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What are the main findings 

• Based on our systematic review, we found a possible association between hypernatremia 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 disturbances and 
adverse neurodevelopmental outcomes in ELBW infants, emphasizing the need for further high-
quality, prospective studies, especially since sodium management can be modulated. 

Abstract 

Purpose: To synthesize all existing literature on the association between sodium disturbances 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 included if reporting on ELBW infants, on serum sodium values within the 
first 10 postnatal days and related these to neurocognitive or neurodevelopmental outcomes. Results: 
Ten studies (13,276 infants) met inclusion criteria. Six studies evaluated the association between 
hypernatremia (>145 or >150mmol/L) and severe IVH, two reported a significant association. Among 
two studies studying hyponatremia (ranging <130 or <120mmol/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 showed that glucose-corrected sodium fluctuations were 
independently associated with severe IVH. Long-term neurodevelopmental outcomes were reported 
in four studies; hyponatremia was significantly associated with hearing loss in one study (OR 5.6 
(95% CI 1.1–27.8)), while another study reported that glucose-corrected sodium fluctuations were 
associated with neurodevelopmental impairment at 18–21 months, although significance 
disappeared after adjustment for confounding factors. Conclusion: This systematic review suggests 
a possible association between early sodium disturbances and adverse neurodevelopmental 
outcomes in ELBW infants, emphasizing the need for further high-quality, prospective studies, 
especially since sodium management can be modulated. 
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Introduction 

Extremely Low Birth Weight (ELBW, birth weight <1000 grams) infants are at increased risk of 
mortality and morbidity. This conveys 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, either hyponatremia, hypernatremia or 
sodium fluctuations, are associated with several common complications in preterm infants [3]. 
Studies have also indicated that neonatal dysnatremia may influence neurocognitive outcomes, 
partly due to its relationship with IVH development [4–6]. A potential pathophysiological 
mechanism underlying this association involves fluid shifts, driven by osmolar changes. Neonates 
are particularly sensitive to such shifts due to immaturity of their brain’s adaptive mechanisms [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. 

Methods 

Registration and ethics 

The protocol was registered in PROSPERO (ID CDR42024622933, December 19th, 2024). Ethics 
approval was obtained from the Ethics Board of KU Leuven, Belgium (MP034156) on November 28, 
2024. 

Search strategy 

We conducted a comprehensive search across the following databases: PubMed, Embase, Web 
of Science Core Collection, Scopus, and CINAHL. The search was performed to include any study 
available in these databases up to December 5, 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 (Biomedical Librarian, Ms. Krizia Tuand, KU Leuven). A detailed 
overview of the search strategy, including the free-text terms used, is provided in Online Resource 1. 
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]. 

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 grams) 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 excluded studies involving ELBW infants with 
congenital conditions that could affect neurodevelopment or those with brain injury at birth.  

After deduplication, two independent reviewers (S.B., K.A.) screened titles and abstracts for 
relevance. Full-text articles of potentially relevant studies were retrieved and were subsequently 
reassessed based on the selection criteria outlined. In cases of disagreement, a third independent 
reviewer (A.R.) was consulted to solve discrepancies. Finally, the reference lists of all retained articles 
were checked for other relevant articles.  

Results 
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Structured Literature Review 

After the screening process, 10 studies met inclusion criteria. The PRISMA flow diagram (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. 

Baseline characteristics 

The studies included varied considerably in their design, sample size and participants’ 
demographics, and employed various inclusion and exclusion criteria. Table S1 (see Online Resource 
2) summarizes the baseline characteristics of included studies. A total of 13,276 ELBW infants were 
analysed across studies. 

The mean gestational age of included infants across studies ranged from 24 to 28 weeks. The 
mean birth weight varied, ranging from 520 to 982 grams. 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.  

Table S1 Baseline characteristics of included studies (see Online Resource 2) 

Exposure 

Data on sodium disturbances, a summary of definitions, timing of monitoring, incidence of 
sodium disbalance, and trends in sodium concentrations across the studies can be found in Table S2 
(see Online Resource 3). 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 x (Glucose -5) (mmol/L)) [15]. Definitions on threshold sodium values were 
not standardized. Several studies also assessed 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), 
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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 hours of life. 
Sodium levels were measured at least once daily in all studies, with some studies performing 
measurements up to every 12 hours. Four studies reported on postnatal sodium trends. Findings 
were consistent across three studies, observing that sodium levels typically peaked around 48 hours 
of life and returned to baseline between day 4-7 [3,4,12,15]. In contrast, Dalton et al. found that 
maximum serum sodium occurred later, on mean postnatal day 4 [4]. 

Table S2 Exposure (sodium-related data) of included studies (see Online Resource 3) 

Outcomes 

Data on short term neurodevelopmental outcomes (severe IVH (>grade II), and long-term 
neurodevelopmental outcomes) can be found in Table S3 (see Online Resource 4). The included 
studies examining 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 median 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 studies. 
Monnikendam et al. assessed incidence between various dysnatremic subgroups. The highest 
incidence (28.9%) was seen in the severe hyponatremic group (<125 mEq/L), followed 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 hypernatremic range. However, this did not remain significant after multivariate analysis [5]. 

In contrast, studies regarding hyponatremia were very limited (n=2). Monnikendam et al. 
demonstrated a significant association between both moderate and severe hyponatremia, and severe 
IVH, whereas Lee et al. found no significant differences in hyponatremia incidence between infants 
with severe IVH and those without [3,6]. 

The role of sodium fluctuations was examined across several studies (n=5) with varying 
conclusions. Two studies reported no significant associations between sodium fluctuations and 
severe IVH [6,14]. Similarly, Dalton et al. found no significant relationship between rapid changes in 
sodium levels in hypernatremic infants and the composite outcome of severe IVH or death [4]. In 
contrast, Lim et al. reported 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 these fluctuations were significantly associated with severe IVH, 
independent of gestational age [15]. 

Long-term neurodevelopmental outcomes were evaluated less frequently across studies (n=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].  
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Gervais et al. evaluated the association between sodium fluctuations (adjusted for glucose levels) 
and a composite neurodevelopmental impairment at 18–21 months corrected age. Initially, a 
significant association was found, independent of gestational age. However, this relationship lost 
statistical significance after adjusting for markers of neonatal illness severity (Score for Neonatal 
Acute Physiology) and exposure to NSAIDs used for patent ductus arteriosus treatment [15]. 

Table S3 Neurodevelopmental outcomes of included studies (see Online Resource 4) 

Discussion 

Applying a systematic review, we summarized all availableevidence on potential associations 
between dysnatremia or larger sodium fluctuations during the first 10 days of life in ELBW infants 
and neurocognitive outcomes, be it with inconsistent findings across studies. 

Exploring the Mechanism related to Early Sodium Values and Neurodevelopment 

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 subsequent 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 subsequently corrected too rapidly, this adaptive response can predispose to 
cerebral oedema [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 
independent risk factor for neurodevelopmental impairment [15,17] 

However, dysnatremia might merely represent overall illness severity or immaturity; factors 
known to be strongly associated with poor neurodevelopmental outcomes. Some of our results 
support this statement, as the relationship between dysnatremia and neurodevelopmental outcomes 
lost significance after adjustment for confounding factors [5,15]. This notion is supported by Becker 
et al., who showed that excessive sodium supplementation, rather than fluid load, was strongly 
associated with overall morbidity in ELBW infants. Their findings suggest that impaired sodium 
homeostasis may predominantly reflect underlying clinical instability and renal immaturity [18]. 

Comparative Impact of Hyponatremia, Hypernatremia, and Sodium Fluctuations on 
Neurodevelopment 

Among the three categories—hyponatremia, hypernatremia, and sodium fluctuations—there is 
no clear pattern on which poses the greatest risk to neurodevelopment. 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, 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 hours after birth, most pronounced in preterm neonates [21,22]. Despite prevalent, 
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 
independent association once confounders were controlled [4–6,12,14] 

Hyponatremia, since less frequently observed, has received less research attention. 
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]. 
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Our research proposes a possible correlation between substantial sodium fluctuations and 
severe IVH. Gervais et al. further demonstrated a significant association between 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 outcomes. Importantly, these results highlight the need to define 
clinical thresholds. 

The Heterogeneity in Study Findings 

A key finding is the marked heterogeneity in study design, definitions, and timing of 
measurements. This partially explains the considerable differences observed in reported 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 analysed 
sodium trends over 3 days, others over 7 or 10 days. Differences in sampling windows may result in 
variable sensitivity for detecting associations. 

The assessment of IVH was another point of inconsistency. While most studies included 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 hours 
of life, most studies failed to report the exact day of diagnosis. Only Dalton et al. reported a median 
onset of severe IVH on day 4 [4]. Without precise timing, it becomes difficult to assess causality or 
temporal relationships between dysnatremia and IVH onset. 

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. 
Without consensus, future studies will remain difficult to compare or interpret [24]. 

Second, future research should focus on temporal relationships, particularly the timing 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 mechanism, studies should correct sodium 
levels for glucose to correct for osmolarity. The approach by Gervais et al. of correcting 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 frequently experience hyperglycemia due to heightened 
stress responses, excessive glucose supplementation, and insulin insensitivity [25]. Several studies 
have identified fluctuations in glucose levels as independent predictors of neurological dysfunction 
[25,26]. Consequently, consistently correcting plasma sodium values for glucose may prove 
important in future research examining the relationship between sodium concentrations and 
neurodevelopmental 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. 
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Strengths and limitations 

Our study should be interpreted within regards to its strengths and limitations. A notable 
strength of this 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 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 variables 
affecting hypernatremic and hyponatremic infants. Our findings underscore the importance of 
adequately adjusting for these variables in future research. Additionally, most individual studies 
included in this review had limited sample sizes, potentially contributing to type II errors, and 
explaining why some studies failed to demonstrate significant associations between sodium levels 
and neurodevelopmental outcomes. Finally, causation cannot be established based on the existing 
evidence, emphasizing the necessity for larger prospective investigations. 

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 prevention as well as secondary prevention of impaired 
neurocognitive outcomes. 
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