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Abstract Electrical impedance tomography (EIT) is a
non-invasive imaging technique for detecting blood
volume changes that can visualize pulmonary perfusion.
The two studies reported here tested the hypothesis that
the size of the pulmonary microvascular bed, rather than
stroke volume (SV), determines the EIT signal. In the
first study, the impedance changes relating to the max-
imal pulmonary pulsatile blood volume during systole
(DZsys) were measured in ten healthy subjects, ten pa-
tients diagnosed with chronic obstructive pulmonary
disease, who were considered to have a reduced pul-
monary vascular bed, and ten heart failure patients with
an assumed low cardiac output but with a normal lung
parenchyma. Mean DZsys (SD) in these groups was 261
(34)·10)5, 196 (39)·10)5 (P<0.001) and 233 (61)·10)5

arbitrary units (AU) (P=NS), respectively. In the sec-
ond study, including seven healthy volunteers, DZsys was
measured at rest and during exercise on a recumbent
bicycle while SV was measured by means of magnetic
resonance imaging. The DZsys at rest was 352 (53)·10)5

and 345 (112)·10)5 AU during exercise (P=NS),
whereas SV increased from 83 (21) to 105 (34) ml
(P<0.05). The EIT signal likely reflects the size of the
pulmonary microvascular bed, since neither a low car-
diac output nor a change in SV of the heart appear to
influence EIT.
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Introduction

Electrical impedance tomography (EIT) makes it possi-
ble to measure dynamic changes of blood volume non-
invasively (Brown et al. 1992, 1994; Eyuboglu et al.
1987; Frerichs et al. 2002; Newell et al. 2002; Smith et al.
1995; Vonk Noordegraaf et al. 1997, 2000). For pul-
monary pulsatile blood volume changes, EIT is based on
visualization and quantification of impedance changes
within the thorax, related to changes in the blood vol-
ume during the cardiac cycle (McArdle et al. 1988;
Zadehkoochak et al. 1992). Systolic pulmonary blood
flow will lead to a distension of the pulmonary vascular
bed and an increase in blood velocity; such a distension
of the pulmonary vessels causes a decrease in electrical
impedance. Equally, pulmonary vasoconstriction and
vasodilatation changes the EIT signal (Smit et al. 2002;
Vonk Noordegraaf et al. 1998). Since the small pulmo-
nary vessels contain the largest pool of blood in the
lungs and have the largest distensibility (Enson 1983;
Rushmer 1970), these vessels dominate the pulsatile-re-
lated volume increase of the pulmonary vascular bed
and therefore show up most in EIT.

We hypothesized that a reduction of the pulmonary
microvascular bed would cause a decrease in EIT signal,
since this reduction would be accompanied by a pro-
portional decrease of the distensible vessels. On the
other hand, the stroke volume (SV) of the heart was not
expected to change the EIT signal, since this would be
accompanied by an increase in pulmonary blood flow
velocity but not by a change in the distensibility char-
acteristics of the pulmonary microvascular bed. To test
this hypothesis we performed two studies. First, we
compared patients suffering from chronic obstructive
pulmonary disease (COPD), who have a reduced pul-
monary microvascular bed, and patients with a low
cardiac output (chronic heart failure patients) with
healthy controls of matching body mass index (BMI).
Secondly, we increased SV in healthy controls by means
of exercise.
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Methods

A group of ten healthy volunteers without symptoms of disease of
either the heart or lungs, and with normal exercise capacity, were
compared under resting conditions with ten COPD patients and ten
patients with left-sided heart failure due to previous myocardial
infarction or cardiomyopathy, matched for BMI (Table 1). All
heart failure patients had markedly reduced left ventricular con-
tractility according to echocardiography, diminished ejection frac-
tion on the nuclear scan at rest (mean 30% of predicted, range 20–
43%) and normal aspect of lung parenchyma on chest radiographs.
The diagnosis of COPD was made according to the criteria of the
American Thoracic Society (1995). COPD patients with a history
of systemic hypertension, ischaemic or valvular heart disease or
episodes of right- and/or left-sided cardiac failure were excluded
from the study.

In the second part of the study, seven healthy volunteers [six
males and one female; mean age 46 years (range 36–53 years)]
without complaints or signs of cardiac or respiratory diseases, and
with normal lung function, were evaluated at rest and during
exercise. The protocol was approved by the institutional human
ethics committee. All patients and volunteers gave informed con-
sent.

Study design

In the first part of the study the subjects were seated upright and
EIT was measured in duplicate; the mean value is reported. In the
second study, a change in SV was induced by exercise on a supine
bicycle ergometer (LODE-MRI-ergometer, Lode, Groningen, The
Netherlands). The SV was measured by means of magnetic reso-
nance imaging (MRI),which for technical reasons could not be
performed simultaneously with EIT. First, the subject was posi-
tioned in the MRI scanner and, after 10 min, measurements were
made. Then, the subjects started exercising with the workload in-
creased until their heart rate reached 120 beats/min for 1 min.
Then, exercise was terminated and MRI started immediately. Due
to movement artefacts it was not possible to perform the mea-
surements while the subjects exercised. Two days after the MRI
measurements, the exercise protocol was repeated using EIT, with
the subjects in the same position.

Lung function

Lung function was assessed within 2 weeks of the EIT measure-
ments. Dynamic and static lung volumes and single breath carbon
monoxide diffusing capacity (DLCO) measurements were deter-
mined (SensorMedics, Yorba Linda, Calif., USA) according to the
European Respiratory Society recommendations, and compared to
the reference values (Quanjer et al. 1993).

EIT protocol

The EIT was performed with a 2-D applied potential tomograph
(DAS-01 P Portable Data Acquisition System, IBEES, Sheffield,
UK) (Brown et al. 1994; Smith et al. 1995) applying 16 Ag/AgCl
electrodes (Meditrace 200, Graphic Controls, Gananoque, Ont.,
Canada) equidistantly attached in a transverse plane at the level of
the third intercostal space, at the costo-sternal junction. A single
frequent sinusoidal current (50 kHz, 5 mA peak–peak) was used
and signals were processed by means of the Sheffield back-projec-
tion algorithm to yield images. Data collection was synchronized
with the R-wave of the electrocardiograph (ECG) using 100 (first
study) or 80 (second study) cardiac cycles to obtain one averaged
data set. In the second study, 80 heart beats were averaged in the
MRI measurements to determine SV, considering that breathing
artefacts were eliminated by the averaging procedure. One data set
contained 30 frames at 40 ms intervals.

Difference images were generated with the Sheffield tomograph
and the first frame at end-diastole was defined as the reference
frame. The maximal impedance change during systole, relative to
end-diastole, was used as a measure of the impedance changes
relating to the pulmonary pulsatile blood volume (DZsys). Owing to
the used back-projection algorithm of the EIT, this technique
makes it impossible to provide basal impedance. Since the resis-
tivity of blood is less than that of other tissues, blood results in a
decrease in impedance (Duck 1990). This makes it possible to study
the dynamics of the pulmonary blood volume changes during the
cardiac cycle in the sequence of images produced by the ECG-gated
EIT.

To quantify the impedance change within the lungs, a region of
interest (ROI) analysis was performed. An area (‘‘inner half circle’’;
Fig. 1) was chosen as the ROI, to exclude impedance increase in the
anterior part of the thorax (probably due to the heart), and to
exclude disturbance at the borders of the image. The average pixel
value within the ROI was plotted as a function of time to show the
impedance change during the cardiac cycle. All measurements of
impedance change should be expressed as the value ·10)5, provided
by the algorithm of the EIT device, as can be seen in the figures.
The average pixel value is dimensionless as a consequence of the
reconstruction algorithm based on normalized differences. There-
fore, the change of the average pixel value in the sequence during
the cardiac cycle relative to end-diastole was expressed as an
arbitrary unit (AU).

MRI velocity quantification in the pulmonary artery

MRI was performed on a 1-T whole-body system (Impact Expert,
Siemens, Erlangen, Germany), using a quadruple phased-array
circularly polarized body coil with two receiver antennas locally
applied on the anterior, and two on the posterior, chest wall. The
MR velocity mapping was performed on the main pulmonary
artery. A single oblique image plane was planned on a sagittal scout
image that showed the right ventricle and the main pulmonary

Table 1 Subject characteristics. Mean values (and range) are provided. COPDChronic obstructive pulmonary disease, BMI body mass
index, TLC total lung capacity,FVCforced vital capacity, FEV1 forced expired volume in 1 s, FEV1/FVC Tiffeneau-index, DLCO diffusing
capacity of the lungs for carbon monoxide

Healthy subjects (n=10) COPD patients (n=10) Heart failure patients (n=10)

Male:female ratio 9:1 9:1 8:2
Age (years) 48.7 (37–63) 66.8 (52–78)** 57.3 (44–69)*
BMI (kg m)2) 23.9 (20.4–27.5) 23.3 (20.1–27.7) 25.2 (21.2–29.4)
TLC (% predicted) 103.7 (89–124) 122.2 (101–152)** 101.8 (75–117)
FVC (% predicted) 110.9 (86–128) 96.9 (75–119) 98.4 (77–147)
FEV1(% predicted) 107 (84–130) 44.7 (30–61)*** 91.3 (60–135)
FEV1/FVC (%) 74.6 (67–83) 34.2 (23–46)*** 71.8 (50–84)
DLCO (% predicted) 87.2 (54–102) 42.5 (22–56)*** 61.2 (51–70)**

Differences between healthy subjects and COPD or heart failure patients: * P<0.05, **P<0.01 and *** P<0.0001
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artery. A two-dimensional gradient-echo pulse sequence was used
with an excitation angle of 25�, an echo time of 6.5 ms, and a
receiver bandwidth of 195 Hz. One-dimensional velocity encoding
was perpendicular to the image plane. The phase-encoding steps of
two acquisitions (repetition time =14 ms) were interleaved, one
with velocity encoding of phase and one without. Subtraction of
the resulting phase maps compensated for phase changes caused by
inhomogeneity of the magnetic field, leaving only phase changes
related to velocity. The temporal resolution within the cardiac cycle
was thus 2·14 ms=28 ms. The velocity sensitivity was set at
150 cm/s, by adjustment of the amplitude of the velocity-encoding
gradients. Field of view was (300 mm)2 and matrix size was
230·256, while the RR interval (time between two heart beats) was
registered during MR acquisition of the main pulmonary artery
flow.

Analysis of flow curves

In each time phase of the velocity images the cross-sectional area of
the pulmonary artery was delineated by hand, in order to account
for translations of the artery with respect to the image plane. The
spatial mean velocity in this area was plotted against time. No
aliasing due to high peak systolic velocities was encountered.
Volume flow was obtained by multiplying the spatial mean velocity
with the cross-sectional area. Finally, integrating the volume flow
curve over systole yielded SV (Marcus et al. 1998).

Statistical analysis

The Mann-Whitney test was used to compare subject and lung
function characteristics and DZsys in healthy volunteers with COPD
patients and with patients with heart failure. The categorical vari-
ables were evaluated by means of the chi squared test. The two-
tailed Wilcoxon signed rank test for matched pairs was used to
compare DZsys at rest and immediately after cycling. This test was
also used to compare SV at rest and after exercise. Analyses were
performed with GraphPad Prism, version 3.02 for Windows
(GraphPad Software, San Diego, Calif., USA). All results were
reported as mean (SD). A P value of <0.05 was considered sig-
nificant.

Results

The EIT measurements could be performed in all sub-
jects both at rest and directly after exercise. Patients with
heart failure were characterized by a low cardiac output
leading to decreased pulsatile blood volume changes of

the lungs, which is also reflected by a low DLCO
(Table 1). The mean DZsys in the pulmonary vessels of
the heart failure patients was not significantly different
from healthy subjects. Mean DZsys was 261 (34)·10)5

AU in the healthy subjects, 233 (61)·10)5 AU in the
heart failure patient group (P=NS) but 196 (39)·10)5

AU in the COPD patients (P<0.001) (Fig. 2).
The influence of exercise-induced increase in SV on

DZsys in healthy subjects is shown in Fig. 3 upper. The
mean impedance change at rest was 352 (53)·10)5 AU
and was 345 (112)·10)5 AU during exercise (P=NS). In
contrast, SV increased from rest to just after exercise in
all subjects: from 83 (21) to 105 (34) ml (P<0.05) (Fig. 3
lower).

Discussion

This study evaluated the origin of the systolic impedance
changes in the lungs. Since it is not possible to validate
EIT by means of a comparable technique, we used

Fig. 1 An impedance
tomogram. Left Distribution of
impedance in the plane spanned
by 16 electrodes with marked
region of interest (ROI =
‘‘inner half circle’’). Right The
impedance change in arbitrary
units (AU) within this ROI
during a cardiac cycle

Fig. 2 Impedance changes at rest in 10 healthy volunteers, 10
chronic obstructive pulmonary disease (COPD) patients and 10
heart failure patients, while sitting upright. Groups were matched
for body mass index. No significant change in DZsys between the
healthy subjects and those with heart failure was found. Difference
in DZsys between healthy subjects and COPD patients was
significant (P<0.001)
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different groups with well-described cardiac and pulmo-
nary diseases and physiological stimuli to unravel the
EIT signal of the pulmonary perfusion. The patients in
the heart failure group had reduced contractility of the
left ventricle, a reduced DLCO with normal lung
parenchyma on high-resolution CT scans and no airway
obstruction, indicative of reduced SV with a preserved
pulmonary vascular bed. Conversely, the COPD pa-
tients had damaged lung parenchyma on high-resolution
CT scans, and thus had a proportional reduction of the
pulmonary vascular bed and a reduced DLCO. We did
not measure SV, but COPD patients have a normal
cardiac output (Boushy and North 1977; Scharf et al.
2002). To test the hypothesis that the amount of blood
vessels in the pulmonary microvascular bed is an
important determinant of the EIT signal, rather than
SV, we measured the systolic impedance changes in a
group of healthy subjects. We considered that dimin-
ished pulmonary blood vessels in COPD patients would
lead to lowered systolic impedance changes (whereas a
lowered SV in heart failure would not change the EIT
signal), and found a lower DZsys in the COPD patients,
in comparison with healthy volunteers and heart failure
patients.

We investigated the potential influence of a change in
SV on the EIT signal by means of exercise. After exer-
cise, SV increased but there was no significant change of

DZsys, suggesting that an increase in SV caused an
increase in blood flow velocity without altering the dis-
tensibility characteristics of the pulmonary circulation.
The increase in heart rate did not influence the EIT
signal, as impedance change was expressed per heart
beat.

To quantify the impedance change within the lungs,
ROI analysis was performed. Although the choice of a
ROI is arbitrary, we constructed a ROI that contained
the inner part of the posterior half of the EIT image
resembling the posterior parts of the lungs. The choice of
this ROI was based on the maximal exclusion of cardiac
regions and thoracic wall, which could be possible
sources of error for the pulmonary perfusion measure-
ments. An earlier study showed that this ROI provides
highly reproducible measurements of the pulmonary
perfusion (Smit et al. 2003a). Furthermore, we showed
recently that by using this ROI pulmonary vascular re-
sponses to hypoxia and hyperoxia in healthy subjects
and COPD patients can be measured (Smit et al. 2003b).
A disadvantage of this method is that the anterior parts
of the lungs are excluded from analysis.

Since we measured the impedance changes only in
the posterior parts of the lungs, the impedance differ-
ences found between the healthy subjects in the first
and second part of the study can be explained as a
consequence of altered body position. Nuclear studies
showed that there is a gravity-related perfusion inho-
mogenity, with the maximal perfusion in the dependent
part of the lungs (Kosuda et al. 2000). Thus, the pos-
terior parts of the lungs will be more perfused in the
supine position compared to the upright position,
which explains the higher EIT values of the pulmonary
perfusion in the supine position (second part of the
study) compared to the upright position (first part of
the study). This finding is in agreement with an earlier
study showing that regional differences in pulmonary
perfusion can be detected by means of EIT (Kunst
et al. 1998).

In conclusion, this study demonstrates that a decrease
of the EIT signal, as observed in COPD patients, is most
likely caused by a reduction of the pulmonary vascular
bed, and not by a low cardiac output. Furthermore, a
change in SV does not alter the EIT signal.
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