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Background: Positioning of ill children is often used to optimise ventilation—perfusion
matching, thereby improving oxygenation.

Objectives: To determine the effects of supine and prone positions, and different head
positions, on the distribution of ventilation in healthy, spontaneously breathing infants and
children between the ages of 6 months and 9 years.

Methods: Electrical impedance tomography measurements were recorded from participants
in supine and prone positions. Head positions included the head turned to the left and right
in supine and prone positions, and in the midline in the supine position. Distribution of
ventilation was described using end-expiratory—end-inspiratory relative impedance change.

Results: A total of 56 participants (boys = 31 [55%]; girls = 25 [45%]) were studied. The
dorsal lung was significantly better ventilated than the ventral lung (P < 0.001) in both body
positions. The majority of participants (83%) had greater ventilation in the dorsal lung in
both positions, whilst five participants (10%) demonstrated consistently better ventilation in
the non-dependent lung in both positions. Head position had no effect on the distribution of
ventilation.

Conclusions: This study demonstrates that the distribution of ventilation in healthy,
spontaneously breathing infants and children in supine and prone positions is not as
straightforward as previously thought, with no clear reversal of the adult pattern evident.

Introduction

In ill and critically ill individuals, positioning is a non-invasive, inexpensive modality often
used to improve oxygenation (Gillies, Wells & Bhandari 2012). Whilst many studies describe
the effects of prone or supine positioning on factors such as mortality, arterial oxygenation,
functional residual capacity, work of breathing and ventilation—perfusion matching (Curley et al.
2005; Gattinoni ef al. 2001; Gillies et al. 2012; Pelosi, Brazzi & Gattinoni 2002), there are a limited
number of studies that describe effects on the distribution of ventilation, particularly in infants
and children older than 6 months.

To guide clinical practice, an understanding of what occurs under 'normal’ conditions is
essential. Until recently, positioning in the paediatric population has been based on the principle
that children preferentially ventilate the non-dependent lung in side-lying positions, as
suggested by earlier studies using invasive techniques (Davies et al. 1985; Heaf et al. 1983). This
‘paediatric pattern” is the opposite of that observed in adults, who preferentially ventilate the
dependent lung (West 2011). In adults, the dependent lung regions have a higher compliance,
which contributes to the better ventilation in these regions. It was postulated that in infants and
children, a greater degree of airway closure occurs in the dependent lung regions as a result of
more positive pleural pressures (Davies ef al. 1985; Heaf et al. 1983; Mansell, Bryan & Levison
1972; Papastamelos et al. 1995). Recent studies in neonates and infants up to 6 months of age
have questioned this principle and suggested that the distribution of ventilation is towards the
dependent lung (Frerichs et al. 2003; Hough 2008; Pham ef al. 2011; Schibler et al. 2009), which is
similar to what is seen in adults.

Lupton-Smith et al. (2013) recently reported the effect of side-lying positions on the distribution
of ventilation in healthy, spontaneously breathing children older than 6 months. Response to
positioning was found to be highly variable, with no clear ‘paediatric pattern’ of ventilation in
either the right or the left lung. Only a few studies have reported the effects of both supine and
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prone positioning on ventilation distribution in both the
ventral and dorsal lung regions in the paediatric population
(Pham et al. 2011; Schibler et al. 2009). Although head position
in supine and prone positions has been found to have an
effect on the distribution of ventilation in neonates and
newborns (Heinrich et al. 2006; Hough 2008), the effect in the
older paediatric population is still unknown.

The current study aimed to determine the effects of supine
and prone positions on the distribution of ventilation in
healthy, spontaneously breathing infants and children using
electrical impedance tomography (EIT). The effects of age
and head position on the distribution of ventilation in prone
and supine positions were also examined.

Research design
Research approach

This was a cross-sectional observational study, as described
previously (Lupton-Smith ef al. 2013).

Research method
Population and sampling

A total of 56 healthy, spontaneously breathing, unsedated
infants and children participated in the study. The
participants were all between the ages of 6 months and
9 years and were recruited from out-patient clinics and day
wards at Red Cross War Memorial Children’s Hospital in
Cape Town, South Africa. Participants were excluded if they
had any respiratory disease (acute, chronic or symptoms
in the preceding 6 weeks) or other factors, such as skeletal
deformities, neuromuscular disease or cardiac conditions,
impacting on respiratory mechanics. The same sample was
used to describe the effect of side-lying on the distribution of
ventilation (Lupton-Smith et al. 2013).

Ethical approval was obtained from the Human Research
Ethics Committee of the University of Cape Town (ref
126/2012). Written informed consent was obtained from
the parent or legal guardian of each participant and verbal
or written assent was obtained from participants where age
appropriate.

Procedure

The distribution of ventilation was measured using an
EIT device (Goettingen Goe-MF II EIT System; Viasys/
Carefusion, Germany). EIT is an emerging radiation-free,
non-invasive imaging tool that is well validated and able to
detect regional changes in ventilation in the lungs reliably
and reproducibly (Bodenstein, David & Markstaller 2009; De
Lema et al. 2008; Frerichs et al. 2007; Reifferscheid et al. 2011;
Victorino et al. 2004).

Measurements were recorded in both supine and prone
positions, with the head turned to the left and right in each,
as well as with the head in midline in the supine position.
Participants were first placed in the supine position with
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the head in midline. Subsequent head positioning was the
participant’s choice in both supine and prone positions. In
both positions, participants lay flat, with their arms extended
at their sides. Sixteen neonatal-sized electrodes (Blue Sensor
BR-50-K, Ambu, Denmark), connected to the EIT device,
were placed around the thorax at the level of the nipple
line. EIT scans were generated at 13 scans per second. EIT
measurements were recorded for as long as necessary
(approximately one minute) to obtain a series of reproducible
breaths in the required static position.

Offline analysis

Offline analysis was performed using Auspex Version 1.6
software (Viasys Healthcare, The Netherlands). The data were
filtered to eliminate the effect of the heart (Zadehkoochak
et al. 1992). A series of five consecutive reproducible breaths
was selected for analysis. These were breaths of similar
amplitude and without inspiratory or expiratory pauses.

Functional EIT (fEIT) images, similar to the example shown in
Figure 1, were generated using the average end-expiratory—
end-inspiratory relative impedance change. Calculations
were performed using the sum of pixel values of the fEIT
images for both global and regional relative impedance
change for specified regions of interest (ROIs). ROIs were
determined as described by Pulletz et al. (2006), with 20%
of the regression coefficient being used to determine the
contour. ROIs examined were the ventral and dorsal lung
regions, for analysis in supine and prone positions, and
ventral, dorsal, left and right lung regions for the analysis of
head position. Mean relative impedance change was used to
compare ventral, dorsal and global ROIs in supine and prone
positions, and the ventral, dorsal, left and right ROIs for the
effect of head position.

To determine the “pattern’ of ventilation in both supine and
prone positions, the proportion of ventilation (relative to
global) was compared in the dependent and non-dependent

Left

Dorsal

Source: Image generated with the Goettingen Goe-MF Il EIT System (Viasys/Carefusion,
Germany)

FIGURE 1: Functional electrical impedance tomography image from a participant
(aged 4-6 years) in supine position. Lighter areas represent a higher impedance
change (greater ventilation) and darker areas indicate areas of a smaller
impedance change (poorer ventilation).
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ROL. A greater proportion of ventilation occurring in the non-
dependent lung is described as a “paediatric pattern’, whilst a
greater proportion of ventilation occurring in the dependent
lung is described as an ‘adult pattern’. Where a greater
proportion of ventilation was consistently distributed to the
ventral or dorsal lung regions, these are further described as
‘dorsal” or “ventral” patterns, respectively.

The effect of prone and supine positions on ventilation
distribution was determined with the head turned to the
right in each of the positions.

Statistical analysis

Statistical analysis was performed using Statistica version 10
(StatSoft, Tulsa, USA). Data were tested for normality using
the Shapiro-Wilk W-test and were found to be normally
distributed. Multi-way analysis of variances (ANOV As) were
used to determine differences between age groups and ROIs
in the different positions. Post hoc t-tests for dependent and
independent variables were used to determine significant
differences within and between groups and positions.
Results are reported as means (+ standard deviation) and
95% confidence interval. P-values < 0.01 were considered
statistically significant after applying the Bonferroni
correction for multiple comparisons.

Results

Sample characteristics are presented in Table 1. Incomplete
measurements were obtained in both the supine and the prone
positions for three subjects and in only the prone position for
one subject. Results for global and regional ventilation in
different positions are presented in Table 2. Global ventilation
was similar in all supine and prone positions.

Ventral and dorsal lung regions

There was no statistical difference in ventilation within the
ventral or dorsal lung regions between supine and prone
positions (Table 2). However, the dorsal lung region was
significantly better ventilated than the ventral lung region in
both supine and prone positions (P < 0.001).

Patterns followed

The majority of the participants (n = 43; 83%) consistently
showed greater ventilation in the dorsal lung in both
supine and prone positions, whilst two participants (4%)
demonstrated greater ventilation in the ventral lung in
both supine and prone positions. Five participants (10%)

TABLE 1: Sample characteristics.

Age group Number Gender Mean age Respiratory rate

(Male:Female) + SD (years) +SD (bpm)
6-12 months 10 6:4 0.9+0.1 47.0+7.4
1-3 years 18 11:7 2.8+0.9 26.8+5.3
4-6 years 18 7:11 5.6+0.9 21.9+3.6
7-9 years 10 7:3 8.7+0.9 19.9+29
Total 56 31:25 - -

SD, standard deviation; bpm, breaths per minute.
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TABLE 2: Mean relative impedance change (+ standard deviation) as measured
in different lung regions in prone and supine positions, including different head
positions.

Lung SM(n=56) SL(n=55) SR(n=56) PL(n=53) PR(n=52)
region

Left 168+9.0  153+7.1 163%73 156+68  16.7+7.4

Right 17.6+7.9 18.2+6.6 168+64 17.8+71  17.6%6.4

Ventral  145+9.0f,f 141+72§ 13.8+6.8§ 133£6.4§ 13.2+6.21,§
Dorsal 19.9+82%  19.5+7.1 193+73  201+7.6 21276

Global 343+162 33.6+129 331129 334+129 344+128

PL, prone head to left; PR, prone head to right; SL, supine head to left; SM, supine head
midline; SR, supine head to right.

+, P =0.01 in the ventral lung between SM and PR; 1, P = 0.001 between ventral and dorsal
lung regions in SM; §, P < 0.001 between ventral and dorsal lung regions in SL, SR, PL, PR.

TABLE 3: Number of participants following the paediatric pattern or adult
pattern in the supine or prone positions, together with a summary of the overall
pattern in the two positions.

Age group Supine Prone Overall®

Paed® Adult® Paed Adult Paed Adult Ventral Dorsal
6-12 months 1 6 6 1 1 1 0 5
1-3 years 4 13 16 1 3 0 1 13
4-6 years 1 17 16 2 1 1 0 16
7-9 years 1 9 9 1 0 0 1 9
Total 7 45 47 5 5 2 2 43

?Paediatric pattern refers to greater ventilation in the non-dependent lung.

bAdult pattern refers to greater ventilation in the dependent lung.

‘Overall pattern refers to the pattern followed consistently in both supine and prone positions
Paed, paediatric pattern.

consistently demonstrated the paediatric pattern in both
positions, whilst two (4%) consistently demonstrated the
adult pattern in both positions (Table 3).

The effect of head position

There was no significant effect of head position on the
distribution of ventilation within individual lung regions and
between left and right, and ventral and dorsal lung regions,
respectively. Global ventilation was not affected by different
head positions in either supine or prone positions (Table 2).

The effect of age

There were no age-related differences in mean relative
impedance change in ventral (P = 0.4) or dorsal lung regions
(P = 0.7), nor globally (P = 0.8), due to body position. The
effect of head position was not statistically different amongst
age groups in any region in either body position.

Discussion

This study examined the distribution of ventilation in healthy,
spontaneously breathing infants and children in supine and
prone positions, with different head positions.

Whilst mean relative impedance change results suggest that
the dorsal lung was better ventilated in both supine and
prone positions, analysis of the pattern of ventilation showed
that this was not the case in all participants. The previously
described pattern of ventilation in the paediatric population
(Davies et al. 1985; Heaf et al. 1983) is not supported by the
results of this study, with ventilation distribution in the
majority of participants (87%) remaining unaffected by
supine or prone positioning.
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A recent study in neonates (Hough et al. 2012) reported
that ventilation in the dorsal lung regions was significantly
higher than in the ventral lung regions in both supine and
prone positions, in keeping with our results. Similar results
for the supine position were found by Pham et al. (2011),
who reported an increase in ventilation in the dependent
(dorsal) lung in infants at 2 weeks, 3 months and 6 months
of age. These findings are in line with our results in the older
paediatric population; however, whether this “pattern” also
occurred in the prone position in infants under 6 months
was not examined in the previous study (Pham ef al. 2011).
In another study, neonates were reported to show an equal
ventilation distribution between dependent and non-
dependent lung regions in both supine and prone positions
(Schibler et al. 2009). In that study, measurements were
taken during non-rapid eye movement sleep, during which
the breathing pattern is more regular. In the present study,
however, measurements were taken in awake infants and
children, with an irregular breathing pattern to be expected.
These differences in study conditions may account, at least in
part, for the difference in results.

The distribution of ventilation in different body positions
(towards the dependent lung) in the adult population has
been well established and is thought to be primarily as a
result of gravitational forces on the lungs (Bryan, Milic-
Emili & Pengelly 1966; Gattinoni et al. 1991; Kaneko et al.
1966). Pleural pressures become increasingly more positive
down the vertical axis through which gravity acts (West
2011). Consequently, the dependent lung portions have
lower resting volumes and are, therefore, able to expand
more during inspiration than the non-dependent portions
(Frerichs, Hahn & Hellige 1996; Kaneko et al. 1966; Milic-
Emili et al. 1966). Infants and children, however, have higher
closing volumes and a lower functional residual capacity as
a result of a more compliant chest wall and ’stiffer’ lungs
(Cooper, Mellins & Mansell 1981; Davies et al. 1985; Hatch
& Fletcher 1992; Heaf et al. 1983), resulting in preferential
ventilation in the non-dependent lung. The disparity found
between adults and children in previous studies examining
ventilation distribution was explained by these differences in
the respiratory mechanics as a result of a maturing respiratory
system (Davies, Helms & Gordon 1992; Hatch & Fletcher
1992). Our finding, namely that there is greater ventilation in
the dependent lung in the supine position, can be explained
according to the effect of gravity on the distribution of
ventilation seen in the adult population. In the prone position,
however, it has been shown that there is a more homogenous
distribution of lung tissue and alveolar inflation, as well as
a smaller pleural pressure gradient, which results in a more
uniform distribution of ventilation (Pelosi et al. 2002). This
may account for the lack of gravity-dependent ventilation
distribution seen in the prone position. Bryan et al. (1966)
suggested that the distribution of ventilation depends on the
magnitude of the gravitational forces acting on the lungs.
As the vertical axis through which gravity acts is reduced
in horizontal postures, the effect on the lung tissue may be
less and may account for the similarities between supine and
prone positions.
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Whilst the majority of participants demonstrated a similar
pattern of distribution, some participants demonstrated
either a consistent adult or paediatric pattern. Variations in
breathing pattern may account for the different patterns seen.
It has been established in the adult population that breathing
atlower lung volumes results in greater ventilation in the non-
dependent lung regions (Milic-Emili et al. 1966; Schnidrig et al.
2013). Hutten et al. (2008) found that activity of the respiratory
muscles varied with each breath in neonates, which may
save energy whilst maintaining optimal ventilation. This
fluctuating use of respiratory muscles may account for the
variability in the distribution of ventilation, although further
investigation is needed to test this hypothesis.

Unlike the findings of Heinrich et al. (2006), who reported
significant effects of head position on the distribution of
ventilation in the right lung region in a cohort of neonates,
head position had no effect on the distribution of ventilation
in participants (from an older paediatric population) in our
study.

Lung perfusion may account for some of the impedance
changes detected, as lung perfusion is affected by gravity.
However, these changes are reported to account for less than
5% of the recorded impedance change (Frerichs et al. 2009).

The previously described “paediatric pattern” of ventilation
was not consistently observed in the present study, with
the majority of participants showing consistently greater
ventilation in the dorsal lung region. In clinical practice,
therefore, it cannot be assumed that every infant or child
preferentially ventilates the non-dependent lung. Rather, it
is suggested that the selection of the position used clinically
should be guided by the individual’s response and preference.
This response could be determined by monitoring parameters
such as heart rate, respiratory rate and pattern, oxygen
saturation and auscultation. Clinical use of EIT may also be
valuable in determining real-time effects of positioning.

Whilst this study reveals that the distribution of ventilation
in infants and children is more complex than previously
thought, there are several limitations. It is recognised that
ventilation distribution is affected by end-expiratory and
tidal volumes (Schnidrig et al. 2013); direct measures of these
may have strengthened this study. The order of positions
was not randomised owing to cooperation challenges. We
were, therefore, unable to determine whether the order of
positioning had any effect on the distribution of ventilation.
The position was difficult to standardise, given that the
participants were healthy and unsedated. Lastly, participants
spent only a short amount of time in each position; therefore,
we were unable to determine whether distribution of
ventilation is time dependent.

Despite these limitations, this study provides novel
insights regarding the distribution of ventilation in healthy,
spontaneously breathing infants and children in response
to supine and prone positioning. In addition, it is the first
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to examine the effects of head position on the distribution
of ventilation in an older paediatric population. This study
provides baseline data against which future clinical studies
can be compared. Further research is warranted to determine
the effects of mechanical ventilation and respiratory disease
on ventilation distribution, the effect of time spent in a specific
position on ventilation distribution, and, specifically, the
effect of prone turning in mechanically ventilated children
with acute respiratory distress syndrome.

Acknowledgements

The authors acknowledge Tom Leenhoven (Viasys/
Carefusion, Germany) for the loan of the EIT equipment and
Inez Frerichs for training in EIT application. Funding was
received from the Medical Research Council of South Africa,
the Swiss-South African Joint Research Programme (Faculty
Exchange Grant), the Department of Paediatrics and Child
Health, University of Cape Town, the South African Society
of Physiotherapy, and the South African National Research
Foundation.

Competing interests

The authors declare that they have no financial or personal
relationships that may have inappropriately influenced them
in writing this article.

Authors’ contributions

A.L-S. (University of Cape Town) was responsible for the
concept and study design, data collection, data analysis and
interpretation, and drafting and preparing revisions of the
article. A.A. (University of Cape Town), P.R. (University
Hospital of Geneva) and B.M. (University of Cape Town)
were responsible for the concept and study design, and
contributed to data interpretation, reviewing drafts and final
approval of the manuscript.

References

Bodenstein, M., David, M. & Markstaller, K., 2009, ‘Principles of electrical impedance
tomography and its clinical application’, Critical Care Medicine 37, 713-724.
http://dx.doi.org/10.1097/CCM.0b013e3181958d2f

Bryan, A.C., Milic-Emili, J. & Pengelly, D., 1966, ‘Effect of gravity on the distribution of
pulmonary ventilation’, Journal of Applied Physiology 21(3), 778-784.

Cooper, D., Mellins, B. & Mansell, A., 1981, ‘Changes in distribution of ventilation with
lung growth’, Journal of Applied Physiology 51(3), 699-705.

Curley, M.A., Hibberd, P.L., Fineman, L.D., Wypij, D., Shih, M.C., Thompson, J.E. et al.,
2005, ‘Effect of prone positioning on clinical outcomes in children with acute lung
injury: A randomized controlled trial’, Journal of the American Medical Association
294(2), 229-237. http://dx.doi.org/10.1001/jama.294.2.229

Davies, H., Helms, P. & Gordon, 1., 1992, ‘Effect of posture on regional ventilation in
children’, Pediatric Pulmonology 12, 227-232. http://dx.doi.org/10.1002/ppul.
1950120406

Davies, H., Kitchman, R., Gordon, I. & Helms, P., 1985, ‘Regional ventilation in infancy’,
New England Journal of Medicine 313(26), 1626—1628. http://dx.doi.org/10.1056/
NEJM198512263132603

De Lema, J.B., Serrano, E., Feixas, T., Calaf, N., Camacho, M.V., Riu, P.J. et al., 2008,
‘Assessment of differential lung function by electrical impedance tomography’,
Archivos de Bronconeumologia 44(8), 408—412. http://dx.doi.org/10.1016/S1579-
2129(08)60072-5

Frerichs, 1., Hahn, G. & Hellige, G., 1996, ‘Gravity-dependent phenomena in lung
ventilation determined by functional EIT’, Physiological Measurement 17(Suppl
4A), A149-A157. http://dx.doi.org/10.1088/0967-3334/17/4A/019

Frerichs, 1., Pulletz, S., Elke, G., Reifferscheid, F., Schadler, D., Scholz, J. et al., 2009,
‘Assessment of changes in distribution of lung perfusion by electrical impedance
tomography’, Respiration 77(3), 282-291. http://dx.doi.org/10.1159/000193994

Page 5 of 5 . Observational Study

http://www.sajp.co.za . doi:10.4102/sajp.v71i1.237

Frerichs, 1., Schmitz, G., Pulletz, S., Schadler, D., Zick, G., Scholz, J. et al., 2007,
‘Reproducibility of regional lung ventilation distribution determined by
electrical impedance tomography during mechanical ventilation’, Physiological
Measurement 28(7), S261-5267. http://dx.doi.org/10.1088/0967-3334/28/7/519

Frerichs, I., Schiffmann, H., Oehler, R., Dudykevych, T., Hahn, G., Hinz, J. et al., 2003,
‘Distribution of lung ventilation in spontaneously breathing neonates lying in
different body positions’, Intensive Care Medicine 29(5), 787-794.

Gattinoni, L., Pelosi, P., Vitale, G., Pesenti, A., D’Andrea, L. & Mascheroni, D., 1991,
‘Body position changes redistribute lung computed-tomographic density in
patients with acute respiratory failure’, Anesthesiology 74(1), 15-23. http://
dx.doi.org/10.1097/00000542-199101000-00004

Gattinoni, L., Tognoni, G., Pesenti, A., Taccone, P., Mascheroni, D., Labarta, V. et al.,
2001, ‘Effect of prone positioning on the survival of patients with acute respiratory
failure’, New England Journal of Medicine 345(8), 568-573. http://dx.doi.
org/10.1056/NEJM0a010043

Gillies, D., Wells, D. & Bhandari, A.P., 2012, ‘Positioning for acute respiratory distress
in hospitalised infants and children’, Cochrane Database of Systematic Reviews
(Online) 7, CD003645. http://dx.doi.org/10.1002/14651858.cd003645.pub3

Hatch, D. & Fletcher, M., 1992, ‘Anaesthesia and the ventilatory system in infants
and young children’, British Journal of Anaesthesia 68(4), 398—410. http://dx.doi.
org/10.1093/bja/68.4.398

Heaf, D., Helms, P., Gordon, I. & Turner, H., 1983, ‘Postural effects on gas exchange
in infants’, New England Journal of Medicine 308(25), 1505-1508. http://dx.doi.
org/10.1056/NEJM198306233082505

Heinrich, S., Schiffmann, H., Frerichs, A., Klockgether-Radke, A. & Frerichs, I., 2006,
‘Body and head position effects on regional lung ventilation in infants: An electrical
impedance tomography study’, Intensive Care Medicine 32(9), 1392-1398.
http://dx.doi.org/10.1007/s00134-006-0252-0

Hough, J., 2008, ‘Effect of chest physiotherapy on lung function in preterm
infants’, PhD thesis, School of Health and Rehabilitation Sciences, University of
Queensland.

Hough, J.L., Johnston, L., Brauer, S.G., Woodgate, P.G., Pham, T.M. & Schibler, A.,
2012, ‘Effect of body position on ventilation distribution in preterm infants on
continuous positive airway pressure’, Pediatric Critical Care Medicine 13(4),
446-451. http://dx.doi.org/10.1097/PCC.0b013e31822f18d9

Hutten, G.J., Van Eykern, L.A., Latzin, P., Kyburz, M., Van Aalderen, W.M. & Frey,
U., 2008, ‘Relative impact of respiratory muscle activity on tidal flow and end
expiratory volume in healthy neonates’, Pediatric Pulmonology 43(9), 882—-891.
http://dx.doi.org/10.1002/ppul.20874

Kaneko, K., Milic-Emili, J., Dolovich, M.B., Dawson, A. & Bates, D.V., 1966, ‘Regional
distribution of ventilation and perfusion as a function of body position’, Journal of
Applied Physiology 21(3), 767-777.

Lupton-Smith, A.R., Argent, A.C., Rimensberger, P. & Morrow, B.M., 2014, ‘Challenging
a paradigm: Positional changes in ventilation distribution are highly variable in
healthy infants and children’, Pediatric Pulmonology 49(8), 764-771. http://
dx.doi.org/10.1002/ppul.22893

Mansell, A., Bryan, C. & Levison, H., 1972, ‘Airway closure in children’, Journal of
Applied Physiology 33(6), 711-714.

Milic-Emili, J., Henderson, J., Dolovich, M., Trop, D. & Kaneko, K., 1966, ‘Regional
distribution of inspired gas in the lung’, Journal of Applied Physiolology 21(3),
749-759.

Papastamelos, C., Panitch, H.B., England, S.E. & Allen, J.L.,, 1995, ‘Developmental
changes in chest wall compliance in infancy and early childhood’, Journal of
Applied Physiology 78(1), 179-184.

Pelosi, P., Brazzi, L. & Gattinoni, L., 2002, ‘Prone position in acute respiratory distress
syndrome’, European Respiratory Journal 20(4), 1017-1028. http://dx.doi.org/
10.1183/09031936.02.00401702

Pham, T., Yuill, M., Dakin, C. & Schibler, A., 2011, ‘Regional ventilation distribution in
the first 6 months of life’, European Respiratory Journal 37(4), 919-924. http://
dx.doi.org/10.1183/09031936.00034310

Pulletz, S., Van Genderingen, H.R., Schmitz, G., Zick, G., Schadler, D., Scholz, J.
et al., 2006, ‘Comparison of different methods to define regions of interest for
evaluation of regional lung ventilation by EIT’, Physiological Measurement 27(5),
$115-S127. http://dx.doi.org/10.1088/0967-3334/27/5/510

Reifferscheid, F., Elke, G., Pulletz, S., Gawelczyk, B., Lautenschlager, I., Steinfath, M.
etal., 2011, ‘Regional ventilation distribution determined by electricalimpedance
tomography: Reproducibility and effects of posture and chest plane’, Respirology
16(3), 523-531. http://dx.doi.org/10.1111/j.1440-1843.2011.01929.x

Schibler, A., Yuill, M., Parsley, C., Pham, T., Gilshenan, K. & Dakin, C., 2009, ‘Regional
ventilation distribution in non-sedated spontaneously breathing newborns and
adults is not different’, Pediatric Pulmonology 44(9), 851-858. http://dx.doi.
org/10.1002/ppul.21000

Schnidrig, S., Casaulta, C., Schibler, A. & Riedel, T., 2013, ‘Influence of end-expiratory
level and tidal volume on gravitational ventilation distribution during tidal
breathing in healthy adults’, European Journal of Applied Physiology 113(3),
591-598. http://dx.doi.org/10.1007/s00421-012-2469-7

Victorino, J.A., Borges, J.B., Okamoto, V.N., Matos, G.F.,, Tucci, M.R., Caramez, M.P.
et al., 2004, ‘Imbalances in regional lung ventilation: A validation study on
electrical impedance tomography’, American Journal of Respiratory and Critical
Care Medicine 169(7), 791-800. http://dx.doi.org/10.1164/rccm.200301-1330C

West, J.B., 2011, Respiratory Physiology: The Essentials, 9th edn., Lippincott Williams
& Wilkins, Philadelphia, PA.

Zadehkoochak, M., Blott, B.H., Hames, T.K. & George, R.F., 1992, ‘Pulmonary perfusion
and ventricular ejection imaging by frequency domain filtering of EIT (electrical
impedance tomography) images’, Clinical Physics and Physiological Measurement
13(Suppl A), 191-196. http://dx.doi.org/10.1088/0143-0815/13/A/037



http://www.sajp.co.za
http://dx.doi.org/10.1097/CCM.0b013e3181958d2f
http://dx.doi.org/10.1001/jama.294.2.229
http://dx.doi.org/10.1002/ppul.1950120406
http://dx.doi.org/10.1002/ppul.1950120406
http://dx.doi.org/10.1056/NEJM198512263132603
http://dx.doi.org/10.1056/NEJM198512263132603
http://dx.doi.org/10.1016/S1579-2129(08)60072-5
http://dx.doi.org/10.1016/S1579-2129(08)60072-5
http://dx.doi.org/10.1088/0967-3334/17/4A/019
http://dx.doi.org/10.1159/000193994
http://dx.doi.org/10.1088/0967-3334/28/7/S19
http://dx.doi.org/10.1097/00000542-199101000-00004
http://dx.doi.org/10.1097/00000542-199101000-00004
http://dx.doi.org/10.1056/NEJMoa010043
http://dx.doi.org/10.1056/NEJMoa010043
http://dx.doi.org/10.1002/14651858.cd003645.pub3
http://dx.doi.org/10.1093/bja/68.4.398
http://dx.doi.org/10.1093/bja/68.4.398
http://dx.doi.org/10.1056/NEJM198306233082505
http://dx.doi.org/10.1056/NEJM198306233082505
http://dx.doi.org/10.1007/s00134-006-0252-0
http://dx.doi.org/10.1097/PCC.0b013e31822f18d9
http://dx.doi.org/10.1002/ppul.20874
http://dx.doi.org/10.1002/ppul.22893
http://dx.doi.org/10.1002/ppul.22893
http://dx.doi.org/10.1183/09031936.02.00401702
http://dx.doi.org/10.1183/09031936.02.00401702
http://dx.doi.org/10.1183/09031936.00034310
http://dx.doi.org/10.1183/09031936.00034310
http://dx.doi.org/10.1088/0967-3334/27/5/S10
http://dx.doi.org/10.1111/j.1440-1843.2011.01929.x
http://dx.doi.org/10.1002/ppul.21000
http://dx.doi.org/10.1002/ppul.21000
http://dx.doi.org/10.1007/s00421-012-2469-7
http://dx.doi.org/10.1164/rccm.200301-133OC
http://dx.doi.org/10.1088/0143-0815/13/A/037

