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Characterizing the acoustic environment in a Neonatal Intensive Care Unit

ABSTRACT

In this work, noise sources were studied in a Neonatal Intensive Care Unit (NICU) by
evaluating the noise from various sources, including the influence of the work of the
NICU staff. The objective was to evaluate the acoustic quality in the usual conditions in
NICU rooms and inside incubators by monitoring the noise in both environments, and
then data were processed using artificial neural networks. Although some types of noise
were accurately classified in this way, the lack of uniformity of their sound spectra, their
simultaneity, and concomitance hindered the unequivocal interpretation of some results
with the classification models. After analyzing the results, it can be affirmed that the
alarms of equipment had a remarkable influence on the acoustic environment. Other
important influences also appeared due to the conversations of the staff, the use of the

telephone, and the hauling of equipment and furniture.

Keywords: Neonates, sound pressure, incubator, noise source, Neonatal Intensive Care

Unit (NICU), artificial neural networks.
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1. Introduction

Neonatal Intensive Care Units (NICUs) should be specially designed to minimize stress
on preterm neonates. Clinical practice has shown that reducing some environmental
stimuli such as noise, light, smells, handling, pain, and posture can alleviate neurological
damage in neonates, thereby leading to improved development of their nervous system
by inhibiting stress-related behaviors [1].

Current trends in NICU design have been clearly exposed by the Spanish Pediatric
Association [2], which has examined the matter from various standpoints and issued
specific recommendations as regards space, placement, neonatal care, wiring and lighting
systems, noise, ventilation and air conditioning, equipment, safety, nursing staff,
communication systems, maintenance, and renovation. These recommendations and
trends are parts of the so-called “Family-Centered Care” (FCC) [3]. In practice, the
implementation of these recommendations in NICUs was difficult due to the very nature
of the space [4] and its architectural characteristics [5].

Spanish legislation [6-8] has included hospital wards considered noise-sensitive
among the interior spaces of special noise protection. Therefore, the Royal Decree that
develops the Noise Law, among other things, in the quality objectives within some
buildings [7] requires that the threshold of day and night quality for the NICU is 40 and
30 dB, respectively [7]. However, these noise levels are widely exceeded by
measurements in some of the hospital rooms [9].

In any case, carefully designing NICUs in architectural terms and correctly
selecting their location within the hospital is therefore very important to avoid noise in
them. This is due to, like the fetal environment, the acoustic environment of an NICU
plays a major role in auditory development in neonates [10]. It is known that the auditory
system starts to develop around the third week of pregnancy [11], although its essential
structures are already present roughly from the 25th week of pregnancy [12] and it does
not develop in full until at least one year after birth. As the fetus’ auditory system matures,
its sensitivity to both low and high spectral frequencies increases, and its threshold of

hearing decreases [13]. In the beginning, the auditory sensitivity range is very narrow
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(typically 500 to 1000 Hz during the third pregnancy term) relative to a term neonate (400
Hz to 4 kHz) or, especially, and adults (30 Hz to 20 kHz) [10]. Some acoustic tests have
revealed that preterm neonates born after 25 weeks of pregnancy require 65 dBA to
respond to acoustic stimulation as opposed to only 25 dBA in term neonates. Interestingly,
although the latter exhibited lower thresholds for sounds in the speech perception range
(500 Hz to 3 kHz), they were already sensitive to low and mid-frequency sounds [14].

It should be noted that some studies show that preterm neonates are at a high risk
of losing sensitivity to hearing and developing language disorders [15]. Although such
disorders may also arise in newborns, they are more common among premature newborns
[16]. It has been revealed that sounds within the womb are typically rhythmic and
structured and come largely from the mother. Such sounds usually may reach levels
between 70 and 85 dBA [17], being low-frequency since the womb cavity functions as a
low pass filter (attenuating from 20 dBA to 50 Hz, to 70 dBA to 4 kHz [18]). That is the
reason why fetuses are very unlikely to be exposed to appreciable noise levels above 1000
Hz [19,20]. There is also scientific evidence that some physiological disorders in neonates
are correlated with the magnitude of acoustic stimuli. Thus, a noise pressure level below
60 dBA lowers heart rate whereas one above 70 dBA raises the breathing rate.

All this justifies the interest in identifying the sources of noise impacting the
NICUs environment. Although some noise comes from incubators themselves, special
care has to be taken with other sources like HVAC systems (heating, ventilation, and air
conditioning) [21]. The life support equipment generates alarms that may contain high-
frequencies that can reach 16,000 Hz [22]. Some authors claim that the acoustic profiles
of NICUs rooms and incubators are mutually related [23]. This interrelation has led to the
recommendation to monitor the sound pressure in the NICUs environment and incubators
simultaneously [24]. That noise environment affects neonates in thermal cots —which
are fully exposed to NICU noise— and in incubators rather differently. Irrespective of
incubator model and age, neonates in incubators are more effectively protected from noise
in the NICUs, especially from high-frequency noise, which is attenuated by as much as

12-14 dBA in some cases [25,26]).
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Despite this protection, newborns inside incubators are exposed to different
sources of noise [27], like handling, opening, and closing of doors, or by knocking on the
cover to stimulate those under apnea or bradycardia, all of which can increase in some
cases noise levels until the reported 100 dBA [28]. In addition, incubators sometimes
reveal resonances stimulated by the noise of their own motor [26].

The scarcity of scientific works examining the impact of noise on premature
newborns motivates this study that seeks the acoustic characterization of noise sources,
including incubators and the rest of the sources present in the NICU room analyzed.
Artificial neural networks (ANNS) are used for this classification, which has proven to be
the most appropriate classification algorithms to build models that speed up the process
of conducting noise measurement campaigns in similar environments in the future [29].
Artificial neural networks (ANNSs) are well suited to deal with complex classification
problems and building classification models. ANN models can check numerous
competing hypotheses simultaneously [30]. So, MLPs have been used in several acoustics
studies for classification and regression problems: (i) Zhang et al. [31] previously found
MPL classification algorithms to be the most effective for identifying acoustic patterns in
birds; (ii) also, Jena and Panigrahi [32] used an MLP to detect piston-bore faults from
noise measurements, the ensuing model affording a degree of fitting of 99%; and (iii)
Chesmore [33] developed an MLP model for automatic classification of animal species
in terms of their sound emissions that afforded accurate identification of Orthoptera.

However, there are few studies that evaluate the possibility of characterizing the
type of sound with ANNS. In addition, the need to characterize the sound in the NICU
environment would avoid risks for newborns. For these reasons, this study assessed the
possibility of characterizing the sound environment of the NICUs through MLPs.

The rest of the paper is structured as follows: Section 2 describes the experimental
methodology used; Section 3 presents and discusses the results in five different
subheadings [namely, (a) identification of noise sources, (b) noise impact of NICUs, (c)
noise impact of incubators, (d) discussion and (e) automatability of result assessment with

ANNSs]; and Section 4 draws the most relevant conclusions based on the results.
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2. Methods

The experimental approach followed here involved the selection of a case study for noise
monitoring. The selected NICU and its incubators were subjected to a set of long-term
(24 h) noise measurement campaigns. The data obtained were therefore used to identify
and characterize diverse noise sources, as well as to train and validate various artificial

neural networks (ANNS).

2.1. Case study

The study was conducted at the NICU of the “Puerta del Mar” University Hospital (Cadiz,
southern Spain). The target NICU has 13 incubators equipped with the monitoring
systems required to protect neonates (see Fig. 1). There are five Dréager Caleo incubators,
another five Ohmeda Medical Giraffe OmmiBed incubators, one Ohmeda Medical Ohio
Care Plus 3000 incubator and two Drager Babytherm thermal cots. All are furnished with
Siemens SC 7000/9000 XL top-end monitors. Also, the NICU uses a central monitoring

system for general control of the incubators.

2.2. Noise measuring equipment and collected noise parameters

Noise measurements were made with the instruments listed in Table 1, all of which
were checked and calibrated prior to use. Sound level meters were installed both in the
NICU room and simultaneously inside the incubators. For incubator measurements,
microphones were mounted at the neonate head level. Room measurements were made
with a microphone placed in the middle of the room (near two incubators), 2 m from the
nearest wall and at 1.3 m high.

Data sampling is done every 1 s over a period of 24 h. The acoustic environment of
the NICU and each incubator was monitored on different days in order not to interfere
with staff work. The main parameters recorded every second were (a) A-weighted

equivalent continuous sound levels Laeg, (b) 1/3 octave bands from 12.5 Hz to 20 kHz in
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the spectra; (c) Lar percentiles, maximum and minimum, and (d) impulse-weighted level

(Laleq). Data were processed with the software Evaluator Type 7820 and Microsoft Excel.

2.3. Artificial neural network design

As noted earlier, this work was also aimed at classifying noise sources, a purpose for
which an artificial neural network (ANN) of the multilayer perceptron (MLP) type was
used. Typically, an MLP consists of three or more layers, each containing a multiplicity
of nodes connected by variably weighted links. The nodes in the input layer are not used
for computations but rather to store values for each variable, whereas each node in the
hidden layer adds up all values in the input layer and produces a response if the result
exceeds a given threshold. The results are transferred to the output layer, where the

process is repeated and the response value for the model, z, is obtained as follows:

2 2 L !
2= o (W, +Z§4=1W,§j)a( LwPx; + Wfo)xo)) (1)

Where Wl(? is the weight of the bias neuron in the hidden layer, y, is the input value of

that neuron in the hidden layer, w®

xj are the weights of the output layer, o is the activation

function —which was taken to be the sigmoidal function o(x) = (1 + e™*)"1)—, wj(il)
are the weights of the hidden layer, x; are the values in the input layer, and Wl(f;) and x,
are the weight and input value of the bias neuron in the input layer, respectively.

In this work, two different MPLs were used for NICU and for incubator
measurements. The input variables were chosen in such a way that they would be easy to
monitor with any type of sound level meter and large enough in number for the ensuing
model to accurately label the signals. A total of 38 input variables were thus chosen (see
Fig. 2) to be used as measurement parameters (see Section 2.2). The output variables
differed among noise sources (see Section 3).

The MLPs were trained by backpropagation [34][35][36], using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm [37]. Furthermore, the training was carried

out through 10-fold cross-validation, which reduces the error and the variance of the

model [38]. The training data set consisted of the measurements described in Section 2.2.
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The set spanned 50% of all instances and its data were chosen at random, all other
instances being used as the test set. MLP performance was assessed in terms of the
following quality-related statistics: true positive (TP) ratio, false positive (FP) ratio, area
under the receiver operating characteristic (ROC) curve (AUC), and kappa statistic (K).
TP and FP ratios indicate the accuracy percentage in the estimations made by the model,
AUC determines the probability that the model classifies correctly the class analysed,
existing a different value for each possible label and K determines the coincidence of the
estimation with the real class. Quality was assumed to be represented by near-unity TP

ratio, AUC and K values, and near-zero FP values.

3. Results and discussion
3.1.Identification of noise sources

The first step in the proposed process was labeling the main noise sources in the NICU
and incubators. The detected in this study are the following.

. Medical staff shifts. The Laeq, T=15 register shows events reaching similar noise
values as reported in a previous study [39]. Figure 3 illustrates the time series of
sound pressure levels in the NICU during a morning shift (07:50 to 08:15 a.m.),
which are and how central frequency bands in the audio spectrum were excited
during peaky events.

. Telephones and mobile phones. As can be seen in Fig. 4, this noise source
contributed with a peaky time series of Laeg, T=1s, reaching values greater than 64.6
dBA. Also, tonalities were detected at Lzeq, sooHz, T=15, reaching values of 63.7 dB.

. Neonatal crying. In a coincidence with some studies that have shown crying to be
one of the greatest sources of noise in this environment [40] [41].

. Dragging of furniture and objects was another of the major contributors to the
noise but affects occasionally.

. Alarms from medical equipment were especially important owing to their

persistence in time, and, redundancy. In any case, they had a stronger impact on
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NICU noise levels than inside incubators levels [42] due to their high-frequency
components.

The main sources of NICU noise identified are listed in Table 2.

3.2. Acoustic impact of NICU noise sources

Once noise sources were identified, their impact on the acoustic environment was
assessed (see Fig. 5). For this, table 3 shows the total equivalent noise level for each
source and Table 4, shows the total duration of each noise source. It is interesting to
highlight that the quietest night period in the NICU was 48.1 dBA. As can be seen in table
3, the Laeq ranged from 59.8 to 69.1 dBA. The temperature alarm was the source with the
greatest Laeq Value. But the time persistence of noise is also of interest. As can be seen in
Table 4, most alarms sounded for more than 2000 s during the measurement period; but
only one, the CO-Oximeter pulse alarm rang for almost 4000 s. It should be noted that
some alarms sounded simultaneous, while others sounded alternatives.

Another important aspect is that the most important contribution to the Larmax was
from the NICU staff (Table 3). In fact, although the conversations contributed little to the
overall Laeg, the noise of the staff was the source of noise that affected the longest time
in the room, being present in 67% of the trial period (Table 4). All of this information is
likely to be used for a good practice guide for hospital staff working in these sensitive
spaces.

In addition, unlabeled sources anecdotally produced noise levels of 48.6-67.7

dBA that rose to 78.7 dBA in some cases.

3.3. Acoustic impact of incubator noise sources

Table 5 shows the values for each source of noise within the incubators. The drag of
the furniture was detected as an episode of great relevance. Being an unusual event, it
was recorded in the measurements carried out inside the incubator, in the periods in which
it was not measured outside simultaneously. In fact, these events exhibited the highest

Laeq and Larmax Values of all measurements within the incubator. This result underscores
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the impact on noise in the NICUs of the drag of tool trolleys by the staff and the chairs
by the visitors. The rest of the noise sources followed a similar behavior, not showing the
incubators as particularly insulators to external sound phenomena registered in the room.
For that reason, the temperature alarm was that exhibiting the greatest sound levels. Also,
staff conversations were the source of noise that affected the longest time inside the
incubator (see Table 6).

As with NICU measurements, there were other, anecdotal noise sources that could
not be unequivocally identified and contributed 45.5 to 60.2 dBA to the overall noise,

with peaks as high as 68 dBA.

3.4. Comparison of the acoustic impact of NICU and incubator noise sources

The values for the different noise sources exceed the acceptable thresholds set by Philbin
[43]. This author recommends that the overall background noise in an NICU is below 55
dBA and it should never exceed 70 dBA. As can be seen from Table 3, the noise level in
our NICU exceeded the 55 dBA threshold; by contrast, the sound pressure values for the
different alarms contributing to NICU noise do not exceed the thresholds set by the
following legislation and recommendations:

« The Spanish Government, which has set a maximum diurnal and nocturnal
noise level of 40 and 30 dBA, respectively, for bedrooms, and mandated that
these limits not be exceeded by more than 3% of daily recordings [7].

« The Brazilian Association for Technical Norms has issued NBR 10152, where
it recommends that noise in hospital environments (departments, surgeries, crib
wards, operating theatres) should not exceed 45 dBA and preferably be below
35 dBA (the auditory comfort threshold) [44]. These values are identical to
those set by the United States Environmental Protection Agency (US-EPA)
[45].

« The World Health Organization (WHO), which has issued several conditions

based on Berglund’s report “Community Noise” [46], namely: nocturnal
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Larmax Values should not exceed 40 dBA and Laeq should be lower than 35
dBA.
« The American Academy of Pediatrics (AAP) states that average sound levels
in the NICU should not exceed 45 dBA [47].

« Some new studies established new recommendations regarding the presence of
transients and impulsive noise components state that Lasmax should be 65 dBA
[48].

The measurement campaigns clearly reflect the difficulties of meeting the
previous quality targets. Thus, even in the absence of activity, the lowest noise levels
measured at night never fell below 48.1 dBA and hence exceeded existing
recommendations and legal limits. However, improvements in working protocols and
staff training are expected to reduce noise from staff, alarms and equipment, thereby
increasing acoustic comfort in NICU rooms and incubators. Some strategies currently
being explored include protecting neonates with silicone earplugs [49] while they are held
in incubators and replacing acoustic alarms with visual signals [42]. These measures may
have a favorable impact on NICU acoustic environments by suppressing the main sources
of noise identified in this work. It would also be advisable to equip incubators with a small
microphone to measure noise. Subsequent recordings could be correlated with the usually
monitored variables of preterm newborns and see how they respond to acoustic stimuli.
As noted by some health professionals [50], it could also be useful to use centrally
managed monitoring and alarm systems to provide NICU staff with information about
preterm newborns without the need to be close to them, and also to organize the flow of
staff more efficiently and be careful about the sleep time. Other strategies to mitigate the
impact of the activity of staff and visitors on the acoustic environment of a NICU go
through awareness about the importance of the problem in both groups. For example
through (i) the creation of new guides or improving existing protocols, and (ii) staff
training.

3.5. Automatability of result assessment with ANNs
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The acoustic events recorded in the two environments were widely variable. Thus, some
alarms were highly persistent in the NICU but rarely detected in incubators (e.g., by
monitors 1 and 2). Consequently, the acoustic environment of the NICU room was
expected to differ among days. Future measurements should, therefore, be made over
longer periods in order to facilitate the correlation of the acoustic environment and the
time of year.

As measurements were made in a continuous manner and data were acquired at 1
s intervals, the time needed to identify accurately the main alarms and acoustic events
were rather long. For this reason, artificial neural networks (ANNSs) were used to label
noise sources automatically. As noted in Section 2.3, two separate models were developed
for NICU and incubator measurements. An output variable for each type of source was
included in the models, and, such variable, stated whether a signal from the source
concerned was present at the time of measurement. Table 7 shows the output variables
used. The low persistence of alarms from monitors 1 and 2 in the incubator measurements
led us to combine the two sources with other minor ones.

Tables 8 and 9 show the quality-related statistics TP, FP, and K for the NICU and
incubator MLP, respectively, and Figs 6 and 7 show the AUC values for the two models.
It should be noted that TP, AUC, and K should be near-unity and FP near-zero. As can
be seen, the TP values for the NICU were quite acceptable during the MLP training stage
for some noise sources, such as the low-priority alarm and conversations, but too low for
others. Likewise, K and AUC exceeded 0.8 and 0.9, respectively, in the sources with an
adequate TP value, but were too low in others. The poorest performers among the output
variables in the training stage responded similarly to new instances in the test stage.

The incubator MLP performed worse than the NICU MLP. Thus, only three
sources (viz., Drager Babylog — Ventilator, Drager Infinity Delta — Low priority and
Temperature) had adequate quality-related statistics.

Although the statistics were not poor, the fact that they lead to an inaccurate
labeling of noise sources over long periods could make them useless due to the difficulty

of discriminating among several concomitant sources at a given time. As can be seen from
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Fig. 8, more than 40% of NICU measurements comprised two or more compounded
sources. So, MLPs could be useful for the preliminary processing of data to identify those
times where measurements are highly similar to those for certain noise sources and to
discriminate them from background noise. In any case, future works should be conducted

on larger data sets.

4. Conclusions

The average noise level for the measurement period was 65.6 dBA, with the highest
noise intensity being 87.3 dBA and the lowest being 48.1 dBA at night. Consequently,
noise levels in the NICU room fail to comply with the acoustic quality objectives set in
national and international legislation and guidelines —notably those of the World Health
Organization— and may, therefore, have an adverse impact on biological development in
preterm neonates held at the NICU.

The interest in monitoring an NICU environment over a longer period to better
assess the influence of some noise sources led us to use ANNs for automatic classification
of sources. Based on the results, the lack of uniformity among sources and the overlap of
several at many times led to poor fitting. In any case, the preliminary processing of the

MLP results could be useful to identify those times where an actual noise event occurs.
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Table 1. Main technical specifications of the measuring equipment.

Equipment Specifications  Calibration range = Measuring range
B&K 2270 Sound Class 1 20-140 dB
level meter 3 Hz-20 kHz
B&K Type 4231 Class 1 94-114 dB

calibration system 1000 Hz
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Table 2. Types of alarms identified.

Alarm (incubator model)

Trigger

Feed pump (Kangaroo)

Respirator heater (Fisher &
Paykel MR 850ALU)
Thermal regulator (MTRE
Allon 2001)

Syringe pump (Alaris CC)

Nonspecific (Dréager Caleo)

Blood pressure (Drager
Infinity Delta)

High-priority (Drager
Infinity Delta)

Low-priority (Drager
Infinity Delta)

Pulse CO-oximeter (Masimo
Radical-7)

Respirator (Drager Babylog)
Respirator (SERVO-i)
Temperature

It sounds when feeding ends, roughly 30 min after it
starts.

It sounds when the air temperature inside the tubes (i.e.,
air delivered to the neonate) rises or falls by 3 °C.

It sounds when signs of hypothermia are detected.

It sounds when drug delivery ends, approximately 30
min after it starts.

It sounds when one of the monitored parameters
(temperature, relative humidity) is not at an appropriate
level.

It sounds when the neonate’s blood pressure falls
outside the recommended range.

Blood pressure, heart rate, oxygen saturation (e.g.,
asystole, ventricular fibrillation).

Blood pressure, heart rate, oxygen saturation (e.g.,
apnea, neonate’s safety during NIBP measurements).
Heart rate and oxygen saturation.

Most frequent alarm when the volume is too low.
Most frequent alarm for too high a breathing rate.
Sounds when the temperature rises by more than 1.5 °C
above or falls by more than 3 °C below the control
value.




Table 3. Parameter values for the different NICU noise sources.

Source LAeq L AFmax
(dBA) (dBA)

Alarm: Drager 60.0 71.4

Babylog — Ventilator

Alarm: Alaris CC — 62.5 82.5

Syringe pump

Alarm: Drager 65.8 85.3

Infinity Delta — High-

priority

Alarm: MTRE Allon 62.9 78.4
2001 — Thermal

regulator

Alarm: Kangaroo — 60.8 83.4
Feeding pump

Alarm: Drager 64.3 79.4
Infinity Delta — Low-

priority

Alarm: Dréger Caleo 60.1 85.9
— Non-specific

Alarm: Drager 61.2 85.9
Infinity Delta — Blood

pressure

Alarm: Masimo 59.8 85.9
Radical-7 — Pulse

CO-Oximeter

Alarm: SERVO-i — 61.1 85.3
Ventilator

Alarm: Temperature 69.1 76.4
Alarm: Fisher & 67.2 79.8

Paykel MR 850ALU —
Ventilator heater

Conversations 61.2 87.3
Phones 62.5 84.6
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Table 4. The persistence of each noise source in the acoustic environment of
the NICU referred to 24 hours. These are the time periods for which the
equivalent level has been calculated for table 3

Source Time (s)
Alarm: Dréger Babylog — Ventilator 84
Alarm: Alaris CC — Syringe pump 1016
Alarm: Dréager Infinity Delta — High-priority 773
Alarm: MTRE Allon 2001 — Thermal regulator 1088
Alarm: Kangaroo — Feeding pump 1422
Alarm: Dréager Infinity Delta — Low-priority 1766
Alarm: Dréager Caleo — Nonspecific 6 241
Alarm: Dréager Infinity Delta — Blood pressure 8 165
Alarm: Masimo Radical-7 — Pulse CO-Oximeter 3795
Alarm: SERVO-i — Ventilator 1011
Alarm: Temperature 197
Alarm: Fisher & Paykel MR 850ALU — Ventilator heater 1782
Conversations 58 401
Phones 491




Table 5. Parameter values for the different incubator noise sources.

Source LAeq L AFmax
(dBA) (dBA)

Alarm: Drager 50.7 77.6

Babylog —

Ventilator

Alarm: AlarisCC—-  49.8 66.8
Syringe pump

Alarm: Drager 52.5 66.1
Infinity Delta —

High-priority

Alarm: MTRE Allon  51.4 63.8
2001 — Thermal

regulator

Alarm: Kangaroo—  50.3 70.4
Feeding pump

Alarm: Drager 52.6 67.0
Infinity Delta —

Low-priority

Alarm: Drager 50.3 54.8
Caleo — Nonspecific

Alarm: Masimo 50.8 66.4
Radical-7 — Pulse

CO-Oximeter

Alarm: SERVO-i — 49.6 71.2
Ventilator

Alarm: Temperature  53.8 63.2
Alarm: Fisher & 52.3 69.2

Paykel MR 850ALU
— Ventilator heater

Conversations 51.3 80.7
Phones 51.0 61.5
Dragging 58.1 84.2
Crying 52.0 75.9
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Table 6. The persistence of each noise source in the acoustic environment within
the incubator referred to 24 hours. These are the time periods for which the
equivalent level has been calculated for table 5

Source Time (s)
Alarm: Drager Babylog — Ventilator 8 230
Alarm: Alaris CC — Syringe pump 1122
Alarm: Dréager Infinity Delta — High-priority 205
Alarm: MTRE Allon 2001 — Thermal regulator 296
Alarm: Kangaroo — Feeding pump 886
Alarm: Dréager Infinity Delta — Low-priority 873
Alarm: Drager Caleo — Nonspecific 10
Alarm: Masimo Radical-7 — Pulse CO-oximeter 1187
Alarm: SERVO-i — Ventilator 27 600
Alarm: Temperature 68
Alarm: Fisher & Paykel MR 850ALU — Ventilator heater 1175
Conversations 57 356
Phones 482
Dragging 1025
Crying 1938
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Table 7. Output variables for the MLPs.

Model

Variables

NICU

Incubator

Alarm: Dréager Babylog — Ventilator

Alarm: Alaris CC — Syringe pump

Alarm: Dréager Infinity Delta — High-priority
Alarm: MTRE Allon 2001 — Thermal regulator
Alarm: Kangaroo — Feeding pump

Alarm: Dréager Infinity Delta — Low-priority
Alarm: Dréager Caleo — Nonspecific

Alarm: Dréager Infinity Delta — Blood pressure
Alarm: Masimo Radical-7 — Pulse CO-Oximeter
Alarm: SERVO-i — Ventilator

Alarm: Temperature

Alarm: Fisher & Paykel MR 850ALU — Ventilator heater
Conversations

Phones

Alarm: Drager Babylog — Ventilator

Alarm: Alaris CC — Syringe pump

Alarm: Dréager Infinity Delta — High-priority
Alarm: MTRE Allon 2001 — Thermal regulator
Alarm: Kangaroo — Feeding pump

Alarm: Dréager Infinity Delta — Low-priority
Alarm: Drager Caleo — Nonspecific

Alarm: Masimo Radical-7 — Pulse CO-Oximeter
Alarm: SERVO-i — Ventilator

Alarm: Temperature

Alarm: Fisher & Paykel MR 850ALU — Ventilator heater
Conversations

Phones

Dragging

Crying
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Table 8. True positive rate (TP), false positive rate (FP) and parameter kappa (K) for

the NICU MLP.
Output variable Training Testing
Label K Label
Yes No Yes No

TP FP TP FP TP FP TP FP
Alarm: Drager Babylog— 0.83 0.02 098 0.17 0.84 0.85 0.15 0.85 0.15
Ventilator
Alarm: Alaris CC — 0.74 0.13 0.88 0.26 0.60 0.74 0.35 0.65 0.26
Syringe pump
Alarm: Dréager Infinity 0.87 0.01 0.99 0.13 0.88 0.87 0.09 091 0.13
Delta — High-priority
Alarm: MTRE Allon 2001 0.83 0.02 0.98 0.17 0.83 0.81 0.31 0.69 0.19
— Thermal regulator
Alarm: Kangaroo — 0.73 0.07 093 0.27 0.66 0.73 0.33 0.67 0.27
Feeding pump
Alarm: Drager Infinity 095 0.07 093 0.05 0.88 0.94 0.19 0.81 0.06
Delta — Low-priority
Alarm: Dréger Caleo — 0.69 0.14 086 0.31 056 0.69 0.43 057 0.31
Nonspecific
Alarm: Drager Infinity 0.85 0.10 0.90 0.15 0.72 0.85 0.20 0.80 0.15
Delta — Blood pressure
Alarm: Masimo Radical-7 0.75 0.07 0.93 0.25 0.70 0.75 0.14 0.86 0.25
— Pulse CO—Oximeter
Alarm: SERVO-i — 0.62 0.09 092 0.38 055 0.70 0.09 0.91 0.30
Ventilator
Alarm: Temperature 0.87 0.02 0.98 0.13 0.86 0.87 0.02 0.98 0.13
Alarm: Fisher & Paykel 0.82 0.03 097 0.18 0.82 0.88 0.08 0.92 0.12
MR 850ALU — Ventilator
heater
Conversations 095 0.15 0.85 0.05 0.81 0.92 0.18 0.82 0.08
Phones 048 0.01 099 052 059 047 0.05 0.95 0.53
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Table 9. True positive rate (TP), false positive rate (FP) and parameter kappa (K) for

the incubator MLP.

Output variable Training Testing
Label K Label
Yes No Yes No

TP FP TP FP TP FP TP FP
Alarm: Drager Babylog— 0.89 0.05 095 0.11 0.85 0.89 0.07 0.93 0.11
Ventilator
Alarm: Alaris CC — 054 0.02 098 0.47 059 054 0.33 0.67 0.46
Syringe pump
Alarm: Dréager Infinity 0.88 0.01 0.99 0.12 0.89 0.86 0.46 054 0.14
Delta — High-priority
Alarm: MTRE Allon 2001 0.49 0.02 098 0.51 056 051 0.42 058 0.49
— Thermal regulator
Alarm: Kangaroo — 0.65 0.01 099 0.35 0.72 0.65 0.28 0.72 0.35
Feeding pump
Alarm: Drager Infinity 0.81 0.01 0.99 0.19 0.87 0.81 0.07 0.93 0.19
Delta — Low-priority
Alarm: Dréger Caleo — 0.85 0.06 094 0.15 0.80 0.84 0.65 0.35 0.16
Nonspecific
Alarm: Masimo Radical-7 0.67 0.02 0.98 0.33 0.71 0.67 0.63 0.37 0.33
— Pulse CO—Oximeter
Alarm: SERVO-i — 0.48 0.08 092 0.52 044 047 045 055 0.53
Ventilator
Alarm: Temperature 0.82 0.01 0.99 0.18 0.88 0.89 0.15 0.85 0.11
Alarm: Fisher & Paykel 0.66 0.01 099 0.34 089 0.86 046 054 0.14
MR 850ALU — Ventilator
heater
Conversations 093 0.23 0.77 0.07 0.72 0.93 0.23 0.77 0.07
Phones 0.58 0.07 093 042 0.68 056 049 051 044
Dragging 0.70 0.02 098 0.30 0.74 0.71 0.18 0.82 0.29
Crying 0.64 0.03 097 0.36 0.67 064 049 051 0.36




Fig. 1. NICU of the “Puerta del Mar” University Hospital.
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Fig. 3. An excerpt from the time series of sound pressure levels from which an
example of medical staff shifts can be displayed. The third-octave spectrum of two
examples of 1-second events is also shown.
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Fig. 6. AUC for each output variable in the NICU MLP.
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Fig. 7. AUC for each output variable in the incubator MLP.
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