. 3B) and a moderate
correlation between DSVEv and DSVTTE (r=0.628 (95% CI:
0.469-0.748), P< .001; Fig. 3A). The CCC was 0.447 (95% CI:
0.313-0.564) between DSVEv and DSVTTE and 0.562 (95% CI:
0.442-0.662) between DCOEv and DCOTTE. The concordance
rate was 82% (95% CI: 72%-90%) between DSVEv and
T4 T5 T6 T7‡

90±9 91±7 89±10 83±15
110±11jj 109±12jj 112±13 108±14
74±9¶ 74±10¶ 78±8¶ 77±8
9.9±10.0¶ 70.0±11.3¶ 70.3±10.3¶ 69.7±12.1
3.9±31.5jj,x 110.9±26.9jj,x 111.8±30.8x 97.6±34.8
6.3±1.2¶ 6.4±1.2¶ 6.3±0.9¶ 5.5±0.9
0.2±2.7¶,x 10.3±2.8¶,x 9.9±2.7jj,x 7.7±2.7

Ev): Stroke volume(Cardiac output) measured by electrical velocimetry.

http://www.md-journal.com


Figure 1. Linear regression analyses for repeated measurements between stroke volume (SV, blue triangles; A) and cardiac output (CO, red squares; B)
measurements obtained with electrical velocimetry (SVEv, COEv) and transthoracic echocardiography (SVTTE, COTTE). The continuous dark lines correspond to
the fitted straight line.

Figure 2. Bland-Altman plots for repeated measurements between stroke
volume (SV, blue triangles; A) and cardiac output (CO, red squares; B)
measurements obtained with electrical velocimetry (SVEv, COEv) and
transthoracic echocardiography (SVTTE, COTTE). The continuous lines
correspond to the mean difference (bias), the dashed lines correspond to
the 95% limits of agreement (LA), and the dotted lines correspond to the 95%
confidence interval of the upper and lower LA. PE indicates percentage error.
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DSVTTE and 85% (95% CI: 78%-93%) between DCOEv and
DCOTTE (Fig. 3).

4. Discussion

This study demonstrates the lack of interchangeability between EV
and TTE values obtained using the ICON monitoring system in
parturients undergoing CD. Percentage errors obtained through
Bland-Altman analyses were 62% for CO and 60% for SV, which
were not clinically acceptable. The mean biases were 40.3ml
between SVEv and SVTTE and 3.5Lmin�1 between COEv and
COTTE. Previous studies have confirmed the accuracy of CO
measurement in pediatric patients using EV compared to using
thermodilution, Fick oxygen method, and TTE.[15–18] However,
with respect to adult patients, there has been significant
heterogeneity of outcomes.[19–22] A number of studies have
reported unacceptable intraoperative accuracy and interchange-
ability of EV with other standard methods.[14,23,24] In our study,
several factors could have contributed to the observed poor
interchangeability between the ICON system and TTE. First, with
respect to EV, there is a correlation of VITBV (ml, intrathoracic
blood volume)with the patient’s bodyweight.[10] The presence of a
fetus may lead to overestimation of the patient’s body weight,
which leads to CO overestimation by the ICONmonitor. Second,
the significant increase in fat and fluid levels in the body during
pregnancy might affect the z, which refers to the index of
transthoracic aberrant electrical conduction. Specifically, the
changes in the tissue elements may interfere with accurate
measurement of SV and CO. As reported by Teefy et al,[20]

overweightness and obesity have a significant effect on the relative
precision and accuracy of EV compared with thermodilution.
Third, the CD procedure may interfere with the EVmeasurement;
specifically, abdominal surgical interventions have been reported
to cause a shift of>1Lmin�1m-2 in the bioimpedance readings of
the CO index with the shift direction being unpredictable.[25]

Although there was no interchangeability between EV and
TTE during CD in our parturients, there was a strong correlation



Figure 3. Four-quadrant plot for repeated measurements shows changes in stroke volume (DSV, blue triangles; A) and cardiac output (DCO, red squares; B) with
electrical velocimetry (DSVEv,DCOEv) compared to changes in transthoracic echocardiography (DSVTTE,DCOTTE). Exclusion zone, set at 10ml and 0.75Lmin�1,
is shown. Regression lines for DSV (continuous blue line; A) and DCO (continuous red line; B) and the identity line (continuous dark line) are shown. In light green,
concordant SV and CO changes. In light pink, discordant SV and CO changes. Cb, a bias correction factor that measures how far the best-fit line deviates from a
line at 45 degrees; CCC indicates concordance correlation coefficient; CI=confidence interval, CR=concordance rate.
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between DCOEv and DCOTTE and a moderate correlation
between DSVEv and DSVTTE. The concordance rates between
the two methods were close to the clinically acceptable level of
92%. Further, compared to TTE, EV had a moderate trending
ability in both SV and CO measurements. Therefore, in elective
CD, we may use EV for guiding the direction of SV and CO
change. However, these findings should be interpreted with
cautions since there have been inconsistent previous findings
regarding the trending ability of EV.[14,24] Aurora et al reported
that EV underestimated the CO[14]; however, their patients had a
significantly different BMI from that of our parturients (31±5 vs
26.6±3.0kgm�2), which is possibly contributed to the differ-
ences in the intrathoracic blood volume, fat, and fluid levels.
In our study, we analyzed the CO and SV but not index since

previous findings indicated a low correlation of CO with body
surface area during pregnancy.[26] Moreover, COTTE and
SVTTE values in our study were comparable with those of a
previous study using TTE.[6,27]

This study has several limitations. First, we used TTE as the
standard reference method for hemodynamic monitoring instead
of PAC, which is traditionally used. TTE is widely accepted as a
5

standard reference method in parturients and is recommended by
the European Society of Intensive Care Medicine for hemody-
namic assessment.[6–8,28,29] To ensure reliability of the technique,
we invited a certified, experienced echocardiography technician
to acquire the images and finish the online calculation.Moreover,
CO estimated using VTI methods, which was applied in our
study, has been reported to have the least beat-to-beat variability,
good intra-observer, and inter-observer reliability[27,28]. Second,
we collected our data in a relatively short period across CD with
an average time duration of 45minutes. Our findings could not
reveal the entire perioperative hemodynamic variability of CD;
however, the hemodynamic changes during this period
could effectively reflect the accuracy, precision, and trending
ability of EV.
5. Conclusions

In conclusion, our findings indicate that EV monitoring has
limited accuracy and precision. Further, despite having a
moderate trending ability, it did not have interchangeability
with TTE in SV and CO measurements during CD.

http://www.md-journal.com
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