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14.1                  Respiratory Inductive 
Plethysmography 

       David     Tingay and       Peter     A.     Dargaville    

14.1.1    Introduction 

 Respiratory inductive plethysmography (RIP) is 
a non-invasive method of measuring change in 
lung volume which is well-established as a moni-
tor of tidal ventilation and thus respiratory pat-
terns in sleep medicine. As RIP is leak 
independent, can measure end-expiratory lung 
volume as well as tidal volume and is applicable 
to both the ventilated and spontaneously breath-
ing patient, there has been recent interest in its 
use as a bedside tool in the intensive care unit.   

14.1.2    Technique 

14.1.2.1    Theoretical Considerations 
 RIP determines change in lung volume by mea-
suring the changes in both chest and abdominal 
volume displacements during tidal ventilation. In 
1967, Konno and Mead, using the principle that 
there is a relationship between linear motion and 
volume displacement, showed that the chest wall 
operates with 2° of freedom and has two moving 
parts, the rib cage and the abdomen (Konno and 
Mead  1967 ). Additionally, in terms of motion of 
their surfaces, there is functional separation 
between the abdomen and the rib cage during 
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breathing. By utilising this unitary behaviour of 
the two compartments, change in total thoracic 
volume 1  can be determined from measurement of 
the volume displacement in each separate com-
partment. During ventilation, the lung will con-
tribute to the majority of any thoracic volume 
change. 

 Thus, lung volume ( V  L ) can be mathematically 
expressed as follows:

  V V VL = +Lch Lab    ( 14.1 )    

where  V  Lch  and  V  Lab  represent volume displace-
ment within the chest and abdominal compart-
ments, respectively. 

 The true practical advantage of Konno and 
Mead’s observation can be realised by consider-
ing the fact that a volume change will result in a 
change in cross-sectional area within each 
compartment. 

 Hence,  V  L  can be considered as

    
V m k R RL = × +( )D Dch ab   

 ( 14.2 ) 
   

where  R  ch  and  R  ab  are the cross-sectional areas of 
the chest and abdomen compartments respec-
tively,  k  is a proportionality constant, represent-
ing the relative contribution of each compartment 
to total volume, and  m  scales the sum of the 

1  Total thoracic volume is the combined volume of gas, 
blood and tissue within the thoracic cavity. 

cross-sectional areas to a known volume (Sackner 
et al.  1989 ; Bar-Yishay et al.  2003 ). 

14.1.2.1.1    Equipment 
 RIP systems employ two transducers, placed cir-
cumferentially around the chest and abdomen, to 
measure changes in the cross-sectional area of 
each (Watson et al.  1988 ; Adams  1996 ). Each 
transducer consists of a sinusoidal wire embed-
ded in an elastic self-adherent material (Fig.  14.1 ). 
This allows the transducers to be applied to any 
chest or abdominal shape and size. One band is 
usually placed at nipple level ( R  ch ) and the other 
approximately 1 cm above the umbilicus ( R  ab ). 
These wires are connected to an electronic oscil-
lator that generates a sine wave of 20 mV at 
300 kHz. Stretch and relaxation of the bands pro-
duce variations in the electrical self-inductance 
within the wire and, thus, frequency (Adams 
 1996 ). The RIP unit demodulates the frequency 
change to produce an analogue voltage wave-
form representing the changes in rib cage and 
abdominal volume in real time (Ohms Law). The 
inductance within the wires increases linearly as 
a function of cross-sectional area in curved- 
shaped objects (Watson et al.  1988 ; Martinot- 
Lagarde et al.  1988 ; Brazelton et al.  1999a ). The 
output of RIP is reliable within the frequency 
range of both conventional and high-frequency 
ventilator rates (Brazelton et al.  1999a ,  b ; 
Boynton et al.  1989 ).
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  Fig. 14.1    ( a ) Illustration of RIP transducer bands cor-
rectly secured around the chest and abdomen of an infant. 
A sinusoidal wire embedded is in each band. ( b ) 

Schematic illustration of the relationship between changes 
in RIP voltage output (V) generated by stretch of the sinu-
soidal wire secondary to change in lung volume       
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   Early RIP devices operated solely in 
AC-coupled output mode. This was adequate for 
assessing respiratory rate, tidal volume and syn-
chrony of respiration, but the baseline signal was 
too unstable to assess end-expiratory lung vol-
ume (EELV) (Morel et al.  1983 ). Modern RIP 
devices allow both an AC- and DC-coupled out-
put. In DC-coupled output, the RIP signal is suf-
fi ciently stable to allow reliable measurement of 
changes in EELV (Morel et al.  1983 ; Valta et al. 
 1992a ), with good agreement with EELV values 
obtained by whole-body plethysmography (Carry 
et al.  1997 ) and super-syringe (Albaiceta et al. 
 2003 ).  

14.1.2.1.2    Calibration 
 Changes in lung volume recorded by RIP are ini-
tially output as voltage changes. The RIP voltage 
change can be calibrated using a number of meth-
ods (Bar-Yishay et al.  2003 ). The two most com-
mon are the qualitative diagnostic calibration 
(QDC) algorithm (Sackner et al.  1989 ) and the 
least mean squares technique (Konno and Mead 
 1967 ; Strömberg et al.  1993 ). The least mean 
squares technique requires knowledge of a known 
volume change during the calibration phase, 
which is not always possible during paediatric 
and neonatal ventilation. For this reason, the 
QDC algorithm is the method most commonly 
used in ICU environments. 

 The QDC measures the voltage changes dur-
ing a series of breaths at the start of the RIP 
recording, generally over 5 min. QDC allows 
derivation of the proportionality constant,  k , in 
Eq.  14.2 . The relative contribution of each com-
partment to the overall voltage change is esti-
mated by selecting a series of breaths of similar 
tidal volume. This is achieved by excluding all 
breaths greater than one standard deviation (SD) 
of the mean Δ R  ch  and Δ R  ab  value. The constant  k  
is then estimated as SD( R  ch )/SD( R  ab ) (Sackner 
et al.  1989 ). QDC has been shown to generate 
acceptable agreement with pneumotachograph 
measurement of tidal volume in term newborn 
infants (Adams  1996 ) and piglet models of 
surfactant- defi cient lung disease (Markhorst 
et al.  2006 ). The reliability of RIP calibration is 
best when measurements are immediately pre-

ceded by calibration and tend to deteriorate with 
time. RIP calibration accuracy decreases with 
severity of lung disease. In vitro, the phase devia-
tion in the transducer outputs, and thus the stabil-
ity of the proportionality factor, increases in a 
linear fashion at frequencies above 10 Hz 
(Boynton et al.  1989 ). The accuracy of this pro-
cess is also directly related to the number of 
breaths analysed (Brown et al.  1998 ). 

 If the volumetric changes during the QDC are 
known, for example, using a pneumotachograph 
or super-syringe, then the scaling factor,  m , can 
be determined for Eq.  14.2 , and the RIP signals 
displayed in units of volume (Fig.  14.2 ). 
Calibration and signal stability can then be main-
tained if the band location and tension remain 
constant and the patient’s position, or pattern of 
breathing, does not change (Landon  2002 ).

   An advantage of the QDC method is that it can 
still be applied when absolute volume changes are 
not known. In these circumstances, changes in 
relative volume can be expressed as a ratio to the 
tidal volume during the QDC period. This is use-
ful during non-invasive ventilation (Courtney 
et al.  2001 ) and high-frequency ventilation 
(Markhorst et al.  2006 ; Habib et al.  2002 ; Weber 
et al.  2000 ; Markhorst and van Genderingen  2004 ; 
Copnell et al.  2009 ; Hoellering et al.  2008 ; Tingay 
et al.  2006 ,  2007a ). After QDC, a modern RIP 
device has been found to have a mean relative 
measurement bias of −2.0 (SD 9 %) during short 
periods of high-frequency ventilation (HFV) in a 
piglet model of paediatric lung disease (Markhorst 
et al.  2006 ; Markhorst and van Genderingen 
 2004 ). This error is less than common commer-
cially available pneumotachographs (Scalfaro 
et al.  2001 ; Roske et al.  1998 ). This study also 
demonstrated that a  k  factor of 1.0 was reasonable 
for most paediatric lung disease states, overcom-
ing some of the diffi culties associated with QDC 
during high-rate, low tidal volume ventilation.   

14.1.2.2    Clinical Applications 
14.1.2.2.1    Assessment of EELV 
 The capacity of DC-coupled output RIP to 
achieve a stable baseline signal offers the poten-
tial to reliably measure change in EELV during 
mechanical ventilation, particularly high- 
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frequency and non-invasive ventilation. Most 
modern ventilators include continuous airway 
fl ow monitoring, allowing RIP to be calibrated 
easily and frequently during conventional forms 
of mechanical ventilation. 

14.1.2.2.1.1    Conventional Mechanical 
Ventilation 

 The fi rst use of RIP to measure EELV was in an 
adult population after open heart surgery (Valta 
et al.  1992a ,  b ). In this study, RIP was success-
fully used to measure the ΔEELV at different 

PEEP levels. This suggests that RIP may have 
potential to defi ne an optimal PEEP during con-
ventional mechanical ventilation in the paediatric 
population. RIP has frequently been used to mea-
sure ΔEELV during endotracheal tube suction 
(Copnell et al.  2009 ; Hoellering et al.  2008 ; 
Choong et al.  2003 ) (Fig.  14.3 ). In these studies, 
RIP has been able to accurately identify small 
changes in absolute and relative ΔEELV in 
infants and children ventilated with (Choong 
et al.  2003 ) and without (Hoellering et al.  2008 ) 
muscle relaxants.

Time (s)

ΔV
L(

m
L/

kg
)

0 20 35 50 65 80 95

0

10

−10

−20

−30

§

  Fig. 14.3    Change in lung volume during endotracheal tube 
suction using a closed technique in an animal model of paedi-
atric lung disease demonstrating the ability of RIP to docu-
ment changes in both EELV and  V  T . Insertion of the suction 

catheter into the endotracheal tube (†), ‡ application of nega-
tive pressure suction and § completion of suction process 
(Adapted from Copnell et al. ( 2009 ). Reproduced with permis-
sion © 2009 International Pediatric Research Foundation, Inc)       
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  Fig. 14.2    ( a ) Relationship between super syringe volume 
( V  Lsyr ) and RIP ( V  LRIP ) during a static pressure-volume 
curve between 0 and 40 cm H 2 O in a preterm lamb. RIP 
demonstrates a strong correlation over a wide range of 

lung volumes. ( b ) Resultant pressure-volume relationship 
after calibrating the RIP unit ( solid lines ).  Open circles ; 
Pressure –  V  Lsyr  relationship       
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   To date, there are no reports of the use of RIP 
as a guide to the optimal application of PEEP in 
the paediatric population, despite the potential 
RIP offers in this fi eld. Pilot data in preterm 
lambs suggest that RIP can map ΔEELV very 
effectively during conventional mechanical ven-
tilation (Fig.  14.4 ).

14.1.2.2.1.2       High-Frequency Ventilation 
 RIP has found a place in measurement of lung 
volume during high-frequency ventilation (HFV), 
in large part due to the diffi culties in assessing 
volumetric change with other devices. The non-
laminar gas fl ow during HFV makes pneumo-
tachographic measurement of tidal volume 
diffi cult and measurement of EELV impossible 
(Gerstmann et al.  1990 ). RIP measures volume 
change directly within the thoracic cavity and is 
unaffected by fl ow characteristics. RIP thus has 
the potential to measure both tidal volume and 
EELV during HFV. 

 Calibrated RIP has been used to measure 
changes in lung volume during endotracheal tube 
suction in a small population of infants receiving 
HFV (Tingay et al.  2007a ). This was achieved by 
calibrating the RIP voltage change against tidal 
volume at the airway opening in a series of tidal 
infl ations during conventional ventilation. This 
technique requires transient discontinuation of 
HFV and, possibly, disconnection from mechani-
cal ventilation. It is reasonable to conclude that 

this method of calibration would be accurate for 
short periods during HFV. Whether the calibra-
tion factors remain accurate over longer periods 
is questionable, especially in states of severe, or 
changing, lung disease (Tingay et al.  2007b ). 

 Even when uncalibrated, RIP still has clinical 
potential to measure relative changes in lung vol-
ume during HFV and avoids the limitations of 
calibration (Markhorst et al.  2006 ). On the bench- 
top, uncalibrated RIP accurately measures rela-
tive change in EELV during HFV between 
frequencies of 7 and 15 Hz (Brazelton et al. 
 1999a ), with a stable signal for up to 4 h in a ther-
mally constant environment (Brazelton et al. 
 1999b ). Signal stability beyond 3 h has not been 
confi rmed in human studies (Tingay et al.  2006 ). 

 Uncalibrated RIP has been shown to be a reli-
able method of assessing relative change in EELV 
during HFV in animal models of neonatal lung 
disease, agreeing with changes in lung volume 
measured using whole-body plethysmography 
(Weber et al.  2000 ), super-syringe-derived pres-
sure-volume relationships (Brazelton et al.  2001 ; 
Gothberg et al.  2001 ) and single-slice chest com-
puted tomography (Authors’ unpublished data). 

 The fi rst reported use of RIP to record changes 
in EELV during HFV was by Saari et al. ( 1984 ) 
in which dynamic hyperinfl ation was demon-
strated in seven adult patients receiving high- 
frequency ventilation. More recently, RIP has 
been used to describe the relationship between 
applied  P  aw  and thoracic volume during HFV in 
animal models of surfactant-defi cient lung dis-
ease. Identifi cation of lung overdistension during 
sequential increases in  P  aw  was possible in the 
healthy and surfactant-depleted piglet lung using 
RIP-derived static compliance (Weber et al. 
 2000 ). In both lung models, the relationship 
between applied  P  aw  and compliance fi tted a 
second- order sigmoidal model of the pressure- 
volume relationship (Venegas et al.  1998 ), with 
the  P  aw  resulting in overdistension translating to 
the upper infl ection point of the sigmoid curve, 
suggesting that RIP could be used to describe the 
infl ation limb of the pressure-volume relation-
ship (Weber et al.  2000 ). The same group has also 
shown that RIP-derived time constants of the 
lung can be used to identify the point of optimal 
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  Fig. 14.4    Change in end-expiratory lung volume (mL/
kg) during step-wise changes in PEEP in a preterm lamb. 
Ventilation applied using positive-pressure ventilation 
with a targeted tidal volume of 7 mL/kg       
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ventilation during sequential  P  aw  increases (Habib 
et al.  2002 ). 

 Increasingly, strategies which aim to apply 
HFV at the lowest possible  P  aw  that maintains lung 
volume after a recruitment manoeuvre are being 
advocated (Rimensberger et al.  1999a ,  b ,  2000a ,  b ; 
van Kaam and Rimensberger  2007 ; De Jaegere 
et al.  2006 ; van Kaam et al.  2003 ,  2004a ,  b ; 
Lachmann  1992 ; Vazquez de Anda et al.  1999 , 
 2000 ; Froese  1997 ). Mapping the volumetric 
response to recruitment is diffi cult at the bedside, 
and clinicians are limited to resorting to indirect 
indicators of lung volume, such as oxygenation. In 
a piglet model of paediatric acute respiratory dis-
tress syndrome (Brazelton et al.  2001 ) and term 
and preterm lambs (Gothberg et al.  2001 ), RIP has 
been used to demonstrate lung volume recruit-
ment, hysteresis and subsequent optimal  P  aw  on 
the defl ation limb of the pressure-volume relation-
ship of the lung. In both these studies, critical 
points within the pressure-volume relationship, 
including total lung capacity, were identifi able. 
RIP can also demonstrate improvement in the hys-
teresis of the lung after administration of exoge-
nous surfactant (Gothberg et al.  2001 ). 

 RIP has been used to map relative lung  volume 
changes during an open lung recruitment strategy 
in 15 term to near-term muscle-relaxed infants 
receiving HFV (Tingay et al.  2006 ). RIP was used 
to determine the relationship between EELV and 
applied pressure, oxygenation and lung mechan-
ics (Fig.  14.5 ). For the fi rst time, lung recruitment, 

hysteresis and the closing pressure of the lung 
could be identifi ed during HFV in infants. In addi-
tion, a direct relationship between oxygenation 
and lung volume was confi rmed. This study dem-
onstrated that uncalibrated RIP could be reliably 
used over prolonged periods (up to 3 h) to track 
ΔEELV. Subsequently, the authors were able to 
demonstrate that RIP could determine the time 
when stable EELV had been achieved after a pres-
sure change (Tingay et al.  2005 ).

14.1.2.2.1.3       Non-invasive Ventilation 
 Similar to HFV, application of non-invasive venti-
lation is to some extent hampered by a lack of reli-
able direct measures of lung volume. Despite the 
increasingly popularity of non-invasive modes of 
ventilation to treat neonatal and paediatric lung 
disease, a strategy to defi ne optimal continuous 
distending pressure (CDP) remains elusive. 
Interestingly, the use of RIP to measure EELV dur-
ing CPAP is limited to two studies in preterm 
infants (Courtney et al.  2001 ; Elgellab et al.  2001 ). 
In both studies, RIP was able to track the relation-
ship between PEEP and EELV during a series of 
PEEP changes from 0 to 8 cm H 2 O. One study 
measured relative ΔEELV using the RIP-
determined  V  T  value as a unit of volume (Elgellab 
et al.  2001 ). The other calibrated the RIP signal to 
the pneumotachograph  V  T  during a brief period of 
spontaneous breathing through a face mask 
(Courtney et al.  2001 ), a technique that has been 
validated previously (Brooks et al.  1997 ). Both 
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  Fig. 14.5    ( a ) Relationship between mean airway pres-
sure ( P  AW ) and EELV, measured with RIP ( V  LRIP ) during an 
open lung recruitment strategy in a muscle-relaxed term 
infant receiving HFOV for meconium aspiration syn-
drome. Open lung recruitment strategy consisted of a 
series of step-wise increases in  P  AW  ( open diamonds ) until 

total lung capacity, followed by step-wise decreases 
( closed circles ) until the closing pressure of the lung was 
identifi ed by persistent desaturation ( b ). ( c ) Relationship 
between HFOV tidal volume, measured by RIP ( V  TRIP ) 
and normalised to the maximum  V  TRIP  identifi ed, during 
the same open lung recruitment strategy       
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calibration techniques would be clinically repro-
ducible. The results of both these studies suggest 
that RIP may be useful in determining the optimal 
CDP during CPAP (Fig.  14.6 ).

14.1.2.2.2        Assessment of Tidal Volume 
and Breathing Patterns 

 The fi rst use of RIP to assess tidal breathing pat-
terns in spontaneously breathing infants was 
described by Duffty et al. ( 1981 ). Since then, RIP 
has been used extensively to assess tidal volume, 
thoraco-abdominal asynchrony and work of 
breathing in infants (Strömberg et al.  1993 ; 
Courtney et al.  2001 ; Habib et al.  2002 ; Dolfi n 
et al.  1982 ; Tabachnik et al.  1981 ; Stefano et al. 
 1986 ; Adams and Zabaleta  1993a ,  b ,  1994 ). 
These initial studies demonstrated the accuracy 
of RIP in measurement of  V  T , in calibrated and 
uncalibrated modes, even over long periods of 
time (Brooks et al.  1997 ). The accuracy of RIP 
compared favourably with impedance sensors 
and strain gauges (Adams and Zabaleta  1993b ). 
Apart from a direct measure of tidal volume, RIP 
allows the potential to assess the respiratory 
effort and pattern over time. As RIP is a measure 
of chest wall and abdominal movement, detec-
tion of apnoea is possible (Brooks et al.  1997 ; 
Weese-Mayer et al.  2000 ). During spontaneous 
breathing, knowledge of the synchrony of the 

abdominal and thoracic compartments is impor-
tant as the summated signal constitutes the mea-
sured tidal volume. If the two compartments are 
out of phase (paradoxical breathing), there is the 
potential for the summated time course signal to 
indicate no tidal ventilation (Fig.  14.7 ). Such 
states of signifi cant asynchrony of thoraco- 
abdominal motion signify poor lung mechanics 
and lead to signifi cant diaphragmatic work and 
fatigue (Musante et al.  2001 ; Schulze et al.  2001 ; 
Guslits et al.  1987 ).

14.1.2.2.2.1      Conventional Mechanical 
Ventilation 

 Due to the availability, relative ease and reliabil-
ity of pneumotachographic assessment of tidal 
volume at the airway opening, there are very few 
reports of assessment of tidal volume using RIP 
during conventional mechanical ventilation. RIP 
has been used to identify improved tidal volume, 
thoraco-abdominal synchrony and chest wall 
displacement after transition to proportional 
assist ventilation from CPAP (Musante et al. 
 2001 ). 

 RIP has been shown to be a reliable alterna-
tive to pneumotachography in driving ventilator 
synchronisation during conventional mechani-
cal ventilation in animal models of the normal 
and diseased paediatric lung (Schulze et al. 
 2001 ). The accuracy of the RIP bands was 
depended on a reliable calibration of the contri-
bution of each band to the summated signal. 
This accuracy diminished signifi cantly after 
body movement, limiting the use of the sum-
mated signal for prolonged mechanical ventila-
tion periods in ICU. Schulze et al. have proposed 
that the use of the abdominal band alone would 
overcome these diffi culties and offer the advan-
tage of being a leak- and dead-space-free 
method of determining spontaneous respiratory 
effort (Schulze et al.  2001 ). 

 Pneumotachography will be unreliable during 
states of rapid compliance change or respiratory 
asynchrony, such as endotracheal tube suction 
(Copnell et al.  2009 ; Hoellering et al.  2008 ) and 
surfactant administration. During these situa-
tions, RIP is likely to be a better indicator of tidal 
volume change in the thorax.  
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  Fig. 14.6    Uncalibrated RIP tracing in a preterm infant 
receiving CPAP at a continuous distending pressure 
( CDP ) of 5 cm H 2 O and 10 cm H 2 O. RIP is able to dem-
onstrate tidal volume, respiratory rate and change in end-
expiratory lung volume (ΔEELV). RIP units expressed as 
a proportion of the average tidal volume during the 5 cm 
H 2 O tracing       
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14.1.2.2.2.2    High-Frequency Ventilation 
 Assessment of  V  T  during HFV is problematic. 
Pneumotachographic measures at the airway 
opening provide an accurate trend of HFV  V  T  in 
vitro (Scalfaro et al.  2001 ), but do not correspond 
with the volumetric changes measurable at the 
chest wall. The accuracy of pneumotachography 
during HFV in humans has not been confi rmed 
(Zimova-Herknerova and Plavka  2006 ); thus, it 
should be considered at best a proxy for tidal 
changes more distally in the tracheobronchial 
tree. In contrast, RIP is a direct measure of chest 
wall movement during HFV and likely to be a 
better representative of tidal volume. In an ani-
mal model of paediatric acute lung injury, RIP 
tidal amplitudes could be accurately measured 
and altered accordingly with changing PEEP and 
compliance (Markhorst et al.  2005 ,  2006 ). RIP 

tidal amplitude could then be used to identify 
overdistension during HFV. A similar relation-
ship between volume state of the lung and RIP- 
derived  V  T  has been found in human infants 
receiving HFV (Fig.  14.5 ) (Tingay  2013 ). In this 
study, the RIP-derived  V  T  response approximated 
that of  V  T  measured by pneumotachograph 
(Tingay  2008 ).  

14.1.2.2.2.3    Non-invasive Ventilation 
 The early descriptions of RIP in infants related to 
tidal patterns in spontaneously ventilated sub-
jects (Strömberg et al.  1993 ; Duffty et al.  1981 ; 
Dolfi n et al.  1982 ; Stefano et al.  1986 ). Compared 
to pneumotachography, RIP shows good agree-
ment as a measure of  V  T  during CPAP and spon-
taneous ventilation in preterm infants (Bar-Yishay 
et al.  2003 ; Brown et al.  1998 ). Unlike face mask 
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  Fig. 14.7    RIP waveforms during tidal ventilation to illus-
trate synchronous (in phase;  a ), asynchronous ( b ) and 
paradoxical (completely out of phase;  c ) patterns of tho-
raco-abdominal motion. The resultant Lissajous plot 
(Konno-Mead plot) of rib cage ( RC ) against abdomen 
( AB ) displacement during a single breath (highlighted in 

 grey ) shown on the  right . Phase angles of 0° indicate per-
fectly synchronous thoraco-abdominal motion and 180° 
completely asynchronous motion. Poor lung mechanics 
and respiratory muscle fatigue is associated with highly 
asynchronous states (Figure courtesy of Dr Christopher 
Newth)       
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pneumotachography, RIP offers the ability to 
monitor tidal ventilation without signifi cant dis-
ruption and can determine the synchrony of ven-
tilation using the phase angle between the chest 
and abdominal tidal signals, sometimes expressed 
as a laboured breathing index (LBI). RIP has 
been used to demonstrate the effect of alterations 
in continuous distending pressure on tidal breath-
ing patterns in preterm infants receiving CPAP. A 
higher pressure (maximum 8 cm H 2 O) resulted in 
a better  V  T  and thoraco-abdominal synchrony and 
lower LBI, suggesting less work of breathing 
(Elgellab et al.  2001 ). Courtney and co-workers 
also demonstrated an association between 
increased respiratory rate and greater phase angle 
with CPAP delivered via nasal cannulae com-
pared with short binasal prongs (Courtney et al. 
 2001 ). These small studies suggest that RIP may 
be useful as a monitoring device during CPAP.    

14.1.2.3    Limitations 
 The most important limitation of RIP is the 
inability to determine the residual volume of the 
lung and absolute volume change. Furthermore, 
change in inductance measured by RIP is linearly 
related to total thoracic volume rather than gas 
volume per se. We have noted that RIP detects 
blood volume change within the chest during 
intravenous administration of fl uid boluses 
(Authors unpublished data). 

 Early RIP systems were also susceptible to 
signifi cant thermal drift, limiting the capacity to 
accurately monitor ΔEELV (Bhatia et al.  2010 ). 
Some modern RIP devices require up to 60 mins 
to achieve signal stability in a stable ambient 
temperature (Tingay  2008 ; Bhatia et al.  2010 ), 
but thereafter, signal stability is excellent and, in 
many cases, better than pneumotachographs 
(Markhorst et al.  2006 ; Brazelton et al.  2001 ; 
Tingay  2008 ). Drift appears to be less of an issue 
in newer RIP systems (Bhatia et al.  2010 ). The 
disease state of the lung may also affect the drift 
of the RIP signal. RIP was found to be unreliable 
during mechanical ventilation in adults with 
severe obstructive pulmonary disease (Neumann 
et al.  1998 ; Werchowski et al.  1990 ). 

 Strict adherence to a standardised method 
of transducer placement is required to reduce 

 intersubject variability (Landon  2002 ). The chest 
and abdomen are most likely to operate with 1° 
of freedom when transducers are placed at the 
level of the nipples and at, or just above, the 
umbilicus (Konno and Mead  1967 ; Tingay et al. 
 2006 ; Brooks et al.  1997 ; Weese-Mayer et al. 
 2000 ). Most reports of RIP during paediatric 
critical care have equally weighted the chest and 
abdominal contributions. There is some evidence 
to support this assumption in paediatric acute 
lung injury (Markhorst et al.  2006 ), although it 
should be noted that this assumption is not uni-
versally true and may signifi cantly alter measure-
ment error (Poole et al.  2000 ). 

 The greatest hindrance for RIP is the lack of 
commercially available products specifi cally for 
intensive care use. Until RIP devices that mea-
sure changes in EELV and  V  T  are integrated into 
modern monitoring systems, the potential for RIP 
is limited to a research tool.  

14.1.2.4    Future Directions 
 The use of RIP in the resuscitation of newborn 
infants has not been described. Birth is a time of 
signifi cant volume change in the lung. 
Increasingly, the need to establish adequate aera-
tion is being recognised. Theoretically, RIP may 
offer promise in this clinical environment. 
Preliminary data in animal models of prematurity 
show that RIP can demonstrate tidal and end- 
expiratory lung volume change during resuscita-
tion at birth (Fig.  14.8 ). As bedside lung 
mechanics monitors incorporating airway fl ow, 
pressure and RIP measures become available, the 
potential for RIP to guide newborn resuscitation 
should be investigated.      

 Essentials to Remember 

•     RIP is a non-invasive method of mea-
suring absolute or relative changes in 
thoracic volume.  

•   RIP is an accurate method of measuring 
breathing patterns and tidal volume, 
without the limitations associated with 
measurements at the airway opening.  
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  Fig. 14.8    Change in airway 
pressure ( a ) and lung volume 
(calibrated RIP, mL/kg;  b ) 
during a sustained infl ation 
applied at birth, followed by 
positive pressure ventilation, 
in a preterm lamb       

•   More recently, RIP has shown promise 
as a reliable method of determining 
ΔEELV in the mechanically ventilated 
patient.  

•   At present, RIP remains an important 
tool for respiratory research at the bed-
side in ICU.  

•   In the future, with development of com-
mercially available RIP units that over-
come some of the inherent limitations 
present in current systems, RIP has the 
potential to be a valuable monitoring 
tool in paediatric and neonatal intensive 
care.    

 Educational Aims 

 This chapter aims to give an understanding 
of:
•    The plethora of information on the het-

erogeneity of lung disease, the response 
to recruitment and the distribution of 
aeration that has been gained by com-
puted tomography  

•   The value of other imaging techniques, 
including magnetic resonance imaging 
and positron emission tomography, in 
the study of the diseased lung  

•   The limitations of these imaging tech-
niques in ventilated infants and children    
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14.2     Lung Imaging Methods 

    Peter     A.     Dargaville     

14.2.1    Computed Tomography 

 The purpose of this section is to detail the 
advances in understanding of the diseased lung 
and its response to ventilation that have been 
made with the assistance of computed tomogra-
phy. The use of CT imaging as a diagnostic tool in 
the ventilated infant and child is not discussed. 

14.2.1.1    What Have We Learned from 
Computed Tomography of 
the Lung? 

 Since the earliest reports of the appearances of 
the lung in a ventilated subject using axial CT 
imaging (Brismar et al.  1985 ), a considerable 
body of knowledge has accumulated regarding 
the abnormalities of infl ation and aeration in the 
diseased lung. Valuable insights have been gained 
both from experimental studies in animal models 
of lung disease and from ventilated humans, most 
of whom have been adults with acute respiratory 
distress syndrome (ARDS) (Gattinoni et al. 
 2001 ). In view of the radiation hazard, CT imag-
ing specifi cally for delineation of patterns of 
aeration has not been performed in any system-
atic way in ventilated neonates, infants or chil-
dren, but much of the data obtained in adult 
humans has direct relevance to even the smallest 
ventilated subject. The key observations made 
using CT imaging of the diseased lung are sum-

marised in Table  14.1  and discussed further 
below.

   A seminal observation from axial CT imaging 
in ARDS was that, in the face of relatively diffuse 
opacifi cation on plain X-ray, lung densities are 
inhomogeneously distributed on axial CT slices 
(Fig.  14.9 ) (Gattinoni et al.  1986 ,  2001 ). It is now 
clear that ARDS is a patchy disease which 
includes areas of opacifi cation and consolidation 
interspersed with regions in which relatively nor-
mal lung architecture and aeration remain. It is 
presumed that ARDS in infancy and childhood, 
as well as a number of neonatal lung diseases 
(including meconium aspiration syndrome), are 
similar morphologically. This has implications 
for the type of ventilation strategy to be used and 
its potential effectiveness, particularly if there are 
large areas of consolidation resistant to reinfl a-
tion that are in juxtaposition with areas of rela-
tively unaffected lung prone to hyperinfl ation. 

 Several descriptions of the morphological pat-
tern of CT densities exist in ventilated patients 
with ARDS. The densities have been classed as 
diffuse, lobar or patchy (Puybasset et al.  2000 ), 
with the diffuse pattern being associated with a 
greater response to recruitment (Constantin et al. 
 2010 ). The pattern of lung densities has also been 
recognised to differ based on whether the lung 
disease is pulmonary or non-pulmonary in origin 
(Pelosi et al.  2003 ). In the latter case, the major 
impairment of compliance involves the chest 
wall, including the diaphragm, which may be 
subjected to signifi cant limitation of movement 
in cases of abdominal sepsis or trauma (Pelosi 
et al.  2003 ). Not surprisingly, supra- diaphragmatic 
lung regions are most prone to atelectasis when 
there is diaphragmatic splinting of this type. 
Examples in childhood are a preterm infant with 
necrotising enterocolitis or a child with acute 
pancreatitis, but again no systematic CT imaging 
studies have been performed. 

 CT imaging in ARDS has also revealed that 
the inhomogeneous distribution of lung densities 
is, in part, gravity-related. The potential for 
superimposed pressure to cause compression 
atelectasis of dependent lung regions is now 
understood (Pelosi et al.  1994 ), as is the height-
ening of this effect in the diseased lung where the 
gas to tissue ratio is decreased throughout the 

   Table 14.1    Information derived from computed tomog-
raphy of the diseased lung   

 Inhomogeneity of lung expansion even with a relatively 
diffuse disease on plain X-ray 
 Effect of superimposed pressure on the dependent 
regions of the diseased lung 
 Presence of aeration “compartments” – non-aerated, 
poorly aerated, normally aerated and hyperinfl ated – in 
the diseased lung 
 Changes in lung aeration and recruitment (reduction in 
non-aerated lung) during ventilatory manoeuvres 
 Estimation of the potential for recruitment 
 Coincidence of recruitment and hyperinfl ation during 
tidal ventilation 
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lung (Fig.  14.10 ). CT imaging has shown that 
dependent atelectasis occurs in the normal lung 
under anaesthesia (Brismar et al.  1985 ) and can 
be identifi ed in the full-term newborn with pan- 
alveolar disease (Fig.  14.11 ). Lung regions 
affected by dependent atelectasis are potentially 

recruitable with ventilatory manoeuvres, and this 
form of atelectasis can be counteracted by the use 
of positive end-expiratory pressure (PEEP) 
(Gattinoni et al.  1993 ). For overcoming the 
effects of superimposed pressure in the most 
dependent regions, theoretical considerations 
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  Fig. 14.10    The gradient of superimposed pressure. 
Increased mass of diseased lung (at  right ) causes in 
increased superimposed pressure, which, in turn, leads to 
a “gas squeezing” from the most dependent lung regions. 

Superimposed pressure is expressed as cm H 2 O 
(Reproduced from Gattinoni et al. ( 2001 ) with permission 
of the American Thoracic Society. Copyright © American 
Thoracic Society)       
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  Fig. 14.9    Inhomogeneity of lung densities in acute respi-
ratory distress syndrome. Anteroposterior chest X-ray 
(panel  a ) and axial CT scans at the level of the apex ( b ), 
hilum ( c ) and base ( d ) in a ventilated adult with acute 
respiratory distress syndrome from sepsis. Images were 
taken at a PEEP of 5 cm H 2 O. The chest X-ray shows rela-

tively diffuse opacifi cation, sparing the right upper lung. 
The CT scans show inhomogeneous disease in both the 
craniocaudal and sternovertebral gradients (Reproduced 
from Gattinoni et al. ( 2001 ) with permission of the 
American Thoracic Society. Copyright © American 
Thoracic Society)       
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would suggest that a PEEP level (in cm H 2 O) 
equivalent to the anteroposterior diameter of the 
chest (in cm) is required. This estimate assumes a 
highly diseased lung with a gas to tissue ratio 
close to zero (Hickling  2001 ).

14.2.1.2        Measurements of CT 
Densities 

 CT imaging has allowed not only delineation of 
the morphological pattern of pulmonary densi-

ties but also a quantitative analysis of lung aera-
tion and its alteration during ventilatory 
manoeuvres. The value of CT in this regard is 
the use of the Hounsfi eld unit (HU) scale 
(Fig.  14.12 ), which allows a gas to tissue ratio 
and gas volume to be derived for each voxel (CT 
volume unit) within an axial slice and also 
allows the lung to be separated into aeration 
“compartments” (Fig.  14.12 ). An aeration com-
partment is the cumulative sum of all lung units 

a b

  Fig. 14.11    Inhomogeneity in the ventral-dorsal axis 
revealed by CT scanning. Anteroposterior chest X-ray 
(panel  a ) and single-slice CT scan (panel  b ) from a 3-week-
old ventilated infant with surfactant protein B defi ciency. 
The chest X-ray shows diffuse  reticulogranular  opacifi cation, 

refl ecting the pan-alveolar nature of the disease. The CT 
shows the inhomogeneity of lung expansion in the antero-
posterior axis, with dependent atelectasis largely attribut-
able to superimposed pressure       
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  Fig. 14.12    The Hounsfi eld unit scale. The complete 
span of values from bone (+1,000) through water (0) to air 
(−1,000) is shown at top, and below, the range of values 
found in the normal and diseased lung. The lung 

 parenchyma in a CT slice can be identifi ed on the basis of 
Hounsfi eld scores as being non-aerated (+100 to −100), 
poorly aerated (−100 to −500), normally aerated (−500 
to −900) or hyperinfl ated (−900 to −1,000)       
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in the CT slice having Hounsfi eld scores within 
a predefi ned range: non-aerated (−100 to 
+100 HU), poorly aerated (−100 to −500 HU), 
normally aerated (−500 to −900 HU) and hyper-
infl ated (−900 to −1,000) (Gattinoni et al.  2001 ; 
Vieira et al.  1998 ). This information can be rep-
resented graphically in a CT histogram 
(Fig.  14.13 ), allowing the differences in aeration 
compartments to be highlighted in a normal and 
diseased lung.

    Quantitative CT scanning has been used to 
measure changes in aeration compartments with 
ventilatory manoeuvres (Vieira et al.  1998 ; Crotti 
et al.  2001 ; Pelosi et al.  2001a ; Albaiceta et al. 
 2004 ; Gattinoni et al.  2006 ; Lu et al.  2006 ; 
Pellicano et al.  2009 ). From these, much infor-
mation has been gained about the nature of, and 
potential for, lung recruitment (Crotti et al.  2001 ; 
Pelosi et al.  2001b ; Caironi et al.  2010 ), and the 
distribution of opening and closing pressures of 
lung units have been plotted (Crotti et al.  2001 ; 
Pelosi et al.  2001b ). The impact of changes in 
ventilatory strategy has been demonstrated, 
including both the resolution of atelectasis at 
higher PEEP levels (Fig.  14.14 ) and the potential 
for overdistension (Vieira et al.  1998 ). This infor-
mation has aided considerably in the 
 understanding of application of ventilation to the 
diseased lung.

14.2.1.3       Limitations of CT Scanning 
 CT scanning has not been used in ventilated 
neonatal and paediatric subjects solely for the 
purpose of evaluating lung aeration and recruit-
ment potential. This is chiefl y because of con-
cerns regarding radiation exposure (Mayo et al. 
 2003 ), although, with the advent of low-dose 
thin- section CT, the radiation dose may be 
5–10 % of that with conventional CT imaging. 
Other limitations are lack of availability of CT 
scanning time and the diffi culties and risks of 
transfer of ventilated neonatal and paediatric 
subjects to the CT scanning suite. For these rea-
sons, it is unlikely that CT imaging will become 
widely used as a tool for evaluating regional 
lung infl ation in this group. As discussed else-
where in this text, there is potential for electrical 
impedance tomography to give similar informa-
tion at the bedside of a ventilated subject, and 
experience with this form of imaging is growing 
(Frerichs et al.  2001a ).   

14.2.2    Magnetic Resonance 
Imaging 

 The use of magnetic resonance (MR) imaging 
of the lung parenchyma is essentially limited to 
quantifi cation of lung water content and its spa-

50

40

30

20

C
T

 n
um

be
rs

 fr
eq

ue
nc

y 
(%

)

H
yp

er
in

fla
te

d

N
or

m
al

ly
 a

er
at

ed

P
oo

rly
 a

er
at

ed

N
on

- 
ae

ra
te

d

10

0

−1000−900−800 −700 −600 −500 −400 −300 −200 −100 0 +100
CT numbers (Hounsfield units)

  Fig. 14.13    CT histograms. Representative CT histo-
grams from the normal lung ( solid line ) and a ventilated 
patient with acute respiratory distress syndrome (ARDS) 
( dashed line ). Lung compartments, as defi ned by CT 
numbers, are indicated by the  dotted lines . Note the pre-

dominance of non-aerated lung in the CT histogram in 
ARDS (Redrawn from Gattinoni et al. ( 2001 ) with per-
mission of the American Thoracic Society. Copyright © 
American Thoracic Society)       
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tial distribution, using proton density-weighted 
images. Given the relative lack of fat and other 
hydrogen-bound complexes in the lung, there 
is a direct relationship between proton density 
and lung water content. Studies in experimental 
animals (Schmidt et al.  1986 ; Viard et al.  2008 ), 
as well as human adults (Mayo et al.  1995 ) and 
preterm infants (Adams et al.  2002 ), have con-
fi rmed that MR imaging can quantify the water 
content of the lung and indicate its distribution. 
A measurable increase in water content has been 
demonstrated in animals with experimental pul-
monary oedema (Schmidt et al.  1986 ). Gravity-
related maldistribution of lung water, with higher 
water content in the dependent regions, has been 
observed on MR imaging (Adams et al.  2002 ). 
Clearance of lung liquid after birth has been 
measured in preterm lambs using the technique 
(Viard et al.  2008 ).

   A single report from a neonatal unit with an 
onsite MR imaging suite has provided  information 
on the lung water content and distribution in the 
term and preterm newborn (Adams et al.  2002 ). 
The lungs of preterm infants showed consider-
ably greater water content than their term coun-
terparts and a more obvious sternovertebral 
gradient in water distribution (Fig.  14.15 ). Rapid 
redistribution of the density gradient occurred 
after turning prone, and lung water appeared to 

be more uniform in prone position than when 
supine (Adams et al.  2002 ).

   Another application of MR imaging, not pre-
viously used in ventilated infants or children, is 
the use of hyperpolarised helium ( 3 He) as a means 
both of tracking distribution of ventilation 
(Rudolph et al.  2009 ) and, intriguingly, of mea-
suring intrapulmonary oxygen concentration 
(Eberle et al.  1999 ). Access to high-grade  3 He gas 
and the gas delivery device required to control its 
administration are limiting factors to the wider 
application of this technique. 

 The limited availability of MR facilities, along 
with the need for non-ferrous ventilators and 
monitoring equipment, means that MR imaging 
is unlikely to become more widely used in the 
future for evaluation of either lung water content 
or ventilation distribution in neonatal and paedi-
atric subjects on ventilatory support.  

14.2.3    Positron Emission 
Tomography 

 Positron emission tomography (PET) is a three- 
dimensional functional imaging technique often 
combined with CT, which is based around detec-
tion of gamma radiation from a positron-emit-
ting radionuclide. In the clinical setting, PET 

PEEP 6 cm H2O PEEP 10 cm H2OPIP 28 cm H2O

  Fig. 14.14    Extremes of regional aeration during 
mechanical ventilation. Supra-diaphragmatic axial CT 
images in a 5 kg piglet with lung injury after repeated 
saline lavage. Areas of non-aerated lung (+100 to 
−100 HU) are traced in blue, and areas of hyperinfl ation 
(−900 to −1,000 HU) in red. At a PEEP of 6 cm H 2 O, 
53 % of the voxels are non- aerated, and only 0.15 % are 

hyperinfl ated. After a tidal infl ation to a PIP of 28 cm 
H 2 O, very little non-aerated lung remains (2 %), but there 
is demonstrably more hyperinfl ation (2.5 % of all voxels). 
Ventilation with a PEEP of 10 cm H 2 O results in consider-
able improvement in end-expiratory collapse (22 % non-
aerated), with minimal effect on hyperinfl ation (0.43 %)       
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 scanning is used quite extensively for diagnostic 
imaging of suspected pulmonary malignancy. 
In the research laboratory, PET techniques have 
been applied in experimental animals for the 
estimation of regional lung perfusion and water 
content (Schuster and Howard  1994 ; Richard 
et al.  2002 ) and for the evaluation of pulmonary 
infl ammation and ventilator-induced lung injury 
(Kirpalani et al.  1997 ; Monkman et al.  2004 ; 
Costa et al.  2010 ). These latter studies used 
 18 fl uorodeoxyglucose, a tracer that is taken up 
into neutrophils and thus preferentially localises 
in areas of infl ammation, including in the lung 
parenchyma. In newborn piglets, a clear increase 
in tracer uptake by the lung has been noted after 
injurious ventilation compared to controls with 
normal lungs (Kirpalani et al.  1997 ). Increased 
tracer uptake was seen in ventilated sheep with 
endotoxaemia to be localised to regions that were 
both aerated and perfused (Costa et al.  2010 ), sug-
gesting that factors beyond gas distribution alone 
contribute to regional neutrophilic infl ammation 
during lung injury with associated endotoxaemia. 

 A single investigative group has examined the 
possibility that PET scanning could discern differ-
ences in lung infl ammation in preterm infants with 
and without exposure to  infl ammation  prenatally 

(Andersen et al.  2003 ). No clear  differences in 
 18 FDG uptake were observed in preterm infants 
with a history of maternal chorioamnionitis com-
pared with those with no antenatal infl ammation. 
Several infants with no apparent systemic infl am-
matory response had very high tracer uptake in 
the lung on PET scanning (Andersen et al.  2003 ). 
This study did not point to a potential role for PET 
scanning in the investigation of lung infl amma-
tion in the ventilated preterm infant, and no fur-
ther studies have been forthcoming.    

a b

  Fig. 14.15    Magnetic resonance images of the term and 
preterm lung. Cross-sectional T1-weighted magnetic res-
onance images at the level of the left atrium in a healthy 
term infant (panel  a ) and 26-week gestation infants at day 
4 of life (panel  b ). Signal intensity in the lung parenchyma 
is higher in the preterm infant, with a more obvious 

anteroposterior gradient of increasing signal intensity, 
representative of increased parenchymal water content in 
the dependent lung regions (Redrawn from Adams et al. 
( 2002 ) with permission of the American Thoracic Society. 
Copyright © American Thoracic Society)       

 Essentials to Remember 

•     CT imaging of the diseased lung has 
revealed the heterogeneity of parenchy-
mal densities, related both to random 
distributional effects and to gravity-
related compressive forces acting on 
dependent regions.  

•   CT imaging in ventilated adults with 
acute respiratory distress syndrome can 
map the distribution of opening pres-
sures and quantify the potential for 
recruitment in response to sustained air-
way pressure.  
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14.3    Bedside Lung Imaging 
Methods (Electrical 
Impedance Tomography) 

    Inéz     Frerichs    

14.3.1    Introduction 

 The use of established radiological imaging 
methods in respiratory monitoring of mechani-
cally ventilated infants is limited especially 
because of the imposed radiation load or the 
necessity of patient transport to the examination 
site. Ventilated patients would benefi t from new 
monitoring approaches providing instantaneous 

assessment of regional lung function at the 
 bedside and enabling more rapid adjustment of 
ventilator settings. The non-invasive and radia-
tion-free method of electrical impedance 
tomography (EIT) has recently been proposed 
as a possible future monitoring tool in this indi-
cation. EIT allows the assessment of regional 
lung ventilation and of changes in regional lung 
volumes based on the measurement of electrical 
properties of the lung tissue. EIT has no known 
hazards and can be applied at the bedside. 
However, EIT has not been used routinely in a 
clinical setting, thus, its usefulness still has to 
be proved. Several small clinical studies in neo-
natal and paediatric patients indicate the poten-
tial of EIT monitoring. To establish the method 
as a  routine medical examination tool, further 
 development of the EIT hardware and software is 
necessary. Defi nition of the most adequate EIT 
examination procedures providing measures 
suitable for clinical decision-making and opti-
mising the ventilator therapy is the other 
prerequisite.   

14.3.2    Technique 

14.3.2.1    Electrical Bioimpedance 
 The idea of imaging the human body by elec-
trical current is not new. It is based on the fact 
that the tissue electrical properties are not uni-
form and vary among different organs (Geddes 
and Baker  1967 ). Biological tissues can con-
duct electrical current; however, their opposi-
tion to the transmission of current is not the 
same. 

 In general terms, any opposition of a medium 
to transmission of a time-varying signal is called 
impedance. If this medium is a biological tis-
sue, then we speak of bioimpedance. If the time- 
varying signal used to probe the biological tissue 
is alternating electrical current, then the term elec-
trical bioimpedance is used. The measurement of 
electrical bioimpedance is already being utilised 
by a few medical technologies (Table  14.2 ). In 
electrical impedance tomography (EIT), images 
of the distribution of electrical bioimpedance 
within the body are generated.

 Educational Aims 

•     To understand the measuring principle 
of EIT  

•   To learn how EIT is able to track changes 
in regional lung volumes and tidal vol-
ume distribution as well as to determine 
regional dynamic phenomena in lung 
ventilation  

•   To identify the potential benefi t of func-
tional EIT lung imaging in monitoring 
of ventilated neonatal and paediatric 
patients  

•   To identify the present limitations and 
drawbacks of EIT    

•   MR imaging and PET scanning have 
contributed to the understanding of lung 
water content and distribution of aera-
tion, but are not currently used in the 
clinical setting for these applications.  

•   The limited availability of these imag-
ing techniques, coupled with technical 
diffi culties peculiar to each, precludes a 
recommendation for their use in the 
management of ventilated infants and 
children with lung disease.    
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   The fi rst attempts to produce electrical bio-
impedance images of the body originate already 
from the late 1970s of the last century. They 
aimed at generating anterior to posterior chest 
images, similar to chest radiography (Henderson 
and Webster  1978 ). The fi rst EIT system produc-
ing cross-sectional, i.e. tomographic images 
of the human body was developed by David C. 
Barber and Brian H. Brown in the early 1980s of 
the last century (Barber and Brown  1984 ).  

14.3.2.2    EIT Setup 
 EIT uses a set of measurement electrodes which 
are attached on the surface of the studied body 
section. If an EIT examination is performed on 
the chest, then the electrodes are placed on the 
chest circumference usually in one transverse 
plane (Fig.  14.16 ). The electrodes either are 
 integrated in an electrode band or are individu-
ally attached on the thorax wall. In the latter case, 
conventional self-adhesive ECG electrodes may 
be used. The use of X-ray translucent electrodes 
is also possible. The electrodes are connected 
with the EIT device by leads.

   Most of the currently used EIT systems use an 
array of 16 electrodes. This number of electrodes 
is a good compromise securing suffi cient image 
resolution and equidistant placement of elec-
trodes without the risk of undesirable accidental 
electrode contact. Eight- and thirty-two-electrode 
EIT systems have also been developed; however, 
the loss in spatial resolution or the necessity of 
placing a large number of electrodes on the chest 
makes these systems less adequate.  

14.3.2.3    EIT Data Acquisition 
 During an EIT examination, minute alternating 
electrical currents are injected into the body. 
These currents have an amplitude of only a few 

mA and a frequency in the range of approximately 
10 kHz–1 MHz. The currents are applied between 
adjacent pairs of electrodes in most of the EIT 
systems. The current-carrying electrode pairs are 
cyclically activated, and the current injection 
rotates around the body. During each application 
of electrical current, the resulting potential differ-
ences are measured between all other passive 
electrode pairs. The voltage distribution devel-
oped on the surface of the chest is determined by 
the internal distribution of electrical resistances 
within the chest and its shape. Also in the case of 
voltage measurement, adjacent electrodes are 
preferentially used. With the described 16-elec-
trode arrangement and pattern of rotating current 
application and voltage measurement, a total of 
208 voltage values are acquired during each scan 
cycle. The maximum EIT scan rate is rather high. 
With up to 50–60 scans/s, it is much higher than 
in other, classical radiological tomographic meth-
ods, like computed tomography or magnetic reso-
nance imaging.  

   Table 14.2    Medical examination techniques based on 
the measurement of electrical bioimpedance   

 Method 
 Main information 
retrieved 

 Bioimpedance analysis  Body composition 
 Impedance cardiography  Cardiac output 
 Impedance pneumography  Respiratory rate 
 Impedance tomography  Body imaging 

  Fig. 14.16    Measuring principle of EIT. An array of sur-
face electrodes is attached on the chest circumference in 
one transverse plane and connected via leads with the EIT 
device. Very small alternating electrical currents are con-
secutively applied through all adjacent pairs of electrodes. 
The resulting potential differences are measured at all 
passive electrode pairs during each current application. 
The process of current applications and acquisitions of 
potential differences rotates around the chest at high rates       
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14.3.2.4    EIT Image Reconstruction 
 The set of electrical voltages acquired at the chest 
surface as a result of electrical current application 
during each scan cycle is used to calculate the dis-
tribution of electrical impedance within the tho-
rax. The calculated impedance values are then 
converted to a two-dimensional, cross- sectional 
EIT scan in an either grey or colour scale. This 
process of generation of impedance distribution 
images from the measured potential differences 
and known excitation currents is called image 
reconstruction (Barber  1990 ; Morucci and Marsili 
 1996 ). 

 The generation of EIT scans is not easy. This is 
fi rst of all related to the fact that the human body 
is a three-dimensional object. Electrical currents 
applied through the electrodes at the boundary of 
the chest are not confi ned to the two- dimensional 
transverse plane, defi ned by the electrode array. 
The currents also fl ow into more distant regions, 
and their pathways are not known. This means 
that EIT scans always refl ect not only the imped-
ance distribution in the studied plane but are also 
affected by tissues lying outside of the measure-
ment plane, although with lower sensitivity. 
Another point is that the currents tend to penetrate 
less into the deeper chest regions. Therefore, the 
spatial resolution also tends to be poorer in the 
centre than at the chest periphery. 

 In general, there exist three major ways how 
EIT scans can be generated (Boone et al.  1997 ). 
The fi rst approach aims at depicting the distribu-
tion of absolute values of electrical impedance 
within the chest. Although such images have 
already been obtained in vivo, their quality was 
rather poor. This is mainly because these images 
are very sensitive to EIT data collection errors 
and require the knowledge of the shape of the 
body. The same limitations also apply to the sec-
ond approach, which tries to differentiate the tis-
sues based on their varying response to electrical 
currents of different frequencies. The most fre-
quently used approach is the third one, in which 
changes or differences in electrical impedance 
are determined and converted to EIT scans. The 
advantages of this approach are that errors tend to 
cancel and the uncertainties about the body shape 
do not affect the image quality. The calculated 

impedance changes are often normalised by 
relating them to a reference state of impedance. 
This is, for instance, done when the so-called 
weighted backprojection (Barber  1990 ) is used, 
which has been the most often used method of 
EIT image reconstruction in in vivo EIT imaging 
so far. All EIT scans shown in the fi gures in this 
chapter have been generated using this type of 
image reconstruction. 

 The weighted backprojection algorithm is a 
rather old approach to image reconstruction 
known to be associated with several assumptions 
which are not met during measurements in 
humans. Nevertheless, it has been successfully 
applied in multiple clinical studies. Several other 
EIT image reconstruction algorithms have been 
developed over the past 20 years; however, their 
performance has mostly been tested only under 
in vitro conditions. EIT image reconstruction is 
one of the most active fi elds in EIT research. 
Only recently, an initiative of a large and repre-
sentative group of experts has been formed to 
develop a unifi ed reconstruction algorithm for 
lung EIT imaging which should secure the high-
est possible and uniform spatial resolution, accu-
racy and sensitivity (Adler et al.  2009 ).   

14.3.3    Image Interpretation and 
Qualitative Analysis 

 An EIT chest examination results in a series of 
EIT scans acquired during a selected period of 
time (Fig.  14.17 ). In ventilated patients, these 
scans usually cover a period of multiple breaths, 
a ventilation manoeuvre (for instance, a pressure- 
volume manoeuvre, suctioning) or another inter-
vention (change in ventilator settings or mode).

   Such series of individual EIT scans can be dis-
played directly online during the data acquisition 
or offl ine after the completion of the examina-
tion. Thanks to the high EIT scan rates, they 
result in a video sequence of the instantaneous 
distributions of electrical impedance in the chest. 
Such videos are dominated by the large imped-
ance changes associated with the variation in 
regional lung volume; the much smaller changes 
in the cardiac region are often also discernible. 
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The even smaller cyclic EIT signal variation 
caused by lung perfusion is usually masked by 
the large impedance changes during ventilation. 
Thus, lung perfusion only becomes visible in 
such video sequences when the lung air content 
does not change, e.g. during apnoea. The series 
of individual EIT scans are usually considered 
only the fi rst step in further evaluation. 

 EIT can track rapid regional changes in electri-
cal impedance in the chest cross-section resulting 
from the physiological processes like ventilation, 
heart action or lung perfusion. Figure  14.17  illus-
trates this capability of EIT by showing the 
regional tracings of EIT data in three image pix-
els. These tracings reveal the typical ventilation-
related variation of the EIT signal as well as the 
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  Fig. 14.17    Chest EIT scans and regional EIT tracings. 
During an EIT examination, a series of EIT scans is 
acquired showing the instantaneous distribution of electri-
cal impedance changes in the chest cross-section relative 
to a reference state ( top left ). In this example, the refer-
ence impedance distribution corresponded to the average 
impedance distribution during a 20-s long phase of 
mechanical ventilation. Thus, the EIT scans show higher 
regional impedance values at higher regional lung vol-
umes ( light tones ), lower values at lower volumes ( dark 
tones ) or minimum changes when the regional lung vol-
umes were close to the reference volumes. The tracing of 
global EIT data ( bottom left ) was generated by summing 
up all 912 image pixel values of relative impedance 
change (rel.Δ Z ) in each scan of the acquired series and 
plotting them as a function of time. An increase in imped-
ance values occurs during inspiration, a fall in impedance 
is observed during expiration. The light grey circles and 
the dotted arrows indicate at which moment of the respira-
tory cycle; the four EIT scans were obtained. The tracings 
of regional EIT data ( right ) originate from three image 

pixels shown as small squares in the EIT scans. The  top  
tracing is a plot of a time series of local relative imped-
ance change obtained in pixel 1 which was located in an 
anterior region of the chest. Thus, the signal contains 
impedance changes related to ventilation superimposed 
on which are the more frequent changes synchronous with 
the heart rate. The  middle  tracing originates from the pixel 
2 located at the edge of the left lung region showing pre-
dominantly the ventilation- related impedance changes. 
The  bottom  tracing was obtained in the pixel 3 in the right 
lung region and shows the highest ventilation-related 
changes in impedance with time. (The EIT data presented 
in this fi gure originate from an EIT examination of an 
8-week-old infant with a body weight of 4,585 g and a 
length of 56 cm. The infant suffered from posthaemor-
rhagic hydrocephalus and was studied in the operating 
room prior to surgery during continuous positive pressure 
ventilation with a tidal volume of 10 mL/kg body weight 
and positive end-expiratory pressure of 4 cm H 2 O. The 
respiratory rate was 26 breaths/min, the inspiration/expi-
ration ratio was 1/1 and the fraction of inspired O 2  23 %)       
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heart beat synchronous variation detectable espe-
cially in the heart region. The excellent time reso-
lution of EIT with high scan rates allows even 
more frequent events to be tracked, like the very 
small and rapid air volume oscillations during 
high-frequency oscillation ventilation. 

 Thus, the regional pixel tracings of EIT data 
contain valuable compressed information on dif-
ferent aspects of the lung function which can be 
addressed and evaluated using various functional 
evaluation approaches. Functional EIT imaging 
allows the generation of the so-called functional 
EIT scans from the series of individual EIT scans 
which provide condensed and separate informa-
tion on one selected aspect of the lung function, 
e.g. the spatial distribution of lung volume 
changes or tidal volumes, as will be described in 
the next text section. A series of individual EIT 
scans containing hundreds or even thousands of 
scans may serve as a basis for generation of sev-
eral types of functional EIT scans. For instance, 
the functional EIT scan in Fig.  14.18  was gener-
ated from the 20-s series of 500 EIT scans shown 

in Fig.  14.17  and characterises the ventilation 
distribution in the chest cross section during this 
EIT examination.

14.3.4       Tracking Lung Volumes and 
Tidal Volume Distribution 

14.3.4.1    Changes in Regional Lung 
Volumes 

 The ability of EIT to track regional lung volume 
changes has been validated by several established 
imaging modalities (computed tomography, 
positron emission tomography, single-photon 
emission computed tomography, ventilation scin-
tigraphy) (Frerichs et al.  2002 ; Hinz et al.  2003b ; 
Kunst et al.  1998 ; Richard et al.  2009 ; Serrano 
et al.  2002 ; Victorino et al.  2004 ; Wrigge et al. 
 2008 ) and other medical methods (spirometry, 
inert gas washout) (Hahn et al.  1995 ; Harris et al. 
 1987 ; Hinz et al.  2003a ). 

 An increase in the lung air content leading to a 
rise in lung volume is accompanied by an increase 
in electrical impedance. Electrical impedance 
falls when lung volume decreases. These typical 
impedance changes occur regularly during the 
respiratory cycle both during spontaneous breath-
ing or mechanical ventilation. In ventilated 
patients, additional lung volume changes may 
result from altered ventilator settings. 

 Changes in positive end-expiratory pressure 
(PEEP) infl uence the aeration of the lungs and, 
consequently, the impedance level, on which the 
cyclic ventilation-related variation of the EIT sig-
nal is superimposed (Erlandsson et al.  2006 ; 
Frerichs et al.  1999a ,  2003a ; Meier et al.  2008 ). 
The changes in aeration may be spatially inho-
mogeneous, and it is the advantage of EIT that it 
can track these aeration changes on a regional 
level. For instance, an increase in regional electri-
cal impedance in the dependent lung regions after 
an increase in PEEP may indicate alveolar 
recruitment. Merely a small increase in imped-
ance in the nondependent regions with a pro-
nounced effect in other regions may hint at 
possible local overdistension. 

 Figure  14.19  illustrates the potential of EIT in 
tracking regional lung volumes in another exam-

a

p

r l

  Fig. 14.18    Functional EIT scan showing the distribution 
of tidal volume in the chest cross-section. This scan was 
generated from the same EIT examination presented in 
Fig.  14.17  by calculating the average regional tidal, i.e. 
inspiratory to expiratory difference in electrical imped-
ance in each image pixel during 20 s of mechanical venti-
lation. The spatial orientation of the scan is indicated ( a  
anterior,  p  posterior,  r  right,  l  left)       
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  Fig. 14.19    EIT examination during weaning from 
mechanical ventilation. A 30-s tracing of global EIT data 
is shown, generated by summing up all 912 EIT image 
pixel values of relative impedance change (rel.Δ Z ) from a 
series of 750 EIT scans. The examination was performed 
in a 10-week-old preterm infant with a body weight of 
2,500 g and a length of 44 cm. The data was acquired 
in a neonatal intensive care unit during postoperative 
weaning from mechanical ventilation after orchiopexy. 
The infant was ventilated in an assisted mode with syn-
chronised intermittent mandatory ventilation ( SIMV ). The 
respiratory rate was 16 breaths/min, the inspiration/expi-
ration ratio was 1/5.2, positive end-expiratory pressure 
3 cm H 2 O, peak inspiratory pressure 24 cm H 2 O and the 
fraction of inspired O 2  21 %. During the initial phase of 
the examination, highlighted by the fi rst light grey area, 
the EIT signal refl ects the typical lung volume changes 
occurring in the lungs during SIMV: the four large defl ec-
tions represent the larger ventilator-induced breaths, the 
smaller defl ections in between originate from the smaller 

 spontaneous tidal breaths. During the subsequent short 
apnoea, the impedance values fall to a new end-expira-
tory level due to loss in lung volume, followed by three- 
controlled ventilator-induced breaths during continuous 
positive pressure ventilation ( CPPV ), highlighted by 
the second  light grey area . The small and rapid imped-
ance signal fl uctuations, discernible especially during the 
apnoeic and CPPV phases, are synchronous with the heart 
rate of 152 beats/min. The three images at the  top  of the 
fi gure are functional EIT scans showing the distribution of 
tidal volumes: the left two of these scans were generated 
from the SIMV phase and provide the distribution of both 
ventilator-induced and spontaneous breaths, and the right 
image shows the tidal volume distribution during CPPV. 
Of note is the more pronounced ventilation of anterior 
lung regions during fully controlled ventilation without 
spontaneous breathing activity. The fi ve functional scans 
on the right show the changes in regional lung volume at 
different phases of the EIT examination compared with 
the lowest volume at end-expiration during CPPV       
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ple. This EIT examination was performed in a 
ventilated infant during weaning and shows the 
loss in lung volume after temporary cessation of 
spontaneous breathing activity during assisted 
ventilation. The lowest level of lung aeration was 
noted at end-expiration after the spontaneous 
breathing had ceased. Functional EIT scans can 
be generated which visualise the instantaneous 
level of aeration at different time points of the 
examination.

14.3.4.2       Tidal Volume Distribution 
 During tidal spontaneous or artifi cial ventilation, 
the highest values of electrical impedance occur 
at end-inspiration, the lowest at end-expiration. 
The differences between the regional peak and 
trough values of the EIT signal are representative 
of regional tidal volumes. If these regional differ-
ences between the maximum and minimum 
impedance values are calculated from one or 
more respiratory cycles in each image pixel, they 
may be converted in another type of a functional 
EIT scan showing the distribution of tidal volume 
in the chest cross-section. 

 The distribution of tidal volume is infl uenced 
by the type of ventilation (spontaneous vs. 
mechanical), body position and gravity and by 
the local mechanical properties of the lung tissue 
which may be nonhomogeneously altered by 
lung pathology. Figure  14.19  shows how the tidal 
volume distribution may vary even within a very 
short time interval. In the course of this EIT 
examination, which was already referred to in the 
above text, the studied infant was ventilated in an 
assisted mode of ventilation. Ventilation was 
accomplished by ventilator-induced breaths in 
combination with spontaneous breathing activity. 
The functional EIT scans of tidal volume distri-
bution generated from this phase of the EIT 
examination show that the regional tidal volumes 
were smaller during the spontaneous than 
ventilator- induced breaths; nevertheless, their 
spatial distribution was similar. An interesting 
phenomenon is revealed when the distribution of 
the ventilator-induced tidal volumes is compared 
between this phase and the phase when the infant 
ceased to breathe spontaneously. A more pro-

nounced distribution of the tidal volume to the 
nondependent anterior regions was found in the 
latter phase indicating that a spatial redistribution 
of tidal volume had occurred when the mechani-
cal breaths were applied at a lower end- expiratory 
lung volume.  

14.3.4.3    Combination of Functional 
EIT Information 

 It was explained in the above text that functional 
EIT scans of various types can be generated from 
the same EIT examination by application of vari-
ous evaluation steps and procedures. Figure  14.19  
provided an example in which functional EIT 
scans showing the tidal volume distribution and 
regional lung volume changes relative to the low-
est end-expiratory volume were obtained from the 
same EIT data by different analysis. The inter-
pretation of multiple functional EIT scans may 
offer a deeper insight into the regional lung func-
tion. Even more detailed understanding could be 
obtained if functional EIT information is extracted 
from examinations performed during predefi ned 
manoeuvres, for instance, during a PEEP trial 
(Frerichs et al.  2003a ; Meier et al.  2008 ). 

 The high scan rates achievable during EIT 
examinations allow an assessment of rapid 
dynamic phenomena in the regional lung func-
tion. Therefore, not only the above-mentioned 
regional lung volume changes and tidal volumes 
can be measured but also the dynamics of regional 
lung fi lling and emptying described (Frerichs 
et al.  2001b ). For instance, progressive fi lling of 
lung regions characterised by an increasing rate 
of impedance change may occur during tidal lung 
recruitment or degressive fi lling with a decreas-
ing rate of impedance change may arise from 
overinfl ation (Hinz et al.  2007 ). A regional time 
delay in an increase in impedance during lung 
infl ation (Wrigge et al.  2008 ) may be a sign of 
airway collapse with delayed opening of the 
affected lung units. Regional tracings of the EIT 
signal registered after a stepwise change in air-
way pressure may be used to calculate the distri-
bution of regional time constants. 

 Since many of the physiological processes in 
the lungs like ventilation and cardiac action, 
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which contribute to the time variation of the EIT 
signal, are of cyclic origin, they can be separated 
by using frequency fi ltering procedures (Dunlop 
et al.  2006 ; Frerichs et al.  2001a ,  2009 ). 
Independent analysis of these processes is then 
possible. For instance, the functional EIT scans 
of tidal volume distribution during ventilator- 
induced and spontaneous breaths during assisted 
ventilation shown in Fig.  14.19  could easily be 
generated because the ventilator and spontaneous 
breathing rates were not equal. 

 Thus, a variety of information on different 
aspects of regional lung function can be obtained 
from EIT examinations (Bodenstein et al.  2009 ; 
Brown  2003 ; Costa et al.  2009 ; Frerichs  2000 ). 
There exist two ways how this information can be 
used in clinical decision-making: (1) It can be 
visualised in form of functional EIT scans. This 
way of presentation is suitable if rapid informa-
tion on the spatial distribution of a chosen relevant 
lung function measure is needed. (2) Alternatively, 
the relevant EIT lung function measure can be 
calculated in meaningful pulmonary regions of 
interest (Pulletz et al.  2008 ; Victorino et al.  2004 ; 
Zhao et al.  2009 ) and used in its numeric form, for 
instance, to follow regional changes in lung func-
tion over time. EIT data are then acquired during 
a longer monitoring interval or as a series of short 
but repetitive examinations. This approach may 
be applied, for example, to establish if a recruit-
ment manoeuvre or a change in ventilator settings 
opened an atelectatic region with a non-transient 
effect on regional tidal volume.   

14.3.5    Clinical Experience 

 Clinical experience with EIT use for lung imag-
ing in neonatal and paediatric patients is scarce. 
Until 2009, less than 20 EIT studies have been 
conducted in this patient group, mostly in rather 
small numbers of patients. The number of experi-
mental and clinical studies in adults is much 
higher. Many of these studies possess a high 
degree of relevance for EIT application in the 
neonatal/paediatric fi eld. 

 EIT studies in neonates and infants have 
mostly been motivated by two goals. The fi rst one 

was to utilise the full non-invasiveness and lack of 
radiation of this new examination method to study 
such phenomena in the lung function which were 
previously not accessible to other established 
medical modalities or not ethically justifi ed. EIT 
enabled regional analysis of lung function in pre-
term infants or neonates. Even lung healthy babies 
could be examined by EIT during undisturbed 
spontaneous breathing. Since very little is known 
about the regional lung function in patients of this 
age group, EIT was able to provide valuable infor-
mation on the ventilation distribution under a 
variety of conditions. For instance, the signifi cant 
effects of body and head position and the infl u-
ence of the respiratory pattern (e.g. respiratory 
rate, sighs) on the spatial distribution of ventila-
tion were established (Frerichs et al.  2003b ; 
Heinrich et al.  2006 ). Furthermore, the differ-
ences in regional ventilation between preterm and 
term neonates could be addressed (Riedel et al. 
 2009 ). The specifi c features of the neonatal venti-
lation distribution pattern have been studied and 
compared with adults (Dunlop et al.  2006 ; 
Schibler et al.  2009 ; Smallwood et al.  1999 ). 
A few studies have been performed in neonates 
with the aim of determining the effect of matura-
tional changes on the lung electrical properties, 
showing that increased alveolisation is associated 
with higher electrical impedance of the lung tis-
sue (Brown et al.  2002a ,  b ). 

 The other studies were motivated by the 
awareness of the potential of EIT in monitoring 
ventilated infants. EIT was applied to determine 
the effects of changed ventilator settings or thera-
peutic procedures (surfactant administration, suc-
tioning) on regional lung function. These studies 
were performed in neonatal and paediatric inten-
sive care units and provided the fi rst evidence that 
useful feedback information can be generated by 
EIT at the bedside. The studied infant patients 
were followed by EIT during spontaneous breath-
ing and different modes of mechanical ventila-
tion (e.g. non-invasive and invasive ventilation in 
fully controlled conventional and high-frequency 
oscillation modes or assisted ventilation). It has 
been demonstrated that the  immediate effects 
of  changing PEEP, peak inspiratory pressure, 
inspiration-to- expiration time ratio and fraction 
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of inspired O 2  on the spatial distribution of ven-
tilation were discernible (Frerichs et al.  2001a ). 
Long-term monitoring of several days duration 
was also successfully accomplished to study 
regional lung ventilation in a critically ill neo-
nate before and after cardiac surgery (Frerichs 
et al.  1999b ). It has also been shown that rapid, 
regionally heterogeneous derecruitment induced 
by suctioning can be detected by EIT in children 
suffering from ARDS (Wolf et al.  2007 ). Finally, 
regional end-expiratory lung volumes were deter-
mined by EIT in ventilated infants with respira-
tory failure due to a respiratory syncytial virus 
infection (Kneyber et al.  2009 ).  

14.3.6    Limitations and Drawbacks 

 Although EIT certainly exhibits many features 
which make this medical technology interesting 
for monitoring regional lung function in neonatal 
and paediatric patients, it is too early to say 
whether it will be able to prove its applicability 
and value in a routine clinical setting. Table  14.3  
summarises the pros and cons of EIT imaging 
from the today’s point of view.

   With a clear lack of other alternative medical 
modalities suitable for monitoring regional lung 
function in ventilated infants at the bedside EIT 
possesses many intriguing characteristics: It 
allows continuous measurement of regional lung 
volumes and tidal volume distribution as well as 
the assessment of other regional measures char-
acterising the dynamics of lung behaviour during 
mechanical but also spontaneous breathing. To 
obtain this kind of information, no radiation 
exposure is necessary; there exist no known haz-
ards. After the application of EIT electrodes on 
the chest, continuous EIT scanning can easily be 
performed and interrupted any time. 

 The disadvantages of EIT comprise fi rst of all 
the relatively low spatial resolution of EIT scans. 
Although continuous technological development 
and use of more advanced image reconstruction 
procedures can be expected to improve the EIT 
image quality, image resolutions as known in 
conventional chest radiography, computed 
tomography and magnetic resonance imaging 

will never be possible (Seagar et al.  1987 ). 
However, it has to be pointed out that EIT is not 
intended to be recommended as a sole imaging 
method. A meaningful combination of patient 
examinations using conventional imaging modal-
ities, providing excellent anatomical information, 
and EIT, providing functional information, 
should be aspired. The conventional methods 
will make intermittent information on lung mor-
phology available; EIT will offer continuous 
monitoring of lung function. 

 The essential drawback of EIT at present is 
that it has hardly been applied in large clinical 
trials. The fi nal proof of clinical relevance and 
effi cacy is still lacking. Many of the intriguing 
data obtained by this method in ventilated neo-
nates and infants were merely small observa-
tional studies, in part, simple case reports. This 
means that EIT must be applied in larger groups 
of patients with clearly defi ned goals and out-
come measures. One of the most important objec-
tives should be the defi nition of appropriate 
procedures for standardised EIT examination of 
patients. Such procedures should provide rele-
vant EIT measures suitable for clinical decision- 
making and optimisation of ventilator therapy. 
Since EIT has the perspective of becoming a 
broadly used monitoring tool at the bedside, it 
will be operated by the medical personnel and not 

   Table 14.3    Pros and cons of EIT lung imaging   

 Advantages  Disadvantages 

 Non-invasiveness, no 
exposure to radiation, no 
known hazard 

 Poor spatial resolution 

 Low price  Necessity of surface 
electrodes or electrode 
bands 

 Small size, portability, 
bedside application 

 Hardware and software not 
yet optimised for clinical 
routine 

 Generation of 
tomographic images of a 
new biological quality 

 Procedures and quantitative 
parameters for clinical 
decision-making not yet 
defi ned 

 Good temporal resolution 
(i.e. high scan rate) 

 Large clinical studies 
lacking 

 Continuous examination 
(i.e. monitoring) 
 Functional imaging 
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only by a few specialists, as is the case today. 
Therefore, factors like practicability of applica-
tion and user friendliness of EIT data acquisition 
and evaluation will also play an important role in 
the clinical implementation of this technology.  

14.3.7    Perspectives 

 EIT has the potential of becoming a bedside moni-
toring tool for monitoring regional lung function 
in ventilated neonatal and paediatric patients. This 
perspective is based on (1) the clinical need for 
improved patient monitoring, (2) several positive 
characteristics of this technology which are supe-
rior to other existing imaging modalities and (3) 
promising fi ndings of hitherto existing EIT stud-
ies. The present interest in EIT is mainly driven by 
the increasing knowledge of possible detrimental 
effects of mechanical ventilation. If EIT monitor-
ing succeeds to be established in a clinical setting, 
then it may provide online feedback on regional 
lung function and its changes in response to modi-
fi ed ventilator settings and other therapeutic pro-
cedures. This may facilitate individually optimised 
mechanical ventilation and minimise the inci-
dence of ventilator- induced lung injury.       
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