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Highlights 

What are the main findings 

• Based on our systematic review, we found a possible association between hyper-

natremia in ELBW infants and IVH. 

• Hyponatremia was associated with long-term neurocognitive outcomes (i.e., hearing 

loss and a trend to neurocognitive impairment). 

What are the implementations of the main findings? 

• This systematic review suggests a possible association between early sodium disturb-

ances and adverse neurodevelopmental outcomes in ELBW infants, emphasizing the 

need for further high-quality, prospective studies, especially since sodium manage-

ment can be modulated. 

Abstract 

Purpose: To synthesize all existing literature on the association between sodium disturb-

ances during the first 10 days of life in Extremely-Low-Birth-Weight (ELBW) infants and 

the risk of developing severe intraventricular hemorrhage (IVH > grade 1) or long-term 

neurodevelopmental impairment. Methods: Applying systematic review (ID 

CDR42024622933) principles, five major databases were explored. Any study was in-

cluded if it reported on ELBW infants, on serum sodium values within the first 10 post-

natal days, or was related these to neurocognitive or neurodevelopmental outcomes. Re-

sults: Ten studies (13,276 infants) met inclusion criteria. Six studies evaluated the associ-

ation between hypernatremia (>145 or >150 mmol/L) and severe IVH, and two reported a 

significant association. Among two studies studying hyponatremia (ranging <130 or <120 

mmol/L), one found a significant association with severe IVH. Evidence regarding sodium 

fluctuations (difference between the maximum and minimum serum sodium values) 

identified fluctuations >13 mmol/L as a strong risk factor for severe IVH, while another 

study showed that glucose-corrected sodium fluctuations were independently associated 

with severe IVH. Long-term neurodevelopmental outcomes were reported in four stud-

ies; hyponatremia was significantly associated with hearing loss in one study (OR 5.6 (95% 

Academic Editor: Kazumichi Fujioka 

Received: 01 February 2026 

Revised: 15 February 2026 

Accepted: 18 February 2026 

Published: 19 February 2026 

Copyright: © 2026 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license. 

https://doi.org/10.3390/children13020287
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Children 2026, 13, 287 2 of 16 
 

https://doi.org/10.3390/children13020287 

CI 1.1–27.8)), while another study reported that glucose-corrected sodium fluctuations 

were associated with neurodevelopmental impairment at 18–21 months, although signif-

icance disappeared after adjustment for confounding factors. Conclusion: Considering the 

limitations related to heterogeneity in study design, threshold sodium values and cohort 

size, this systematic review suggests a possible association between early sodium disturb-

ances and adverse neurodevelopmental outcomes in ELBW infants, emphasizing the need 

for further high-quality, prospective studies, especially since sodium management can be 

modulated. 

Keywords: extremely low birth weight infants; sodium imbalances; hyponatremia; hyper-

natremia; neurodevelopmental outcomes; intraventricular hemorrhage 

 

1. Introduction 

Extremely-Low-Birth-Weight (ELBW, birth weight <1000 g) infants are at increased 

risk of mortality and morbidity. This extends to both short- and long-term morbidities, 

including those affecting the central nervous system [1]. Despite marked improvements 

in mortality, these morbidity rates have not prominently improved [2]. Neurocognitive 

development is multifactorial and influenced by antenatal, perinatal, and postnatal factors 

[1]. Electrolyte imbalances have been proposed as a potential contributing factor. 

Dysnatremia, as either hyponatremia, hypernatremia or sodium fluctuations, is associated 

with several common complications in preterm infants [3]. Studies have also indicated 

that neonatal dysnatremia may influence neurocognitive outcomes, partly due to its rela-

tionship with IVH development [4–6]. A potential pathophysiological mechanism under-

lying this association involves fluid shifts, driven by osmolar changes. Neonates are par-

ticularly sensitive to such shifts due to the immaturity of their brain’s adaptive mecha-

nisms [7]. To provide a contemporary overview on the topic, we conducted a systematic 

review to synthesize the data from studies examining the relationship between sodium 

values during the first 10 days after birth and long-term neurocognitive outcomes and 

IVH in ELBW infants. 

2. Methods 

2.1. Registration and Ethics 

The protocol was registered in PROSPERO (ID CDR42024622933, 19 December 2024). 

Ethics approval was obtained from the Ethics Board of KU Leuven, Belgium (MP034156), 

on 28 November 2024. 

2.2. Search Strategy 

We conducted a comprehensive search across the following databases: PubMed, Em-

base, Web of Science Core Collection, Scopus, and CINAHL. The search was performed 

to include any study available in these databases up to 5 December 2024. No filters were 

applied. The search strategy was developed using predefined keywords related to ELBW 

infants and serum sodium levels, with expert input from an expert data scientist (Biomed-

ical Librarian, Ms. Krizia Tuand, KU Leuven). A detailed overview of the search strategy, 

including the free-text terms used, is provided in Table S1. The Covidence platform was 

used for the collection of data and analysis [8]. This systematic review was conducted in 

accordance with the principles outlined by the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) guidelines [9]. 
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2.3. Study Selection Criteria 

Studies were eligible for inclusion if they met the following criteria: reporting on 

cases or cohorts of ELBW (i.e., birth weight <1000 g) infants, with data on serum sodium 

values within the first 10 days of life, with subsequent reporting on neurocognitive or 

neurodevelopmental outcomes. Only studies published in English were included. We ex-

cluded studies involving ELBW infants with congenital conditions that could affect neu-

rodevelopment or those with brain injury at birth. 

After deduplication, two independent reviewers (S.B., K.A.) screened titles and ab-

stracts for relevance. Full-text articles of potentially relevant studies were retrieved and 

were subsequently reassessed based on the selection criteria outlined and on the risk of 

bias and quality. In cases of disagreement, a third independent reviewer (A.R.) was con-

sulted to solve discrepancies. Finally, the reference lists of all retained articles were 

checked for other relevant articles. 

3. Results 

3.1. Structured Literature Review 

After the screening process, 10 studies met inclusion criteria. The PRISMA flow dia-

gram (see Figure 1) provides a detailed overview of the selection procedure [9]. 

 

Figure 1. Flow diagram of structured literature review according to the PRISMA guidelines. 

3.2. Baseline Characteristics 

The studies included varied considerably in their design, sample size and partici-

pants’ demographics, and employed various inclusion and exclusion criteria. Table 1 sum-

marizes the baseline characteristics of included studies. A total of 13,276 ELBW infants 

were analyzed across studies. The risk of bias and quality assessment is provided in the 

Supplementary Materials (File S1). 
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Table 1. Baseline characteristics of included studies. 

Author 

Publica-

tion 

Year 

Journal  Study Type Inclusion Criteria Exclusion Criteria 
Number of 

Patients (N) 
Number of Cases 

Number 

of Con-

trols 

Sex Ratio 

M:F 

Case Sex 

Ratio M:F 

Control 

Sex Ra-

tio M:F 

Mean 

GAa 

(Range) 

(wks) 

Mean GAa 

(Range) 

Cases (wks) 

Mean 

GAa 

(Range) 

Controls 

(wks) 

Mean 

BWb 

(Range) 

(g) 

Mean BWb 

Cases (g) 

Mean BWb 

Controls 

(g) 

Cases Comparator 
Quality Assess-

ment (Tool) 

M. A. Saeed 

[10] 
1991 

Journal of 

the Paki-

stan Medi-

cal Associ-

ation 

Case report  / / 1 1 / 
0:1 (fe-

male) 
/ / 24 / / 620 / / 

Single case of 

hypernatremia 
/ 

Moderate (JBI 

critical appraisal 

tool) 

Leslie et al. 

[11] 
1995 

Journal of 

Paediatrics 

and Child 

Health 

Case–control  
Inborn, GAa <28 wks 

or BW <1000 g 
Not specified 

102 infants 

available for 

matching 

12 total (5 moderate 

SNHLc (40–70 dB), 5 

moderate–severe (70–

90 dB), 2 profound (>90 

dB), 2 combined SNHLc 

and conductive HLc) 

24 1.40:1 7:5 14:10 / 26 ± 1.2 26 ± 1.1 / 982 ± 123 922 ± 159 

Bilateral 

SNHLc >40 dB 

requiring hear-

ing aids  

Infants from 

same high-

risk group 

without hear-

ing loss 

matched for 

GAa, sex and 

BWb (within 

200 g) 

High (NOS crite-

ria) 

Gawlowski 

et al. [12] 
2006 

Journal of 

Paediatrics 

and Child 

Health 

Retrospective 

cohort 
GAa <27 wks 

Death within 5 DOLd, 

transfers after 6 h, major 

congenital anomalies 

66 46 20 1.54:1 30:16  10:10 25 (23–26) 24.5 (23–26) 26 (23–26) 
710 (445–

1030) 

700 (535–

1017) 

770 (445–

1030) 

Hypernatremic 

infants 

Normo-

natremic in-

fants  

Moderate (NIH 

quality assess-

ment tool) 

Sabir et al. 

[13] 
2010 

Neonatol-

ogy 
Case report  / / 1 1 / 1:0 (male) / / 24 + 6  / / 520 / / 

Single case of 

hypernatremia 
/ 

High (JBI critical 

appraisal tool) 

Lim et al. [5] 2011 

Journal of 

Perinatol-

ogy 

Case–control  
Inborn, BWb ≤1000 g, 

GAa ≤26 wks 

Brain malformations, dys-

morphic features, congen-

ital anomalies, metabolic 

disorders, chromosomal 

disorders, confirmed 

CNSe infections in first 3 

DOLd 

347 infants 

available for 

matching 

36 36 1.77:1 28:8 18:18 
Not re-

ported 
24.6 ± 1.0 24.8± 0.9 

Not re-

ported 
764 ± 118.5 

771.5 ± 

125.9 

Severe IVHf 

(grade III/IV) 

No or grade 

I/II IVHf, 

matched for 

GAa (±1 week) 

and BWb 

(±100 g). 

Matching 

failed on sex 

High (NOS crite-

ria) 

Lee et al.    

[6] 
2015 

Journal of 

Korean 

Medical 

Science 

Retrospective 

cohort 

Inborn, preterm, BWb 

<1000 g 

Congenital cardiac/renal 

anomalies, death within 

first 4 DOLd, IVHf identi-

fied first 24 h of life  

169 32 137 1.09:1 13:19 75:62 27 ± 2.6  25.4 ± 1.7 27.9 ± 2.5 
771.8 ± 

154.1  
713.7 ± 158.7 

785.4 ± 

150.4 

Severe IVHf 

(grade III/IV) 

No or grade 

I/II IVHf  

High (NIH qual-

ity assessment 

tool) 

Dalton et al. 

[4] 
2015 

American 

Journal of 

Perinatol-

ogy 

Retrospective 

cohort  

Inborn, GAa <29 wks, 

BWb <1000 g 

Death on DOLd 1, transfer 

after DOLd 3, no early 

CUSg insufficient sodium 

measurements (<every 12 

h first 10 DOL) 

216 126 90 1.06:1 69:57 42:48 
Not re-

ported 
25.2 ± 0.1 25.9 ± 0.1 

Not re-

ported 
736 ± 14 804 ± 14 Hypernatremia 

No hyper-

natremia 

High (NIH qual-

ity assessment 

tool) 

Monni-

kendam et 

al. [3] 

2019 

Journal of 

Perinatol-

ogy 

Retrospective 

cohort 

Inborn, BWb ≤1000 g, 

GAa 23–29 wks 

Death or transfer within 7 

DOLd, no daily sodium 

data in first 7 DOLd, con-

genital anomalies 

12,428 in to-

tal, data of 12 

199 pre-

sented 

Group (−2 to 0): 96 

Group (−1 to 0): 2223 

Group (−1 to 1): 1814 

Group (0 to 1): 5431 

Group (0 to 2): 671 

Group (0 

to 0): 1964 
0.93:1  

Group (−2 

to 0): 45:51 

Group (−1 

to 0): 

988:1235 

Group (−1 

to 1): 

892:922 

Group (0 to 

1): 

2728:2703 

Group 

(0 to 0): 

828:1136 

Not re-

ported 

Group (−2 to 

0): 25.9 ± 1.7                                                                

Group (−1 to 

0): 26.3 ± 1.6                                   

Group (−1 to 

1): 25.6 ± 1.6                                              

Group (0 to 

−1): 25.6 ± 

1.5 

Group (0 to 

2): 24.5 ± 1.3                                                

Group (0 

to 0): 26.4 

± 1.6 

Not re-

ported 

Group (−2 to 

0): 754 ± 154 

Group (−1 to 

0): 786 ± 140 

Group (−1 to 

1): 759 ± 146 

Group (0 to 

1): 755 ± 146 

Group (0 to 

2): 662 ± 139                                                 

Group (0 

to 0): 788 ± 

140 

Various 

dysnatremic 

groups 

Eunatremic 

group (class 

0-0) 

High (NIH qual-

ity assessment 

tool) 
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Group (0 to 

2): 385:286                                            

Späth et al. 

[14] 
2022 

Acta Pae-

diatrica 

Matched 

nested case–

control  

Live-born infants, 

GAa 22–26 + 6 wks, 

who survived first 24 

h 

No CUSg, missing P-Nah 

data on day 2–3, major 

congenital or chromoso-

mal anomalies 

533 infants 

available for 

matching 

70 70 1:1 35:35 35:35 25.3 ± 1/1 25.0 ± 1.0 25.0 ± 1.1 763 ± 169 741 ± 144 736 ± 140 

Severe IVHf 

(grade III or 

PVHIi)  

No IVHf, 

matched for 

hospital, sex, 

GAa (±1 week) 

and BWb 

(±170 g)  

High (NOS crite-

ria) 

Gervais et al. 

[15]  
2022 

Pediatric 

Research 

Retrospective 

cohort 

≤28 wks GAa, inborn 

or admitted within 48 

h of life 

Death within first 10 

DOLd 

147 infants, 

neurodevel-

opmental 

outcome 

available for 

114  

3 groups of decreasing 

GAa: 

<25 wks: N = 38 

25–26 wks: N = 54 

27–28 wks: N = 55 

/ 

Total: 

0.79:1. 

Per GAa:                

<25 wks: 

15:23 

25–26 

wks:  

20:34 

27–28 

wks:  

30:25  

/ / 

<25 wks: 

24.3 ± 0.6 

25–26 

wks:  

26.1 ± 0.6 

27–28 

wks:  

28 ± 0.5 

/ / 

<25 wks: 

682 ± 125 

25–26 

wks:  

867 ± 160 

27–28 

wks:  

1002 ± 

233 

/ / 
Infants GAa 

≤28 wks 
/ 

High (NIH qual-

ity assessment 

tool) 

Table legend: a Gestational age, b birth weight, c sensory neuronal hearing loss, d days of life, e central nervous system, f intraventricular hemorrhage, g cranial 

ultrasound, h plasma sodium, I periventricular hemorrhage infarction. 
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The mean gestational age of infants included across studies ranged from 24 to 28 

weeks. The mean birth weight varied, ranging from 520 to 982 g. Data on sex ratio was 

available for 13,047 infants in total; 6308 (48.3%) were male and 6739 (51.7%) were female, 

showing a rather balanced gender distribution. 

3.3. Exposure 

Data on sodium disturbances, a summary of definitions, timing of monitoring, inci-

dence of sodium disbalance, and trends in sodium concentrations across the studies can 

be found in Table 2. Exposure variables measured varied between studies. 

The most common form of dysnatremia studied was hypernatremia (n = 8 studies) 

[3,4,6,10–14], followed by hyponatremia (n = 3) [3,6,11]. Serum sodium fluctuations were 

examined in five studies [4–6,14,15]. In one study, plasma sodium levels were corrected 

for glucose levels using the Katz formula (Na(corr) = Na + 0.3 × (Glucose -5) (mmol/L)) [15]. 

Definitions on threshold sodium values were not standardized. Several studies also as-

sessed different severity categories of dysnatremia. Monnikendam et al. differentiated 

moderate (145–154 mmol/L) from severe hypernatremia (>154 mmol/L) and moderate 

(125–134 mmol/L) from severe hyponatremia (<125 mmol/L) [3]. Späth et al. categorized 

hypernatremia into three distinct levels (>145 mmol/L, >150 mmol/L, and >155 mmol/L), 

allowing for nuanced analyses of severity effects [14]. Across the various cohorts of ELBW 

infants, the incidence of hypernatremia showed considerable variability, ranging from 5.3% 

to 75.7%. Hyponatremia was assessed less frequently and presented with lower incidences, 

ranging from 2.3% to 35.1%. 

The duration of serum sodium monitoring ranged from 3 to 10 days, reflecting the 

postnatal age interval of interest. In all studies, the initial measurement occurred within 

the first 24 h of life. Sodium levels were measured at least once daily in all studies, with 

some studies performing measurements up to every 12 h. Four studies reported on post-

natal sodium trends. Findings were consistent across three studies, showing that sodium 

levels typically peaked at around 48 h of life and returned to baseline between days 4 and 

7 [3,4,12,15]. In contrast, Dalton et al. found that maximum serum sodium occurred later, 

on mean postnatal day 4 [4]. 

Table 2. Exposure (sodium-related data) of included studies. 

Author 

Exposure 

(Plasma So-

dium) 

Definition of 

Dysnatremia 
Incidence (%) 

Sodium Value(s) 

(mmol/L) 
Day(s) of Life 

Serum Sodium 

Trend 

M. A. 

Saeed 

[10] 

Extreme hyper-

natremia 
Not defined /(single case) 204 

Between 60 

and 72 h of life 

S-Naa levels nor-

malized by 96 h 

of life 

Leslie et 

al. [11] 

Hyponatremia, 

hypernatremia 

Hyponatremia = P-Nab 

<125 mmol/L. Hyper-

natremia not defined. 

Not reported Not reported Not specified Not reported 

Gaw-

lowski et 

al. [12] 

Hypernatremia 

Hypernatremia = P-

Nab >145 mmol/L at 

least twice.  

69.7 (30.3% >150 

mmol/L) 
Not reported DOLc 0–5 

Hypernatremia 

most frequently 

between 24 and 

72 h, peak at 48 h 

of age. Normal 

levels by DOLc 

5–7.  

Sabir et 

al. [13] 

Severe hyper-

natremia 

Hypernatremia = S-

Naa >150 mmol/L. 
/(single case) 199 DOLc 7 

Serum sodium 

reduced within 
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72 h to 146 

mmol/L 

Lim et 

al. [5] 

S-Naa fluctua-

tions 

Fluctuations in so-

dium = maximum − 

minimum S-Naa value 

(13 mmol/L = cut-off 

significant fluctua-

tion). Hypernatremia 

not defined. 

Not reported 

Highest mean S-

Naa value: 162.6 

(cases), 148.8 

(controls). 

Lowest mean S-

Naa value: 145.3 

(cases), 142.5 

(controls). 

DOLc 0–3 Not reported 

Lee et al.               

[6] 

Hypernatremia, 

hyponatremia, 

S-Naa fluctua-

tions 

Hypernatremia = S-

Naa > 150 mmol/L. Hy-

ponatremia = S-Naa 

<130 mmol/L. Fluctua-

tions in sodium = max-

imum − minimum S-

Naa value. 

Hypernatremia: 

12.5% cases, 3.6% 

controls (total in-

cidence = 5.3%). 

Hyponatremia: 

3.2% cases, 2.2% 

controls, (total in-

cidence = 2.3%). 

Maximum mean 

S-Naa value: 144.7 

± 6.7 (cases), 142.2 

± 4.7 (controls). 

Minimum mean 

S-Naa value: 137.9 

± 5.0 (cases), 137.3 

± 4.2 (controls). 

DOLc 0–4 Not reported 

Dalton et 

al. [4] 

Hypernatremia, 

rapid S-Naa fluc-

tuations 

Hypernatremia = S-

Naa ≥ 150 mmol/L. 

Rapid rise/fall (≥10 

and ≥15 mmol/L/day) 

of S-Naa in hyper-

natremic infants. 

Hypernatremia 

58% 

Maximum me-

dian S-Naa level 

in hypernatremic 

group = 153 

(range 150–181). 

DOLc 0–10 

Maximum S-Naa 

value on median 

postnatal age of 

4 days 

Monni-

kendam 

et al. [3] 

Dysnatremia 

groups: severe 

hyponatremia to 

normal (class −2 

to 0), moderate 

hyponatremia to 

normal (−1 to 0), 

moderate hypo-

natremia to 

moderate hyper-

natremia (−1 to 

1), normal to 

moderate hyper-

natremia (0 to 

1), normal to se-

vere hyper-

natremia (0 to 2) 

Degrees of 

dysnatremia (mini-

mum and maximum 

S-Naa values): 

severe hyponatremia 

(<125 mEq/L, class −2), 

moderate hypo-

natremia (125–34 

mEq/L, class −1), 

eunatremia (135–144 

mEq/L, class 0), mod-

erate hypernatremia 

(145–154 mEq/L, class 

1), and severe hyper-

natremia (>154 mEq/L, 

class 2). 

Hypernatremia:  

65.4%. Hypo-

natremia: 35.1%. 

Hypo- and hy-

pernatremia: 

16.4%. 

Isolated moder-

ate hyper-

natremia (group 

0 to 1) most fre-

quent (43.7%). 

Mean S-Naa val-

ues remained 

within normal 

range, except 

among 23–24 wks. 

GAd infants: mean 

S-Naa 146 mmol/L 

(DOLc 2). 

DOLc 0–7 

S-Naa peak val-

ues around DOLc 

2, return to base-

line by DOLc 4 

Gervais 

et al. [15] 

Sodium and glu-

cose fluctuations 

Sodium and glucose 

fluctuations = maxi-

mum − minimum so-

dium/glucose value.                                                 

P-Nab corrected for 

glucose using Katz 

formula (Na(corr) = 

Na + 0.3 × (Glucose -

5)). 

Not reported Not reported DOL 0–10 

Increase first 2 

DOLc, followed 

by rapid de-

crease. Decrease 

larger with 

lower GAc. Glu-

cose-corr sodium 

levels variability 

increaded with 

decreasing GAc. 
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Späth et 

al. [14] 

Hypernatremia, 

P-Nab fluctua-

tions 

3 levels of hyper-

natremia defined: P-

Nab >145 mmol/L, P-

Nab >150 mmol/L and 

P-Nab >155 mmol/L. 

Fluctuation in P-Nab = 

difference peak-nadir 

values birth to DOLc 3. 

Total incidence of 

hypernatremia = 

75.7%. 

Per subgroup: 

P-Nab >145 

mmol/L: 40% (28 

cases), 58.6% (41 

controls). 

P-Nab >150 

mmol/L: 17.1%  

(12 cases), 24.3% 

(17 controls). 

P-Nab >155 

mmol/L: 7.1% (5 

cases, 4.3% (3 

controls). 

Highest mean P-

Nab concentra-

tion: 

144.9 ± 5.8 

mmol/L (cases), 

146.6 ± 5.25 

mmol/L (con-

trols). 

DOLc 0–3 Not reported 

Table legend: a Serum sodium, b plasma Sodium, c day of life, d gestational age. 

3.4. Outcomes 

Data on short-term neurodevelopmental outcomes (severe IVH (>grade II), and long-

term neurodevelopmental outcomes) can be found in Table 3. The included studies exam-

ining the association between severe IVH and sodium levels in ELBW infants consistently 

defined severe IVH as grade III-IV (Papile classification), detected by cranial ultrasound. 

The timing of IVH assessment typically ranged from day 1 to 10 of life. Although some 

studies did not specify exact timing, they indicated the use of routine cranial ultrasound, 

typically performed within this early postnatal period. Dalton et al. reported that the me-

dian day of onset was postnatal day 5 for any grade IVH, and day 4 for severe IVH [4]. 

The incidence of severe IVH among hypernatremic ELBW infants varied across stud-

ies. Monnikendam et al. assessed incidence between various dysnatremic subgroups. The 

highest incidence (28.9%) was seen in the severe hyponatremic group (<125 mEq/L), fol-

lowed by the severe hypernatremic group (>154 mEq/L) (27.4%) [3]. Studies investigating 

the association between hypernatremia and severe IVH (n = 6) found conflicting results. 

Four studies reported no significant association between hypernatremia and severe IVH 

[4,6,12,14]. Conversely, Monnikendam et al. demonstrated a significantly higher incidence 

of severe IVH in infants with both moderate and severe hypernatremia [3]. Additionally, 

Lim et al. observed significantly higher maximal sodium levels in infants with severe IVH 

compared to those without severe IVH, with mean sodium concentrations in the hyper-

natremic range. However, this did not remain significant after multivariate analysis [5]. 

In contrast, studies regarding hyponatremia were very limited (number = 2). Monni-

kendam et al. demonstrated a significant association between both moderate and severe 

hyponatremia and severe IVH, whereas Lee et al. found no significant differences in hy-

ponatremia incidence between infants with severe IVH and those without [3,6]. 

The role of sodium fluctuations was examined across several studies (number = 5), 

with varying conclusions. Two studies reported no significant associations between so-

dium fluctuations and severe IVH [6,14]. Similarly, Dalton et al. found no significant rela-

tionship between rapid changes in sodium levels in hypernatremic infants and the com-

posite outcome of severe IVH or death [4]. In contrast, Lim et al. reported that changes in 

serum sodium of >13 mmol/L were a strong risk factor for developing severe IVH [5]. 

Additionally, Gervais et al. explored glucose-corrected sodium fluctuations specifically 

and found that these fluctuations were significantly associated with severe IVH, inde-

pendent of gestational age [15]. 
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Long-term neurodevelopmental outcomes were evaluated less frequently across 

studies (number = 4). Leslie et al. found hyponatremia to be significantly associated with 

an increased risk of SNHL, assessed at 8–10 months of corrected age [11]. This association 

persisted after multivariate analyses adjusting for family history for hearing impairment, 

maternal, and neonatal confounding factors. Finally, case reports from Saeed et al. and 

Sabir et al. illustrated that individual major hypernatremic (204 mmol/L and 199 mmol/L) 

events still resulted in subsequent normal long-term neurodevelopment [10,13]. 

Gervais et al. evaluated the association between sodium fluctuations (adjusted for 

glucose levels) and a composite neurodevelopmental impairment at 18–21 months cor-

rected age. Initially, a significant association was found, independent of gestational age. 

However, this relationship lost statistical significance after adjusting for markers of neo-

natal illness severity (Score for Neonatal Acute Physiology) and exposure to NSAIDs used 

for patent ductus arteriosus treatment [15]. 

Table 3. Neurodevelopmental outcomes of included studies. 

Author 

Neurodevelopmental 

Outcome (Measure-

ment) 

Timing of Out-

come 
Outcome Measure Statistics Key Findings  Power 

M. A. 

Saeed. [10] 

Mental and physical 

development (Denver 

scale)  

6 months, 1 year 

and 2 years CAa 

Normal neurodevel-

opment 
/ 

A case of severe hy-

pernatremia with 

subsequent normal 

neurodevelopment 

/ 

Leslie et al. 

[11] 

Significant SNHLb 

(visual reinforcement, 

orientation audiome-

try or brainstem audi-

tory evoked re-

sponses)  

8–10 months of 

CAa 

Categorized varia-

bles significantly as-

sociated with hearing 

loss:  

P-Nac <125 mmol/L, 

OR = 5.6 (p = 0.03) 

Univariate and 

multivariate 

testing, catego-

rized variables 

Hyponatremia, but 

not hypernatremia, is 

a significant risk fac-

tor for SNHLb 

Power of study low 

(number of cases 

and controls small, 

number of varia-

bles examined ex-

tensive) 

Gawlowski 

et al. [12] 

Severe IVHd grade 

III/IV (CUSe, Papile 

classification) 

Not specifically 

mentioned, in-

fants studied 

DOLf 0–5 

Incidence of severe 

IVHd: 8 cases (17.4%) 

vs. 0 controls, (p = 

0.66) 

Univariate test-

ing 

No significant differ-

ence in development 

of severe IVHd be-

tween hypernatremic 

and normonatremic 

infants 

Not mentioned, 

small sample size 

Sabir et al.                         

[13] 

Brain bleed/edema af-

ter event (CUSe), 

structural deficits 

(MRI), neurodevelop-

mental evaluation on 

mental and motor 

scales (Bayley Scales 

of Infant Develop-

ment-II) 

MRI at 4 months 

CAa, Bayley 

Scales at 6 

months CAa 

Normal CUSe, nor-

mal MRI, normal 

neurodevelopmental 

evaluation by Bayley 

Scales 

/ 

A case of severe hy-

pernatremia with 

subsequent normal 

neurodevelopment 

/ 

Lim et al. 

[5] 

Severe IVHd: grade 

III/IV (routine CUSe, 

Papile classification), 

PVLg (CUSe), PHHh 

(CUSe or CT) 

DOLf 0–3 

Incidence of severe 

IVHd = 10.7% 

(37/347).  

Univariate analysis 

IVHd group: 

higher maximal S-

Nah level (162.6 vs. 

148.8 mmol/L; p < 

0.001), more promi-

nent S-Nah fluctua-

tion (17.3 vs. 6.2 

mmol/L; p < 0.001), 

more changes in S-

Significant val-

ues associated 

with IVHd by 

univariate anal-

ysis used in 

stepwise lo-

gistic regression 

model 

Higher S-Nah levels 

and larger S-Nah 

fluctuations are risk 

factors for severe 

IVHd on univariate 

analysis only. After 

multivariate analysis, 

fluctuations of S-Nah 

levels >13 mmol/L 

were strongly associ-

ated with severe 

IVHd. 

Not mentioned, 

small number of 

cases and controls 
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Nah >13 mmol/L (p < 

0.001) 

Multivariate regres-

sion: only fluctua-

tions S-Nah >13 

mmol/L increased 

risk of IVHd (OR 

12.4; 95% CI 1.8–82.7)                                

Lee et al.          

[6] 

Severe IVHd grade 

III/IV (routine CUSe, 

Papile classification) 

DOLf 0–10 

Incidence of severe 

IVHd: 

18.9% (n = 32). 

No difference in inci-

dence of hyper-

natremia (p = 0.067), 

hyponatremia (p = 

0.572), maximum (p = 

0.058)/minimum (p = 

0.496) S-Nah level 

and degree of so-

dium fluctuation (p = 

0.018). 

Univariate and 

multivariate 

analysis 

No significant corre-

lation between S-Nah 

concentration in first 

4 DOLf and severe 

IVHd 

Not mentioned, 

small sample size 

Dalton et 

al. [4] 

Any IVHd, severe 

IVHd = grade III-IV, 

cystic PVLg (CUSe, 

Papile classification), 

composite outcome of 

severe IVHd or death 

by day 10 

DOLf 0–10, me-

dian postnatal 

age any IVHd = 5 

days, severe 

IVHd = 4 days 

Hypernatremic in-

fants vs. non-hyper-

natremic group: 

Incidence of: 

Any IVHd: 63% vs. 

46% (p = 0.01) 

Severe IVHd: 29% vs. 

19% (p = 0.11) 

Cystic PVLg: 13% vs. 

8% (p = 0.27) 

Variables signif-

icantly associ-

ated with any 

IVHd in univari-

ate analysis 

used in step-

wise forward 

logistic regres-

sion model 

Hypernatremic in-

fants show signifi-

cantly higher inci-

dence of any IVHd, 

but not of severe IVH 

or cystic PVLg 

Not mentioned, 

small sample size 

Monni-

kendam et 

al. [3] 

Severe IVHd: grade 

III-IV (CUSe, Papile 

classification) 

After DOLf 7  

Incidence of severe 

IVHd, compared to 

group 0 to 0 (8.0%): 

Group −2 to 0: 28.9% 

(p < 0.001) 

Group −1 to 0: 12.5% 

(p < 0.001) 

Group −1 to 1: 17.7% 

(p < 0.05) 

Group 0 to 1: 11.6% 

(p < 0.05) 

Group 0 to 2: 27.4% 

(p < 0.001) 

Univariate anal-

ysis 

Dysnatremic groups 

had significantly 

higher rates of severe 

IVHd compared to 

normal-level-sodium 

group 

Not mentioned, 

large sample size 

Gervais et 

al. [15] 

Neurodevelopmental 

outcomes (examina-

tion by pediatrician, 

Bayley Scales of Infant 

and Toddler Develop-

ment-III, audiology 

and ophthalmology 

reports). Impairment 

defined as cerebral 

palsy, Bayley score 

<85, blindness or hear-

ing loss requiring am-

plification. 

18–21 months 

CAa 

Association (using 

coefficients B (95% 

CI)) of glucose-corr 

P-Nac fluctuations 

and death or neuro-

developmental im-

pairment at 18 

months CAa: 

Adjustment for GAi: 

3.19 (p = 0.036), 

Adjustment for all 

covariates (=GAi, 

SNAP score, NSAID 

use): 2.03 (p = 0.087)                                       

Unadjusted 

comparison be-

tween 3 groups 

of decreasing 

GAi. Linear 

models for vari-

ables to study 

association.  

Glucose-corr sodium 

fluctuations during 

first 10 days of life 

significantly associ-

ated with death or 

neurodevelopmental 

impairment at 18 

months CAa, after ad-

justment for GAi, but 

not after adjustment 

for all covariates 

Not mentioned, 

small sample size 
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Späth et al. 

[14] 

Severe IVHd: grade III 

or PVHIj (routine 

CUSe, papille classifi-

cation) 

Exact time 

points of IVHd 

detection not 

mentioned, but 

diagnosed by 

routine early 

CUSe 

Incidence of severe 

IVHd = 13.5% 

(72/533). 

Comparison between 

cases/controls (OR): 

Highest P-Nac con-

centration: 1.001 (p = 

0.990) 

P-Nac fluctuations: 

1.002 (p = 0.649) 

P-Nac >145 mmol/L: 

1.028 (p = 0.958) 

P-Nac >150 mmol/L: 

0.945 (p = 0.924) 

P-Nac >155 mmol/L: 

5.374 (p = 0.263). 

Multivariable 

logistic regres-

sion model  

Peak P-Nac levels; 

hypernatremia and 

large fluctuations in 

P-Nac were not asso-

ciated with increased 

risk of severe IVHd 

Post hoc power 

analyses (70 cases, 

1 matched control 

for each case): 

power to detect a 

difference between 

cases and controls = 

82% for continuous 

explanatory varia-

bles using a two-

tailed test, an effect 

size of 0.35 and a 

significance level of 

5% 

Table legend: a Corrected age, b sensory neuronal hearing loss, c plasma sodium, d intraventricular 

hemorrhage, e cranial ultrasound, f DOL = days of life, h serum sodium, g PVL = periventricular 

leukomalacia, h post-hemorrhagic hydrocephalus, i gestational age, j periventricular hemorrhagic 

infarction. 

4. Discussion 

Applying a systematic review, we summarized all available evidence on potential 

associations between dysnatremia or larger sodium fluctuations during the first 10 days 

of life in ELBW infants and neurocognitive outcomes, although there were inconsistent 

findings across studies. 

4.1. Exploring the Mechanisms Related to Early Sodium Values and Neurodevelopment 

Different direct or indirect mechanisms have been suggested, while we should re-

main cautious when extrapolating from association to causation. Suggested mechanisms 

relate to cellular swelling and osmotic changes affecting inner ear cells or neurons, hypo-

natremia acting as a marker of overall neonatal illness severity, or an interaction with oto-

toxic medications (e.g., aminoglycosides), which are themselves known hearing risk fac-

tors. The causes of hyponatremia (and ‘similar’ to hypernatremia) technically relate to so-

dium or fluid balance (in/out) and its modulators, including aspects like capillary leak, 

renal and non-renal sodium or fluid losses. Hypernatremia had been shown to cause brain 

shrinkage and subsequent vascular rupture with cerebral bleeding and IVH [5]. 

A potential pathophysiological mechanism underlying this association involves fluid 

shifts, driven by osmolar changes. Neonates are particularly sensitive to such shifts due 

to the immaturity of their brain’s adaptive mechanisms [7]. Hypernatremia has been 

shown to cause brain shrinkage, potentially leading to vascular rupture/strain and subse-

quent intracerebral hemorrhages, venous sinus thrombosis, and/or infarction. In response, 

the brain adapts by generating ionogenic osmoles like taurine, which increase intracellular 

sodium concentrations and restore water balance. However, if hypernatremia is subse-

quently corrected too rapidly, this adaptive response can predispose to cerebral edema 

[16]. Similarly, this mechanism likely also explains the fact that acute hyponatremia is a 

risk factor for cerebral oedema [7]. It is noteworthy that hyperglycemia often accompanies 

hypernatremia in preterm infants. Hyperglycemia also causes fluid shifts and has been 

identified as an independent risk factor for neurodevelopmental impairment [15,17]. 

However, dysnatremia might merely represent overall illness severity or immaturity, fac-

tors known to be strongly associated with poor neurodevelopmental outcomes. Some of 

our results support this statement, as the relationship between dysnatremia and neurode-

velopmental outcomes lost significance after adjustment for confounding factors [5,15]. 
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This notion is supported by Becker et al., who showed that excessive sodium supplemen-

tation, rather than fluid load, was strongly associated with overall morbidity in ELBW 

infants. Their findings suggest that impaired sodium homeostasis may predominantly re-

flect underlying clinical instability and renal immaturity [18]. 

4.2. Comparative Impact of Hyponatremia, Hypernatremia, and Sodium Fluctuations on Neuro-

development 

Among the three categories—hyponatremia, hypernatremia, and sodium fluctua-

tions—there is no clear pattern showing which poses the greatest risk to neurodevelop-

ment. However, some trends occur. 

Hypernatremia is the most observed sodium disturbance in the first postnatal week. 

Several studies reported a common sodium pattern. These findings correspond closely to 

recent observations by van Sas et al. and Pace et al., who described sodium levels peaking 

on day 3, and subsequently returning to baseline by the end of the first week [19,20]. The 

physiological rise in sodium concentrations during the initial postnatal days reflects fluid 

shifts occurring predominantly within the first 24 to 48 h after birth, which are most pro-

nounced in preterm neonates [21,22]. Despite the prevalence, its direct relationship with 

adverse outcomes remains debated. Only one study in our review reported a significant 

association between hypernatremia and severe IVH [3]; others failed to find an independ-

ent association once confounders were controlled [4–6,12,14] 

Hyponatremia, since it is less frequently observed, has received less research atten-

tion. Monnikendam et al. found the highest incidence of severe IVH in infants with severe 

hyponatremia (<125 mmol/L), even higher than in those with severe hypernatremia [3]. 

Conversely, Lee et al. did not find any significant associations between hyponatremia and 

severe IVH, possibly due to small sample sizes or variable definitions [6]. However, Leslie 

et al. found significant associations between hyponatremia and SNHL, especially in ELBW 

infants [11]. While causality remains uncertain, hyponatremia may act as a surrogate 

marker for systemic illness or may contribute through osmotic mechanisms or ototoxic 

treatments like furosemide [23]. 

Our research proposes a possible correlation between substantial sodium fluctua-

tions and severe IVH. Gervais et al. further demonstrated a significant association be-

tween glucose-corrected sodium variability and IVH, emphasizing the potential role of 

osmotic instability rather than absolute sodium values [15]. While some studies did not 

confirm such associations, differences in fluctuation definitions may have influenced out-

comes. Importantly, these results highlight the need to define clinical thresholds. 

4.3. Heterogeneity in Study Designs and Findings 

A key finding is the marked heterogeneity in the study design, definitions, and tim-

ing of measurements. This partially explains the considerable differences observed in re-

ported incidences among ELBW cohorts and complicates comparison and pooling of data. 

Pace et al. also observed this in a recent review, showing that the lack of standardized 

definitions represents a significant challenge for research in this field [20]. Measurement 

periods also varied significantly. Some studies analyzed sodium trends over 3 days, and 

others over 7 or 10 days. Differences in sampling windows may result in variable sensi-

tivity for detecting associations. 

The assessment of IVH was another point of inconsistency. While most studies in-

cluded in our review focused on severe IVH diagnosed via cranial ultrasound, the timing 

of ultrasound screening and IVH detection was often imprecise. Although IVH typically 

occurs within the first 48–72 h of life, most studies failed to report the exact day of diag-

nosis. Only Dalton et al. reported a median onset of severe IVH on day 4 [4]. Without 
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precise timing, it becomes difficult to assess causality or temporal relationships between 

dysnatremia and IVH onset. 

Post hoc, we were somewhat surprised by the overall limited number of papers, con-

sidering the heterogeneity in type of studies and the number of participants involved (Ta-

ble 1). This might be explained by the specific focus on ELBW, but is likely also because 

of the overall limited research in this area. 

4.4. Major Research Gaps and Future Directions 

Our review highlights several important gaps. First, there is a need for standardized 

definitions of hyponatremia, hypernatremia, and clinically relevant sodium fluctuations 

in neonatal populations. This is in line with a recent analysis on this topic, since standards 

or recommendations for publications that present neonatal laboratory data—including on 

sodium—were not identified, while published information on laboratory values for neo-

nates is sparse, not systematic, and incomplete [24]. Such reference values or thresholds 

should be informed by epidemiological patterns (distribution in sodium values as ob-

served), but even more by the link or association with clinically relevant outcome varia-

bles. Unfortunately, the volume of information retrieved does not (yet) allow the sugges-

tion of such clinically relevant thresholds. Without consensus, it will remain difficult to 

compare and interpret future studies and to synthesize pooled information [24]. 

Second, future research should focus on temporal relationships, particularly the tim-

ing of sodium disturbances in relation to IVH onset. Prospective studies should aim to 

record daily sodium levels and correlate these with precisely timed cranial ultrasounds to 

assess causality. 

Third, considering the osmolar changes as likely mechanisms, studies should correct 

sodium levels for glucose to correct for osmolarity. The approach by Gervais et al. of cor-

recting sodium levels for glucose has rarely been adopted in other studies, despite the 

known influence of both sodium and glucose on plasma osmolality. ELBW infants fre-

quently experience hyperglycemia due to heightened stress responses, excessive glucose 

supplementation, and insulin insensitivity [25]. Several studies have identified fluctua-

tions in glucose levels as independent predictors of neurological dysfunction [25,26]. Con-

sequently, consistently correcting plasma sodium values for glucose may prove important 

in future research examining the relationship between sodium concentrations and neuro-

developmental outcomes. 

Finally, more research is needed linking sodium disturbances directly to long-term 

neurodevelopmental outcomes in the cohort of ELBW infants. Studies should incorporate 

standardized developmental assessments, like the Bayley Scales, and adjust for known 

confounders including gestational age, illness severity, and cerebral injury. This is even 

more relevant, since sodium fluctuations can be influenced in early neonatal life. 

4.5. Strengths and Limitations 

Our study should be interpreted with regard to its strengths and limitations. A nota-

ble strength of this systematic review is the simultaneous consideration of both severe 

IVH and long-term neurodevelopmental outcomes, given the potential link between these 

two factors. Nevertheless, our study carries certain limitations, primarily related to the 

retrospective nature of the studies included and the overall low number and heterogene-

ity of studies available for analysis. Furthermore, there is an inherent risk of confounding 

bias, although many studies attempted to address this through multivariate analyses. In 

our review, we identified numerous maternal, perinatal, and neonatal confounding vari-

ables affecting hypernatremic and hyponatremic infants. Our findings underscore the im-

portance of adequately adjusting for these variables in future research. Additionally, most 

individual studies included in this review had limited sample sizes, potentially 
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contributing to type II errors, and explaining why some studies failed to demonstrate sig-

nificant associations between sodium levels and neurodevelopmental outcomes. Finally, 

causation cannot be established based on the existing evidence, emphasizing the necessity 

for larger prospective investigations. We are aware that the final list of retained papers 

contains large population studies, as well as case reports, while the analysis was restricted 

to a systematic review of the literature without meta-analysis. While this has obvious lim-

itations, this is in line with the initial study protocol as registered in Prospero. This disa-

bled any quantitative synthesis that was not possible, while the heterogeneity of defini-

tions on sodium levels post hoc further complicated a quantitative synthesis. Furthermore, 

the case reports at least illustrate that even major sodium fluctuations do not necessarily 

result in neurodevelopmental impairment. 

5. Conclusions 

This systematic review suggests a potential association between early-life sodium 

levels in ELBW infants and later neurocognitive outcomes. Although we cannot determine 

whether this relationship is causal or merely reflecting underlying disease severity, these 

findings underscore the importance of careful early fluid and sodium management in 

these infants. Further research in this area is essential for both primary and secondary 

prevention of impaired neurocognitive outcomes. 
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