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Abstract

:

The architectural configuration of the space plays a crucial role in the acoustics of neonatal intensive care units (NICUs). The design of the environment, the materials used in construction, and the organisation of noise sources within the room significantly influence the noise levels present in these critical areas. For this research, the noise levels found in two hospitals, with different architectural configurations and sizes but similar construction materials, have been analysed. Data were recorded at 1 s intervals over a period of more than 24 h. The data collected in these hospitals confirm the magnitude of the noise problem in NICUs, highlighting the urgent need to address it effectively to ensure an appropriate and safe environment for the recovery of neonates. Good architectural planning can help mitigate noise, while poor configuration can exacerbate acoustic problems, negatively affecting both patients and healthcare staff. It is crucial to involve architects, acoustic engineers, and healthcare staff in the design and renovation of NICUs to create spaces that not only meet medical needs but also consider the auditory well-being of neonates.
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1. Introduction


The environment of a neonatal intensive care unit (NICU) is crucial for the recovery of newborn patients. However, noise is a widespread problem that might be slowing down their healing process. While excessive noise is harmful to everyone, it is especially damaging to sick patients in the NICU. This is particularly true for premature babies, whose developing nervous and auditory systems make them very sensitive to loud sounds [1].



1.1. Effects of Noise on Premature Neonates


Historically, newborns were assumed to be desensitised to their environment and lacked the ability to interact with it in a meaningful way [2]. However, recent research has shown that infants actively respond to their environment, using their sensory experiences as a platform for learning [3]. For example, they respond to touch, can differentiate and show preference for certain stimuli, and are able to protect themselves from the environment by moving away from painful stimuli [4]. These responses may manifest in subtle variations in skin colour, fluctuations in heart rate or breathing, and signs of startles or tremors [5], indicating that environmental stimuli, such as noise, light, and care events, may be overwhelming [6]. This knowledge has led to focusing attention on the management of sensory stimuli within the NICU, as these can have a crucial impact on neonatal development.



The care of the sick newborn is influenced by the physiological changes that accompany the transition from intrauterine to extrauterine life. This process involves the activation of complex homeostatic mechanisms and the maturation of organs and systems that are essential for survival outside the womb. This period of adaptation, characterised by being highly dynamic, is the most vulnerable in human life, as there is a higher risk of severe illness or sequelae, especially neurological ones [7].



The premature infant faces a radically different environment from that of the maternal womb, where brain growth is faster [6]. While in the womb, the foetus receives complete maternal protection, nutrients, and temperature regulation [8]; the premature baby is placed in a NICU with highly variable conditions and less protection. Research has shown that the NICU environment offers very different sensory stimuli compared to those of a full-term newborn, exposing babies, parents, and staff to constant negative and unpredictable stimuli [2,9,10,11]. This discrepancy between the intrauterine environment and the NICU setting presents significant challenges for the physiological, emotional, and social development of the premature newborn [8,12,13].



Sensory development in neonates follows a specific sequence during foetal life, where each sensory system matures in an orderly fashion, avoiding competition with other emerging systems [14]. For example, foetal hearing develops intensely, while vision is still inactive. Animal studies have shown that premature stimulation of one sensory system can interfere with the development of the ongoing system and other sensory systems [6,15,16]. In premature babies, continuous exposure to stimuli in the NICU may cause hearing and vision to develop simultaneously rather than sequentially, disrupting perceptual and behavioural development in a manner similar to how inadequate stimulation affects sensory systems in animals [6].



Many of the problems that primarily affect premature neonates or those with severe medical conditions often stem from failures in their adaptation process [7]. This situation is further exacerbated by the fact that these newborns may remain in the NICU for weeks or even months, where noise is ever present, adding further risks to an already complex scenario and making the neonate even more unstable and dependent [17].



Prolonged exposure to high levels of noise can interfere with auditory and emotional development, as well as increase the risk of sleep disorders and stress [17,18,19,20]. Stress reactions in newborns, such as bradycardia, tachycardia, increased systolic and diastolic blood pressure, apnea, hypoxemia, alterations in oxygen saturation, increased oxygen consumption, and elevated intracranial pressure, can increase the risk of problems such as growth delay, irregular sleep patterns, hearing loss, bronchopulmonary dysplasia, retinopathy of prematurity, intraventricular haemorrhage, periventricular leukomalacia, and developmental delay [21].



It has been observed that the electrical activity of the central nervous system varies with sounds ranging from 36 dB to 90 dB, showing increases in intracranial pressure and changes in electromyographic and behavioural responses to sudden noises. Excessive noise levels can impact the neuroendocrine system and indirectly affect immunity [22,23].



Likewise, sleep deprivation has a great impact on various physiological parameters, such as bradycardia, apnoea, increased hypoxic periods or increased intracranial pressure, which can negatively influence the recovery of patients under care [24,25]. Deep sleep plays an essential role in the maturation of brain functions in newborns, and its interruption can cause alterations in thermoregulation and the production and release of certain hormones, in addition to compromising the newborn’s immunity [17]. These effects can have significant consequences on long-term development, including cognitive ability and academic performance [26].



Although childhood hearing impairment results from a combination of genetic predisposition and environmental factors [27,28], the global prevalence of hearing loss is approximately 1 to 3 per 1000 neonates, which is significantly higher in neonates admitted to the NICU, ranging from 3 to 6 per 100 [29,30]. Additionally, it has been shown that noise, hypoxia, apnea, and hyperbilirubinemia can interact together to contribute to the development of hearing impairment [27,31].



In addition to the impact on patient care, constant noise in the NICU also affects the health and well-being of nursing staff. Studies have shown that prolonged exposure to noise can cause hearing fatigue, increase blood pressure and contribute to the development of cardiovascular diseases and psychological disorders, such as anxiety and depression, difficulty communicating, work stress, decreased concentration, and increased risk from making mistakes, which in turn, can negatively affect the quality of care they provide [21]. In the highly specialised environment of the NICU, where each care decision is decisive for the well-being of newborns, this situation creates a negative cycle in which both newborns and nursing staff are affected by the same problem.




1.2. Noise Levels in Neonatal Intensive Care Units


In addition to the direct impact on neonates, it is crucial to understand how various noise sources in the NICU affect the overall environment and dynamics of neonatal care. The noise level in the NICU is a determining factor in staff communication, family interactions, and child development. According to the American Academy of Pediatrics (AAP), exposure to noise levels above 45 dBA can cause cochlear damage and even disrupt the normal growth and development of the neonate [32,33]. Although the human ear may get used to high levels, no longer perceiving them as high, noise may continue generating damage [34].



For this reason, the AAP recommends that neonatal care areas should incorporate sound-absorption materials or other measures to ensure that the combination of continuous background noise and transient sounds does not exceed a Leq,1 h of 45 dBA, an L10 of 50 dBA and an Lmax of 65 dBA [33,35].



Over the years, multiple studies have highlighted the persistent problem of noise in NICUs [11,36,37,38,39,40,41]. Despite various efforts to mitigate this noise, as documented in the specialised literature [42,43,44,45,46,47,48], recent research shows that noise continues to be a significant and unresolved challenge in these environments.



Studies indicate that long-term average noise levels in NICUs range from approximately 50 to 65 dBA, depending on the unit assessed [38,39,40,41,42,43,44,45,46,47,48,49,50]. This noise comes from various structural and operational sources. Structural sources include HVAC systems, door openings and closings, and the hum generated by electrical equipment, such as computers and incubators. Operational sources encompass staff and visitor conversations, chair movement, the opening of disposable containers, medical equipment alarms, phones, and baby crying [17,39,42,50,51].



It is known that noise levels in NICUs can reach particularly high peaks [37,52,53,54], especially during shift changes, which have been identified as the noisiest times [37,52]. Among the various sources of noise, NICU staff contribute significantly to the maximum noise level (Lmax). Although staff conversations do not substantially affect the overall LAeq, the noise generated by them is recorded 67% of the time observed in studies [39], making it the primary source of noise in these units.



The acoustic environment of NICUs is characterised by elevated noise levels, with loud, short-duration events occurring irregularly. Medical device alarms, in particular, have consistently been identified as a significant source of excessive noise, with an average of 177 alarms per patient per day recorded [37,39,55].



Regarding the spectral content of noise in NICUs, low frequencies predominate [36,56,57], accompanied by some mid and high frequencies [58]. The latter are typically generated by equipment alarms and human voices [39]. This acoustic pattern underscores the complexity of controlling noise in such a delicate environment as the NICU. Although it is estimated that around 60% of these noises could be reduced or eliminated [42], the specific effects of these frequencies, especially the low ones, on newborns are not yet fully understood and require further research.




1.3. Noise Levels in Incubators


The choice between placing a baby in an incubator or a warming crib depends on a careful assessment of their individual medical needs. According to the guidelines of the AAP, incubators are essential for the care of premature neonates, as they create an optimal environment for their healthy growth and development, precisely regulating temperature, humidity, and oxygen [59]. On the other hand, thermal cribs, although they offer radiant heat, are more suitable for stable babies, since they do not need the same intensive supervision as premature babies [60].



Incubators, like the womb, could protect maturing auditory systems from harmful noise levels [49,61]. Such protection could alleviate concerns about overstimulation in the NICU, as long as the baby remains inside a closed incubator. The walls of these incubators have demonstrated the ability to reduce sounds coming from the neonatal room by up to 10 dBA [17,62,63]. However, according to several authors, incubators generate an internal background noise level exceeding 52 dBA throughout the measurement period [37,38,56,61,62,63,64], significantly surpassing the recommendations established by the AAP. According to the sources consulted, this background noise level may be even higher depending on the incubator model [62,63]. This level of background noise is generated by the incubator’s internal motor, responsible for regulating the temperature and humidity inside. This situation raises an additional concern about exposing neonates to potentially harmful noise levels even when inside an incubator.



This 10 dBA attenuation implies that, when the noise level in the NICU exceeds the levels emitted by the internal motor of the incubator, the attenuation provided by the walls of the incubator reduces the dose of noise that the neonate receives inside. For the noise level to increase inside the incubator, the ambient noise in the NICU must be at least 3 dBA higher than the motor noise plus motor attenuation [64].



In relation to the existing noise levels inside the incubators, the Acoustic Engineering laboratory of the University of Cadiz has developed a prototype of an incubator with a system to improve the acoustic comfort of the NICA+ neonate. This prototype, presented in the form of patent “OEPM P202330766”, includes a neonatal incubator equipped with a system designed to improve the acoustic comfort of the newborn with sound levels lower than international recommendations [65].



The acoustic environment to which the newborn is exposed is different if it is housed in an incubator or a warming crib. In contrast to neonates found in incubators, it is relevant to highlight that those housed in thermal cribs do not have the same level of noise attenuation. This means that they are more exposed to the sounds produced in the neonatal room.




1.4. Noise Reduction in NICUs


Considering these facts, we can affirm that the incubator or thermal crib, together with the NICU, constitute an interconnected system in which the ambient noise of the room directly affects the neonates housed in the incubators. This relationship highlights the importance of appropriately managing the noise level in the neonatal environment to protect the health and development of newborns, as well as to ensure an environment that is conducive to their recovery.



This does not mean that neonatal rooms should be totally silent, since it should not be forgotten that exposure to sound is necessary for the neonate and provides constant sensory stimulation [66,67]. This early exposure to different sounds in the neonatal environment plays a critical role in language acquisition and the development of language skills [68].



To address the issue of noise in NICUs, various approaches have been implemented. These include the use of hearing-protection devices [68,69], staff retraining [70,71], and architectural renovation, which ranges from updating existing NICUs to constructing new facilities with individual rooms for each patient [10,42,43,44,45,46,47,48]. Each of these methods has its own characteristics in terms of complexity, effectiveness, and cost. In particular, architectural renovations often present significant challenges due to the complexity of design, the necessary adjustments in workflow, and the high associated costs.



In relation to NICU design, several studies have compared noise levels in units designed with individual rooms for each family versus traditional open units [10,46,47,48]. These studies have found that single-incubator rooms had significantly lower noise levels compared to open units due to less interference from sounds from other incubators and medical equipment, which not only reduces noise but also improves the perception of care by parents and the well-being of staff. That is, open-plan units tend to have higher noise levels due to greater exposure to noise generated by staff and equipment, while small modules help mitigate the acoustic impact [10].



However, it must be noted that, while the implementation of individual rooms has contributed to a reduction in average noise levels, these improvements have been limited, as noise levels still exceed current recommendations [37].



The design of NICUs with individual rooms has proven to have advantages over traditional open-plan models. These benefits include improved respiratory regulation, reduced episodes of apnea, and more positive growth trajectories and neurobehavioral scores, which may imply a lower long-term risk for neonates [47,48].



However, there is ongoing concern about the potential negative impact on the language development of premature newborns in individual rooms compared to those in open-plan units. This issue may be particularly relevant for neonates who receive limited support for their development and maternal interaction during their NICU stay [45,67,72]. The emerging hypothesis suggests that reduced exposure to linguistic stimuli in quieter individual rooms could contribute to delays in language development, in contrast to the more active and communicative environment of open-plan NICUs, where neonates are exposed to a greater amount of conversation and ambient sounds, even in the absence of their parents or clinical caregivers [72].



Taking this premise into account, no studies have been found that compare noise levels in two open neonatal rooms with different architectural designs and volumes. Most studies focus on comparing open-design NICUs with those using single rooms, highlighting the advantages of the latter in terms of noise reduction and better environmental control. However, research specifically comparing open rooms with different architectural configurations and volumes appears to be limited or nonexistent. This lack of studies highlights the need to further investigate how variations in the design and size of open rooms can influence noise levels and ultimately the health and development of neonates.



Each country has its own standards and/or recommendations regarding noise levels and construction systems in NICUs, all based on guidelines established by the AAP [33,35]. In Spain, it is essential to consider Law 37/2007 [73], Royal Decree 1367/2007 [74], and the Technical Building Code CTE DB-HR [75], which establish provisions related to acoustic zoning, quality objectives, and acoustic emissions. According to these regulations, noise levels inside hospital rooms should be below 40 dBA during the day (7:00 a.m.–7:00 p.m.) and evening (7:00 p.m.–11:00 p.m.), and below 30 dBA during the night (11:00 p.m.–7:00 a.m.) [74]. These limits refer to the values of the immission index resulting from the set of acoustic emitters that affect the interior of the enclosure.



The objective of the present study is to compare the noise levels generated in two neonatal intensive care unit rooms of different volumes and geometries, to evaluate whether there are notable differences between the two rooms. The comparison will be made by evaluating both global noise levels, weighted and unweighted, and levels in third-octave bands. To obtain data, continuous measurements were carried out in both rooms with the incubators running, during day and night periods, paying special attention to feeding times and shift changes.





2. Methodology


To carry out this study, data were collected and analysed in the neonatal intensive care units of two leading hospitals in Spain. These centres are the Puerta del Mar University Hospital (HUPM), located in the city of Cadiz, and the Juan Ramón Jiménez University Hospital (HJRJ), located in Huelva. Both institutions are recognised for their commitment to excellence in neonatal care and have advanced medical technologies for the intensive care of newborns. The data obtained covers several key variables, such as ambient noise levels, the layout of medical equipment and the general conditions of the rooms, allowing a comprehensive evaluation of the factors that influence the acoustic environment of the NICU. This comprehensive approach provides a solid foundation for identifying areas of improvement and developing effective strategies to optimise neonatal care.



This research has received approval from the Provincial Research Ethics Committee of Cadiz under registration number 82.22 and PEIBA code 1253-N-22. It is important to highlight that this study is not classified as a biomedical research project according to the terms established by Spanish Law 14/2007, of 3 July, on Biomedical Research [76]. Ethical approval ensures that the research complies with the necessary ethical regulations and guidelines, guaranteeing the protection of participants and the integrity of the data collection process.



2.1. Material and Methods


Before installing the sound-level metre, noise levels were sampled throughout the room. According to the UNE-ISO 1996-2:2020 standard, “Acoustics. Description, measurement and assessment of environmental noise. Part 2: Determination of sound pressure levels” [77], the noise measurements were carried out following specific procedures to ensure accuracy and avoid distortions. Specifically, the measurements were not conducted following a fixed grid to avoid nodal points of wavelength that could alter the results.



The measurement process involved taking noise readings for a period of 3 min at each selected point. If a high-intensity transient event, such as staff activity or alarm activation, was recorded during this time, the measurements were repeated at the same point to ensure the reliability of the obtained data.



Following a preliminary analysis of the collected data, it was found that the noise levels in both rooms were similar throughout the space, indicating a predominantly diffuse acoustic field. This suggests that sound is distributed uniformly across the rooms, which is a crucial factor to consider when evaluating the impact of any acoustic intervention.



To characterise the NICUs and assess the noise levels to which neonates might be exposed, a sound-level metre was installed in each neonatal room. Given that the NICU itself is a diffuse field, it was decided to place the sound-level metre in a position that would not interfere with the activities of the healthcare staff. Thus, the device was strategically located between two incubators, at a distance of 1.5 m from the nearest wall and 1 m from the ceiling. The measurement point was symmetrically placed 1 m from each of the two incubators. While it is true that alarms or the activities of the nursing staff may have a more pronounced effect at this point than at other, more distant, locations in the room, this positioning of the sound-level metre allows us to focus on understanding the noise exposure experienced by the neonates.



To carry out these measurements, the HBK 2270 sound-level metre (Hottinger Brüel & Kjaer, Virum, Denmark) was used, which meets the type 1 instrumentation requirements according to the regulations established by the International Electrotechnical Commission, specifically the EN-IEC 61672:2013 standard [78]. In order to guarantee the precision and accuracy of the sound-level metres, the HBK 4231 (Hottinger Brüel & Kjaer, Virum, Denmark) sound calibrator was used to verify their correct operation.



Two non-consecutive days were randomly selected for the measurements to ensure the representativeness of the obtained data, regardless of the day of the week. These days were agreed upon with the NICUs, primarily depending on the permissions granted by the hospital centres.



The measurements were conducted with a sampling interval of 1 s over a 24 h period. The main parameters collected included continuous equivalent, A- and C-weighted, and broadband unweighted sound pressure levels (LAeq, LCeq, and LZeq). The rest of the parameters are the maximum and minimum levels weighted by response (LAFmax and LAFmin, respectively), the levels weighted by impulse (LAIeq), and the percentiles LA10, LA50, and LA90 (the meaning of the acoustic terms used in this study are shown in Appendix A).



Subsequently, the data obtained were downloaded from the sound-level metre and analysed using the HBK 4231 software (Evaluator Type 7820, version 4.16.8) (Hottinger Brüel & Kjaer, Virum, Denmark), which facilitated a thorough analysis of the collected noise logs.



The noise levels are analysed from various perspectives. Initially, the equivalent continuous level (Leq) is considered throughout the 24 h of the day, distinguishing between the levels reached during the daytime period (from 8:00 a.m. to 10:00 p.m.) and the nighttime period (from 10:00 p.m. to 8:00 a.m.). In addition, special attention is paid to key moments in the routine of health personnel, such as shift changes and neonatal feeding schedules, since these moments usually coincide with significant increases in the noise level due to increased activity and noise and increased verbal and operational interactions.



Throughout the day, in both healthcare units, there are three shift changes for the healthcare staff, at 8:00 a.m., another at 3:00 p.m., and the last one at 10:00 p.m. These changes are critical moments lasting approximately 30 min each. Fifteen minutes before the shift change, the relief staff begins to arrive, while the outgoing staff remains in the room until about 15 min after the changeover time, ensuring proper care transitions.



Regarding the feeding of the babies, it takes place every three hours, starting at midnight (00:00 a.m.). The process lasts approximately 15 min, from the moment the feeding pump is activated until the alarm sounds, indicating that the feeding has been completed.



It is noteworthy that, according to the consulted healthcare staff and observations made by the operators who conducted the measurements, the routines of the healthcare staff and the noise-generating operations are consistent daily at the same time intervals, with the aim of not disrupting the feeding and resting habits of the neonates. The nursing staff maintains a constant number on each shift (morning, afternoon, and night) and follows the same care routines during each shift. Additionally, observations made by the operators during the measurements revealed that, in the mornings (from 8:00 a.m. to 3:00 p.m.), there is an increased movement of people. This increase in activity is primarily due to healthcare operations, the movement of equipment and incubators for medical tests, and cleaning and equipment maintenance services.




2.2. Features of NICUs


The neonatal rooms analysed in this study exhibit remarkably similar characteristics that significantly influence their acoustic properties. In both cases, the vertical walls are constructed with brick walls rendered with a layer of gypsum paste with an approximate thickness of 1.5 cm. Similarly, the ceilings are made of plaster plates of the same thickness suspended from the structure, leaving an air gap without acoustic insulation, where the installations are located. The flooring is made of terrazzo, making all these surfaces highly reflective in acoustic terms.



Additionally, both rooms feature various glass surfaces, which further amplifies the reflection of sounds in the surrounding environment. The deliberate absence of materials with acoustic absorption capacity is based on the imperative need to maintain strict standards in terms of safety and hygiene, which prevents the use of porous or irregular surfaces for this purpose.



This structural configuration, characterised by a notable sound reverberation, contributes significantly to the increase in noise levels present in these facilities, giving rise to a challenging acoustic environment for the neonates housed in them.



2.2.1. Puerta del Mar University Hospital (HUPM)


The main room of the NICU of this hospital centre has a rectangular distribution, as shown in Figure 1, which covers an area of 156 m2, with a height of 2.66 m, resulting in a total volume of 415 m3. Additionally, this main area is connected to other rooms that are essential for its operation, such as the entrance hall, medicine and other materials stores, and staff changing rooms. Likewise, independent rooms are included specifically for the isolation of neonates in critical condition or with contagious infections. Considering the inclusion of all these annex spaces, the total surface area of the NICU reaches approximately 230 m2.



Up to 10 neonates housed in incubators can be cared for in the main NICU room, with an additional capacity for 3 or 4 more neonates in the adjoining private rooms. Each of these care units is equipped with the necessary monitoring and conditioning devices, as well as the corresponding electromedical equipment, adapted to the individual needs of each neonate, depending on their specific health status.



This research focuses exclusively on the noise levels of the NICU main room, identified in Figure 1 with the number 2.



Regarding the position of the sound-level metre, in both measurements conducted, the device was placed in the same position to ensure comparability. In this case, the sound-level metre was positioned between incubators 3 and 4 (as assigned by the NICU).




2.2.2. Juan Ramón Jiménez University Hospital (HJRJ)


The configuration of the NICU in this hospital centre is an L-shaped configuration, as illustrated in Figure 2. Its main room covers an area of 65 m2, with an approximate height of 2.7 m, resulting in a total volume of 175 m3. In addition to this main room, the NICU has two related spaces, namely a warehouse and an independent room intended for the presence of the mother with the baby in specific cases. Considering all these additional spaces, the total surface area of the NICU is nearly 78 m2.



This research focuses exclusively on the noise levels of the NICU main room, identified in Figure 2 with the number 2. This room, with the capacity to care for 8 neonates housed in incubators, is equipped with the necessary monitoring devices, conditioning and electromedical equipment and adapted to the individual needs of each neonate according to their health status.



As in the previous case, in both measurements conducted, the sound-level metre was placed in the same position to ensure comparability. In this instance, the sound-level metre was positioned between incubators 3 and 4 (as assigned by the NICU).



The graphic documentation of this care unit has been provided by Moisés Fumero Rodríguez, Acoustic Engineering Laboratory staff, and was published as part of his final Master’s thesis in acoustic engineering in 2010 [79].





2.3. Data Analysis


A descriptive and statistical analysis of the data was conducted to assess the noise levels in both NICUs at different times and events over a 24 h period and measured on two non-consecutive days.



For this study, the following hypotheses were formulated:




	
H1. There are no differences between the sound pressure levels measured during the day period (8:00 a.m.–10:00 p.m., excluding feeding periods and shift changes) in the NICU of the HJRJ and the HUPM;



	
H2. There are no differences between the sound pressure levels measured during the night period (10:00 p.m.–8:00 a.m.), excluding feeding periods and shift changes) in the NICUs of the HJRJ and the HUPM;



	
H3. There are no differences between the sound pressure levels of the daytime feeding periods (10:00 p.m.–8:00 a.m.) in the NICUs of the HJRJ and the HUPM;



	
H4. There are no differences between the sound pressure levels of the nocturnal feeding periods (8:00 a.m. to 10:00 p.m.) in the NICUs of the HJRJ and the HUPM;



	
H5. There are no differences between the sound pressure levels of the shift changes of healthcare personnel (8:00 a.m. to 10:00 p.m.) in the NICUs of the HJRJ and the HUPM.








After carrying out an initial analysis of the data, we proceeded to verify whether there are significant differences in the noise levels in the NICUs of Huelva and Cadiz. To do this, we first evaluate which are the most appropriate statistical tests for the analysis, depending on the nature of the data. Given the sample size, the normal distribution of the data was evaluated using the Shapiro–Wilk test. Levene’s test for homogeneity of variances was calculated to determine whether the distribution of the data between both samples was similar. The variables analysed were LAeq (dBA), LAIeq (dBA), LAFmáx (dBA), LAFmín (dBA), LCeq (dBC), LA10 (dBA), LA50 (dBA), LA90 (dBA), and the non-weighted frequency range between 40 Hz and 20 kHz (LZeq, in dBA).



According to the results of the previous analyses, it was decided to perform a parametric test, the Mann–Whitney U test, which allows for determining whether there are significant differences between two independent samples. The main objective was to compare the acoustic behaviour of the NICU rooms in Huelva and Cadiz and verify if we can rigorously speak of differences between them in order to answer the research questions. The value of 0.05 was used as a threshold to determine the statistical significance of the results of the tests, and, therefore, to decide whether to accept or reject the null hypothesis.



It will be evaluated whether the aforementioned variables present significant differences during the day (8:00 a.m.–10:00 p.m.) and night (10:00 p.m.–8:00 a.m.) periods, excluding feeding and shift change times; the night and day feeding periods; and the changes shift, which always occur during the day.



Effect size typically indicates the significance of differences between two groups, with a larger effect size meaning a more substantial difference [80]. It is a valuable metric for assessing the effectiveness of results [81]. In this study, the effect size was determined using Rosenthal’s formula for parametric tests [82] by dividing the absolute standardised test statistic z by the square root of the sample size. The interpretation of the results was conducted using Bartz criterion [83] applied to the r absolute values: 0.00 < r < 0.20, “Very low”, 0.20 ≤ r < 0.40, “Low”, 0.40 ≤ r < 0.60, “Moderate”, 0.60 ≤ r < 0.80, “Strong”, 0.80 ≤ r < 1, “Very Strong”.





3. Results


3.1. Descriptive Analysis Result


In the descriptive analysis, to make a detailed comparison with the noise levels recommended by various international entities, such as the AAP, the results will first focus on the equivalent continuous sound level (LAeq) measured over the 24 h period. These data provide a comprehensive view of noise exposure throughout the day and allow for a thorough assessment of the acoustic conditions in the NICUs.



Subsequently, a clear distinction will be made between daytime and nighttime noise levels. This differentiation is essential, as activities and the presence of staff vary significantly between day and night, affecting noise levels differently. Additionally, attention will be given to the noise levels during feeding times and staff shift changes. By comparing these levels, a more precise understanding can be gained of how noise levels fluctuate at different times of the day and how these variations may impact the well-being of neonates.



Next, the L10 levels will be analysed, which represent the noise level exceeded during 10% of the measurement period. This metric is particularly useful for identifying frequent noise peaks that can be disruptive, even if they are not sustained. The analysis of L10 helps in understanding the prevalence of high noise levels and their potential impact on the NICU environment.



Finally, the maximum noise level (Lmax) recorded during the measurement period will be examined. Lmax indicates the highest level of noise exposure and is a critical metric for identifying extreme noise peaks that may occur in the clinical environment. Evaluating Lmax is essential to identify isolated instances of extreme noise that could have a significant impact on neonate health. It is important to note that, while this parameter has been chosen to determine noise peaks, in specific studies analysing the impact of noise on sleep disorders or other biomedical parameters, it would be advisable to use Lmax alongside other acoustic parameters, such as the intermittency index [84].



As a result of the acoustic measurements conducted in the NICUs of HUPM and HJRJ, significant differences in sound pressure levels between the two facilities were observed. On the first day of measurement at HUPM, an equivalent continuous sound level (LAeq) of 60 dBA was recorded over the 24 h period. On the second day, this value increased considerably to 63.8 dBA. In contrast, at HJRJ, the LAeq on the first day was 60.1 dBA and 60.9 dBA on the second day. This indicates greater variability in noise levels at HUPM compared to HJRJ.



Several factors may explain this pronounced difference between the two days at HUPM. One possible explanation is the need to incorporate new equipment for the intensive care of certain neonates. Often, these devices and machines have motors, which can significantly increase the ambient noise levels in the room. Additionally, a substantial increase in communication among healthcare staff to coordinate and manage this new equipment may contribute to higher noise levels. The need to ensure that instructions and information are clearly understood can lead staff to speak more loudly, especially in an already noisy environment. This becomes even more critical during emergencies or when specialised and constant attention is required, thereby increasing the volume of conversations and the overall noise level in the unit.



Another factor contributing to these elevated noise levels is the physical structure of the room. Units with vertical walls and ceilings that lack acoustic absorption tend to reflect sound more, thereby increasing the ambient noise level.



By analysing the nighttime period, from 10:00 p.m. to 8:00 a.m., a slight decrease in noise levels was observed in both neonatal units. At HUPM, the LAeq values were 58.7 dBA and 62.3 dBA on the two measurement days, respectively. At HJRJ, the levels were 58.2 dBA and 58.1 dBA.



This trend of reduced noise during the nighttime period is notable and suggests a decrease in noisy activities and less interaction between healthcare staff and medical equipment at night. However, it is important to highlight the exception observed on the second measurement day at HUPM, where the noise levels increased to 62.3 dBA, contrasting with the general trend of reduction observed.



This nighttime reduction is crucial for the rest and recovery of neonates, although the levels still exceed the thresholds recommended by the international guidelines for intensive care environments. Regarding feeding periods, the average noise levels at HUPM were 60.5 dBA and 64.1 dBA. On the first day of measurement, these values ranged from 64.3 dBA at 3:00 p.m., coinciding with shift changes, to 53.2 dBA at 6:00 a.m. On the second day, the levels were 66.2 dBA at 9:00 p.m. and 60 dBA at 6:00 a.m. At HJRJ, the values on the first day ranged from 65.7 dBA at 3:00 p.m. to 55.6 dBA at 3:00 a.m., while on the second day, they were 66.6 dBA at 3:00 p.m. and 59.4 dBA at 9:00 p.m.



Regarding the shift changes of healthcare personnel, noise levels increase significantly. At HUPM, the LAeq values during these periods reached 63.8 dBA and 65.9 dBA, whereas at HJRJ, they were 64.3 dBA and 63.9 dBA. Specifically, during the 8:00 a.m. shift change, the noise levels at HUPM were 62.3 dBA and 65.6 dBA, compared to 64.8 dBA and 66.1 dBA during the 10:00 p.m. shift change, while the 3:00 p.m. shift change presented an intermediate value of 63.9 dBA. At HJRJ, the LAeq values during the 8:00 a.m. shift changes were 64.7 dBA and 64.6 dBA. At 3:00 p.m., they were 65.1 dBA on both days, and at 10:00 p.m., they were 62.7 dBA and 60.7 dBA.



The aforementioned data, along with Figure 3 depicting the sound pressure levels (SPL) throughout the day in both neonatal intensive care units over the two days of measurement, corroborate a clear trend in noise levels. There is a progressive increase from morning until approximately 3:00 a.m., followed by a decrease towards the afternoon. This pattern suggests diurnal fluctuations in noise levels, possibly influenced by activities and operational changes within the facilities during peak hours and nighttime operations.



As observed in Figure 3, the noise levels recorded in these two units exceed the recommendations established by various international entities, such as the American Academy of Pediatrics, the World Health Organization, and the Spanish Pediatric Association.



Regarding the LA10 levels recorded during the measurements, values of 63.6 dBA and 66.6 dBA were obtained at HUPM on the first and second day, respectively. Conversely, at HJRJ, values of 63.8 dBA and 64.7 dBA were recorded on the same days.



Finally, the maximum level (LAmax) recorded at HUPM was 87.3 dBA and 90.3 dBA on the first and second day, respectively, while at HJRJ, values of 89.2 dBA and 88.4 dBA were recorded on the same days.




3.2. Statistical Analysis Result


The results of the Shapiro–Wilk test show a normal distribution for all the variables analysed. However, Levene’s test shows that there is no equality of variances between all pairs of variables. Therefore, we opted to use a non-parametric test. As the groups of variables are independent, the Mann–Whitney U test was applied.



Hypothesis H1 was formulated to assess whether there were differences in the sound pressure levels measured during the day period in the NICUs of HUPM and HJRJ.



Table 1 shows the results of the Mann–Whitney U test during the day period among the NICUs studied for the values of the variables LAeq (dBA), LAIeq (dBA), LAFmax (dBA), LAFmin (dBA), LCeq (dBC), LA10 (dBA), LA50 (dBA), and LA90 (dBA), and the non-weighted range frequency LZ (dB) between 40 Hz and 20 kHz. There are significant differences between LAeq and LAIeq, LAFmin, LCeq, LA10, LA50, and LA90, and the unweighted ranges between from 40 Hz to 100 Hz, between 250 Hz and 2 kHz, and at 4 kHz. The mean ranks show that all A-weighted sound pressure levels, as well as the frequency ranges between 250 Hz and 2 kHz, and at 4 kHz are greater in the Cadiz NICU than in Huelva. In the C-weighted values, as well as in the low frequencies, it is the Huelva NICU that generates the most noise. This is explained by how the weightings are carried out. C-weighting barely corrects low-frequency values, so it is normal that, if differences in sound pressure levels occur at low frequencies, this difference is also reflected in the LCeq. In this type of room, the engines of the healthcare equipment are usually the elements that generate more noise at low frequencies. Since most of the engine noise comes from the incubators, this indicates that the incubators in Huelva are noisier than those in Cadiz. Furthermore, the size effect is very strong, so this significant difference between rooms is not due to chance.



A-weighting, however, attempts to fit a hypothetical auditory human response, not heavily penalising low frequencies, neither high nor very high frequencies, in which human noise is less sensitive. In the NICUs, the perceived frequencies are usually associated with noises produced by telephones, monitoring-system alarms, healthcare staff (both operational noises and conversations), or visitors. In this case, it is just the opposite. It is the NICU in Cadiz that is noisier than that in Huelva. While the sound pressure levels exceeded 10% (LA10) or 50% (LA50) of the time, the size of the effect is low or moderate. For background noise, which is usually measured with the L90 [52,85], the effect size is very strong, which indicates that the differences in background noise cannot be between both NICUs and cannot be due to chance. Alarms from medical equipment were especially important owing to their persistence in time and redundancy. They also imply that the healthcare staff carries out activities after hearing the alarms of the monitoring equipment. According to several studies [39,86], the alarms’ noise has a stronger impact on NICU perceived noise levels due to their high-frequency components. Since A-weighting is related to how humans perceive sounds, and alarm noises sound quite frequently, they may correspond primarily to the percentile LA50, or even to LA90. Since the NICU of HUPM has more incubators (10) than that of HJRJ (8), and consequently, more monitoring systems, it was expected that the sound pressure levels were also higher. The volume also influences the reverberation time of the rooms. That is the persistence of sound in the room. Without the materials of the room being similar, the higher volume of the NICU of the HUPM can be contributing to these differences between rooms.



Hypothesis H2 deals with assessing whether there were differences in the sound pressure levels measured during the night period in the NICUs of HUPM and HJRJ.



Table 2 shows the results of the Mann-Whitney U test during the day period among the NICUs studied. For the sake of simplicity, only the variables that show statistically significant differences between both NICUs were shown. There are significant differences between LAeq, LAFmin, LCeq, LA50, and LA90, and the unweighted ranges between 40 Hz and 315 Hz, and between 800 Hz and 1600 kHz. Just like the earlier hypothesis, the mean ranks show that all of the A-weighted values are higher in HUPM than in HJRJ. In C-weighted values, as well as in low frequencies up to 125 Hz, it is the HJRJ NICU that generates the higher sound pressure levels. Given that during the night the overall noise levels should be lower than during the day for the rest of the newborns, we assume that conversations will be in a low voice. Recuero [87] placed the spectral ranges of the human voice between approximately 100 Hz and 4000 Hz. Edgan [88], however, situated them approximately between 160 Hz and 5000 Hz. Therefore, the more spread range of existing differences at lower frequencies can be because, during the day, the voices in the NICU of Cadiz may be masking some low frequencies of healthcare sanitary equipment to make both NICUs not so different at 125 Hz (but still different at lower frequencies and at C-weighted noise levels). However, during day and night periods, there are statistically significant differences above 250 Hz between both NICUs, with the one of Cadiz being noisier. The reasons why there may be a difference between rooms above 250 Hz, as well as in the A-weighted variables, are equally attributed to the same noise sources as during the day period, including phones, voices and operational noise from the staff, and alarms from monitoring healthcare systems.



Hypothesis H3 was formulated to assess whether there were differences in the sound pressure levels measured during the day feeding period in the NICUs of HUPM and HJRJ.



Table 3 shows the results of the Mann-Whitney U test for the feeding periods during the day between Cadiz and Huelva. Here, the background noise and the LAFmin weighting (dBA) appear as the A-weighted levels with the greatest differences, with the Cadiz NICU again being the one with the highest levels.



Similar to hypothesis H1, in the daytime feeding period, there are statistically significant differences in the global C weighting and the low-frequency range. Again, the HJRJ NICU is the noisiest. During feeding periods, the infusion pumps are turned on. These pumps either do not affect the low frequencies or they do increase the differences generated by the engine noise of the incubators in such a way that the levels continue to be higher in the NICU of the HJRJ. Sound pressure levels of the alarms of different incubator brands were measured in the study by Hernández-Molina et al. [39]. In this study, the highest sound pressure level was in the octave band of 1000 Hz, which includes the one-third octave band of 800 Hz. Therefore, the statistically significant difference found in our study at 800 Hz may be due to the noise levels produced by alarms in both NICUs, as monitoring-system equipment emits intermittent sounds after the feeding pump stops. These sounds seem to be louder in the HUPM NICU.



Hypothesis H4 was formulated to assess whether there were differences in the sound pressure levels measured during the night feeding period in the NICUs of HUPM and HJRJ.



Table 4 shows the results of the Mann-Whitney U test for the overnight feeding periods. Here, the background noise and the LAFmin weighting (dBA) appear again as the weighted levels with the greatest differences, with the Cadiz NICU again being the one with the highest levels.



On the other hand, in the comparison of night feeding periods, the same trend occurs in terms of overall C weighting and unweighted low frequencies as in the comparison of night periods. The range of frequencies in which there are statistically significant differences increases up to 125 Hz compared to the day period, possibly because, under these NICU conditions, the voice cannot mask this frequency.



Hypothesis H5 was formulated to understand whether there were differences in the sound pressure levels measured during the staff shift changes in the NICUs of HUPM and HJRJ.



Table 5 shows the results of the Mann-Whitney U test for the periods of staff shift changes during the day. The same trends appear as in other daily periods evaluated with respect to LCeq and low frequencies up to 100 Hz, accentuating the idea that they are due to differences in the noise levels produced by the incubator engine.





4. Discussion


Neonatal intensive care units are environments that require strict control of sound and acoustic conditions due to the sensitivity of neonates. Within this context, the reverberation time (RT) significantly influences how sound behaves within the room, affecting speech clarity and the perception of ambient sounds [89]. A moderate RT is desirable to maintain a suitable acoustic environment for medical care and the development of premature or sick infants.



Due to the sensitivity of these types of rooms, RT has not been measured in any of the NICUs under study [36,90,91]. RT is a crucial parameter for assessing noise levels within any environment and is significantly influenced by the volume of the space, as well as other factors such as geometry and construction materials [89].



Considering Sabine’s general formulation of reverberation time, where volume plays a predominant role [92], and assuming both neonatal environments employ similar construction materials, it is anticipated that the NICU at HUPM will exhibit a longer reverberation time compared to the other healthcare unit. This is because this NICU, with its larger volume, provides more space for sound propagation and reflection, thus impacting the persistence and level of reverberation in the acoustic environment [89].



It is noteworthy that the NICU at HJRJ is distinguished by its L-shaped configuration, a feature introducing angles and corners that can impact sound dispersion and absorption differently compared to a more regular room design. This complex arrangement may influence internal acoustic behaviour, potentially affecting the measured reverberation time in this specific environment.


  RT = 0  . 161    V A    



(1)




where




	
V represents the volume of the analysed room in m3.



	
A denotes the equivalent acoustic absorption area in m2.








Performing an approximate calculation of the reverberation time in both rooms, considering their volumes, the absorption coefficients of the materials, and the surfaces they occupy, an RT of 2.65 s has been obtained for HUPM, while in HJRJ, it is 2.50 s. These reverberation times are estimated, although based on experience and the existing literature, it can be said that the reverberation time in these spaces is quite high [93]. Despite the significant difference in volume, the RT values are very similar, indicating comparatively equivalent acoustic behaviours in terms of reflection and absorption. Furniture has not been taken into account, as it is sparse and has a low absorption level. And there are also no curtains that could help absorb sound.



Currently, in Spain, there is no specific regulation that sets limits for RT in these types of spaces, and we are not aware of any international recommendations that establish RT limits for these environments.



The RT in the room where the incubator is located can have a considerable impact, especially due to the limited acoustic isolation of the incubator dome [36,90,91]. This emphasises the need to implement effective acoustic conditioning measures to minimise any adverse effects on neonates. An environment with a controlled TR can significantly contribute to improving auditory conditions within the neonatal unit, thereby promoting the development and well-being of premature or ill infants.



Based on the tests conducted, it has been determined that the NICUs studied exhibit a diffuse field and that the routine of the healthcare staff is similar throughout all days of the week. Therefore, it is considered that the obtained results are applicable to any day of the week under a usual routine in both NICUs. Comparing the obtained data with levels reported in other research, it can be concluded that the levels recorded in the NICUs are consistent with multiple previous studies, significantly exceeding the levels recommended by international organizations such as the APA and WHO for sensitive environments like neonatal units [52,94,95,96].



Based on the results obtained in both rooms, it is evident that the typical sound environment in these spaces is considerably noisy. However, the occasional introduction of new equipment necessary for the survival of neonates can increase noise levels by more than 3 dBA, as observed on the second day of measurement in the HUPM NICU. It should be noted that a 3 dBA increase in sound pressure levels represents a noticeable increase in sound intensity. In practical terms, this increase is perceived as approximately doubling the sound intensity compared to a reference level.



In critical contexts such as NICUs, where a controlled acoustic environment is required, a 3 dBA increase could have negative impacts on the rest and development of premature or sick neonates, exacerbating the effects of noise on their health and well-being [93]. The noise levels observed in NICUs are often equated to being near moderate traffic or even to the noise generated by a running vacuum cleaner. Specific studies on NICU patients have identified noise as the primary cause of sleep disruptions, highlighting the critical importance of addressing this issue to improve the neonatal care environment [17].



In the statistical analysis, Table 1 presents all the results obtained to assess whether there are significant differences during the daytime between the NICUs of the HJRJ and the HUPM. Table 2, Table 3, Table 4 and Table 5 display only the results that have been statistically significant, meaning those with a 95% probability of not being due to chance. The results discussed correspond to those with an effect size classified as strong or very strong, indicating that the differences between the groups are notable and further reducing the likelihood that the null hypothesis is true. Both statistical significance and effect size support the reliability of the results, which can be extrapolated to other days when the usual routines of both NICUs are in place.



The main differences observed focus on LA90, which primarily reflects the background noise in the rooms, LAeq, LCeq, and the unweighted ranges LZ between 40 Hz and 125 Hz. Discrepancies in the LA90 and LAeq variables may be explained by the occasional introduction of equipment that is not commonly used but is vital at specific times for the care of neonates in these environments.



On the other hand, as mentioned earlier, C-weighting only corrects low-frequency values, so any differences in sound pressure levels at these low frequencies are also expected to be reflected in LCeq. It is important to note that most of the noise comes from the incubators, suggesting that the incubators in HJRJ are noisier compared to those in HUPM.



Based on studies suggesting that individual or shared rooms housing two incubators tend to have lower noise levels compared to open-ward setups, one might initially assume that the NICU at HJRJ, with its L-shaped layout theoretically reducing reverberation time compared to unobstructed rectangular rooms, would have lower noise levels. However, this is not observed in practice, as the noise levels are very similar compared to those at HUPM.



This similarity could be attributed to the fact that, relative to the total volume, the NICU at HJRJ, with a surface area of 65 m², accommodates a higher number of incubators (8), while HUPM, with 156 m² of surface area, has 10 incubators. This higher concentration of incubators in a smaller space at HJRJ could be contributing to comparable or even higher noise levels, despite the theoretically advantageous L-shaped layout that might favour lower reverberation.



This phenomenon highlights the complexity of managing noise in environments like NICUs, where factors such as spatial distribution and equipment quantity can significantly influence perceived noise levels and the overall acoustic environment.



Several studies have explored various strategies to address noise issues in NICUs. One approach has been the retraining of healthcare staff working in these units, as a significant portion of the noise in these environments originates from this source [39]. Initially, this has shown a reduction in noise levels. However, over time, staff tend to readjust to previous noise levels, resulting in a return to the usual routine of elevated noise levels [17].



On the other hand, the architectural configuration of the space plays a crucial role in noise management. Careful space design, appropriate material selection, and organization of sound stimuli are fundamental aspects of controlling the acoustic environment in NICUs. Certain research efforts have focused on improving the materials used in NICU rooms, yielding promising results in reducing ambient noise. Despite these advancements, current noise levels still do not meet the recommendations established by the AAP [93].




5. Conclusions


The appropriate design of the acoustic environment in neonatal care units is essential to mitigate the adverse effects of noise on the development and well-being of premature infants. It has been demonstrated that, in noisy environments, these infants are more likely to experience physical instability, poorer sleep quality, slower growth, and potential long-term health issues.



Despite analysing two NICUs with markedly different architectural layouts and surface areas, no notable differences in noise levels have been observed between them. This lack of variation in acoustic levels could be due to the similar materials used in both NICUs, which consist mainly of highly reflective surfaces that tend to amplify sound rather than attenuate it. Additionally, HJRJ has an incubator-to-surface-area ratio that is almost double that of HUPM. This means that, relatively speaking, the number of sound sources per unit of surface area is significantly higher at HJRJ. At HJRJ, the high density of incubators and medical equipment in a confined space likely contributes to a higher noise level, as the proximity to sound sources intensifies the accumulation of noise. On the other hand, at HUPM, although the distribution of incubators is less dense, the reflective materials and architectural design have not allowed for a significant reduction in noise levels.



Additionally, it is important to consider that, in both cases, medical equipment and ventilatory support devices contribute to a heavily loaded acoustic environment, and the configurations of the spaces, despite being different, have not allowed for an effective reduction of reverberation and ambient noise. This finding suggests that achieving significant improvements in noise levels requires a more in-depth intervention in acoustic design, including the incorporation of sound-absorbing materials and architectural solutions tailored to the specific needs of NICUs. Experience shows that superficial modifications in the arrangement of equipment and furniture, while helpful, are not sufficient on their own to resolve complex acoustic issues in these critical environments.



In a high-activity hospital environment such as the NICU, noise generated by people is inevitable, given the constant flow of staff and visitors throughout the day and night. For this reason, considering acoustic factors from the planning and construction phases of hospitals is essential. Proper attention to acoustics not only helps ensure compliance with current regulations but also contributes to reducing the environmental stress faced by caregivers. Additionally, it creates more favourable conditions for the rest and recovery of patients, which is crucial for their long-term well-being and health.



Despite the numerous guidelines and strategies published to control and reduce noise in NICUs, effectively lowering constant sound levels remains a significant challenge. Healthcare staff continually strive to adjust noise levels in the immediate environment of the patients, but these efforts are often constrained by the physical structure of the unit. The problem of excessive sound reverberation persists, primarily due to the lack of materials that adequately absorb noise in the current design of many NICUs. To achieve substantial and lasting noise reduction, it is essential to integrate acoustically efficient materials into the unit’s architecture. This would not only improve the auditory comfort of the neonates but could also contribute to a calmer and more conducive recovery environment, benefiting both the patients and healthcare staff. Therefore, creating spaces that minimise noise through the use of sound-absorbing materials on ceilings and walls, and implementing strategies such as private rooms, are crucial.



Efforts to improve the acoustic environment in NICUs have faced significant challenges. Although educational initiatives and technologies such as warning lights based on noise levels in the neonatal room have been implemented, these methods have had a limited impact on effectively reducing noise. The trend toward designing single-family rooms in NICUs, while showing some improvements in outcomes for premature infants, has not achieved a significant reduction in noise levels.



In addition to the use of sound-absorbing materials on ceilings and walls, other effective strategies to improve the acoustic environment in NICUs include isolating noise sources and implementing visual alarm monitoring systems. These interventions can be crucial in reducing the impact of noise and enhancing the well-being of neonates.



Isolating noise sources involves placing acoustic barriers around noisy equipment to minimise sound propagation in the environment. Additionally, technologies that reduce the noise generated by these devices, such as quieter equipment or operational adjustments that lower noise when not critical, can be considered.



Another key strategy is implementing visual alarm systems instead of constant auditory alarms. This approach replaces acoustic alarms, which are often intrusive and contribute to acoustic stress, with visual signals that indicate the severity of a situation. Visual alarms can be colour-coded or varied in intensity to represent different levels of urgency. Only in critical situations, where a patient’s life is at immediate risk, would auditory alarms be activated to ensure a rapid response from healthcare staff.



Monitoring these visual alarms should take place in a room adjacent to the NICU that is specifically designed for overseeing critical events. In this room, alerts could be reviewed and communicated to medical staff without generating additional noise in the NICU. This system not only reduces noise levels in the unit but also allows for the more efficient management of alerts, improving response capacity while reducing environmental stress for both neonates and healthcare staff.



In addition to architectural design, the actions of healthcare staff play a fundamental role in noise reduction. Simple interventions, such as establishing calm periods, controlling the alarm volume, and educating staff about the detrimental effects of noise, can significantly improve the environment of NICUs. Awareness of the impact of noise and the adoption of practices that promote a quieter environment are necessary measures to optimise the neurological and physical development of neonates.



Another critical aspect is the review and adjustment of alarm parameters. Reducing the frequency of false alarms is essential to prevent unnecessary disturbances that can contribute to overall noise levels and increase stress for both neonates and staff. Adjusting alarms so they are triggered only in truly critical situations and using visual alarm systems instead of acoustic ones whenever possible can reduce the acoustic load in the NICU.



An integrated approach that combines favourable architectural design with conscious, well-trained care practices can provide an optimal environment for premature neonates. This approach not only facilitates more effective recovery but also maximises the chances for long-term health and optimal development. The combination of architectural, technological, and behavioural strategies is essential to creating a NICU environment that supports the well-being and healthy development of the most vulnerable patients.



Reflecting on the regulations applied in neonatal care units [73,74,75], adhering to these limits presents a significant challenge when addressing operational noise generated within the rooms themselves. This internal noise often severely constrains the ability to meet specific recommendations issued by organizations such as the AAP.



This issue underscores the complexity of maintaining a quiet and conducive environment for the development of premature neonates. While external parameters may comply with regulations, internal noise stemming from medical equipment, staff conversations, and other activities within the NICU can exceed recommended limits, negatively impacting the most vulnerable patients.



In any case, it is crucial to design NICUs with a meticulous architectural focus and carefully select their location within the hospital to minimise noise exposure. The importance of this design lies in the fact that, much like the foetal environment, the acoustic environment of a NICU has a significant impact on the auditory and overall development of neonates.



Therefore, it is crucial to consider additional strategies to mitigate internal noise, ranging from technical adjustments in medical devices to behavioural protocols for staff. These measures can significantly contribute to creating a quieter and safer environment for neonates, thereby optimising their developmental and well-being conditions during their stay in the NICU.
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Appendix A


Acoustic acronyms used in the study:




	
LAeq: A-weighted equivalent continuous sound level;



	
LCeq: C-weighted equivalent continuous sound level, LCeq;



	
LAIeq; A-weighted Impulsive equivalent continuous sound level;



	
LZeq: linear equivalent continuous sound level;



	
LAFmin: minimum A-weighted equivalent continuous sound level, measured in an integration period of 0.125 ms (fast);



	
LAFmin: maximum A-weighted equivalent continuous sound level, measured in an integration period of 0.125 ms (fast);



	
LA10: A-weighted sound pressure level exceeded for 10% of the time;



	
LA50: A-weighted sound pressure level exceeded for 50% of the time;



	
LA90: A-weighted sound pressure level exceeded for 90% of the time.
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Figure 1. Floor plan of the NICU of the Puerta del Mar University Hospital (Cadiz, Spain). 
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Figure 2. Floor plan of the NICU of the Juan Ramón Jiménez University Hospital (Huelva, Spain). 
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Figure 3. Comparison of A-weighted noise levels measured at the HUPM and the HJRJ throughout 24 h. 
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Table 1. Mann-Whitney U test (p-value, z-score, and mean ranks) and effect size results to evaluate the differences during the day period between the NICUs from the Juan Ramón Jiménez University Hospital (HJRJ) and the Puerta del Mar University Hospital (HUPM) from Huelva and Cadiz, respectively.






Table 1. Mann-Whitney U test (p-value, z-score, and mean ranks) and effect size results to evaluate the differences during the day period between the NICUs from the Juan Ramón Jiménez University Hospital (HJRJ) and the Puerta del Mar University Hospital (HUPM) from Huelva and Cadiz, respectively.





	
Day Period (without Feeding and Staff Shift Changes), Huelva and Cadiz




	
Metrics

	
Mean Rank

	
Z

	
p-Value

	
r, Absolute Value

	
Effect Size




	
HJRJ

	
HUPM






	
LAeq [dBA]

	
43.16

	
65.24

	
−3.69

	
0.00

	
0.36

	
Low




	
LAIeq [dBA]

	
46.38

	
60.84

	
−2.41

	
0.02

	
0.24

	
Low




	
LAFmáx [dBA]

	
55.80

	
48.00

	
−1.30

	
0.19

	
0.13

	




	
LAFmín [dBA]

	
30.50

	
82.50

	
−8.69

	
0.00

	
0.85

	
Very Strong




	
LCeq [dBC]

	
72.23

	
23.37

	
−8.11

	
0.00

	
0.80

	
Very Strong




	
LA10 [dBA]

	
44.75

	
63.07

	
−3.06

	
0.00

	
0.30

	
Low




	
LA50 [dBA]

	
37.45

	
73.02

	
−5.94

	
0.00

	
0.58

	
Moderate




	
LA90 [dBA]

	
32.49

	
79.78

	
−7.90

	
0.00

	
0.77

	
Very Strong




	
LZeq 40 Hz [dB]

	
74.50

	
22.50

	
−8.69

	
0.00

	
0.85

	
Very Strong




	
LZeq 50 Hz [dB]

	
74.50

	
22.50

	
−8.71

	
0.00

	
0.85

	
Very Strong




	
LZeq 63 Hz [dB]

	
74.50

	
22.50

	
−8.69

	
0.00

	
0.85

	
Very Strong




	
LZeq 80 Hz [dB]

	
73.88

	
23.35

	
−8.44

	
0.00

	
0.83

	
Very Strong




	
LZeq 100 Hz [dB]

	
72.79

	
24.83

	
−8.01

	
0.00

	
0.79

	
Very Strong




	
LZeq 125 Hz [dB]

	
55.46

	
48.47

	
−1.17

	
0.24

	
0.11

	




	
LZeq 160 Hz [dB]

	
48.80

	
57.55

	
−1.46

	
0.14

	
0.14

	




	
LZeq 200 Hz [dB]

	
49.71

	
56.31

	
−1.10

	
0.27

	
0.11

	




	
LZeq 250 Hz [dB]

	
41.79

	
67.10

	
−4.23

	
0.00

	
0.41

	
Moderate




	
LZeq 315 Hz [dB]

	
40.02

	
69.52

	
−4.93

	
0.00

	
0.48

	
Moderate




	
LZeq 400 Hz [dB]

	
45.29

	
62.33

	
−2.85

	
0.00

	
0.28

	
Low




	
LZeq 500 Hz [dB]

	
46.60

	
60.55

	
−2.33

	
0.02

	
0.23

	
Low




	
LZeq 630 Hz [dB]

	
45.25

	
62.39

	
−2.86

	
0.00

	
0.28

	
Low




	
LZeq 800 Hz [dB]

	
39.48

	
70.25

	
−5.14

	
0.00

	
0.50

	
Moderate




	
LZeq 1 kHz [dB]

	
43.16

	
65.24

	
−3.69

	
0.00

	
0.36

	
Low




	
LZeq 1.25 kHz [dB]

	
39.62

	
70.07

	
−5.09

	
0.00

	
0.50

	
Moderate




	
LZeq 1.6 kHz [dB]

	
41.49

	
67.51

	
−4.35

	
0.00

	
0.43

	
Moderate




	
LZeq 2 kHz [dB]

	
47.16

	
59.78

	
−2.11

	
0.03

	
0.21

	
Low




	
LZeq 2.5 kHz [dB]

	
48.44

	
58.03

	
−1.60

	
0.11

	
0.16

	




	
LZeq 3.15 kHz [dB]

	
51.93

	
53.27

	
−0.22

	
0.82

	
0.02

	




	
LZeq 4 kHz [dB]

	
45.59

	
61.92

	
−2.73

	
0.01

	
0.27

	
Low




	
LZeq 5 kHz [dB]

	
51.13

	
54.36

	
−0.54

	
0.59

	
0.05

	




	
LZeq 6.3 kHz [dB]

	
52.42

	
52.61

	
−0.03

	
0.97

	
0.00

	




	
LZeq 8 kHz [dB]

	
51.75

	
53.52

	
−0.30

	
0.77

	
0.03

	




	
LZeq 10 kHz [dB]

	
51.33

	
54.10

	
−0.46

	
0.64

	
0.05

	




	
LZeq 12.5 kHz [dB]

	
51.14

	
54.35

	
−0.54

	
0.59

	
0.05

	




	
LZeq 16 kHz [dB]

	
50.21

	
55.63

	
−0.90

	
0.37

	
0.09

	




	
LZeq 20 kHz [dB]

	
48.19

	
58.38

	
−1.70

	
0.09

	
0.17

	











 





Table 2. Mann–Whitney U test (p-value, z-score and mean ranks) and effect size results to evaluate the differences during the night period between the NICUs from the Juan Ramón Jiménez University Hospital (HJRJ) and the Puerta del Mar University Hospital (HUPM) from Huelva and Cadiz, respectively.
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Night Period (without Feeding and Staff Shift Changes), Huelva and Cadiz




	
Metrics

	
Mean Rank

	
Z

	
p-Value

	
r, Absolute Value

	
Effect Size




	
HJRJ

	
HUPM






	
LAeq [dBA]

	
33.92

	
50.38

	
−3.10

	
0.00

	
0.35

	
Low




	
LAFmín [dBA]

	
24.50

	
64.50

	
−7.55

	
0.00

	
0.84

	
Very Strong




	
LCeq [dBC]

	
56.50

	
16.50

	
−7.56

	
0.00

	
0.84

	
Very Strong




	
LA50 [dBA]

	
32.34

	
52.73

	
−3.85

	
0.00

	
0.43

	
Moderate




	
LA90 [dBA]

	
25.25

	
63.38

	
−7.19

	
0.00

	
0.80

	
Very Strong




	
LZeq 40 Hz [dB]

	
56.50

	
16.50

	
−7.56

	
0.00

	
0.84

	
Very Strong




	
LZeq 50 Hz [dB]

	
56.50

	
16.50

	
−7.58

	
0.00

	
0.85

	
Very Strong




	
LZeq 63 Hz [dB]

	
55.19

	
18.47

	
−7.56

	
0.00

	
0.84

	
Very Strong




	
LZeq 80 Hz [dB]

	
52.36

	
22.70

	
−6.93

	
0.00

	
0.77

	
Strong




	
LZeq 100 Hz [dB]

	
46.22

	
31.92

	
−5.59

	
0.00

	
0.63

	
Very Strong




	
LZeq 125 Hz [dB]

	
46.22

	
31.92

	
−2.70

	
0.01

	
0.30

	
Low




	
LZeq 250 Hz [dB]

	
34.81

	
49.03

	
−2.68

	
0.01

	
0.30

	
Low




	
LZeq 315 Hz [dB]

	
35.74

	
47.64

	
−2.24

	
0.02

	
0.25

	
Low




	
LZeq 800 Hz [dB]

	
29.30

	
57.30

	
−5.28

	
0.00

	
0.59

	
Moderate




	
LZeq 1 kHz [dB]

	
36.21

	
46.94

	
