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Optimizing lung aeration at birth using a sustained inflation
and positive pressure ventilation in preterm rabbits
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BACKGROUND: A sustained inflation (SI) facilitates lung
aeration, but the most effective pressure and duration are
unknown. We investigated the effect of gestational age (GA)
and airway liquid volume on the required inflation pressure
and SI duration.

METHODS: Rabbit kittens were delivered at 27, 29, and 30 d
gestation, intubated and airway liquid was aspirated. Either
no liquid (control) or 30ml/kg of liquid was returned to the
airways. Lung gas volumes were measured by plethysmogra-
phy and phase-contrast X-ray-imaging. Starting at 22 cmH.,0,
airway pressure was increased until airflow commenced and
pressure was then held constant. The SI was truncated when
20ml/kg air had entered the lung and ventilation continued
with intermittent positive pressure ventilation (iPPV).
RESULTS: Higher SI pressures and longer durations were
required in 27-d kittens compared to 30-d kittens. During iPPV,
27-d kittens needed higher pressures and had lower functional
residual capacity (FRC) compared to 30-d kittens. Adding lung
liquid increased SI duration, reduced FRC, and increased resis-
tance and pressures during iPPV in 29- and 30-d kittens.
CONCLUSION: Immature kittens required higher starting
pressures and longer SI durations to achieve a set inflation
volume. Larger airway liquid volumes adversely affected lung
function during iPPV in older but not young kittens.

he use of an initial sustained inflation (SI) has recently

been reinvestigated with the aim of providing sufficient
time for the air/liquid interface to move into the distal airways
before commencing tidal ventilation (1,2). Experimental stud-
ies have shown that an initial SI at birth has beneficial effects
on lung aeration, lung mechanics, and pulmonary blood flow
(1-4) without increasing the risk of injury (5,6).

Despite the experimental studies, it is not clear what infla-
tion pressure should be used and how long the inflation should
be maintained to achieve uniform lung aeration without over-
inflating and injuring lung regions. There is no data to support
the length of the initial inflations recommended in current

resuscitation guidelines (7,8). Although SIs of different dura-
tions and inflation pressures have been investigated in clinical
studies with varying success (9-13), these studies provide little
information on the optimal duration and inflation pressure
that should be used and the factors influencing this.

Gestational age (GA)-related reductions in airway dimen-
sions (airway diameter, surface area) must increase the
resistance and, therefore, the inflation pressures required to
move liquid through the airways in younger preterm infants.
Furthermore, the volume of airway liquid present at ventila-
tion onset will likely vary between infants and, if high, then
larger liquid volumes must be moved through the airways.
However, it is not known whether larger volumes influence
the required inflation pressure or duration of an SI or whether
the larger volumes influence ventilation during the immediate
newborn period.

Our aim was to determine the effect of GA and the volume
of airway liquid on the pressure needed to begin lung aeration,
the rate of lung aeration and the duration of the SI required to
achieve a set inspired volume. We have also investigated the
effect on respiratory function parameters during both the SI
and the subsequent period of intermittent positive pressure
ventilation (iPPV).

RESULTS

Animal Data

In total, 42 newborn preterm rabbit kittens were ventilated
from birth; 16 kittens at 27 d, 12 at 29 d, and 14 at 30 d
GA. Mean (+SEM) kitten weight was not different between
29 (37.6+7.0g) and 30 d (38.6+3.0g; ns), but was signifi-
cantly lower at 27 d GA (25.2+3.6g; P < 0.01). At each
GA, the mean kitten weights between the two experimen-
tal groups were not different (ns) and no kittens developed
pneumothoraxes.

Starting Pressure and Duration of Sl
Effect of GA. In the liquid added groups, 27 d GA Kkittens
needed a higher inflation pressure (36 + 1 cmH,0; P < 0.001)
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before air started to move into the lung (starting pressure)
compared with both older groups; the required starting pres-
sure was not different between 29 d (30 1 cm H,0) and 30
d GA (29+0 cmH,O) kittens (Table 1; Figure 1a). The 27-d

Table 1. Mean (SEM) starting pressure, duration, and end-volume of
SI

Starting pressure  Slduration ~ Volatend
GA (days) Lung liquid (cmH,0) (seconds) Sl (ml/kg)
27 Added 36 (1)* 46 (3) 20.7(0.3)
Control 37 (1)* 44 (3)* 21.3(0.5)
29 Added 30(1) 39(5) 20.3(0.2)
Control 28(1) 26 (5) 18.9(2.4)
30 Added 29(1) 38(9) 19.4(1.2)
Control 27 (1) 29(7) 23.0(1.0)
*P<0.00127vs.29and 30d GA.
GA, gestational age; S, sustained inflation.
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Figure 1. Peak inflating pressure at which air commenced flowing into
the lung (starting peak inspiratory pressure) (a), the duration (b), and the
lung volume achieved (c) during a sustained inflation (SI) in newborn
rabbits delivered at 27, 29, and 30 d of gestational age (GA). At each GA,
airway liquid was gently aspirated and either a set volume of liquid (30 ml/
kg) was returned to the lung (liquid added; black) or the liquid was not
replaced (control, gray).
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kittens also tended to need a longer SI duration (46+3s) at
a higher pressure (Supplementary Movie S1 online) com-
pared with the older kittens, but this difference was not
significant between 29 d (39+5s) (Supplementary Movie
$2 online) and 30 d GA (38+9s) kittens (Supplementary
Movie S3 online) (Table 1; Figure 1b).

In the control groups, the 27 d GA Kkittens also needed a
higher starting pressure (37+1 cmH,O; P < 0.001) and longer
duration (44+3s; P <0.001) compared to both older groups
(Table 1, Figure 1a,b), but there was no significant difference
in starting pressure (28 + 1 and 27 +1 cmH,0) and SI duration
(26+5 and 25+4s) between 29 and 30 d GA Kkittens, respec-
tively (Table 1; Figure 1a,b).

Effect of lung liquid volume. At each GA, there were no sig-
nificant differences in starting pressure and duration of the SI
between lung liquid added and control groups, although SI
duration tended to be shorter in the control group at both 29
and 30 d GA compared to the liquid-added groups (Table 1;
Figure 1a,b).

The gas volume of the lung (in ml/kg) achieved during the
SI was similar in all groups and at all GAs (Table 1; Figure 1c).

Lung Inflation Rate and Resistance

Effect of GA. The inflation rate during the SI tended to increase
with GA in both groups, although this was not significant most
likely because of the different inflation pressures (Table 2;
Figure 2a). Indeed, the resistance to liquid flow during the SI
was significantly (P < 0.05) decreased with increasing GA in
both groups (Table 2; Figure 2b). At mid-iPPV in the control
group, the inflation rate was slower (P < 0.05) and the resis-
tance was higher (P < 0.01) at 27 d compared to 29 and 30 d
GA (Table 2; Figure 2c,d). However, no differences between
GAs were observed between the liquid-added groups (Table 2;
Figure 2¢,d).

Effect of lung liquid volume. The inflation rate and resis-
tance during the SI were not different between the liquid-
added and control groups at all GAs (Table 2; Figure 2a,b).
However, at mid-iPPV, the inflation rate was considerably
higher (P < 0.01) and resistance lower (P < 0.01) in the con-
trol group compared to the liquid-added groups at 29 and 30
d GA (Table 2; Figure 2¢,d).

FRC and PIP

Effect of GA. The FRC at the end of the SI was similar at each
GA in the liquid added groups, but was significantly increased
with increasing GA (P < 0.01) in the control group (Table 3;
Figure 3a). With increasing GA, the FRC measured at mid-
iPPV increased in the liquid-added (27 to 29 d (ns), to 30
d GA (P < 0.05)) and control groups (all P < 0.05) (Table 3;
Figure 3b).

In both the liquid-added and control groups, the PIP needed
to achieve a tidal volume of 10 ml/kg after 3 min of ventilation
was significantly higher at 27 d GA (P < 0.05) compared with
the PIPs required at 29 and 30 d (Table 3; Figure 3c).
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Table 2. Mean (SEM) inflation rate and resistance during Sl and at mid ventilation (3 min)

Inflation rate

Inflation rate at

Resistance at Sl Resistance at 3min

GA (days) Lung liquid at Sl (ml/kg/s) 3 min (ml/kg/s) (cmH_0O/ml/s) (cmH,0/ml/kg)
27 Added 0.7 (0.1) 9.9(1.5) 62.3(7.6)* 4.7 (0.8)
Control 0.9(0.1) 13.5(1.6)* 48.4(5.5)* 3.5(0.5)*
29 Added 0.8(0.1) 7.5(1.1)** 46.9 (7.6)" 5.0(1.0**
Control 1.1(0.2) 19.5(2.0) 30.8(5.0) 1.6(0.2)
30 Added 1.0(0.2) 8.2 (1.5)** 35.2(6.8) 4.4(0.7)**
Control 1.5(0.3) 19.6(1.9) 24.8(5.1) 1.5(0.1)
*P <0.0527 vs.29.and 30 d GA. 'P <0.05 29 vs. 27 and 30 d GA. **P < 0.01 liquid added vs. control.
GA, gestational age; SI, sustained inflation.
a b
1.8 - 80 -
=] 1.5 °
5 2_ 60
=0
B 1.2 4 heli>)
=) ERS
= S
2L 09 ;g 40
= Q
gE ST
5 09 55
= 2= 20 -
< 0.3 o
0.0 0 -
27d 29d 30d 27d 29d
c d
251 71
2 61
o 207 =P
S o® 5
3o 151 =2 4
=% sE ]
£ 00O, 3|
SE 107 ez
g £8 o
S 28 29
< 5 1
0 0
27 d 29 d 30d 27 d 29d 30d

Figure 2. Airflow rates (a) into the lung and resistance of the lung (b) during the sustained inflation, that is while the airways are mostly liquid-filled, and
following lung aeration (c,d) during the subsequent positive pressure ventilation period in newborn rabbits delivered at 27, 29, or 30 d of gestational
age (GA). At each GA, airway liquid was gently aspirated and either a set volume of liquid (30 ml/kg) was returned to the lung (liquid added; black) or the

liquid was not replaced (control, gray).

Table 3. Mean (SEM) FRC at end of sustained inflation and PIP at end
of sustained inflation and at 3 mid-ventilation (3 min)

GA FRCatend FRCat3min PIPat3min

(days) Lungliquidadded Sl (ml/kg) (ml/kg) (cmH,0)

27 Added 5.2(0.3)** 4.3(0.6) 33(1)*
Control 2.7 (0.4)* 2.4 (1.0)% 30(1)*

29 Added 6.9(0.9)" 5.8(1.7)1,** 29 (1)**
Control 8.7(1.1) 19.8(2.4) 22 ()t

30 Added 7.9(1.1)** 12.3(1.9)** 28 (1)**
Control 11.7(1.1) 26.4(1.7) 17 (2)

*P<0.0527vs.29and 30d GA. 'P < 0.05 29 vs. 27 and 30 d GA. **P < 0.01 liquid added
vs. control.
FRC, functional residual capacity; GA, gestational age; PIP, peak inspiratory pressure.

Effect of lung liquid volume. The FRC at the end of the SI
was significantly greater in the liquid added group at 27 d

Official journal of the International Pediatric Research Foundation, Inc.

(P<0.001) and smaller at 30 d (P < 0.05) when compared to the
control group, but not at 29 d (Table 3; Figure 3a). At 27 d GA,
the FRC measured after 3min of ventilation was not different
between the liquid-added and control groups, but at both 29
and 30 d GA, the FRC was significantly greater (P < 0.01 at
both ages) in the control groups compared to the liquid-added
groups (Table 3; Figure 3b).

The PIP needed to achieve a tidal volume of 10 ml/kg in both
liquid-added and control groups was not different at 27 d GA.
However, the required PIP was significantly lower in the con-
trol groups compared to the liquid-added groups at both 29 d
(P <0.05)and 30 d (P < 0.01) GA (Table 3; Figure 3c).

Airway Dimensions
Measured before the start of ventilation, airway diameters
were significantly smaller in 27 d compared to both 29 and
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Figure 3. Functional residual capacity (FRC) immediately following the
sustained inflation (SI) (a), FRC during the subsequent positive pressure
ventilation period (b), and the peak inspiratory pressure required to
achieve a tidal volume of 10 ml/kg (c) in newborn rabbits delivered at 27,
29, or 30 d of gestational age (GA). At each GA, airway liquid was gently
aspirated and either a set volume of liquid (30 ml/kg) was returned to the
lung (liquid added; black) or the liquid was not replaced (control, gray).

30 d GA (P < 0.05); dimensions were similar in 29 and 30-d
kittens (Figure 4). The diameter of the trachea increased from
1.03+0.02mm at 27 d to 1.16£0.04mm and 1.18 +0.02mm
in 29 and 30 d GA respectively. Similarly, both the left
(0.76+0.03 vs. 0.93+0.02mm) and right (0.88+0.02 vs.
1.15+0.01 mm) bronchi diameters increased between 27 and
30 d GA (Figure 5).

During ventilation, small but highly significant changes in
airway dimensions occurred, corresponding to airway pres-
sure changes associated with lung inflation and deflation
during positive pressure ventilation (Figure 6). These venti-
lation-induced changes were not GA dependent and were not
different between control and liquid-added groups. The most
notable finding was that, with each inflation, the diameter of
the trachea and left bronchus increased whereas the diameter
of the right bronchus decreased (Figure 6).
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Figure 4. Diameters of the left and right bronchi and the trachea
measured prior to the onset of the sustained inflation in newborn rabbits
delivered at 27 d (black), 29 d (light gray), or 30 d (dark gray) of gestational
age.

The inflation-induced increase in tracheal diameter was
significantly greater during the mid-ventilation period in the lig-
uid-added group than in the control group at all GAs (P < 0.05;
Figure 5a,b). The decrease in right bronchial diameter was greater
during mid- and end-ventilation compared to immediately after
the SI (significant in the control group (P < 0.05; Figure 5f), trend
in liquid-added group (ns; Figure 5e).

DISCUSSION

Our results indicate that preterm rabbit kittens delivered at a
younger GA (27 d) require a SI with a higher starting pressure
before air will begin to flow into the lung. Furthermore, the
flow of air into the lung was slower, due to a higher resistance,
and so the duration of the SI needed to be longer to achieve an
inflation volume of 20 ml/kg in younger compared to older kit-
tens (29 and 30 d). While the effects of elevated airway liquid
volumes were restricted to increasing the required SI duration
in older kittens, increased liquid volumes had a large impact
on respiratory function during the iPPV period, particularly in
older kittens. Most notably, it reduced airflows, increased air-
way resistance, reduced FRCs, and increased the PIP required
to deliver a set tidal volume.

Effect of GA

The similar birth weight at 29 and 30 d GA was unexpected as
rabbit fetuses undergo rapid growth and development in late
gestation and one day usually results in significant increase
in body size. It is possible that the mating time and the time
of surgery on the experimental day led to a GA difference of
less than 24 h. Nevertheless, the marginal nonsignificant dif-
ference in weight likely reflects a similar developmental stage
between 29 and 30d GA kittens. This likely explains the trends,
but nonsignificant differences in some of the factors measured
between these ages.

Our findings confirmed that kittens at 27 d GA have nar-
rower airways and thus higher resistance than older kittens (29
and 30 d GA). As a result, they needed higher inflation pres-
sures before air started to move distally and a longer SI before
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achieving a set inflation volume. Although the airway resis-
tance measured can be largely accounted for by narrower air-
ways, this resistance measurement probably also includes the
resistance to liquid moving across the pulmonary epithelium,
which is surface area dependent.

During iPPV, the accumulated FRC was lower and the PIP
required to achieve a set tidal volume was considerably greater
in younger (27 d) compared with both older kittens. This indi-
cates that a positive end expiratory pressure (PEEP) higher
than the 5 cmH,O used in this study would have been needed
to maintain an appropriate FRC. Furthermore, the requirement
for both higher starting SI pressures and higher PIPs to achieve
a set tidal volume in younger kittens (in controls), indicates
that using lower inflation pressures in more preterm infants, as
currently recommended (7), needs to be re-evaluated.

Effect of Lung Liquid Volume
The volume of liquid present in the airways can vary consider-
ably between infants (14-16). While we found that higher lung
liquid volumes did not affect the SI starting pressure, they did
significantly increase the required duration of the SI in both
29 and 30 d GA kittens. It is possible that a small distal gas
exchange surface area is the dominant factor determining the
rate of liquid movement across the epithelium in 27 d kittens,
but this becomes less of a limiting factor in older kittens (17)
and the influence of the liquid volume within the conducting
airways increases and becomes the dominant factor.

Kittens with higher starting airway liquid volumes achieved
similar degrees of lung aeration and therefore must have

a b
8 1 8
c T c
o ke
2 6 2 61
Q Q
= £
kel ©
S 4 £ 4
[0} [0}
2] [%]
@ «
o [
g2 | g 2.
® B
0+ - 0 -
Post SI Mid Vent  End Vent Post Sl
d e
10 0
c c
-1 4
S 81 2
5 5
€ £ 7
S 61 5
£ £ -3
3 4] @
e g
X 21 2 -5 J
0 -6
Post Sl Mid Vent  End Vent

accumulated higher liquid volumes within the perialveolar
interstitial lung tissue (18), leading to higher interstitial tissue
pressures (19). The net effect of this is a greater trans-epithelial
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Figure 6. Two examples of the observed increase and decrease in airway
diameter (mm) of the left (black circles) and right bronchus (open circles)
during inflation (black line) and deflation (white line) phase of ventilation.
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Figure 5. Percentage increase in airway diameters of the trachea (a,b) and the left (¢,d) and right (e,f) bronchi that were caused by positive pressure
inflations in newborn rabbits delivered at 27, 29, or 30 d of gestational age (GA). Values were measured immediately after the sustained inflation (post-Sl),
during the middle phase (mid-vent) and at the end (end vent) of the subsequent ventilation period. At each GA, airway liquid was gently aspirated and
either a set volume of liquid (30 ml/kg) was returned to the lung (liquid added; a,c,e) or the liquid was not replaced (control, b,d,f).
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pressure gradient for liquid to re-enter the airways at rest
(i.e., at PEEP). This likely explains the lower FRC, the higher
resistance, and the larger PIP required to achieve the next
tidal inflation in the liquid-added kittens at 29 and 30 d GA.
However, this effect of higher liquid volumes is not evident in
the younger 27-d kittens. We suggest that this could be one
benefit of an immature lung, as a small gas exchange surface
area will not only restrict liquid movement out of the airways,
but will also restrict its re-entry into the airways. As such, a
higher interstitial tissue pressure, caused by greater liquid
accumulation within the tissue, in younger more immature
kittens has little or no effect on the potential for liquid to re-
enter the airways at FRC.

Changes in Airway Dimensions

It is known that iPPV expands both the distal and proximal
airways. The expected GA-related and liquid volume-related
differences in the degree of airway expansion were not readily
apparent. However, the inflation pressures used varied widely,
which likely mitigated any differences. After carefully review-
ing the videos, we observed that the decrease in diameter of the
right bronchus resulted from rapid inflation of the right-upper
lobe. This caused differential displacement of the right bron-
chus, whereby the lateral wall was displaced to greater degree
than the medial wall, as viewed from an anterior/posterior view.

Opverall, the increase in airway diameter immediately follow-
ing a SI was smaller than during mid-iPPV and the volume of
lung liquid did not influence this effect. We speculate that injury
to the airways during ventilation at birth (20,21), leading to rup-
ture of the airways, is more likely to occur during iPPV than
during a SI. However, more studies are required to verify this.

Our aim was to identify the primary factors that influence
the ability of a SI to effectively aerate the lung. For this reason,
kittens were ventilated via an endotracheal tube to ensure that
the inflation pressure was directly applied to the airways. This
necessitated that the kittens be sedated, which also reduced
the variability in lung aeration associated with spontaneous
breathing. This is different from the common clinical scenario,
whereby the SI is usually applied via a mask. However, we have
recently demonstrated the effectiveness of a SI is often ham-
pered by mask leak and obstruction of the glottis (22). As such,
our findings are only relevant to situations in which the SI can
be delivered in an effective manner.

In conclusion, we have shown that younger, more immature
animals required a higher starting pressure and a longer infla-
tion time to achieve a set inflation volume of 20 ml/kg during
a SI. Then during the subsequent iPPV period, the younger
pups required a higher PIP and were unable to sustain an
adequate FRC with a PEEP of 5 cmH,O. Elevated lung liquid
volumes increased the required duration of the SI and reduced
the FRC, increased the resistance, and increased the required
PIP during the subsequent positive pressure ventilation period
in older, but not in younger animals. We speculate that this
is due to an increased ability for bidirectional transepithelial
liquid flux in older more mature animals with a greater distal
gas exchange surface area.
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METHODS

All animal procedures were approved by the SPring-8 Animal Care
and Monash University’s Animal Ethics Committees. All studies
were conducted in experimental hutch 3 of beamline 20B2, in the
Biomedical Imaging Centre at the SPring-8 synchrotron in Japan.

Pregnant New Zealand white rabbits and their kittens were used.
Rabbits were healthy, sourced from and housed in the SPring-8
Synchrotron Experimental Animal Facility in standard rabbit
rooms. Animals were closely monitored and no intervention was
required.

Animals must be used for these experiments because we are study-
ing a physiological process that only occurs in live animals. As such,
no alternative models exist. We used as many kittens from each doe as
possible to reduce the number of rabbits required.

Experimental Procedure

The procedure has been described in detail in previous publications
(23,24). Fetal rabbits were delivered by cesarean section at 27, 29,
and 30d GA (term = 32 d, at 27, 29, 30 d the lungs are functionally
equivalent to humans at approximately 24, 28, and 32 wk of gestation)
and sedated with sodium pentobarbitone (Nembutal; 0.1 mg i.p.). The
umbilical cord remained intact and the kitten’s head was covered with
fetal membranes while a blocked endotracheal tube (18G intracath)
was inserted via tracheostomy. After placement of the endotracheal
tube, as much airway liquid as possible was gently withdrawn using a
1 ml syringe attached to the endotracheal tube and the amount mea-
sured. At each GA, kittens were randomized to two groups. In one
group (volume added), 30 ml/kg of NaCl 0.9% (expected resting lung
volume (25)) was added back into the airways, whereas no volume
was added to the control group.

Ventilation Protocol

Following delivery, the kitten was immediately placed, head out, in a
warmed (40 °C) water-filled plethysmograph (custom-made) located
within the experimental imaging hutch (26,27) and connected to a
purpose-built pressure-limited ventilator as previously described
(28). Following imaging onset, ventilation commenced with an initial
SI of 22 cmH, O, which increased by 2 cmH, O steps every 3s until
air began to flow into the lung; this was indicated as an increase in
gas volume measured using the plethysmograph. At this point, the
inflation pressure was held constant, but SI continued until a volume
of 20 ml/kg of air had entered the lung; this volume equates to 15ml/
kg of FRC, plus a tidal volume of 5 ml/kg. Once 20 ml/kg had entered
the lung, the SI was terminated and ventilation continued with iPPV,
starting with a peak inflation pressure (PIP) equivalent to the final
pressure used for the SI. The PEEP was set at 5 cmH,O and the inspi-
ratory and expiratory times were set at 1s. The PIP was adjusted to
generate a tidal volume of 10 ml/kg. Ventilation continued for 7 min
during which airway pressures and lung gas volumes (from the ple-
thysmograph) were digitally recorded (Powerlab, ADInstruments;
Sydney, Australia) and images acquired. All animals were humanely
killed at the conclusion of the experiment with Nembutal (>100 mg/
kg) administered i.v. (doe) or i.p. (kittens).

Plethysmography

Prior to experimentation, the plethysmograph was calibrated. From
the plethysmograph, we determined the pressure at which air started
to flow into the lung and measured the rate of volume increase,
the duration of the SI and the maximum lung volume at end of SI
(~20ml/kg), which was truncated manually. We also measured air-
flow and calculated respiratory system resistance from these record-
ings as well as FRC, averaged over three inflations, at end of SI and
after 3min of iPPV.

Image Acquisition has been described in detail previously (see ref.
(29)). Image acquisition was synchronized with ventilation. The onset
of inflation triggered the camera to acquire a sequence of nine images
at 5 Hz. All images were captured using a 30ms exposure time. Five
images were acquired during inspiration and four during expiration.
Image sequences were used to confirm that the lung was fully aerated
at the end of the SI and to calculate lung gas volumes at peak inflation
and at FRC (29).
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Sample Size

To detect the minimal biologically significant difference in ventilation
with a coefficient of variation of ~25%, we require ~7 animals per
group, assuming an o value of 0.05 and a power of >0.8.

Statistical Analysis

Results are presented as means + SEM. A P value of <0.05 was con-
sidered statistically significant. Starting pressure, duration SI, lung
volume at end SI, FRC, resistance, air flow, and the airway diameter
were analyzed using a one-way ANOVA with a Tukey post-hoc test for
parametric values and a Kruskal-Wallis H-test with a Mann-Whitney
U-post-hoc test for nonparametric values.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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