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Abstract

Extremely premature infants are at a higher risk of developing respiratory distress syndrome and circulatory impairments in the
first few weeks of life. Administration of normal saline boluses to manage hypotension is a common practice in preterm infants.
As a crystalloid, a substantial proportion might leak into the interstitium; most consequently the lungs in the preterm cohorts,
putatively affecting ventilation. We downloaded and analyzed ventilator mechanics data in infants managed by conventional me-
chanical ventilation and administered normal saline bolus for clinical reasons. Data were downloaded for 30 min prebolus, 60
min during the bolus followed by 30 min postbolus. Sixteen infants (mean gestational age 25.2+1 wk and birth weight 620+ 60
g) were administered 10 mL/kg normal saline over 60 min. The most common clinical indication for saline was hypotension. No
significant increase was noted in mean blood pressure after the saline bolus. A significant reduction in pulmonary compliance
(mL/cmH,0/kg) was noted (0.43+0.07 vs. 0.38+0.07 vs. 0.33+£0.07, P = 0.003, ANOVA). This was accompanied by an elevation
in the required peak inspiratory pressure to deliver set volume-guarantee (19+2 vs. 22+2 vs. 22+3 mmHg, P < 0.0001,
ANOVA), resulting in a higher respiratory severity score. Normal saline infusion therapy was associated with adverse pulmonary
mechanics. Relevant pathophysiologic mechanisms might include translocation of fluid across pulmonary capillaries affected by
low vascular tone and heightened permeability in extremes of prematurity, back-pressure effects from raised left atrial volume
due to immature left-ventricular myocardium; complemented by the effect of cytokine release from positive pressure ventilation.

NEW & NOTEWORTHY Administration of saline boluses is common in premature infants although hypovolemia is an uncommon
underlying cause of hypotension. This crystalloid can redistribute into pulmonary interstitial space. In the presence of an imma-
ture myocardium and diastolic dysfunction, excess fluid can also be “edemagenic.” This study on extremely premature infants
(25 wk gestation) noted adverse influence on respiratory physiology after saline infusion. Clinicians need to choose judiciously
and reconsider routine use of saline boluses in premature infants.

compliance; hypotension; normal saline; preterm respiratory physiology

INTRODUCTION

Infants born at extremes of prematurity are at high risk of
respiratory distress syndrome (RDS). The primary underly-
ing pathogenesis is inadequate pulmonary surfactant; mani-
festing as diffuse alveolar atelectasis, pulmonary edema, and
cell injury. Other factors contributing to dysfunction include
increased water content of the premature lung, immature
mechanisms for lung fluid clearance, and the presence of
hemodynamically significant patent ductus arteriosus (hsPDA)
(pulmonary over-circulation). Recovery from RDS is character-
ized by spontaneous diuresis (reflecting clearance of lung fluid)
whereas excessive fluid administration may contribute to pul-
monary edema, either by itself or via a higher occurrence of an
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hsPDA (1). Putatively, the use of normal saline boluses in
preterm infants may slow down the spontaneous recovery
and affect lung compliance. Investigators have previously
noted an association between excess fluid intake in pre-
term infants and important clinical outcomes such as
bronchopulmonary dysplasia, hsPDA, and intraventricular
hemorrhage (2-4). This cohort is also at a higher risk of cir-
culatory impairment in the initial postnatal weeks of life.
This may present as hypotension, metabolic acidosis, and
poor perfusion, with bolus of normal saline (oftentimes
multiple) a common initial intervention (5-7). However,
infant’s volume status (presence of hypovolemia) is rarely
ascertained echocardiographically, highlighting a lacuna
in neonatal clinical practice.
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The volume Kinetics and distribution of isotonic crystal-
loids in preterm neonates may be influenced by the rate of
infusion, infant’s physiological condition, and vascular per-
meability and tone. Given its high chloride concentration,
0.9% sodium chloride is an unbalanced isotonic crystalloid
(8, 9). Although neonatal information is scarce, data indicate
that up to 50% of the intravascular volume effect can be lost
in as little as 30 min in adults with normal transcapillary
fluid dynamics (i.e., no hypotension or altered capillary per-
meability). The volume of distribution of isotonic crystal-
loids between the intravascular and interstitial spaces in
healthy adults approximates the relative size of respective
compartments (~25% will stay intravascular whereas ~75%
interstitial) (10, 11). Among preterm infants, the interstitial
space of concern where fluid might redistribute is the lungs,
affecting respiratory physiology and pulmonary compliance.

We hypothesize that normal saline bolus may adversely
affect respiratory physiology. The objective of this study was
to evaluate the evolution of pulmonary compliance when
normal saline bolus was administered to mechanically venti-
lated extremely premature infants.

METHODS

This observational study was approved by the institution
ethics review committee (HREC RES-22-0000-291Q—86554).
Since the data were already being recorded, no formal con-
sent was required. The study included preterm infants <28
wk gestational age (GA) being administered normal saline
bolus (10 mL/kg over 60 min) for reasons determined by the
clinical team. Infants were <7 days of postnatal age and ven-
tilated by conventional mechanical volume-controlled PC-
AC (Assist Control-every infant initiated breath is supported)
ventilation using the Drager Babylog VNS00 ventilator with
Infinity C500 touchscreen control and display. A flow sensor
is routinely attached between the circuit and the end of the
endotracheal tube that continuously feeds back flow and vol-
ume information to the ventilator. This system uses hot wire
anemometer placed between y-piece and the endotracheal
tube to measure flow, two internal pressure sensors installed
in inspiratory and expiratory line to measure the airway
pressure, thermal conductivity is used to measure O, con-
centration, and light absorption is used to measure CO, con-
centration internally. Fisher and Paykel 950 humidifier and
the corresponding breathing circuit is used with the Babylog
VNS500 (12). We downloaded pulmonary mechanics data
(being continuously recorded by the ventilator) for a period
of 30 min preinfusion, 60 min during the infusion, followed
by 30 min postinfusion (total 2 h). Self-ventilating infants,
those on other modes of ventilation (continuous positive air-
way pressure or high frequency) and infants >7 days old
were excluded. One infant was studied for observation only
once and at the time of the initial infusion.

Statistics

This was a hypothesis-generating study providing prelimi-
nary data. Descriptive statistics were used to characterize
baseline characteristics. Continuous variables were analyzed
using Student’s t test. Pair-wise comparisons versus baseline
(preinfusion readings) were performed using the Holm-
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Table 1. Study population demographics

Variable n=16

Gestational age at birth, wk 25.2+1

Birthweight, g 620+60

Age at saline bolus (day of life) 3.7+£1.2

Gestational age at saline bolus, wk 25.6+1

Weight at saline bolus, g 602 +54

Antenatal steroids, n (%) 14 (90)

Mode of delivery (vaginal), n (%) 13 (65)

Male sex, n (%) 11(55)

Surfactant, n (%) 20 (100)

Last dose of caffeine, h 71+1.6

Documented reason* "Hypotension 9
Tlactate 5

Iperfusion 4
lurine output 4
metabolic acidosis 3

*Multiple in some; “mean blood pressure < gestational age.

Sidak method. Analysis of covariance testing was used to an-
alyze serial change over time. Two-tailed significance was
setat P < 0.05.

RESULTS

Sixteen extremely preterm infants formed the study
cohort. The GA and birthweight of the cohort were 25.2+1
wk and 620 +60 g, respectively. Table 1 depicts other clinical
and demographic characteristics. None of the infants had an
obvious cause of hypovolemia (such as feto-maternal hemor-
rhage, twin-to-twin transfusion, or pulmonary hemorrhage).
No infants were on inotropes before or during the 2-h period.
All infants were supine and no endotracheal suction was per-
formed during the observations. No change was made to
ventilator settings except nurse controlled change in frac-
tional inspired oxygen to maintain saturations within the
nominated range (91-95%). The most common documented
reason for saline bolus was hypotension (mean blood pres-
sure [BP] <GA) (multiple reasons in some) (Table 1). The net
volume of normal saline infused (10 mL/kg) was 6.4+0.6
mL. There was no significant improvement in mean BP on
reassessment (24 £2 vs. 26 + 3 mmHg, P = 0.2).

Table 2 depicts ventilator data over the 2-h period. The
set volume guarantee in the cohort was median 5 mL/kg
(range 4.5-5). A significant reduction in compliance was
noted (0.26 = 0.03 preinfusion to 0.2 £ 0.03 mL/cmH,0 post-
infusion, P < 0.0001). To be able to deliver the set tidal-vol-
ume via volume guarantee, the ventilator generated higher
peak inspiratory pressures. Alongside a trend in increased
oxygen requirements, an increase in respiratory severity
score (mean airway pressure x fractional inspired oxygen)
was noted. Figure 1 depicts the trends in compliance,
inspiratory pressures, and oxygen requirements, before,
during, and after the saline infusion.

DISCUSSION

Although there is no consensus on how best to treat hypo-
tension in preterm infants, the use of saline boluses remains
the initial intervention by most clinicians (13). Detrimental
clinical effects (such as PDA, necrotizing enterocolitis, bron-
chopulmonary dysplasia, and death) of liberal administration
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Table 2. Evolution of ventilator parameters

Before Infusion During Infusion

After Infusion

Parameter (30 min) T1 (60 min) T2 (30 min) T3 PT1vs. T2 PT2vs. T3 PT1vs. T3 ANOVA
Pulmonary compliance 0.26+0.03 0.23+0.03 0.2+0.03 0.02 0.03 <0.0001 0.0002
nett, mL/cmH,0
Pulmonary compliance, 0.43+0.07 0.38+0.07 0.33+0.07 0.08 0.08 0.001 0.003
mL/cmH,O0/kg
PIP, cmH,O 19+2 22+2 22+3 <0.0001 0.3 <0.0001 <0.0001
MAP, cmH,O 9.3%+14 10.5+1.3 1.1£1.2 0.02 0.2 0.0008 0.001
Oxygen requirement, %* 34 (24, 58) 43 (34, 70) 47 (38, 82) 0.2 0.4 0.06 0.1
RSS (MAP X Fio,) 4+2.6 5.5+3.1 6.5+3.2 0.1 0.4 0.03 0.08
Time constant expiratory, s 0.15+0.04 0.12+0.03 0.11+0.03 0.02 0.8 0.01 0.01
Tidal volume, mL 31+0.3 3+0.3 2.9+0.2 0.4 0.1 0.1 0.3

ANOVA, analysis of variance; Flo,, fractional inspired oxygen; MAP, mean airway pressure; PIP, peak inspiratory pressure; RSS, respi-

ratory severity score. *Median (interquartile range).

of fluids are known (14-17). Our study noted adverse effects
on preterm lung mechanics in association with saline boluses,
putatively related to redistribution into extravascular (inter-
stitial) space. Clinicians need to be cognizant of such effects
and decide on fluid replenishment judiciously.

Use of Normal Saline as Therapy for Hypotension in
Extremely Preterm Infants

Preterm ventilated infants are affected by certain matura-
tional peculiarities that include delayed closing of PDA,
immaturity of the myocardium, and the imperfection in pe-
ripheral chemo and baroreceptors. Clinical manifestations
include reduced BP, reduced perfusion, metabolic acidosis,
oliguria and tachycardia (18, 19). Although there could be
other reasons for reduced preload (such as high mean airway
pressure), and absolute hypovolemia from acute hemorrhage
is a less common cause, fluid bolus therapy represents an
established component of management in preterm infants.
Most clinicians use mean BP < GA to define and treat hypo-
tension in preterm infants (20-22), normal saline being the
most commonly used crystalloid (6, 13). A Canadian survey of
95 neonatologists reported that clinicians routinely treated
suspected hemodynamic compromise in premature infants
with a fluid bolus, most commonly using 0.9% sodium chlo-
ride (21). An international observational study in preterm
infants who received a fluid bolus for the management of he-
modynamic compromise noted the most common fluid used
was 0.9% sodium chloride (most commonly 10 mL/kg) (6).
The most common indication was hypotension, followed by
poor perfusion and metabolic acidosis. Minimal or no clinical
improvement was reported by clinicians in 40% cases (6).
These data echo the findings of our study in terms of indica-
tions, choice and the amount of fluid bolus, and the lack of
response to numerical hypotension. Investigators have previ-
ously noted that infants who received >30 mL/kg volume
expansion in the initial 48 h were more likely to die versus
those who received less fluid (15). A Cochrane review found
no evidence to determine if preterm infants with clear hemo-
dynamic compromise benefitted from volume expansion
compared with no volume expansion (17).

Impact of Saline Boluses on Physiology

Experimental data from studies in piglets indicated lack of
efficacy of crystalloids toward volume expansion. Five
groups of premature piglets were infused with saline (10 or
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20 mL/kg) or packed red cells (10 or 20 mL/kg) over 1 h and
compared with no treatment (23). Blood volume, blood pres-
sure, central venous pressure, heart rate, and carotid flow
were measured alongside cerebral oxygenation, pH, base
excess, and serum lactate for 6 h after start of treatment.
Both packed red cell cohorts noted significant increases in
blood volume and improved measures of cardiovascular
function, cerebral oxygenation, and reduction in metabolic
acidosis. Saline infusion did not significantly alter any of the
aforementioned measures; the most likely explanation for
the ineffectiveness is the rapid leakage of saline out of the
systemic vasculature. Similar evidence is available from
studies in sheep where at 10 min after infusion of 0.9% sa-
line, only 15% remained within the circulation (24).

Total body water accounts for ~60% of total body weight
though infants possibly have a higher percentage of water by
weight than adults. Normal saline (when compared with
plasma) rapidly distributes as the membrane between the
vascular and interstitial space is permeable to most electro-
lytes. The distribution within the extracellular fluid is quite
identical to that of water, i.e., ~25% vascular and 75% inter-
stitial; the time frame for this to occur clinically is ~30 min
(25). A study on adults noted that one liter of crystalloid
resulted in an increase in plasma volume of only 194 mL.
Plasma volume was maximal at the end of the infusion time
of 1 h; gradually decreasing over the next 45 min (26). In
essence, pulmonary edema as a consequence of crystalloid
fluid administration is a distinct possibility, especially in
preterm infants with already immature vascular tone and
permeability. This might explain the decreased pulmonary
compliance we observed in our cohort. Higher cardiac filling
is associated with injury to the endothelial glycocalyx, con-
tributing to increased endothelial permeability (27, 28).
Figure 2 summarizes various mechanistic linkages.

The use of normal saline could contribute to iatrogenic
fluid overload. This is further complicated by the distinct de-
velopmental differences in the premature myocardium (inef-
ficient contractile apparatus, lack of elastic tissue, high
proportion of stiff fibers) (29, 30) (Fig. 2). In contrast to the
adult heart where ~60% of the myocardium is muscular, in
extremely premature infants contractile tissue only accounts
for ~30% (31), with over-representation of relatively disor-
ganized mitochondria (32). In such a scenario, the ability of
the myocardium to respond to additional stress (e.g., chang-
ing loading conditions, volume boluses) may be severely
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Figure 1. Line graphs showing evolution of mean values of peak inspira-
tory pressure (in cmH,0; A), mean airway pressure (in cmH,0; B), compli-
ance (in mL/cmH,0/kg; C), and oxygen (in %; D) at three time points (30
min of presaline, 60 min of saline infusion, 30 min of postsaline).

compromised. Circulatory instability among preterm infants
may be due to higher capillary permeability of immature
vessels, raised hydrostatic pressure gradient, and lower
oncotic pressure gradient, alongside reduced lymphatic
return and inappropriate vasodilatation (lower vasomotor
tone) and a limited capacity to vasoconstrict (33, 34). In the
presence of myocardial dysfunction (common in extremely
premature infants), a rapid increase in preload can result in
pulmonary venous congestion, especially if there is inad-
equate diastolic function due to the aforementioned devel-
opmental factors. Finally, positive pressure ventilation
coupled with the need for higher pressures in response to
decreasing compliance could initiate a cascade of cytokine-
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mediated vasomotor permeability (35). These mediators
include interleukins and histamine/bradykinin, and may
contribute to the other mechanisms of pulmonary conges-
tion/edema highlighted earlier (Fig. 2).

Relevance of Lung Mechanics in Preterm Infants

To deliver set tidal volume (volume-guarantee), a signifi-
cant increase in ventilator pressures (peak and mean airway
pressures) was noted, accompanied by decreased pulmonary
compliance and expiratory time constant in association with
normal saline bolus in extremely preterm infants.

Lung compliance describes how much volume will change
for a given pressure differential. In premature infants, a low
compliance generally implies higher surface tension, gener-
ated as water molecules cluster together, reducing exposure
to oxygen in the alveolar space. This coalescing produces a
force that tends to pull the alveolar walls inward, necessitat-
ing a larger outward pressure to inflate the alveoli (Fig. 2).
Although extremely preterm infants are at the late canalicu-
lar or early saccular stage of pulmonary architecture devel-
opment, it is the later saccular stage where the extracellular
matrix matures, stabilizing elastin-collagen arrangement,
leading to improved lung compliance (36-38). Decrease in
pulmonary compliance is undesirable because it becomes
more difficult to inflate the lungs, the consequent baro-
trauma leading to higher respiratory support requirements
due to an overall adverse effect on alveolar distensibility.
The expiratory time constant is a dynamic measurement of
respiratory mechanics and is useful for diagnosing the lung
condition and its severity, optimizing the ventilator settings
and understanding respiratory physiology. Lower expiratory
time constant indicates lowering of compliance, which will
require a higher inspiratory transpulmonary pressure. A stiff
lung with low compliance, whether due to RDS or fluid trans-
location into the pulmonary interstitium, will empty quickly
on expiration. For instance, in adult patients with acute
RDS, it is typically in the range of 0.4-0.6 s. It is shorter in
patients with more severe acute RDS, indicating low compli-
ance and a small volume of aerated lung (39). The need for
higher ventilator pressures to deliver guaranteed volume in
volume-controlled mode of ventilation could propagate bar-
otrauma (Fig. 2). This is associated with the activation of a
complex inflammatory cascade and colonizing the airway
with pathogens (35).

Way Forward: Better Assessment-Judicious
Management

Hemodynamic management of preterm infants requires
appreciation of the aforementioned physiology, and point-of-
care echocardiography could enhance (complement) diagnos-
tic accuracy and select physiologically appropriate medica-
tions. Volume responsiveness is evaluated as an increase in
echocardiographic stroke volume by 5-10% in response to
fluid bolus (40). However, dynamic indices of fluid respon-
siveness such as BP variation are mainly studied in adults and
older children but are not applicable in daily practice in neo-
natal intensive care (41-44). Echocardiographic markers of hy-
povolemia such as end-diastolic left ventricular and left atrial
diameter, and the diameter/collapsibility of the inferior vena
cava (IVC) are subjective and unreliable (45-47). Generally, a
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Figure 2. Mechanistic links between normal saline boluses and effects on lung compliance. IL, interleukin, TNF, tumor necrosis factor. [Image created

with a licensed version of BioRender.com.]

normally filled IVC has some caliber change with cardiac
cycle. An under-filled IVC will be barely visible or collapse
entirely on inspiration whereas an overfilled IVC will appear
distended and minimally pulsatile. This simplistic approach,
however, is not valid in infants ventilated especially with high
frequency ventilation as high intrathoracic pressure can effec-
tively make the IVC appear well-filled, when the cardiac cham-
bers themselves may be under-filled. Hence, this information
needs cautious interpretation. In essence, reliable indicators of
assessment of volume status in these cohorts are lacking and
the use of subjective estimation of volume status (eyeballing)
to decide administration of saline boluses is not evidence-
based. Given hypovolemia is an uncommon cause of hypoten-
sion in neonates, routine administration of saline boluses,
especially repeated, must be seriously questioned.

Limitations of the study include relatively small numbers.
The recruitment was not continuous as some infants
belonged to the exclusion criteria while investigator avail-
ability precluded data download in others. We did not use
invasive means to measure compliance, which possibly
could give a more reliable data set. Each infant acted as its
own control as the primary objective was to study the evolu-
tion of parameters in response to saline bolus; we did not
have a separate control population. As strength, this was a
homogeneous population of extremely premature infants in
the early postnatal days of life.

Conclusions and Future Research

Our preliminary data showing adverse influence on pul-
monary mechanics in preterm infants is cause for scien-
tific pause before liberal/routine use of saline boluses in
the absence of hypovolemia. Similar evaluations in popu-
lations such as perinatal asphyxia and septic shock may
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give further physiological information. A better under-
standing of the alterations in neonatal respiratory physi-
ology in response to common interventions may allow a
physiology-based approach in decision making.

DATA AVAILABILITY

Data will be made available upon reasonable request.

ACKNOWLEDGMENTS

Figure 2 and graphical abstract image were created with a li-
censed version of BioRender.com.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

A.S. and B.G. conceived and designed research; A.S. and B.G.
performed experiments; A.S. and B.G. analyzed data; A.S. and
B.G. interpreted results of experiments; A.S. prepared figures; A.S.
drafted manuscript; A.S. and B.G. edited and revised manuscript;
A.S. and B.G. approved final version of manuscript.

REFERENCES

1. Bell EF, Warburton D, Stonestreet BS, Oh W. Effect of fluid adminis-
tration on the development of symptomatic patent ductus arteriosus
and congestive heart failure in premature infants. N Engl J Med 302:
598-604, 1980. doi:10.1056/NEJM198003133021103.

2. Van Marter LJ, Leviton A, Alired EN, Pagano M, Kuban KC. Hydration
during the first days of life and the risk of bronchopulmonary dysplasia

L823


https://doi.org/10.1056/NEJM198003133021103
http://www.ajplung.org

20.

21

L824

Q)) SALINE INFUSION AND LUNG MECHANICS

in low birth weight infants. J Pediatr 116: 942—-949, 1990. doi:10.1016/
s0022-3476(05)80658-4.

Marshall DD, Kotelchuck M, Young TE, Bose CL, Kruyer L, O’Shea
TM. Risk factors for chronic lung disease in the surfactant era: a
North Carolina population-based study of very low birth weight
infants. North Carolina Neonatologists Association. Pediatrics 104:
1345-1350, 1999. doi:10.1542/peds.104.6.1345.

Goldberg RN, Chung D, Goldman SL, Bancalari E. The association
of rapid volume expansion and intraventricular hemorrhage in the
preterm infant. J Pediatr 96: 1060-1063, 1980. doi:10.1016/s0022-
3476(80)80642-1.

Dasgupta SJ, Gill AB. Hypotension in the very low birthweight
infant: the old, the new and the uncertain. Arch Dis Child Fetal
Neonatal Ed 88: FA50—F454, 2003. doi:10.1136/fn.88.6.f450.

Keir AK, Karam O, Hody N, Stark MJ, Liley HG, Shah PS, Stanworth
SJ; NeoBolus Study Group. International, multicentre, observational
study of fluid bolus therapy in neonates. J Paediatr Child Health 55:
632-639, 2019. doi:10.1111/jpc.14260.

Batton B, Li L, Newman NS, Das A, Watterberg KL, Yoder BA, Faix
RG, Laughon MM, Stoll BJ, Van Meurs KP, Carlo WA, Poindexter
BB, Bell EF, Sanchez PJ, Ehrenkranz RA, Goldberg RN, Laptook
AR, Kennedy KA, Frantz ID 3rd, Shankaran S, Schibler K, Higgins
RD, Walsh MC; Eunice Kennedy Shriver National Institute of Child
Health & Human Development Neonatal Research Network. Use
of antihypotensive therapies in extremely preterm infants. Pediatrics
131: £1865-e1873, 2013. doi:10.1542/peds.2012-2779.

Muir W. Effect of intravenously administered crystalloid solutions on
acid base balance in domestic animals. J Vet Intern Med 31: 1371-
1381, 2017. doi:10.1111/jvim.14803.

Kilic O, Gultekin Y, Yazici S. The impact of intravenous fluid therapy
on acid base status of critically ill adults: a steward approach-based
perspective. Int J Nephrol Renovasc Dis 13: 219-230, 2020.
doi:10.2147/IJNRD.S266864.

Hahn RG, Lyons G. The half-life of infusion fluids. Eur J Anaesthesiol
33:475-482, 2016. doi:10.1097/EJA.0000000000000436.

Hahn RG. Why crystalloids will do the job in the operating room.
Anaesthesiol Intensive Ther 46: 342-349, 2014. doi:10.5603/AIT.
2014.0058.

Draeger. Instructions for Use: Infinity Acute Care System — Monitoring
Applications VG7.n (Online). 2015. https://www.draeger.com/Content/
Documents/Content/Draeger-Ventilation-Mini-Manual.pdf [2022 May 10].
Al-Aweel |, Pursley DM, Rubin LP, Shah B, Weisberger S,
Richardson DK. Variations in prevalence of hypotension, hyperten-
sion, and vasopressor use in NICUs. J Perinatol 21: 272-278, 2001.
doi:10.1038/sj.jp.7210563.

Stephens BE, Gargus RA, Walden RV, Mance M, Nye J, McKinley L,
Tucker R, Vohr BR. Fluid regimens in the first week of life may
increase risk of patent ductus arteriosus in extremely low birth weight
infants. J Perinatol 28:123-128, 2008. doi:10.1038/sj.jp.7211895.
Ewer AK, Tyler W, Francis A, Drinkall D, Gardosi JO. Excessive vol-
ume expansion and neonatal death in preterm infants born at 27-28
weeks gestation. Paediatr Perinat Epidemiol 17: 180-186, 2003.
doi:10.1046/j.1365-3016.2003.00474 x.

Bell EF, Acarregui MJ. Restricted versus liberal water intake for
preventing morbidity and mortality in preterm infants. Cochrane
Database Syst Rev 12: CD0O00503, 2014. doi:10.1002/14651858.
pub3.

Osborn DA, Evans NJ. Early volume expansion for prevention of
morbidity and mortality in very preterm infants. Cochrane Database
Syst Rev 2: CD002055, 2004. doi:10.1002/14651858.CD002055.
pub2.

Johnson PJ. Normal saline bolus infusion for hypo-perfusion in the new-
born. Neonatal Netw 32: 41-45, 2013. doi:10.1891/0730-0832.32.1.41.
Goldsmith JP, Keels E. Recognition and management of cardiovas-
cular insufficiency in the very low birth weight newborn. Pediatrics
149: 2021056051, 2022. doi:10.1542/peds.2021-056051.

Sehgal A, Osborn D, McNamara PJ. Cardiovascular support in
preterm infants: a survey of practices in Australia and New
Zealand. J Paediatr Child Health 48: 317-323, 2012. doi:10.1111/
j.1440-1754.2011.02246 ..

Dempsey EM, Barrington KJ. Diagnostic criteria and therapeutic
interventions for the hypotensive very low birth weight infant. J
Perinatol 26: 677-681, 2006. doi:10.1038/sj.jp.7211579.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Eiby YA, Wright IMR, Stark MJ, Lingwood BE. Red cell infusion but
not saline is effective for volume expansion in preterm piglets.
Pediatr Res 94: 112118, 2023. doi:10.1038/541390-022-02403-2.
Brace RA. Fetal blood volume responses to intravenous saline
solution and dextran. Am J Obstet Gynecol 147: 777-781, 1983.
doi:10.1016/0002-9378(83)90036-4.

Dempsey EM, Barrington KJ, Marlow N, O’Donnell CPF, Miletin J,
Naulaers G, Cheung PY, Corcoran JD, El-Khuffash AF, Boylan GB,
Livingstone V, Pons G, Macko J, Laere DV, Wiedermannova H,
Stran6dk Z; HIP consortium. Hypotension in Preterm Infants (HIP)
randomised trial. Arch Dis Child Fetal Neonatal Ed 106: 398—-403,
2021. doi:10.1136/archdischild-2020-320241.

Griffel MI, Kaufman BS. Pharmacology of colloids and crystal-
loids. Crit Care Clin 8: 235-253, 1992. doi:10.1016/S0749-0704
(18)30249-5.

Hauser CJ, Shoemaker WC, Turpin |, Goldberg SJ. Oxygen trans-
port responses to colloids and crystalloids in critically ill surgical
patients. Surg Gynecol Obstet 150: 811-816, 1980.

Bruegger D, Jacob M, Rehm M, Loetsch M, Welsch U, Conzen P,
Becker BF. Atrial natriuretic peptide induces shedding of endothelial
glycocalyx in coronary vascular bed of guinea pig hearts. Am J
Physiol Heart Circ Physiol 289: H1993-H1999, 2005. doi:10.1152/
ajpheart.00218.2005.

Bruegger D, Schwartz L, Chappell D, Jacob M, Rehm M, Vogeser M,
Christ F, Reichart B, Becker BF. Release of atrial natriuretic peptide
precedes shedding of the endothelial glycocalyx equally in patients
undergoing on- and off-pump coronary artery bypass surgery. Basic
Res Cardiol 106: 1111-1121, 2011. doi:10.1007/s00395-011-0203-y.
Noori S, Seri I. Pathophysiology of newborn hypotension out-
side the transitional period. Early Hum Dev 81: 399-404, 2005.
doi:10.1016/j.earlhumdev.2005.03.007.

Fanaroff JM, Fanaroff AA. Blood pressure disorders in the neonate:
hypotension and hypertension. Semin Fetal Neonatal Med 11: 174—
181, 2006. doi:10.1016/j.siny.2006.01.002.

Xu A, Hawkins C, Narayanan N. Ontogeny of sarcoplasmic retic-
ulum protein phosphorylation by Ca2p-calmodulin-dependent
protein kinase. J Mol Cell Cardiol 29: 405-418, 1997. doi:10.1006/
jmcc.1996.0284.

Eiby YA, Lingwood BE, Wright IMR. Plasma leak from the circulation
contributes to poor outcomes for preterm infants: a working hypoth-
esis. Front Neurol 12: 636740, 2021. doi:10.3389/fneur.2021.636740.
Stark MJ, Clifton VL, Wright IM. Microvascular flow, clinical illness
severity and cardiovascular function in the preterm infant. Arch Dis
Child Fetal Neonatal Ed 93: F271-F274, 2008. doi:10.1136/adc.
2007.123539.

Barrington KJ. Hypotension and shock in the preterm infant.
Semin Fetal Neonatal Med 13: 16-23, 2008. doi:10.1016/j.siny.
2007.09.002.

Jobe AH. The new bronchopulmonary dysplasia. Curr Opin Pediatr
23:167-172, 2011. doi:10.1097/MOP.0b013e3283423e6b.
Mullassery D, Smith NP. Lung development. Semin Pediatr Surg 24:
152-155, 2015. doi:10.1053/j.sempedsurg.2015.01.011.

DiFiore JW, Wilson JM. Lung development. Semin Pediatr Surg 3:
221-232,1994.

Mizikova |, Ruiz-Camp J, Steenbock H, Madurga A, Vadasz |,
Herold S, Mayer K, Seeger W, Brinckmann J, Morty RE. Collagen
and elastin cross-linking is altered during aberrant late lung develop-
ment associated with hyperoxia. Am J Physiol Lung Cell Mol Physiol
308: L1145-L1158, 2015. doi:10.1152/ajplung.00039.2015.

Arnal JM, Garnero A, Saoli M, Chatburn RL. Parameters for simula-
tion of adult subjects during mechanical ventilation. Respir Care 63:
158-168, 2018. doi:10.4187/respcare.05775.

Marik PE, Lemson J. Fluid responsiveness: an evolution of our
understanding. Br J Anaesth 112: 617-620, 2014. doi:10.1093/bja/
aet590.

Marik PE, Cavallazzi R, Vasu T, Hirani A. Dynamic changes in
arterial waveform derived variables and fluid responsiveness in
mechanically ventilated patients: a systematic review of the liter-
ature. Crit Care Med 37: 2642-2647, 2009. doi:10.1097/CCM.
0b013e3181a590da.

Lansdorp B, Lemson J, van Putten MJAM, de Keijzer A, van der
Hoeven JG, Pickkers P. Dynamic indices do not predict volume
responsiveness in routine clinical practice. Br J Anaesth 108: 395—
401, 2012. doi:10.1093/bja/aer41.

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00179.2023 - www.ajplung.org


https://doi.org/10.1016/s0022-3476(05)80658-4
https://doi.org/10.1016/s0022-3476(05)80658-4
https://doi.org/10.1542/peds.104.6.1345
https://doi.org/10.1016/s0022-3476(80)80642-1
https://doi.org/10.1016/s0022-3476(80)80642-1
https://doi.org/10.1136/fn.88.6.f450
https://doi.org/10.1111/jpc.14260
https://doi.org/10.1542/peds.2012-2779
https://doi.org/10.1111/jvim.14803
https://doi.org/10.2147/IJNRD.S266864
https://doi.org/10.1097/EJA.0000000000000436
https://doi.org/10.5603/AIT.2014.0058
https://doi.org/10.5603/AIT.2014.0058
https://www.draeger.com/Content/Documents/Content/Draeger-Ventilation-Mini-Manual.pdf
https://www.draeger.com/Content/Documents/Content/Draeger-Ventilation-Mini-Manual.pdf
https://doi.org/10.1038/sj.jp.7210563
https://doi.org/10.1038/sj.jp.7211895
https://doi.org/10.1046/j.1365-3016.2003.00474.x
https://doi.org/10.1002/14651858.pub3
https://doi.org/10.1002/14651858.pub3
https://doi.org/10.1002/14651858.CD002055.pub2
https://doi.org/10.1002/14651858.CD002055.pub2
https://doi.org/10.1891/0730-0832.32.1.41
https://doi.org/10.1542/peds.2021-056051
https://doi.org/10.1111/j.1440-1754.2011.02246.x
https://doi.org/10.1111/j.1440-1754.2011.02246.x
https://doi.org/10.1038/sj.jp.7211579
https://doi.org/10.1038/s41390-022-02403-2
https://doi.org/10.1016/0002-9378(83)90036-4
https://doi.org/10.1136/archdischild-2020-320241
https://doi.org/10.1016/S0749-0704(18)30249-5
https://doi.org/10.1016/S0749-0704(18)30249-5
https://doi.org/10.1152/ajpheart.00218.2005
https://doi.org/10.1152/ajpheart.00218.2005
https://doi.org/10.1007/s00395-011-0203-y
https://doi.org/10.1016/j.earlhumdev.2005.03.007
https://doi.org/10.1016/j.siny.2006.01.002
https://doi.org/10.1006/jmcc.1996.0284
https://doi.org/10.1006/jmcc.1996.0284
https://doi.org/10.3389/fneur.2021.636740
https://doi.org/10.1136/adc.2007.123539
https://doi.org/10.1136/adc.2007.123539
https://doi.org/10.1016/j.siny.2007.09.002
https://doi.org/10.1016/j.siny.2007.09.002
https://doi.org/10.1097/MOP.0b013e3283423e6b
https://doi.org/10.1053/j.sempedsurg.2015.01.011
https://doi.org/10.1152/ajplung.00039.2015
https://doi.org/10.4187/respcare.05775
https://doi.org/10.1093/bja/aet590
https://doi.org/10.1093/bja/aet590
https://doi.org/10.1097/CCM.0b013e3181a590da
https://doi.org/10.1097/CCM.0b013e3181a590da
https://doi.org/10.1093/bja/aer411
http://www.ajplung.org

43.

44,

Q)) SALINE INFUSION AND LUNG MECHANICS

Weber T, Wagner T, Neumann K, Deusch E. Low predictability of
three different noninvasive methods to determine fluid responsive-
ness in critically ill children. Pediatr Crit Care Med 16: e89—-e94,
2015. doi:10.1097/PCC.0000000000000364.

Desgranges FP, Desebbe O, Pereira de Souza Neto E, Raphael D,
Chassard D. Respiratory variation in aortic blood flow peak velocity
to predict fluid responsiveness in mechanically ventilated children: a
systematic review and meta-analysis. Paediatr Anaesth 26: 37-47,
2016. doi:10.1111/pan.12803.

AJP-Lung Cell Mol Physiol «+ doi:10.1152/ajplung.00179.2023 - www.ajplung.org

45.

46.

47.

Evans N. Volume expansion during neonatal intensive care: do we
know what we are doing? Semin Neonatol 8: 315-323, 2003.
doi:10.1016/S1084-2756(03)00021-6.

Harada K, Shiota T, Takahashi Y, Tamura M, Takada G. Changes in
the volume and performance of the left ventricle in the early neona-
tal period. Early Hum Dev 39: 201-209, 1994. doi:10.1016/0378-3782
(94)90198-8.

Wyllie J. Neonatal echocardiography. Semin Fetal Neonatal Med
20:173-180, 2015. doi:10.1016/j.siny.2015.03.009.

L825


https://doi.org/10.1097/PCC.0000000000000364
https://doi.org/10.1111/pan.12803
https://doi.org/10.1016/S1084-2756(03)00021-6
https://doi.org/10.1016/0378-3782(94)90198-8
https://doi.org/10.1016/0378-3782(94)90198-8
https://doi.org/10.1016/j.siny.2015.03.009
http://www.ajplung.org

