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Abstract

Previous animal experiments have suggested that electrical impedance tomography (EIT) has the ability to noninvasively
track changes in cardiac stroke volume (SV). The present study intended to reproduce these findings in patients during a fluid
challenge. In a prospective observational study including critically ill patients on mechanical ventilation, SV was estimated
via ECG-gated EIT before and after a fluid challenge and compared to transpulmonary thermodilution reference measure-
ments. Relative changes in EIT-derived cardiosynchronous impedance changes in the heart (AZy) and lung region (AZ,; ) were
compared to changes in reference SV by assessing the concordance rate (CR) and Pearson’s correlation coefficient (R). We
compared 39 measurements of 20 patients. AZy; did not show to be a reliable estimate for tracking changes of SV (CR=52.6%
and R=0.13 with P=0.44). In contrast, AZ; showed an acceptable trending performance (CR=94.4% and R=0.72 with
P <0.0001). Our results indicate that ECG-gated EIT measurements of AZ; are able to noninvasively monitor changes in SV
during a fluid challenge in critically ill patients. However, this was not possible using AZy;. The present approach is limited
by the influences induced by ventilation, posture or changes in electrode—skin contact and requires further validation.
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1 Introduction

Fluid resuscitation is one of the vital components of hemo-
dynamic management in critically ill patients. To ensure
adequate tissue perfusion it should be targeted by optimizing
cardiac stroke volume (SV) while limiting increases in filling
pressures and development of edema. To achieve this goal,
absolute values of SV and cardiac output are less important
than monitoring trends in response to interventions such as
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a fluid challenge [1]. Therefore, continuous monitoring of
changes in SV during fluid resuscitation is desirable.

Pulmonary artery catheterization (PAC) is an invasive
method that provides continuous assessment of cardiac out-
put in critically ill patients. However, due to the high risk
for complications and questionable clinical benefit, PAC use
is declining in clinical practice [2]. Transpulmonary ther-
modilution (TPTD) cardiac output with continuous moni-
toring by pulse contour analysis is a clinically established,
and potentially less invasive, alternative [3]. Even though
TPTD with pulse contour analysis is less invasive than PAC,
it still requires placement of the central venous and periph-
eral arterial lines, and provides continuous data with limited
reliability, requiring frequent re-calibration [4].

Thoracic electrical impedance tomography (EIT) is a
noninvasive imaging modality providing real-time data on
changes of electrical bioimpedance [5]. EIT can be used
to track changes in pulmonary air content [6, 7] and, when
used and interpreted in conjunction with a specific ventilator
protocol, recruitment and derecruitment as well as relative
hyperdistension [8, 9]. As pulsatile cardiovascular activ-
ity generates measurable changes in bioimpedance in the
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heart and lung regions, it has been presumed that EIT could
be able to noninvasively track changes in SV, potentially
making it a valuable monitoring tool for patients in need of
hemodynamic optimization.

Vonk-Noordegraaf et al. [10] were the first to report the
measurement of SV by means of EIT via the cardiosyn-
chronous impedance change in the heart region (AZy) in
humans. In two recent studies this was further investigated in
pigs. Pikkemaat and colleagues [11] revealed certain issues
(sensitivity to heart displacement and lung volume) of the
heart-based SV estimation which require further investi-
gation. Even though not reported in [11], the same study
also estimated SV via the cardiosynchronous impedance
change in the lung region (AZ; ) with comparable results
to the heart-based approach [12]. The approach of tracking
SV by analyzing changes in AZ; was then further studied
by the group of da Silva Ramos [13] who showed that (1)
assessment of trending relative SV changes is feasible while
(2) estimating absolute SV values requires anthropometric
calibration. As also discussed in [14], these partly contradic-
tory findings from animal studies [11-13] are not conclusive
about the use of cardiosynchronous impedance changes in
the heart (AZ) or lung region (AZ; ) as noninvasive sur-
rogate measures of SV.

As all the recent work on noninvasive assessment of SV
via EIT is based on animal experiments, we intended to
investigate the applicability of this method in patients in
the intensive care unit (ICU) receiving a fluid challenge. In
particular we tested the two hypotheses that either AZy or
AZ; can be used to assess changes in SV by means of EIT.

2 Methods

2.1 Study population, data acquisition and study
protocol

Between August 2016 and December 2017, we per-
formed a prospective observational study including criti-
cally ill mechanically ventilated patients requiring fluid

administration as per clinical decision under monitoring
with both EIT and TPTD cardiac output. Exclusion cri-
teria were: age below 18 years, BMI of more than 35 kg/
m?, open lung injuries, instable injuries of spine or skull,
metallic implants in the thorax region (e.g. cardiac pace-
maker). The study was approved by the local Ethics Com-
mittee of the Medical Faculty of the Christian-Albrechts
University Kiel, Germany (EC-Study-ID D486/16) and
registered prior to patient enrollment at ClinicalTri-
als.gov (NCT02992002, Principal investigator: Tobias
Becher, Date of registration: December 14, 2016). Due
to the purely observational nature of the study, informed
consent was waived by the ethics committee. Some results
of this study unrelated to SV analysis have been previously
published [15].

All measurements were performed in the ICU facilities of
the University Medical Center Schleswig-Holstein (UKSH,
Kiel, Germany). The patients were equipped with a 16-elec-
trode EIT belt placed around their chest at the level of the
4th to 5th intercostal space and connected to the PulmoV-
ista™ 500 EIT device (Driger Medical, Liibeck, Germany).
Hemodynamic data including ECG were measured using a
Datex-Ohmeda hemodynamic monitor (S/5, Datex-Ohmeda,
Helsinki, Finland) and recorded via the S/5 Collect software
(Datex-Ohmeda, Helsinki, Finland). SV reference measure-
ments were obtained by averaging three TPTD measure-
ments performed with the PiCCO plus device (Pulsion,
Munich, Germany). Figure 1 shows the schematic drawing
of the measurement setup.

For the present analysis, SV reference values were
obtained from repeated TPTD measurements at three dif-
ferent time points (M1 to M3): (M1) 30 min after application
of the EIT belt and prior to the fluid challenge via the injec-
tion of 500 mL of balanced electrolyte solution (Sterofundin
ISO, B. Braun, Melsungen, Germany); (M2) right after the
fluid challenge; (M3) 30 min after (M2). For those patients
being fluid responsive, an increase in SV of at least 15% was
expected from (M1) to (M2). Moreover, if all of the injected
liquid remained in the circulation, SVs of (M3) and (M2)
were expected to be comparable.

ECG-Gated Heart I_ROI
Ensemble Detection

RO,

Fig. 1 Block diagram of the measurement setup. For each SV meas-
urement the EIT images are averaged to one representative cardiac
cycle (Imgs) from which regions of interest representing the heart

@ Springer

Averaging Imgs
Lung ROI

Detection ROIL

P SV

(ROIy) and lung regions (ROI,) are extracted. The amplitudes of the
temporal sum signals in these two regions are further compared to the
SV reference measurement SVypp



Journal of Clinical Monitoring and Computing (2020) 34:903-911

905

2.2 Data preprocessing

First, EIT and hemodynamic data were manually synchro-
nized in the time domain with the help of deliberate spikes
induced via synchronous tapping on EIT and ECG elec-
trodes as detailed in [14]. All heartbeats in a 2 min window
centered around the mean time of injection of the TPTD
triplets were averaged via ECG-gated ensemble averaging
to one representative cardiac cycle per measurement (M1
to M3) as further described in [14]. EIT raw voltages were
reconstructed into sequences of images with 32 X 32 pix-
els using the GREIT algorithm [16] with the recommended
parameters in combination with the 2.5D model of an adult
human thorax available in the EIDORS toolbox [17]. Then,
for each resulting EIT image sequence, regions of inter-
est were determined as described in [14, 18] for the heart
(ROIy) and via the algorithm proposed in [19, 20] for the
lungs (ROI, ). In brief, these algorithms exploit the ampli-
tude and phase information of the EIT image sequence at
the cardiac frequency to separate the heart from the lungs.
The cardiosynchronous impedance changes in the heart and
the lung regions both exhibit high amplitudes but of oppo-
site phase, which are attributable to blood leaving the heart
while the lungs are being filled with blood and vice versa.
The resulting two regions of interest were then applied to
separately analyze impedance changes in the heart (ROI})
and lung (ROI, ) regions.

2.3 Signal processing and data analysis

As mentioned in the introduction, we tested two hypotheses:
whether changes in SV can be assessed by means of EIT via
the signal amplitude in either (a) the heart [10, 11] or (b) the
lung region [12, 13]. To do so, the amplitudes AZy; and AZ;
of the temporal sum signals in both ROI; and ROI; were
estimated for each of the averaged EIT image sequences as
the peak-to-peak amplitude of the corresponding temporal
sum signal, i.e. the sum over all pixels in the corresponding
region. To allow for a fair comparison between the three
measurements (M1 to M3) of each patient, the abovemen-
tioned amplitudes were calculated from the same heart and
lung regions which were averaged from the three individual
regions of measurements at time points M1 to M3.

The SV trending ability of EIT was tested by transform-
ing the two amplitude features (AZy and AZ; ) into relative
changes between the current measurement ¢ and a baseline
measurement b: ASVZ ¢ = (AZS,—AZ% ) /AZL, where AZy
represents AZy or AZ; . The reference measurements SV, ¢
were transformed similarly and denoted as ASVy.;.

As further explained in the results and discussion sec-
tions, the relative changes of the two transitions M1 to M2
and M2 to M3 were tested for each patient, i.e. ASYMI-M2

Ref

Versus ASVI];/{IT_’MZ and ASV%’IZ‘_>MS versus ASVMZoM3 ere
ef EIT

compared by means of four-quadrant plot analysis [21, 22].
The resulting trending performance was evaluated by means
of the concordance rate CR (percentage of data points lying
in the 1* and 3™ quadrant, as thoroughly discussed in [21,
22] and Pearson’s correlation coefficient R. According to the
criteria defined by Critchley [21] trending performance was
considered as acceptable if CR >92%. Variations of ASVy;
and ASVg;; below + 13% were excluded from four-quadrant
plot analysis (exclusion zone) as this is the error to be expected
from averaging a triplet of TPTD measurements [23, 24].

In a second analysis the relative SV changes were trans-
formed into absolute SV values by using one TPTD meas-
urement as calibration, i.e. SVE’?T and SVgﬁ (expressed
in mL) were obtained by calibrating ASVMI=M2 44

EIT
ASVM2=M3 30ainst SVglz. The noninvasive estimates SV

EIT, ef EIT
M3 Ml M3
and SV 7. were then compared to SV ; and SV - by means

of Bland—Altman analysis.

2.4 Rejection of outliers caused by variations
in tidal volume ratio

It is known that changes in tidal volume (VT) correlate
well with changes in global EIT impedance [25, 26]. There-
fore, the ratio of EIT-derived VT versus true—ventilator-
derived—VT should remain constant over time if no per-
turbation (such as EIT belt displacement or EIT electrode
contact problem) occurred. As such perturbations can also
impair the EIT-based hemodynamic parameter estima-
tion, potential outliers were identified and removed from
the analysis. To this end, for each measurement (M1 to
M3), VT was estimated in two ways: (a) from the venti-
lator data provided to the EIT machine via the MEDI-
BUS interface (VTy) and (b) as the sum of all pixels of
a functional ventilation image (standard-deviation in the
temporal domain) obtained from band-pass filtered (cutoff
frequencies: [0.1, 0.5] Hz) EIT images (VTg). Then the
ratio of these VT was calculated as VTgy = VIg/VTy.
For each relative measurement M1 to M2 and M2 to M3
the relative change in this tidal volume ratio was calcu-

lated as follows: AVTy "M = (VTN — VTEy )/ VTR
and AVTYe ™ = (VTN — VThe ) /VThe . respec-

tively. The analysis was restricted to measurements which
fell into the limits of the 95% confidence interval, i.e.
Havr,, —1.960,yt,, < AVTgy < payr,, + 19604y,
with ppyr,, and opyr,  as the mean and standard-deviation
of all AVTgy,.

3 Results

In total, 25 patients were included in the study. The average
duration of fluid administration was 15+ 6 (range: 5-28)
minutes. 12 out of 25 patients were “fluid responsive”, as
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defined by an increase in SV of more than 15% after fluid
administration.

Since no ECG signal was recorded in the first four
patients, only 21 out of 25 patients (15 male/6 female, age:
59 +22 years, weight: 78 + 12 kg, height: 175+ 7, BMI:
25+3 kg/mz, denoted as P5 to P25) were included in the
present analysis. Due to technical issues with the EIT device
the last measurement (M3) of subject P21 was not recorded
and therefore only ASVE’?T_’M2 and ASVE/{}_’Mz were com-
pared for this subject. Finally, the measurements of P25 were
removed from further analysis since the variations in tidal
volume ratios AVTyy exceeded the 95% limits defined by
the outlier removal approach. This results in a total of 39
measurements performed in 20 patients remaining for analy-
sis, including 9 fluid “responders” and 11 “non-responders”.
Table 1 shows ventilation parameters and SV reference
measurements for each patient.

3.1 Hemodynamic variations
The average changes in SV, between the three measure-

ments (M1, M2 and M3) were as follows: the fluid chal-
lenge generally led to an increase of SV (M2 vs. M1:

ASVII\{L':W: 13.1%) while 30 min after SV returned to its
baseline level (M2 vs M3: ASVgE:M3 —10.0%). Relative
changes in SV and AVTy,y and the EIT-derived amplitudes
AZy and AZ; are listed in Table 2 for each patient.

3.2 SV trending performance of EIT

The trending performance for all 39 measurements and the
two EIT-based amplitude features (AZy and AZ; ) is shown
in Fig. 2a and b by means of four-quadrant plot analysis.
CR of 52.6% and R of 0.13 (P =0.44) were obtained for the
heart-related amplitude AZy (Fig. 2a). In contrast, using the
lung-related amplitude AZ; led to CR of 94.4% and R of
0.72 (P <0.0001) as shown in Fig. 2b.

3.3 Absolute SV measurements after calibration

Assuming a calibration with TPTD at the time of meas-
urement M2, absolute SV values were obtained for meas-
urements M1 and M3. The comparison of invasive meas-
urements SVII\{ISIf and SVM3 versus noninvasive estimates

Ref
SVIIE:/IIIT and SV%’?T is shown in Fig. 2¢ and d by means of

Table 1 Ventilation and hemodynamic parameters for each measurement (M1 to M3) and each patient (P05 to P25)

PEEP (mbar) APinsp (mbar) Ventilator mode FiO2 (%) Tidal volume (mL) Noradrenaline (ug/kg/  Stroke volume
min) (mL)

M1 to M3 M1 to M3 M1 to M3 Ml M2 M3 Ml M2 M3 M1 M2 M3 Ml M2 M3
P05 15 PCV 30 30 30 660 653 654 0.084 0.074 0.074 106 117 110
P06 15 PCV 30 30 30 529 529 545 0201 0203 0.203 113 111 113
P07 7 16 PCV 30 30 30 458 434 472 0381 0381 0381 60 78 59
P08 10 22 PCV 50 50 50 660 642 655 0.108 0.108 0.108 136 130 129
P09 9 12 PSV 40 40 40 439 414 410 0.183 0.183 0.183 60 64 55
P10 8 20 PCV 30 30 30 586 565 571 1'078 1'078 1’078 105 110 108
P11 9 18 PCV 40 40 40 797 782 787 0.084 0.084 0.021 76 83 79
P12 9 13 PSV 35 35 35 673 776 686 0.080 0.000 0.080 126 131 119
P13 8 15 PCV 60 60 50 500 487 487 0.147 0.107 0.147 62 71 71
P14 10 10 PCV 35 35 35 1088 1037 986 0356 0356 0356 87 119 75
P15 10 12 PSV 30 30 30 806 1069 1050 0400 0400 0400 62 72 59
Pl6 7 5 PSV 30 30 30 868 797 863 0.175 0.175 0.150 67 70 68
P17 6 14 PCV 30 30 30 641 635 642 0.227 0.200 0.200 85 107 92
P18 5 12 PSV 45 45 45 554 614 536 0.038 0.038 0.038 54 54 52
P19 8 19 PCV 30 30 30 480 460 445 0.066 0.003 0.058 75 80 72
P20 8 14 PCV 35 35 35 654 640 631 0.257 0257 0257 58 68 o4
P21 7 13 PCV 45 45 45 500 441 492 0304 0304 0286 65 71 71
P22 5 14 PCV 35 35 35 480 440 461 0.013 0.013 0.013 57 81 64
P23 11 15 PCV 60 60 60 552 526 570 0.213 0.213 0213 99 100 86
P24 10 15 PCV 45 45 45 530 517 505 0.188 0.111 0.111 47 57 50
P25 7 11 PCV 50 50 50 536 457 541 0333 0333 0333 71 84 74

PEEP positive end-expiratory pressure, APinsp inspiratory pressure above PEEP for PCV and level of pressure support for PSV, PCV pressure
controlled ventilation, PSV pressure support ventilation, FiO2 fraction of inspired oxygen
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Table 2 Relative changes

ASVy.; (%
of reference stroke volume rer (%)

ASViyp via AZy (%)

ASVgrviaAZ (%) AVTgy (%)

(ASVg.p and EIT-derived Ml->M2 M2—-Ms3

Ml-M2 M2—-M3 Ml-M2 M2—-M3 MI-M2 M2—-M3

parameters between

measurements M1 and M2 P05 10.7 -6.3
and M2 and M3, denoted as P06 —1.0 1.1
MI1—M2 and M2— M3, P07 299 ~242
respectively
P08 —-4.5 -0.6
P09 7.6 —14.7
P10 5.5 -2.1
P11 94 —-43
P12 3.7 -8.6
P13 9.3 2.1
P14 13.7 -235
P15 16.1 -18.3
P16 38 -2.6
P17 257 —-14.1
P18 0.3 -49
P19 7.3 -10.3
P20 9.7 0.0
P21 8.5 0.7
P22 433 -21.5
P23 0.6 —13.8
P24 20.7 -12.0
P25 18.0 —-11.2

0.8 4.8 13.9 -92 -6.7 3.1
-11.0 1.9 7.5 -7.6 -39 34
25.8 —16.1 26.5 —18.8 1.6 -03
=72 3.1 -1.8 1.7 -3.0 -1.1
-322 28.7 224 -21.2 0.1 =57
—-124 9.0 =71 1.3 -5.6 43
-28 12.7 39 -1.6 0.7 -0.1
10.9 —14.5 2.5 -10.5 -838 9.8
-23.0 -0.5 14.6 2.6 -54 33
12.3 -6.1 14.1 -6.5 =35 8.7
17.6 -69 17.2 —-43 -1.8 -22
-6.9 33 -6.6 -21.0 0.9 =53
-0.5 -0.9 14.8 —11.5 -0.4 -1.7
6.4 —1.1 -6.7 3.6 8.2 -2.7
1.1 —-6.5 -34 -1.8 -16.9 =175
-5.1 0.7 6.5 -52 -2.1 -1.0
-30.9 N/A 17.8 N/A -5.7 N/A
-5.8 7.3 16.4 -13.0 -22 -6.0
—-44.1 19.0 —125 9.7 1.9 -74
334 -25.6 7.0 -10.4 -12 2.0
—-41.7 58.4 -19.8 27.5 -30.7 23.5

Estimated stroke volume was determined via the heart amplitude AZ; or lung amplitude AZ; , and AVTgy,
as the ratio of tidal volume derived via EIT (VTg) versus ventilator (VTy). N/A indicates missing values
due to technical issues with the EIT device

Bland—-Altman analysis. For the heart-related amplitude AZy
in Fig. 2c a bias of 11.9 mL and 95% limits of agreement
(LOA) of —20.4 to 44.1 mL were obtained. The use of the
lung-related amplitude AZ; shown in Fig. 2d resulted in a
bias of 2.7 mL and LOA of —12.3 to 17.6 mL.

4 Discussion

In the present study, we assessed EIT measurements per-
formed before, during and after a clinically indicated fluid
challenge for their ability to track changes in cardiac SV in
critically ill adult patients. In particular, we analyzed the
changes in cardiosynchronous impedance amplitudes in
the heart and lung region and compared them to reference
measurements obtained via TPTD. Analyzing the changes in
heart-beat-related impedance amplitudes in the lung region,
we found a high concordance rate of 94.4% and a strong cor-
relation (R=0.72 with P <0.0001) with the reference meas-
urements. Bland—Altman analysis revealed LOA of —12.3 to
17.6 mL with minimal bias. In contrast, our analysis of the
cardiosynchronous impedance amplitudes in the heart region
resulted in a weak correlation (R=0.13 with P=0.44) and
LOA of —20.4 to 44.1 mL.

4.1 Hemodynamic variations

On average, SV increased most between M1 and M2
(ASVI]‘{I;;)MZ =13.1%) and decreased most between M2 and
M3 (ASVI]‘{I:;)M3= —10.0%). This justifies our choice of ana-
lyzing the trending ability from M1 to M2 and from M2 to
M3, in order to get the lowest possible amount of measure-
ments falling within the error range of the reference device
(i.e. the exclusion zone in the four-quadrant plot). On aver-
age, we observed only a slight increase in SV in response
to the fluid challenge (ASVNA~M?=13.1%). This is due to
the fact that only 9 out of 20 patients were “fluid respon-
sive”, as defined by a change in SV of > 15% after fluid chal-
lenge [27]. The subsequent return of SV to baseline could
be explained by a redistribution of the crystalloid solution
used for injection. A few minutes after the fluid challenge
with crystalloids, only roughly 25% of the injected volume
remains in the circulation [28], explaining the observed
return of SV to its baseline level.

4.2 SV trending performance of EIT

As shown in Fig. 2a, the cardiosynchronous amplitude in
the heart region, AZy, does not provide a reliable estimate
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Fig.2 a and b: Trending analyses between ASV; versus ASVy ¢ by
means of four-quadrant plot analysis for a the heart amplitude AZy
and b the lung amplitude AZ; . The performance is assessed using the
concordance rate CR and Pearson’s correlation coefficient R. Each
analysis includes a total of 39 measurement points (from 20 patients)

(CR=52.6% and R=0.13 with P=0.44) for the noninvasive
trending of SV via EIT. In contrast, the cardiosynchronous
amplitude in the lung region, AZ,; , shown in Fig. 2b indi-
cates an acceptable trending performance with CR =94.4%
and R=0.72 (P <0.0001).

Based on the present analysis we must reject the hypoth-
esis that the EIT amplitude AZy can be used for trending—
i.e. following relative changes—of SV, which is in contra-
diction with previous studies [10, 11]. We hypothesize that
the heart-region-based SV estimation is strongly affected by
the placement of the EIT belt with respect to the patient’s
heart or by ventilation-induced displacement of the heart.
While in the animal experiments by Pikkemaat et al. [11]
more accurate belt placements might have led to a less pro-
nounced influence of the first effect in some pigs, it was still
mentioned as a main limitation for other pigs [11].

In contrast, our analysis confirms that the EIT ampli-
tude AZ; can be successfully used for noninvasive
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trending of SV. However, this is only possible after exclu-
sion of two measurements with high variations in tidal
volume ratios VTg,. Without this exclusion a less good
performance of CR=285.0% and R=0.54 (P <0.001)
was obtained (results not shown). This highlights the
sensitivity of our approach to perturbations such as elec-
trode—skin contact problems [29], EIT belt displacement
[18] or large changes in ventilation [30]. Thus, contrary
to the amplitude in the heart region, SV trending via the
amplitude in the lung region might be more promising.
This would confirm the recent work by da Silva Ramos
and colleagues [13] but is at the same time partly in con-
tradiction with the mixed results obtained by Pikkemaat
[12]. Besides, these two studies [12, 13] were performed
on pigs under laboratory conditions while our study is
based on clinical data of ICU patients and thus reveals
more challenges encountered under real-life conditions
in a less controlled environment.
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4.3 Limitations and future work

The present study is limited in various aspects. First,
we could only analyze a total of 39 measurements
from 20 patients with rather low variations in SV
(|ASVges| = 11.7 £ 11.0%, range 0.1% to 43.3%). Even
though a passive leg raising maneuver—instead of a fluid
challenge—could lead to higher variations in SV, this is
not common practice in this ICU due to practical consid-
erations. As the current patient population contains many
“non-responders” to fluid, enrolling more patients could
increase the ASV and might also allow to only include
those patients being fluid-responsive.

Second, our SV trending approach relies on the car-
diosynchronous EIT amplitude in the lung region, which
might suggest that AZ; represents global perfusion, which
is also a widespread assumption [31]. However, the cardio-
synchronous EIT signals in the lung region do not neces-
sarily precisely reflect pulmonary perfusion as discussed
by Hellige and Hahn [32] and Adler et al. [33]. For exam-
ple, two branches of pulmonary arteries with equal perfu-
sion but different compliance would result in different car-
diosynchronous EIT signal amplitudes [20]. Therefore, it
is important to underline that our approach is not intended
to detect regional pulmonary perfusion but rather inves-
tigates trends in cardiosynchronous impedance changes,
as detected in the pulmonary region, to follow changes in
cardiac SV. As shown in our Bland—Altman analysis, it can
be calibrated using actual SV measurements. This proce-
dure introduces a calibration factor that corrects for inter-
individual variability of parameters like pulmonary artery
compliance and therefore allows relatively accurate trend-
ing of actual SV. Of note, some patients were under high
doses of vasopressors which may have an influence on
pulmonary vascular resistance and may decrease hypoxic
pulmonary shunt. Since we did not measure pulmonary
arterial pressure in our study, we were not able to assess
the actual impact of pulmonary vascular resistance on our
findings. Nevertheless, it appears that our calibration pro-
cedure led to reliable estimations of changes in SV even
in patients under high doses of vasopressors.

Even though the present approach shows promise on
the current data, further research—including long-term
measurements and patients with various pathophysiologi-
cal conditions—is required to reveal possible limitations
of this approach. Furthermore, the use of hypertonic saline
injection as EIT contrast agent [34-36] could help to reveal
potential discrepancies between the cardiosynchronous EIT
signal in the lung region and the real pulmonary perfusion.

Third, since all patients were on pressure-controlled ven-
tilation (PCV) or pressure support ventilation (PSV) we did
not assess plateau pressure or static respiratory system com-
pliance. Approximately one-third of patients had relevant

spontaneous breathing activity, which makes calculation of
compliance during PCV or PSV unreliable [37].

Fourth, the use of ECG-gated EIT averaging is not ideal
in patients with cardiac arrhythmia. A more sophisticated
method for isolating cardiosynchronous changes form the
EIT images will be necessary in this group of patients.

Finally, it has also been shown in healthy volunteers that
EIT-based SV estimation is sensitive to perturbations from
electrode—skin contact problems or changes in posture [29].
The latter has also been reported for cardiac EIT signals in
general [30, 38]. This might limit the present approach to
scenarios where minimal changes in the EIT measurement
setup occur (i.e. stable ventilation, stable electrode contact
and unchanged posture).

For future studies, it might be of interest to investigate
the trending capability in a patient population with higher
intra-subject variations of SV (e.g. during hemorrhage or
fluid resuscitation) and to assess the effects of different fluids
(crystalloid, colloid, blood, etc.). Moreover, a specific pro-
tocol including different ventilation maneuvers would fur-
ther allow to better identify the limitations of our approach
related to changes in lung volume. Finally, the long-term
trending performance of our noninvasive approach could
also be compared to continuous pulse contour analysis with
intermittent TPTD measurements.

5 Conclusion

In our study, we demonstrated the ability of EIT to assess
changes in SV by analyzing cardiosynchronous impedance
changes in the lung region. This approach is limited by
the influences induced by ventilation, posture or electrode
contact impedance. Future work should thus investigate
potential limitations of this approach in detail. If it shows
acceptable in certain situations, EIT could be a useful tool
for noninvasive monitoring of SV trends at the bedside.
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