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Abstract: Perinatal asphyxia is a leading cause of neonatal morbidity and mortality, often resulting in hypoxic-

ischemic encephalopathy (HIE) with lasting neurodevelopmental impairments. Therapeutic hypothermia has

been proposed as a treatment to mitigate brain damage, but its effects on specific brain structures remain

under investigation. This study explores the relationship between cerebral volumetry, cortical thickness, and

neurodevelopment in term neonates with perinatal asphyxia, with or without therapeutic hypothermia. A

prospective cohort of term neonates with perinatal asphyxia was divided into two groups: one group exposed

to therapeutic hypothermia and another group from a different institution that did not receive therapeutic

hypothermia (non-exposed). Brain MRI data were analyzed using Infant-FreeSurfer and machine learning

algorithms to quantify volumes of the basal ganglia, gray matter, white matter, cortical gyri, cerebellum, and

cortical thickness. Neurodevelopment was assessed using the Bayley Scale III, focusing on motor, cognitive, and

language domains, with additional genetic analyses of neurodevelopmental markers. Statistical comparisons

adjusted for therapeutic hypothermia revealed significant differences in brain volumes. Hypothermia-treated

infants demonstrated increased gray and white matter volumes and greater cortical thickness in specific regions,

correlating with improved neurodevelopmental outcomes. These findings suggest that therapeutic hypothermia

has a neuroprotective effect on specific brain structures, contributing to better cognitive and motor development.

The study underscores the potential of therapeutic hypothermia as a critical intervention for perinatal asphyxia.

It highlights the need for further research on its long-term benefits, incorporating advanced neuroimaging

techniques and genetic insights to optimize outcomes.
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1. Introduction

Perinatal hypoxic-ischemic encephalopathy (HIE) is a significant cause of perinatal mortality and
morbidity in term newborns, leading to severe neurodevelopmental impairments if left untreated
[1–3]. The extent and nature of the brain injuries caused by HIE depend on the duration and severity
of ischemic episodes. Acute cases often impact critical brain areas like the deep perirolandic nuclei and
hippocampal regions, while prolonged or partial ischemia tends to affect cerebral intervascular basins
[2,4]. In moderate or intermittent hypoxia, a mixed injury pattern emerges, impacting both nuclei and
cortex along with intervascular regions [3,5]. These variations highlight the complexity of HIE and the
need for timely, targeted therapeutic interventions [6].

Therapeutic hypothermia has emerged as a standard intervention for neonates with HIE, showing
potential in reducing brain damage by lowering metabolic rates and inhibiting neuronal apoptosis [7,8].
It provides neuroprotection, especially by mitigating the effects of reactive oxygen species (ROS) and
pro-inflammatory mediators, which play critical roles in HIE’s pathophysiology [4,9,10]. Therapeutic
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hypothermia in neotanes involves reducing the body temperature to 33.5 ± 0.5◦C for whole-body
cooling and to 34.5± 0.5C for selective head cooling. Although its specific mechanism of action remains
unknown, it is attributed to neuroprotective effects, likely related to reducing cerebral metabolic
demand, decreasing oxygen consumption, and other physiological and metabolic effects [11]. While
this therapy requires highly trained personnel and must be carried out in specialized health centers,
when successfully implemented in managing hypoxic-ischemic encephalopathy, it has demonstrated
benefits in improving clinical outcomes. A review by Ranjan and Gulati [9], highlights several clinical
trials showing reduced mortality and disability attributable to therapeutic hypothermia. Most of these
studies have focused on primary outcomes such as mortality and disability. However, no studies have
yet been published that demonstrate physiological effects, such as increases in brain structure volumes,
which could more directly impact long-term outcomes like neurodevelopment or the preservation
of intellectual quotient [12,13]. Despite its widespread adoption in high-income settings, access
to therapeutic hypothermia remains limited in low- and middle-income countries like Colombia,
leading to disparities in clinical outcomes [3]. Moreover, even with the implementation of therapeutic
hypothermia, a substantial proportion of affected neonates still face severe neurodevelopmental deficits
or mortality by the age of two [6,9].

Advancements in neuroimaging techniques, particularly magnetic resonance imaging (MRI),
have enabled a more nuanced understanding of the brain’s response to hypoxic events [14,15]. High-
resolution imaging, combined with computational analysis methods such as Infant-FreeSurfer, has
allowed precise quantification of brain volumes and cortical thickness in neonates [16]. These tools are
crucial for assessing structural changes in the brain following HIE and evaluating the potential benefits
of therapeutic interventions such as hypothermia [17]. Recent developments in machine learning
further enhance these evaluations, offering automated segmentation and volumetric assessments,
which provide a comprehensive picture of brain recovery [3]. Additionally, integrating genetic markers
into neurodevelopmental evaluations offers insights into the underlying biological processes that
might affect patient outcomes, leading to more personalized therapeutic strategies [2,9]. In this context,
understanding the long-term impact of therapeutic hypothermia on brain volume and development is
critical. Previous studies have shown that hypothermia may have region-specific protective effects,
particularly on gray and white matter volumes and hippocampal integrity [18]. However, gaps remain
in the literature regarding how these structural changes correlate with neurodevelopmental outcomes
and the role of genetic factors in influencing treatment response [6,9]. Addressing these gaps requires
an integrated approach that combines advanced neuroimaging, genetic analysis, and rigorous clinical
assessment to provide a holistic understanding of therapeutic hypothermia’s effects on neonates with
perinatal asphyxia [3,16]. This study aims to assess the effects of therapeutic hypothermia on brain
structure volumes in neonates with perinatal asphyxia and explore potential implications for long-term
neurodevelopmental outcomes. Focusing on volumetric changes in key brain regions, this analysis
seeks to complement existing evidence on mortality and disability, offering a broader perspective on the
potential neuroprotective benefits of therapeutic hypothermia in neonatal care. We assessed structural
differences in key brain regions and their associations with neurodevelopmental outcomes using
advanced MRI analysis with Infant-FreeSurfer, machine learning algorithms, and genetic evaluations.
We compared these findings to a control group of neonates without hypothermia treatment, analyzing
differences in gray matter, white matter, and hippocampal volumes. The results provide insights
into the region-specific neuroprotective effects of hypothermia, contributing to the optimization of
treatment protocols for neonates with HIE. Finally, we aim to enhance our understanding of how
therapeutic hypothermia can be effectively integrated into clinical practice to improve the quality of
life for affected neonates.

2. Materials and Methods

A prospective cohort study involving term neonates with perinatal asphyxia. Two groups
were formed: the exposed group consisted of patients from a specialized healthcare center (HPT)
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that adhered to clinical practice guidelines for therapeutic hypothermia in neonates with perinatal
asphyxia, with the protocol detailed later in the manuscript. The unexposed group consisted of patients
from another healthcare facility (CF) where clinical guidelines for therapeutic hypothermia were not
implemented, and therefore, they received standard clinical care at the attending physician’s discretion
for each individual case. MRI was performed at a time point close to the perinatal insult and again at
two years post-event. Clinical data such as complications, birth characteristics, and maternal history
were collected and used as control variables in the analysis.

2.1. Participants

Prospective cohort study of 34 asphyxiated newborns, with 12 receiving hypothermia treatment
and 22 not receiving it. These newborns were admitted to two neonatal intensive care units in
the central region of Colombia from January 2015 to December 2023. The newborns were selected
according to the criteria for HIE indicated by the American College of Obstetricians and Gynecologists,
such as (a) umbilical cord arterial pH less than 7, (b) Apgar score between 0 to 5 for longer than 5
minutes; (c) neurological manifestations such as seizures, coma, or hypotonia; and (d) multisystem
organ dysfunction (e.g., cardiovascular, gastrointestinal, hematological, pulmonary, or renal system).
In addition, the severity of its manifestation/neurological damage was evaluated according to the
modified SARNAT scale (i.e., clinical staging of HIE), MRI assessment, and Bayley Scale III.

2.2. Therapeutic Hypothermia Procedure in Newborns with HIE

Therapeutic hypothermia is a standard treatment for full-term newborns diagnosed with hypoxic-
ischemic encephalopathy (HIE) to reduce the risk of brain injury. This procedure involves lowering
the baby’s core body temperature to help decrease the metabolic demands of brain cells and limit the
extent of neuronal damage caused by lack of oxygen [8]. Therapeutic hypothermia can be administered
through whole-body cooling or selective head cooling. During whole-body cooling, the baby’s
temperature is lowered to 33.5 ± 0.5◦C using specialized cooling blankets or devices. With selective
head cooling, the temperature is maintained at 34.5 ± 0.5◦C using a cooling cap placed over the baby’s
head, which allows for targeted temperature control while keeping the rest of the body closer to normal
temperature levels [19].

The cooling process typically starts within six hours of birth to maximize the neuroprotective
effects. The target temperature is maintained for 72 hours, followed by a gradual rewarming phase,
usually at 0.5◦C per hour until the baby’s temperature reaches 36.5◦C. Close monitoring of vital
signs, including heart rate, respiratory function, and electrolyte levels, is essential throughout the
procedure to manage potential side effects, such as bradycardia and electrolyte imbalances. Therapeutic
hypothermia aims to slow down the cascade of biochemical processes that lead to cell death, including
reducing apoptosis and inflammatory responses. It ultimately offers a neuroprotective effect in
newborns affected by HIE. While it has shown efficacy in improving survival rates and reducing
long-term neurological impairments, its successful application depends on precise temperature control
and careful patient monitoring by trained healthcare providers [20].

2.3. Neurodevelopmental Assessment

Neurodevelopmental outcomes were assessed longitudinally using the Bayley Scales of Infant
and Toddler Development, Third Edition (Bayley-III), which is a standardized tool widely used
to evaluate the developmental functioning of infants and toddlers [21]. The Bayley-III assesses
three core domains: cognitive (i.e. problem-solving abilities and understanding of basic concepts),
motor (i.e. fine and gross motor skills), and language skills (i.e. receptive and expressive language
abilities). Evaluations were conducted at two time points, specifically at 18, and 24 months of age,
to monitor the progression of neurodevelopmental milestones and identify any emerging deficits.
Trained neuropsychologists conducted all assessments to ensure consistency and reliability of the
results. The scores from each domain were analyzed to determine any significant differences between
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the group of neonates who received hypothermia therapy and those who did not, with adjustments
made for potential confounding variables such as gestational age and severity of HIE.

2.4. Genetic Analysis

To determine whether the clinical phenotype of each patient could be associated with genetic
alterations potentially acting as a masker for hypoxic-ischemic encephalopathy (HIE), we conducted
next-generation sequencing (NGS) on a panel of genes related to neurotransmitters for 34 patients.
Additionally, microarray comparative genomic hybridization (CGH) was performed on ten patients
exhibiting phenotypic alterations or neurological compromise to identify DNA copy number imbal-
ances, including deletions and duplications, and to conduct whole exome sequencing. Blood samples
were collected from all patients between 2017 and 2024 at Comfamiliar Risaralda and processed by
GENCEL PHARMA COL in Bogotá. The DNA amplification and bioinformatic analyses were carried
out by an external laboratory, ensuring the objectivity and impartiality of the study. The authors
were not involved in the sequencing or variant identification processes. Variants identified through
these analyses were classified into two categories, providing a clear understanding of the findings: (i)
pathogenic variants (PV), and (ii) variants of unknown significance (VUS).

2.5. Brain Volume Analysis

The study used magnetic resonance imaging (MRI) with a 1.5T Siemens Heltenier system to
assess brain volume. High-resolution T1-weighted images were obtained using a 3D magnetization-
prepared rapid gradient-echo (MPRAGE) protocol. The acquisition parameters were as follows:
repetition time = 2,400 ms, echo time = 3.5 ms, inversion time = 1,000 ms, flip angle = 10°, field of
view = 256 × 256 mm, acquisition matrix = 320 × 320, 192 slices, and resolution = 1.0 × 1.0 × 1.0 mm.
Preprocessing of the images included quality control, motion correction, and spatial normalization
to a Montreal Neurological Institute (MNI) template. Cortical parcellation was carried out using the
"infant FreeSurfer" framework, designed explicitly for processing infant brain images. This framework
allows for precise segmentation and measurement of cortical and subcortical structures [16].

A senior neuroradiologist labeled all the MRI volumes regarding the brain injury in terms of
location and severity. Data analysis was focused on total brain volume, total white matter volume
(WMV), gray matter volume (GMV), and specific sub-cortical regions of interest derived from the
parcellation process such as basal ganglia and hippocampus. This detailed approach allowed us to
gain a comprehensive understanding of the brain’s structure and function.

2.6. Statistical Analysis

An exploratory and descriptive analysis of the data was performed, focusing on the distribution
of the calculated brain volumes. From this analysis, a generalized linear model (GLM) with a gamma
link function was identified as the most appropriate approach to detect differences between groups,
given the non-normal distribution and positively skewed nature of the brain volume variables. This
modeling approach enabled the accurate estimation of the relationship between hypothermia exposure
and brain volumetric outcomes, while adjusting for potencial confounder like genetic mutations
(i.e. GLDC: c.2714T>A; p.Val905Gly, SLC1A4 c.964C>T (p.Arg322*), Del(8)(p11.2) Monosomía 8p11.2,
Dup(14)(q11.2) Trisomy 14q11.2, and NSD1: c.3091C>T;p.(Arg1031*)), age at the time of MRI, birth
characteristics, and delivery complications. Results are presented as regression coefficients and effect
sizes, along with corresponding confidence intervals and p-values. Welch’s t-tests, which do not
assume equal variances, were also applied for group comparisons. A Pearson correlation matrix was
generated to assess the strength and direction of these relationships. All statistical analyses were
performed using R software (version 4.2), with a significance level set at 0.05.
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3. Results

3.1. Descriptive Results

A total of 34 newborns were included in the study. The sex distribution was similar between both
groups, with 42% females in the hypothermia group and 50% in the non-hypothermia group (p = 0.6).
The rest of the demographics can be seen in Table 1.

Table 1. Population data for the hypotermia study.

Hypothermia
Characteristic Yes, N = 121 No, N = 221 Overall, N = 341 p−value2

Sex 5(42%) 11(50%) 16(47%) 0.6
Female 7(58%) 11(50%) 18(53%)
Male 39.20 39.35 39.20 0.8

Gestational (38.8 − 39.2) (38.0 − 40.0) (38.2 − 40.00)
age 26.0 29.5(24.5 − 33.8) 28.0(24.0 − 33.0) 0.3
Mother age (24.0 − 30.2) 22(100%) 33(97%) 0.4

Prenatal
control

11(92%) 20.3

1 n(%); Median (IQR). 2Pearson’s Chi-squared test; Wilcoxon rank sum test; Fisher’s exact test

Table 2. Maternal and prenatal factors.

Characteristic Yes, N = 12 No, N = 22 Overall, N = 34 p-value

Preeclampsia 0.5
No 12 (100%) 19 (86%) 31 (91%)
Yes 0 (0%) 3 (14%) 3 (8.8%)

Chronic
hypertension

No 12 (100%) 22 (100%) 34 (100%)

Smoking during
pregnancy >0.9

No 12 (100%) 21 (95%) 33 (97%)
Yes 0 (0%) 1 (4.5%) 1 (2.9%)

Previous
cesarean section

No 12 (100%) 22 (100%) 34 (100%)

Epidural
anesthesia 0.2

No 8 (67%) 19 (86%) 27 (79%)
Yes 4 (33%) 3 (14%) 7 (21%)

Intrauterine
growth
retardation

No 12 (100%) 22 (100%) 34 (100%)

TORCH
No 12 (100%) 22 (100%) 34 (100%)
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Table 2. Cont.

Characteristic Yes, N = 12 No, N = 22 Overall, N = 34 p-value

Medication during
pregnancy 0.3

No 10 (83%) 21 (95%) 31 (91%)
Yes 2 (17%) 1 (4.5%) 3 (8.8%)

Maternal infections >0.9
No 12 (100%) 21 (95%) 33 (97%)
Yes 0 (0%) 1 (4.5%) 1 (2.9%)

Gestational
diabetes

No 12 (100%) 22 (100%) 34 (100%)

Primiparity 0.5
No 7 (58%) 10 (45%) 17 (50%)
Yes 5 (42%) 12 (55%) 17 (50%)

Fentanyl use 0.4
No 11 (92%) 22 (100%) 33 (97%)
Yes 1 (8.3%) 0 (0%) 1 (2.9%)

Other 0.7
No 7 (58%) 15 (68%) 22 (65%)
Yes 5 (42%) 7 (32%) 12 (35%)

The use of epidural anesthesia appeared more frequent among those who received hypothermia
treatment, with 33% of the mothers in the hypothermia group reporting its use, compared to 14% in
the non-hypothermia group (p = 0.2). However, this difference did not reach statistical significance.
Furthermore, 17% of mothers in the hypothermia group reported using medication during pregnancy,
compared to 4.5% in the non-hypothermia group (p = 0.3).

These findings suggest that maternal and prenatal characteristics were relatively balanced be-
tween the groups, reducing the likelihood that these factors significantly influenced the outcomes of
hypothermia treatment.

3.2. Hypotermia Effect

Table 3 presents the results from the adjusted regression models, which assess the volumetric
changes in different brain structures in newborns subjected to hypothermia compared to those without
hypothermia. The model adjusts for confounding factors such as genetic mutations, age at the time of
MRI, birth characteristics, and delivery complications.

Table 3. Adjusted Regression Models for Brain Structure Volumes

Brain Structure Coefficient Std. Error Effect (Coefficient) t value p value AIC
Gray Matter 1.314 0.530 3.7 2.478 0.025 395.508
White Matter 0.798 0.321 2.2 2.483 0.025 341.883
WM/GM Ratio 1.086 0.443 3.0 2.452 0.026 412.594
Left Cerebellum 0.037 0.050 1.0 0.749 0.464 161.359
Right Cerebellum 0.077 0.082 1.1 0.937 0.363 188.329
Total Cerebellum 0.061 0.075 1.1 0.819 0.425 224.077
Caudate 0.526 0.331 1.7 1.587 0.132 104.479
Putamen 0.146 0.078 1.2 1.868 0.080 40.092
Thalamus 0.119 0.064 1.1 1.870 0.080 50.563
Globus Pallidus 0.332 0.195 1.4 1.702 0.108 15.003
Hippocampus 1.218 0.519 3.4 2.347 0.032 90.461
Amygdala 0.624 0.310 1.9 2.012 0.061 0.863
Accumbens 0.384 0.214 1.5 1.792 0.092 -39.749
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Gray matter shows a coefficient of 1.314, indicating that newborns exposed to hypothermia exhibit
an average gray matter volume approximately 3.7 times larger than those without hypothermia (p =
0.025). Similarly, white matter volume has a coefficient of 0.798, suggesting that white matter is 2.2
times larger in the hypothermia group (p = 0.025). The WM/GM ratio shows a 3.0-fold increase (p
= 0.026). These findings show bigger brain volumes for these structures in the hypothermia group.
Additionally, the hippocampus exhibited an increase in volume (3.4-fold, p = 0.032).

However, other regions such as the cerebellum, caudate nucleus, putamen, thalamus, globus
pallidus, amygdala, and nucleus accumbens did not show statistically significant differences between
the groups (p > 0.05). While some structures demonstrated modest volume increases, these were not
statistically robust, indicating a less clear relationship between hypothermia and these brain regions.

These findings indicate that hypothermia may have a potential effect on brain volume in certain
regions but does not lead to clinically or statistically significant differences in neurodevelopmental
outcomes as measured by the Bayley Scale.

The Figure 1 shows the correlations between neurodevelopmental outcomes (cognitive, language,
and motor functions) and brain volumes (total brain, gray matter, and white matter) in two groups:
children treated with hypothermia and those who were not. In the hypothermia group, moderate
positive correlations are noted between cognitive function and both white matter volume (r = 0.57) and
total brain volume (r = 0.46), though these associations are not statistically significant. This suggests a
potential trend where larger brain volumes, particularly in white matter, may support better cognitive
outcomes in children who received hypothermia therapy. Additionally, a strong correlation is observed
between motor and language functions (r = 0.96), indicating that these neurodevelopmental domains
may be closely linked in this group. However, weak correlations between brain volumes and language
function (r = -0.03 to 0.17) suggest that brain structure alone may not be a key determinant of language
outcomes in these children. In the non-hypothermia group, correlations between neurodevelopmental
outcomes and brain volumes are weak. Cognitive function shows minimal correlation with total
brain volume (r = 0.11) and white matter volume (r = 0.06), and similar patterns are observed for
language and motor functions. This lack of significant associations suggests that brain volume may
have less influence on neurodevelopmental outcomes in the absence of hypothermia. These findings
highlight the potential protective effect of hypothermia on brain structures like white matter, which
may contribute to better cognitive and motor outcomes. However, the absence of statistically significant
results across both groups calls for further research with larger sample sizes to better understand these
relationships.
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3.3. Cortical Thickness and Structural Differences Between Hypothermia and Non-Hypothermia Groups

The Figure 2 compares brain volumes in neonates with and without therapeutic hypothermia,
using density plots of gray matter, white matter, hippocampus, and the white matter/gray matter
(WM/GM) ratio, along with cortical and subcortical renderings. The plots show that neonates treated
with hypothermia (blue) tend to have higher volumes of gray and white matter than untreated neonates
(pink), suggesting potential preservation of these tissues. The WM/GM ratio is also higher in the
hypothermia group, indicating better overall brain preservation. Notably, the hippocampus, important
for memory and cognitive functions, shows a broader range of larger volumes in the hypothermia
group, supporting the idea that hypothermia may offer neuroprotective effects. Visualizations of
cortical surfaces further emphasize the structural differences, indicating that hypothermia helps
maintain cortical integrity. Overall, these results suggest that therapeutic hypothermia may help
preserve key brain structures after perinatal asphyxia. This preservation could potentially lead to
improved neurodevelopmental outcomes, reinforcing the potential benefits of this treatment. However,
further analysis is needed to confirm the significance and clinical impact of these findings.

Figure 2. Brain volumetric comparison between neonates with and without therapeutic hypothermia,
including density plots for gray matter, white matter, hippocampus volumes, and the WM/GM
ratio, along with cortical renderings. The hypothermia-treated group (blue) shows a shift towards
higher volumes in gray and white matter compared to the non-treated group (pink), suggesting tissue
preservation

The cortical thickness for the hypothermia-treated group and the non-hypothermia group was
compared using 3D surface reconstructions (Figure 3). In the hypothermia-treated group (Figure 3
right), a heatmap of cortical thickness revealed a higher degree of preservation, with thicker regions
primarily located in the central sulci and occipital areas. The cortical thickness ranged from 0 mm to
5 mm, with the highest values represented in red and the lowest in blue. These results suggest that
therapeutic hypothermia promotes cortical growth or maintenance in these critical areas.
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Figure 3. Average of cortical thickness (mm), for both groups.

Conversely, the non-hypothermia group (Figure 3, left) exhibited more widespread cortical
thinning, particularly in the frontal and parietal lobes. These regions, responsible for cognitive and
motor functions, showed reduced cortical thickness, indicating the potential for developmental delays
or impairments in this untreated population. The comparison of these two groups highlights the
differential effects of therapeutic hypothermia, suggesting a neuroprotective effect in preserving
cortical structure post-injury.

The figure 3 shows cortical thickness measurements in millimeters for two groups of term neonates:
those who did not receive therapeutic hypothermia (left panel) and those who did (right panel). The
scale ranges from purple (indicating thinner cortical areas) to red (indicating thicker cortical areas),
with a scale of 0 to 5 mm. Visual comparison between the two groups suggests differences in the
distribution and extent of cortical thickness across various brain regions. In the hypothermia-treated
group, thicker regions (represented by green to red hues) appear more pronounced and widespread,
particularly in motor and sensory processing areas. In contrast, the non-hypothermia group displays
a greater prevalence of thinner regions (depicted in shades of blue and purple), suggesting that
therapeutic hypothermia may help preserve or promote greater cortical thickness. This preservation
of cortical structure might correlate with improved neurodevelopmental outcomes, as larger cortical
thickness has been associated with better cognitive and motor functions in previous studies. However,
further quantitative analysis would be required to confirm these observations and assess their statistical
significance. Additionally, these visual insights highlight the importance of therapeutic interventions
in mitigating the effects of hypoxic-ischemic encephalopathy (HIE) on brain development.

4. Discussion

The study included 34 newborns. Among the prenatal characteristics, preeclampsia was observed
in 14% of the mothers in the non-hypothermia group. At the same time, no cases were reported in
the hypothermia group (p = 0.5), suggesting no significant association between preeclampsia and the
application of hypothermia therapy.

Volumetric assessments of the brain, particularly in neonatal populations, provide crucial insights
into the potential long-term neurological outcomes following perinatal events such as hypoxic-ischemic
encephalopathy (HIE). Our study’s findings on the effects of therapeutic hypothermia on brain volumes
in neonates with perinatal asphyxia are of significant importance. Brain volumes, measured through
techniques like MRI, allow for the quantification of gray and white matter, which is integral to
understanding the effects of HIE and therapeutic interventions like hypothermia. Clinically, larger
brain volumes have been associated with better neurodevelopmental outcomes, while reductions in
volume often correlate with cognitive and motor impairments [2].

It is well established that HIE can significantly reduce brain volumes in untreated infants, particu-
larly affecting critical structures like the basal ganglia and hippocampus [14]. Studies have consistently
demonstrated that infants with HIE who do not receive therapeutic intervention show marked reduc-
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tions in the gray and white matter volumes, with adverse neurodevelopmental consequences [22]. Our
findings align with previous literature, as newborns who underwent therapeutic hypothermia had
significantly larger volumes of gray matter, white matter, and the hippocampus than those who did not
receive the treatment. Specifically, on average, gray matter volume was 2.47 times more significant, and
white matter volume was 2.48 times more significant in the hypothermia group. The hippocampus also
showed a notable difference, with an average volume 2.34 times greater in the hypothermia-treated
infants. These findings suggest that hypothermia may have a neuroprotective effect on specific brain
structures, which could have important clinical implications for the management of HIE. However,
other regions, such as the cerebellum, caudate nucleus, putamen, thalamus, and amygdala, did not
exhibit significant differences between the groups, indicating that the protective effects of hypothermia
may not extend uniformly across all brain structures [20].

The lack of significant volumetric changes in some brain regions could be attributed to their
differential vulnerability to hypoxic damage and varying responses to therapeutic hypothermia.
Certain regions, such as the cerebellum and caudate nucleus, may inherently have a higher resistance
to hypoxic conditions, possibly due to their specific metabolic profiles or blood supply [3]. Additionally,
these regions may not benefit as much from the neuroprotective mechanisms induced by therapeutic
hypothermia, such as the reduction of apoptosis and inflammation [4]. This selective protection could
explain why structures like the hippocampus, which is highly susceptible to ischemic damage, show
more pronounced preservation with hypothermia, whereas other regions remain unaffected.

Moreover, the more robust response observed in white matter volume compared to other struc-
tures may reflect the higher metabolic activity of white matter during early brain development. White
matter is particularly vulnerable to oxidative stress and excitotoxicity during hypoxic events, leading
to more severe damage in untreated cases of HIE [2]. The observed increase in white matter volume
in hypothermia-treated infants suggests that therapeutic hypothermia may play a role in reducing
white matter injury by mitigating the effects of reactive oxygen species (ROS) and promoting myelin
repair processes. These findings align with previous studies that emphasize the critical role of white
matter integrity in supporting neurodevelopmental outcomes and highlight the importance of targeted
neuroprotective strategies for preserving white matter during therapeutic interventions [14].

Our study did not find statistically significant correlations between brain volumes and cognitive,
language, or motor outcomes. However, moderate correlations were observed between cognitive
function and white matter volume (r = 0.585) and total brain volume (r = 0.425). The lack of statistical
significance may be attributed to the relatively small sample size and incomplete neurodevelopmental
assessments for some participants early in the study [5]. These findings suggest a need for larger
cohorts and more extended follow-up periods to validate the potential association between brain
volumes and neurodevelopment.

5. Conclusion

Our study contributes to the growing body of evidence supporting the neuroprotective effects
of therapeutic hypothermia in neonates with perinatal asphyxia. Specifically, hypothermia-treated
infants demonstrated increased volumes in key brain structures such as gray matter, white matter, and
the hippocampus, which may translate into improved neurodevelopmental outcomes. However, the
region-specific nature of the observed volumetric changes highlights the need for further research to
better understand the underlying mechanisms of therapeutic hypothermia and its variable impact on
different brain regions.

The findings also underscore the importance of using advanced neuroimaging techniques like
cortical parcellation to detect subtle structural changes that conventional methods may miss. Ad-
ditionally, while our results did not establish significant correlations between brain volumes and
neurodevelopmental outcomes, the moderate associations observed in white matter volumes suggest
potential avenues for future studies.
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In the context of healthcare cost-effectiveness, therapeutic hypothermia may provide long-term
economic benefits through reduced disability and improved outcomes, as seen in studies conducted in
high-income settings [23]. Further research is required to determine the applicability of these findings
in low- and middle-income countries, including Colombia, where resource constraints and healthcare
infrastructure may pose additional challenges. Longitudinal studies are also necessary to evaluate the
lasting effects of hypothermia on cognitive and memory functions, especially considering the increased
hippocampal volumes in treated neonates. Such insights will be critical for optimizing treatment
strategies and improving the quality of life for children affected by HIE.
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Appendix A

Appendix A.1

Table A1 presents the distribution of various characteristics among the newborns. The fetal
presentation was predominantly cephalic in both groups, with 92% in the hypothermia group and
91% in the non-hypothermia group (p > 0.9), indicating no significant difference. The mode of birth,
including cesarean and vaginal deliveries, showed a similar distribution across both groups, with
cesarean sections occurring in 33% of the hypothermia group and 45% of the non-hypothermia group
(p = 0.7). Instrumental delivery was more frequent in the hypothermia group (33%) compared to
the non-hypothermia group (9.1%), although this difference did not reach statistical significance (p
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= 0.2). Premature rupture of membranes was reported in 18% of the non-hypothermia group, while
no cases were observed in the hypothermia group (p = 0.3). Meconium-stained amniotic fluid was
more common in the non-hypothermia group (36%) compared to the hypothermia group (8.3%) (p =
0.11). Anthropometric measures, including birth weight, height, and head circumference, showed no
significant differences between the two groups, suggesting comparable physical characteristics at birth.
These results demonstrate that most maternal and newborn characteristics were similarly distributed
between the groups, with no statistically significant differences in perinatal factors.

Table A1. Characteristics of participants based on hypothermia treatment status

Characteristic Hypothermia (Yes, N
= 12)

Hypothermia (No, N
= 22) p-value

Fetal presentation >0.9
Cephalic 11 (92%) 20 (91%)
Compound 0 (0%) 1 (4.5%)
Breech 1 (8.3%) 1 (4.5%)

Birth route 0.7
Cesarean 4 (33%) 10 (45%)
Vaginal 8 (67%) 12 (55%)

Expulsive 0.4
No 10 (83%) 15 (68%)
Yes 2 (17%) 7 (32%)

Prolonged labor >0.9
No 9 (75%) 15 (68%)
Yes 3 (25%) 7 (32%)

Instrumental delivery 0.2
No 8 (67%) 20 (91%)
Yes 4 (33%) 2 (9.1%)

Urgent cesarean
section 0.7

No 8 (67%) 13 (59%)
Yes 4 (33%) 9 (41%)

Emergent cesarean
section >0.9

No 12 (100%) 21 (95%)
Yes 0 (0%) 1 (4.5%)

Chorioamnionitis 0.4
No 11 (92%) 22 (100%)
Yes 1 (8.3%) 0 (0%)

Premature rupture of
membranes 0.3

No 12 (100%) 18 (82%)
Yes 0 (0%) 4 (18%)

Oligohydramnios >0.9
No 11 (92%) 21 (95%)
Yes 1 (8.3%) 1 (4.5%)

Meconium 0.11
No 11 (92%) 14 (64%)
Yes 1 (8.3%) 8 (36%)

Birth weight (g) 3,100 (2,921, 3,422) 3,202 (2,896, 3,404) 0.8
Height (cm) 51.00 (49.00, 51.50) 50.00 (49.00, 52.00) >0.9
Head circumference
(cm) 34.25 (33.62, 35.00) 33.00 (32.00, 36.00) 0.5

1n (%); Median (IQR). 2Fisher’s exact test; Wilcoxon rank sum test
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