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Preface
The aim of this thesis was to find out if automatic tactile stimulation can be used as
a treatment for Apnea of Prematurity, a common disorder in infants that are born
too early. At this moment manual tactile stimulation is used to terminate breathing
pauses. In that case however, the duration of apnea is dependent on the reaction
time of the nurse. Automatic stimulation might lead to a faster termination or even to
prevention of apnea.
Therefore, the goal of this project was to find out what the
best way of automatic stimulation for the termination and/
or prevention of Apnea of Prematurity would be. During this
project two studies were performed; one literature review and
one animal study. Although the literature review is a seperate
part of my master program, it was the reason for the animal
study and is therefore included in this thesis.

The initial research goal (chapter 4) and initial study method
(chapter 5) form the third part of this thesis.

This thesis is divided in six main parts and is written in
chronological order. The first part includes a general
introduction about Apnea of Prematurity and the current care
(chapter 1) and a more detailed description of the problem and
the assignment (chapter 2).

Part V is the main part of my graduation project, consisting
an article describing the animal study we actually performed
(chapter 8).

The first step in my approach was to analyse what is already
known about the effect of tactile stimulation on AOP. Therefore
the second part of this thesis consists of my literature study in
the form of a systematic review (chapter 3).
Based on the results of the literature study I decided to perform
an animal study in order to gain more knowledge about the
effects of vibrotactile stimulation on apnea. The description of
this study is split over part III to V.
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Based on this part, requirements were defined to develop a
vibrotactile actuator. Part 4 consists of a chapter describing the
actuator selection for the defined study design (chapter 6) and
the final design of the actuator (chapter 7).

The final part consists of a discussion (chapter 9) and a general
conclusion (chapter 10)
More background information about the actuators, the used
matlab script, the results of the animal study et cetera are
attached in the appendixes.
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Abbreviations & terminology
Abbreviations
AF
AOP
AS
COV
CPAP
ECG
FRC
HR
IBI
IH
NICU
PF
QS
REM
RR
SpO2

Airflow
Apnea of prematurity
Active sleep
Coefficient of variance
Continuous Positive Airway Pressure
Electrocardiography
Functional residual capacity
Heart rate
Interbreath intervals
Intermittent hypoxia
Neonatal Intensive Care Unit
Pulse frequency
Quiet Sleep
Rapid Eye Movement sleep
Respiratory rate
Oxygen saturation

Terminology
Active sleep		
Rapid-eye-movement sleep 		
			equivalent in infants
Apnea			
Cessation of breathing
Barotrauma		
Physical damage to the body
			
caused by diference in pressure
Bradycardia		
Slow heart rate
Cortical			
Pertaining to the cortex, a part of
			the brain
Cutaneous 		
Related to the skin
Cyanosis			
Bue colored skin
Etiology			
Study of causation or orgination
Glabrous skin		
Skin at the soles of the foot and
			hand palms
Hypercapnia		
Elevated CO2 levels in the blood
Hyperoxia		
Elevated O2 levels in the blood
Hypoxia			
Reduced O2 levels in the blood
Intercostals		 Ribs
Intrapulmonary		
Situated in the lungs
Mechanoreceptor		
Sensory receptor that responds to
			
mechanical pressure or distortion
Myelination		
Insulating layer around nerve
cells; 			
this is essential for proper function
			
of the neurvous system
Olfactory		
Sense of smell
Pallor			
Pale colored skin
Paradoxial breathing
Breathing movements in which
			
the chest wall moves in on 		
			
inspiration and out on expiration.
Pathophysiology		
Explaining the mechanisms 		
			
whereby a condition develops
Plethysmography		
Registering of volume change in
			organs
Pneumothorax		
Collapsed lung
Quiet sleep 		
Non-rapid-eye-movement sleep
			equivalent in infants
Resuscitation		
Emergency life support
Retinopathy		
Damage to the retina of the eye
Somatic nerves		
Part of the nervous system that
			regulate voluntary actions
Thoracic impedance
Measurement of total electrical
			
conductivity of the thorax
Thorax			Chest
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Abstract
Apnea of prematurity is one of the most common diagnoses in the Neonatal
Intensive Care Unit. Frequent breathing pauses occur in almost all infants born
at <28 weeks gestational age or with a birth weight of <1000g and can result in
serious brain damage.

Medicines are used to suppress the apnea but are not able to
eliminate it. Manual tactile stimulation is currently used to
terminate apneas that occur despite the preventative treatment.
However, the duration of apnea is dependent on the reaction
of the nurse. A direct automatic response could significantly
shorten the apnea hence reducing hypoxia and bradycardia and
reduce the chance of infection due to cross-contamination. In
addition, detecting imminent apnea could potentially prevent
it.
The goal of this graduation project was to find out the best way
of preventing and terminating apnea in premature infants by
automatic tactile stimulation.
During this project three studies were performed. The first study
was a literature review. The purpose of this review was to verify
what is known about the effects of (automatic) tactile stimulation
on the termination and prevention of apnea in preterm infants.
This was done by systematically reviewing available literature.
The results showed that the effects of touch, oscillation,
pulsation and vibration were studied. In conclusion, although
the big variations in study design, amount of subject etc., the
majority of studies show positive results of tactile stimulation
on the termination and prevention of apnea. However, it is not
known which receptors are stimulated by specific stimuli and
what their neuronal pathways are. Therefore it is currently hard
to tell which stimulation mode and stimulation characteristics
are most optimal for the termination and/or prevention of AOP.
The second study focused on the design of a vibrotactile
actuator that was suitable for comparing stimulation with
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different (stochastic) frequencies. Voice coils, linear resonant
actuators and piëzo elements appeared to be most suitable for
studies comparing the responses of vibrations with different
frequencies. The selection of the right specific actuator is
dependent on the frequencies and strokes that it should
generate.
In the final study the effect of stimulation stroke and stimulation
spot on the regularity of breathing (experiment 1) and on the
termination of apnea (experiment 2) in preterm rabbits were
compared. The results the first experiment show that stochastic
vibrations of 490-980Hz applied at the chest cause an increase
in the variability of the breathing pattern compared with the
same stimulation at the sole of the foot. However, statistical
significance was only reaches for low stroke stimulation.
The results of the second part of the experiment show that, in
contrast with earlier performed studies, the vibratory stimulation
does not reinitiate breathing following apnea provoked by
hypoxia. This might be caused by the high frequency. However,
it seems very likely that apnea caused by severe hypoxia
requires more vigorous stimulation.
All in all, automatic tactile stimulation seems to be able to
improve the current treatment of AOP. However, more research
is required to select the most optimal stimulus.

PART I - INTRODUCTION

CHAPTER 1.

General introduction
Infants that are born too early have an increased risk for medical complications. One
of the most common diagnoses in these infants is Apnea of Prematurity. This chapter
describes the definition, the cause and effects and the current treatment of Apnea of
Prematurity.

Prematurity
During pregnancy a fertilized egg develops into a mature
infant in 37 to 42 weeks. Infants born earlier in pregnancy are
called preterm or premature infants. Three subcategories of
prematurity are defined, based on gestational age [1]. Extremely
preterm infants are born at less than 28 weeks gestational age.
Very preterm infants are born after 28 to <32 weeks and late
preterm infants after 32 to <37 weeks of pregnancy (Fig. 1).
0 weeks

10 weeks

20 weeks

30 weeks

40 weeks

5 grams

225 grams

1300 grams

3400 grams

Extremely preterm
Very preterm
Late preterm

Figure 1. Sub-categories of preterm birth

In 2008, the amount of preterm births in Europe varied between
5.9 and 11.1%. Except for the Netherlands and Finland,
this amount has increased over the past few decades [2]. As
preterm infants are not fully prepared to live outside the womb
they are not always able to function on their own. However,
with the aid of technology and specialized care in the Neonatal
Intensive Care Unit (NICU), preterm infants born after 24 weeks
of pregnancy have a good chance to survive (Fig.2).

Despite the ever-improving devices and treatment, premature
birth increases the risk of complications, diseases, and even
death. Also later in life, the incidence of severe medical
disabilities (i.e. cerebral palsy, mental retardation and other
disabilities) is higher in people born at a low gestational age
[3].

Apnea
Apnea is a common phenomenon in premature infants. The
American Academy of Pediatrics defines apnea as a cessation
of breathing for 20 seconds or a shorter pause accompanied by
bradycardia, cyanosis or pallor [4].
Apnea of prematurity generally starts within the first week
after birth, is inversely related to gestational age and generally
resolves with maturation [5]. Apneic episodes occur in 7% of
infants born at 34 and 35 weeks, 14% at 32 to 33 weeks, 54%
at 30 to 31 weeks [6] and in nearly all infants born at <29
weeks or with a birth weight of <1000g [7].
Based on origin, apneic episodes are classified as central,
obstructive or mixed [4], [6], [8]. Central apnea is distinguished
by ceased airflow due to absence of respiratory drive from the
responsible brain parts. Obstructive apnea on the other hand
is characterized by impeded airflow despite movements of
the chest wall and is caused by closure of the upper airways.
However, the majority of apneas in preterm infants have a
mixed cause [9]. This implies that central respiratory pauses
are followed by obstruction in the upper airways or vice versa
[6], [10].
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Figure 2. Premature infant in an incubator at the NICU [11]
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Cause
Since AOP is a developmental disorder the etiology is related
to the immaturity of respiratory control and poor myelination
of the brainstem [4], [12]–[14]. Fetal respiratory characteristics
such as periodic breathing and paradoxical breathing are
often observed in the premature infants [10]. Compared to
term infants they show an altered response to hypoxia and
hypercapnia and an exaggerated inhibitory reflex to stimulation
of airway receptors [6], [8], [12], [15].

Although the pathophysiology of AOP is studied extensively the
exact responsible mechanisms are still not fully understood [4],
[13]. As respiratory control is modulated and affected by many
physiological signals, several factors are believed to influence
the incidence of apnea. Functional respiratory capacity (FRC) is
decreased in premature infants because of their high compliant
chest wall resulting in rapid desaturation, following apnea [8],
[10], [15]. Prone positioning has positive effect on the amount
of apnea [15], [16], [17] as it is believed to stabilize the chest
wall [8]. Infants in REM-sleep are more vulnerable for airway
obstruction or collapse due to lower muscle tone. REM-sleep

Figure 3. Current treatment of AOP
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ensures a higher and more variable respiration rate [18] and a
higher incidence of apnea [19][20]. Other studies report that
apnea is triggered by overheating [21][22] infections, drugs [4]
and inflammation [8].

Effects
Frequent apnea and a delayed resolution can lead to serious
brain damage and affects neurodevelopmental outcome [5],
[23]–[25]. It has been postulated that the adverse outcome
is not caused by the apnea itself but the associated recurrent
hypoxia [6][15][26] and bradycardia [27].

Current treatment
The termination of apnea is accomplished by providing extra
oxygen and tactile intervention of the nurse [10][28]–[30].
Tactile intervention implies that the back and feet of the infant
will be rubbed gently until breathing is restored. In case apnea
continues to occur, additional preventative measures are
required in the form of medication and respiratory support (see
Fig. 3). The extend to which additional support is required will
vary per infant and should be assessed on individual basis [10].
Initially, drugs are used to prevent apneas by stimulating
breathing effort. The most commonly used drugs in the past few
decades are methylxanthines [12][31]. The precise site of action
is not known but it is generally accepted that methylxanthines
antagonize the suppressive effects of adenosine [4]. Evidence
suggests that central neural output to the respiratory muscles in
stimulated [26]. Methylxanthines increases minute ventilation,
improve CO2 sensitivity, decrease hypoxic depression, enhance
diaphragmatic activity and decrease periodic breathing [6][12].
Generally, caffeine is the most convenient and preferred drug
because it is better tolerated and has a wider therapeutic index.
The large margin of safety and the longer half-life ensures once
a day dosing without monitoring [8][12][31].
Breathing support, in the form of positive pressure, is used to
extend the preventative measurements. Continuous Positive
Airways Pressure (CPAP) increases FRC, which will improve
oxygenation and delay hypoxia following apnea [6][10].
The distending pressure also prevents infants from upper
airway obstruction and reduces inhibitory feedback from
mechanoreceptors in the upper airways [8][12]. However,
CPAP is believed to only prevent obstructive and mixed apnea
[32].
Despite these interventions, a proportion of infants continue to
have apnea [33]. The infants require either manual stimulation
of the caregiver, extra oxygen and/or ventilation. However,
these options have drawbacks. In case of termination by manual
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stimulation, the duration of the apnea and the concomitant
hypoxia and/or bradycardia depends on the response time of
the nurse. Heavy workload and alarm fatigue have a negative
effect on the response time. Furthermore, administration of
tactile stimulation increases the risk of infection due to crosscontamination [34] and will interrupt sleep, which can be
disadvantageous for the growth and development of the infant
[35]. Oxygen therapy, used to maintain an O2 saturation
baseline ≥ 90%, results in lower rates of chronic intermittent
hypoxia and less mortality. However, these higher saturation
levels increase the incidence of retinopathy in preterm infants
[17]. Finally, ventilation is associated with many adverse effects
like barotrauma, pneumothorax and increased risk of chronic
respiratory morbidity. For these reasons, breathing support
should be reduced whenever possible [4][36].
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CHAPTER 2.

Assignment

As became apparent from the introduction the current treatment for AOP is not
ideal. This graduation thesis focuses on the improvement of tactile stimulation by
means of automation. The assignment and approach are discussed below.

Assignment

References

This whole project is based on the idea of Dr. A.B. te Pas that
automatic tactile stimulation might improve the termination of
apnea. A direct response could significantly shorten the apnea
hence reducing hypoxia and bradycardia and reduce the
chance of infection due to cross-contamination. In addition,
detecting imminent apnea could potentially prevent it.
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In the last fifty years different alternative methods, like olfactory
stimulation and blood transfusions [1][2] are developed and
studied. The reason for investigating tactile stimulation instead
of other innovative methods is the fact that this form of
stimulation is already common practice in the NICU. Therefore
the challenge is not to find out if it works, but how it works
best.
This thesis serves as a first step towards finding the most optimal
form of automatic tactile stimulation in order to prevent and/or
terminate apnea.
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Abstract

Introduction

Apnea of prematurity is one of the most common diagnoses in
preterm infants. As apnea is believed to cause brain damage
and a worse neurodevelopmental outcome, infants are treated
preventively with drugs and breathing support. Despite these
interventions, a proportion of the infants continue to have
apneas and tactile intervention of the caregiver is then needed.
The duration of the apnea and the concomitant hypoxia and
bradycardia are dependent on the response time of the nurse.
Faster stimulation or even preventative stimulation might
improve this treatment method.

Almost all infants born at <28 weeks gestational age or
with a birth weight of <1000g are diagnosed with Apnea of
Prematurity (AOP) [1]. It is one of the most common diagnoses
and therefore a primary concern in the NICU. The incidence
of AOP is inversely related to gestational age and generally
resolves with maturation [2]–[4]. In the most premature
infants apneic spells may continue to occur beyond 40 weeks
postconceptional age [2][5].

This review will give a systematic overview of the effects
of (automatic) tactile stimulation on the termination and
prevention of AOP studied so far. PubMed, Medline and
Scopus were searched for English articles from 1970 to June
1, 2016. A total of nineteen articles were selected, of which 8
focused on the termination of apnea and 11 on the prevention.
A narrative format was used to discuss the results because of
the wide variety in study designs.
In conclusion, the majority of studies show positive results of
tactile stimulation on the termination and prevention of apnea.
However, it is hard to find the best way to treat apnea since
the cause(s) remains unclear. More knowledge should be
gained about the effect of stimulation of these pathways on the
respiratory center and the associated adverse effects in order to
select the most optimal one.

The American Academy of Pediatrics defines apnea as a
cessation of breathing for 20 seconds or a shorter pause
accompanied by bradycardia, cyanosis or pallor [6]. Based on
their origin, apneic spells are classified as central, obstructive or
mixed [2][5]7]. Central apnea is distinguished by ceased airflow
due to absence of respiratory drive from the responsible brain
parts. Obstructive apnea on the other hand is characterized by
impeded airflow despite movements of the chest wall and is
caused by closure of the upper airways. However, the majority
of apneas in preterm infants have a mixed cause [8]. This implies
that central respiratory pauses are followed by obstruction in
the upper airways or vice versa [2][9].
Frequent apneic spells can lead to serious brain damage and
affects neurodevelopmental outcome [10]–[12]. It has been
postulated that the adverse outcome is not caused by the apnea
itself but the associated recurrent hypoxia [2][4][13].
Since AOP is a developmental disorder the etiology is related
to the immaturity of respiratory control and poor myelination
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of the brainstem [3][7][14][15]. Fetal respiratory characteristics
such as periodic breathing and paradoxical breathing are often
observed in the premature infants [9]. Compared to term infants
they show an altered response to hypoxia and hypercapnia
and an exaggerated inhibitory reflex to stimulation of airway
receptors [2][5][13][14].
Although the pathophysiology of AOP is studied extensively the
exact responsible mechanisms are still not fully understood [3]
[7]. As respiratory control is modulated and affected by many
physiological signals, several factors are believed to influence
the incidence of apnea. Functional respiratory capacity (FRC) is
decreased in premature infants because of their high compliant
chest wall resulting in rapid desaturation, following apnea [5]
[9][13]. Prone positioning has positive effect on the amount
of apnea [16][17] as it is believed to stabilize the chest wall
[5]. Infants in REM-sleep are more vulnerable for airway
obstruction or collapse due to lower muscle tone. REM-sleep
ensures a higher and more variable respiration rate [18] and a
higher incidence of apnea [19][20]. Other studies report that
apnea is triggered by overheating [21][22], infections, drugs [7]
and inflammation [5].
In most NICU’s both medication and breathing support are
used to prevent recurrent AOP. The most commonly used drugs
in the past few decades are methylxanthines [6][14]. These
drugs increases minute ventilation, improve CO2 sensitivity,
decrease hypoxic depression, enhance diaphragmatic activity
and decrease periodic breathing [2][14]. Generally caffeine
is the most convenient and preferred drug because it is
better tolerated and has a wider therapeutic index. The large
margin of safety and the longer half-life ensures once a day
dosing without monitoring [5][6][14]. Continuous Positive
Airways Pressure (CPAP) is used to increase FRC, which will
improve oxygenation and delay hypoxia following apnea [2]
[9]. The distending pressure also prevents infants from upper
airway obstruction and reduces inhibitory feedback from
mechanoreceptors in the upper airways [5][14].
Despite these interventions, a proportion of infants continue
to have apnea [23], which requires further intervention of
the caregiver. The termination of apnea is accomplished by
providing extra oxygen and tactile intervention of the nurse [9],
[19][24][25]. The duration of the apnea and the concomitant
hypoxia and/or bradycardia depends on the response time of
the nurse. Heavy workload and alarm fatigue have a negative
effect on the response time. Administration of tactile stimulation
increases the risks of infection due to cross-contamination and
will interrupt sleep, which can be disadvantageous for the
growth and development of the infant [26].
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Providing tactile stimulation automatically when needed would
significantly shorten the apnea hence reducing hypoxia and
bradycardia. In addition, detection of imminent apnea could
lead to preventative stimulation. The purpose of this review
was to verify what is known about the effects of (automatic)
tactile stimulation on the termination and prevention of apnea
in preterm infants. This was done by systematically reviewing
available literature.

Methods
In order to identify convenient studies the online databases
MEDLINE, PubMed and Scopus were searched using the
search strategy as described in Table 1. The database searches
were restricted to English articles from 1970 to June 1, 2016.
A manual search of the references and citations of the selected
articles was performed to collect other possible relevant
literature. Unpublished data were not considered for this
review.
All clinical trials reporting the effects of tactile stimuli on
breathing patterns, optionally combined with bradycardia and
oxygen desaturation of premature infants or fetal animals were
included in this review. For this review tactile stimulation is
defined as any form of stimulation that is related to the sense
of touch. Electrical stimulation of the sensory nerves is also
considered to be tactile. Studies using devices that are believed
to affect the breathing patterns by other forms of stimulation
yet having a tactile component, like oscillating waterbeds,
are included. Articles describing tactile stimulation devices or
systems were also included.
Clinical trials examining the effect of the combination of
multiple different forms of stimulation were excluded. The
same applies to experiments that compare the effect of
different stimulation modularity’s without comparing it to a
no-stimulation condition. Abstracts or other forms of articles
that are not primary research studies are also excluded for this
review.
Study characteristics from the included studies were extracted
using a data extraction form. The following data were extracted:
author, year, study objects, study design, detection signals,
stimulation mode, stimulation characteristics, duration and
main results.

Results
By using the previously mentioned search strategy 511 articles
were found in the three databases. Another twelve articles
were selected from the references of the studies that met the
inclusion criteria and one article that was published after the
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Table 1. Search strategy
Database

Keywords

Hits

Medline

(“touch” OR “touching” OR “touches” OR “touched” OR “rub” OR “rubbing” OR “rubbed” OR “scratch” 182
OR “scratched” OR”scratching” OR “cutaneous” OR “skin” OR “mechanosensory” OR”vibration” OR
“vibrating” OR “vibratory” OR “vibrotactile” OR “foot” OR “feet” OR “sole” OR “back” OR “thorax” OR
“arousal” OR “stochastic resonance” ) AND (“vibration” OR “vibrations” OR “vibratory” OR “vibrate” OR
“vibrates” OR “vibrated” OR “physical stimulation” OR “stimulation” OR “stimulations” OR “stimulate” OR
“stimulates” OR “stimulated” OR “stimulus” OR “stimuli” OR “system”) AND (“apnea” OR “apnoea” OR
“breathing” OR “breath” OR “breathe” OR “breathes” OR “breathed” ) AND (“premature” OR “prematures”
OR “prematurity” OR “preterm” OR “preterms” OR “neonate” OR “neonates” OR “neonatal” OR “infant”
OR “infants”) AND (“treat” OR “treatment” OR “treating” OR “treated” OR “interrupt” OR “interruption”
OR “interrupting” OR “interrupted” OR “stabilize” OR “stabilizing” OR “stabilized” OR “analyze” OR
“analysis” OR “analyzing” OR “analyzed” OR “transform” OR “transformation” OR “transforming” OR
“transformed” OR “generate” OR”generation” OR “generating” OR “generated” OR “effect” OR “effects”
OR “effecting” OR “effected”)

PubMed

(“touch”[mesh] OR “touch”[tw] OR “touching”[tw] OR “touches”[tw] OR “touched”[tw] OR “rub” [tw] 188
OR “rubbing” [tw] OR “rubbed” [tw]OR “scratch” [tw] OR “scratched” [tw] OR”scratching” [tw] OR
“cutaneous”[tw] OR “skin”[tw] OR “mechanosensory”[tw] OR”vibration” [tw] OR “vibrating” [tw] OR
“vibratory” [tw] OR “vibrotactile” [tw] OR “foot”[mesh] OR “foot”[tw] OR “feet”[tw] OR “sole”[tw] OR
“back” [tw] OR “thorax” [tw] OR “arousal”[mesh] OR “arousal”[tw] OR “stochastic resonance” [tw])
AND (“vibration”[mesh] OR “vibration”[tw] OR “vibrations”[tw] OR “vibratory”[tw] OR “vibrate”[tw]
OR “vibrates”[tw] OR “vibrated”[tw] OR “physical stimulation”[mesh] OR “stimulation”[tw] OR
“stimulations”[tw] OR “stimulate”[tw] OR “stimulates”[tw] OR “stimulated”[tw] OR “stimulus”[tw] OR
“stimuli”[tw] OR “system”[tw]) AND (“apnea”[mesh] OR “apnea”[tw] OR “apnoea”[tw] OR “breathing”[tw]
OR “breath”[tw] OR “breathe”[tw] OR “breathes”[tw] OR “breathed”[tw] ) AND (“infant, premature”[mesh]
OR “premature”[tw] OR “prematures”[tw] OR “prematurity”[tw] OR “preterm”[tw] OR “preterms”[tw] OR
“neonate”[tw] OR “neonates”[tw] OR “neonatal”[tw] OR “infant”[tw] OR “infants”[tw] ) AND (“treat”[tw]
OR “treatment”[tw] OR “treating”[tw] OR “treated”[tw] OR “interrupt”[tw] OR “interruption”[tw] OR
“interrupting”[tw] OR “interrupted”[tw] OR “stabilize”[tw] OR “stabilization” [tw] OR “stabilizing[tw] “
OR “stabilized”[tw] OR “analyze”[tw] OR “analysis”[tw] OR “analyzing”[tw] OR “analyzed”[tw] OR
“transform”[tw] OR “transformation”[tw] OR “transforming”[tw] OR “transformed”[tw] OR “generate”[tw]
OR”generation”[tw] OR “generating”[tw] OR “generated”[tw] OR “effect”[tw] OR “effects”[tw] OR
“effecting”[tw] OR “effected”[tw])

Scopus

TITLE-ABS(“touch” OR “touching” OR “touches” OR “touched” OR “rub” OR “rubbing” OR “rubbed” 141
OR “scratch” OR “scratched” OR”scratching” OR “cutaneous” OR “skin” OR “mechanosensory” OR
“vibration” OR “vibrating” OR “vibratory” OR “vibrotactile” OR “foot” OR “feet” OR “sole” OR “back”
OR “thorax” OR “arousal” OR “stochastic resonance” ) AND TITLE-ABS (“vibration” OR “vibrations” OR
“vibratory” OR “vibrate” OR “vibrates” OR “vibrated” OR “physical stimulation” OR “stimulation” OR
“stimulations” OR “stimulate” OR “stimulates” OR “stimulated” OR “stimulus” OR “stimuli” OR “system”)
AND TITLE-ABS (“apnea” OR “apnoea” OR “breathing” OR “breath” OR “breathe” OR “breathes”
OR “breathed” ) AND TITLE-ABS (“premature” OR “prematures” OR “prematurity” OR “preterm” OR
“preterms” OR “neonate” OR “neonates” OR “neonatal” OR “infant” OR “infants”) AND TITLE-ABS (“treat”
OR “treatment” OR “treating” OR “treated” OR “interrupt” OR “interruption” OR “interrupting” OR
“interrupted” OR “stabilize” OR “stabilizing” OR “stabilized” OR “analyze” OR “analysis” OR “analyzing”
OR “analyzed” OR “transform” OR “transformation” OR “transforming” OR “transformed” OR “generate”
OR “generation” OR “generating” OR “generated” OR “effect” OR “effects” OR “effecting” OR “effected”)
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database search was performed. Twenty-seven articles were
assessed entirely, of which two articles described the same
clinical trial with the same outcome [25][37]. The most recent
one [25] was included and the other one was not. Another
seven studies were excluded based on the inclusion criteria,
resulting in a selection of twenty-three articles for this review
(Fig. 4).
In total 303 preterm infants were stimulated by means of touch,
pulsation, vibration and oscillation. The design proposals that
were included describe four different instruments designed to
terminate apnea in premature infants [10][27]–[29]. One study
described both an instrument and a quantitative study [30]. All
the other studies only reported a quantitative study [23][31]
[32][33][34][35][36][37][38][39][40][41][42][43]. However,
combining the data for a meta-analysis was not possible since
there was no homogeneity in study designs. For this reason the
results are reviewed in a narrative format. The extracted data of
the resulting articles are summarized in Table 2.
STUDY DESIGNS
The included quantitative studies described different study
designs. Most of the researchers performed a crossover study of
which six were randomized [31][32][23][33][34][36], two were
quasi-experimental [35][37] and three were counterbalanced
quasi-experimental [38][40][41]. In addition, two randomized
controlled trials [39][42] and two observational studies [30]
[43] were executed.
STUDY OBJECTS
All studies were performed on preterm infants. The sample
sizes varied between one infant [31] and 122 infants [39]. The
mean gestational ages and the mean birth weights ranged from
28 [31][25] to 32.1 [38] weeks and from 1103 [35] to 1760
grams [37]. Other characteristics like medicines, breathing
support and positions were not described consistently. Some
of the studies investigated subgroups based on the start of the
study, medicines or sleep state.
MEASURED EFFECTS
The included studies can be divided in two groups. The first
group investigated the effectiveness of tactile stimulation for
termination of apnea. In two observational studies, the number
of successfully arrested apneic attacks were counted [30][43].
Two other studies also reported the duration of apnea and the
response time of experimental stimulation compared to the
routine care [31][34].
The second group focused on prevention of apnea and irregular
breathing patterns by continuous stimulation. Six studies
looked at the amount of apneic attacks, breathing pauses or
time of irregular breathing during stimulation compared to the
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Records identified through
database searching
(Medline, PubMed, Scopus)
(n=511)

Additional records identified
through other sources
(n=13)

Records after duplicates removed
(n=257)

Records screened
(n=237)

Full-text atricles
assessed for eligibility
(n=27)

Records excluded
(n=210)

Full-text articles
excluded
(n=8)

Studies included in
synthesis
(n=19)

Figure 4. Flow diagram of article selection

period without stimulation [35][37][38][40][41][42]. Five other
studies evaluated not only the difference in number of apnea’s
but also the amount of bradycardia events and/or hypoxias [32]
[23][33][36][39].
DEFINITIONS
Based on the goal of the study the researchers used parameters
such as apnea, irregular breathing, bradycardia and desaturation
to detect apnea in order to terminate it or to compare
experimental and control period. However, the criteria used to
define these parameters varied. Kesavan counted the amount
of breathing pauses of 3-5 seconds and pauses of >5 seconds,
while others only looked at pauses of 20 seconds or more [37],
[41]. One study defined apnea as a heart rate <100 bpm and
blood oxygen level <80% instead of a breathing pause [30].
The threshold for logging or detecting a low heart rate varied
between <80bpm [23] and <110bpm [33]. However, most
researchers used a criterion of <100bpm[32], [38], [39], [42].
Desaturation threshold varied between <85%[36], [37] and
<90% oxygen[23], [36]. Two studies used multiple definitions
for bradycardia and hypoxia, based gestational age [23], [30].
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DETECTION
Almost all studies monitored at least the heart rate or pulse
frequency and the SpO2 value with the aid of an oximeter
or cardiorespirography [10][31][25][27][30][28][23][33][35]
[37][38][39]. Some also use thoracic impedance [25][27]
[28] derived by plethysmography [33][43] or pneumography
[32][35] to detect ceased breathing effort. Nasal airflow or
temperature were audited in order to detect impeded airflow
[25][27][33][44][38][41]. Due to the different detection
methods some researchers were able to report central, mixed
and obstructive apnea [38] and others were not [33].

0.09 mm [33]. In both studies the stimulation was transferred
through a vibrating mattress actuated by a loudspeaker. The
positions of the infants on the mattresses, and thereby the
stimulation spot varied [33] or were not mentioned [23].
Svenningsen et al. used an air filled mattress that both vibrated
and oscillated. Vibration was applied with a frequency of 8
to 10 Hz and again the positions on the mattress were not
mentioned. The most recent study used a stimulus of 128 Hz
and 0.3g applied on the foot sole and hand palm [36]. The
stimulation was applied by means of vibrating disks that were
taped on the skin.

TIME SCHEDULE & DURATION
The different study designs and goals led to varying study
protocols. The effects of preventative stimulation were
measured by comparing equal lasting periods with and without
stimulation [32][23][33][35][36][37][38][40][41]. The shortest
on/off period took 10 minutes with a total duration of 1 hour
[33] and the longest 4 days with a total duration of 8 days
[40]. Kattwinkel et al. stimulated 5 out of 15 minutes instead
of continuous stimulation during the stimulation period. Two
studies used a controlled randomized trial were experimental
groups were stimulated continuous for 7 days [39][42]. Studies
focused on the termination of apnea stimulated alternatively
automatic or by hand for a set time. The manual and automatic
periods ranged from 8 hours with a total time of 16 hours [31]
to 12 hours with a total time of 24 hours [34]. The stimulation
time in both studies was approximately 3 seconds.

In all studies the stimulation resulted in a significant decrease
in apneic attacks or breathing pauses [23][33][36][37]. Three
of these studies also showed a significant decrease in amount
and/or duration of hypoxic episodes [23][33][36]. Kesavan et
al. reported a significant reduction in amount and duration of
bradycardia as well but this was not confirmed by the others
[23][33].

STIMULATION MODES & EFFECTS
The included studies can be categorized based on the
stimulation mode used. The specific methods and results per
stimulation mode are discussed below.
Touch - Only one study stimulated the infants by means of touch
[35]. The stimulation consisted of rubbing the extremities of the
infant for five minutes. The study was designed to investigate
the effect of preventative measures and reports positive results.
The infants showed significant less apnea during the stimulation
period compared with the control period.
Vibration - Vibration was the most used stimulation mode. Four
studies looked at the effects of vibration on the subsequent
breathing patterns [23][33][36][37][45][42][42][43][43] and
seven articles discussed the termination of apnea by vibration,
including all design proposals [10][31][25][27][28][30][34].
The methods and results of these two subgroups are discussed
in separate paragraphs.
In order to examine the effect of vibration on breathing patterns
two studies used a filtered white noise stimulus in the 30-60 Hz
band with a displacement of 0.01-0.02 mm [23] respectively

For the termination of apnea, the majority of researchers used
a skin transducer [28][30][34] or a vibrotactile stimulator [31]
[25] of Audiological Engineering. Others stimulated the infants
using an unbalanced-weight motor [10] and a vibrating magnet
[27]. In four of the studies the vibration had a frequency of
250 Hz but varied in the type of waves[25][27][28][31]. The
remaining three studies did not report the stimulus frequency
[10][25][34]. In four studies the stimulus was applied at the
(lateral) thorax [25][28][30][34]. Two studies stimulated the
sole of the foot [10][31] and one the hands [27].
Only three articles studied the effect of the stimulation on
the resumption of breathing. Camargo observed that in 9 of
10 apneic episodes breathing resumed following stimulation
[30]. The other two studies reported similar effectiveness in
aborting apneic spells and no significantly reduced reaction
time compared to the current manual stimulation [31][34].
However, they observed a significant decrease in stimulation
time that was required to end an apneic spell.
Pulsation - A pulsating stimulus was used in two studies. The
most recent study continuously stimulated the infant by in- and
deflating a cuff 16±4 times per minute for a set time [38]. The
cuff was placed underneath the upper thorax. The other study
in and deflated a balloon three times at the time apnea was
detected during sleep [43]. This time the balloon was placed
underneath the neck.
Both studies reported positive results. The continuously
pulsating cuff gained a significant decrease in the amount of
apneic episodes during stimulation [38]. However, it appeared
that the decrease was only significant in central and mixed
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36 infants
GA: 30.5±2.9 weeks
Weight: 1409±450 g
Study age: 35.0±1.5
Study weight:
2013±453
Medicines:
13 caffeine, 5
supplemental oxygen

Smith, V. et al.
2015

Design proposal

Marayong, P. et
al. 2009

Design proposal

Faille, E.O. et al.
2013

Observatory study

Camargo, V.C. et
al. 2014

Randomized
crossover study

-

-

4 infants
GA inclusion: <36,6
weeks
Weight inclusion:
<2500 g

15 infants
GA: 29.0±2.5 weeks
Weight:1257±535 g
Study age: 32±2.3
weeks
Medicines: 12
caffeine, 12
supplemental oxygen

Kasevan, K, et al.
2016

Randomized
crossover study

Study objects

Author/ Study
design

HR by oximeter
SpO2 by oximeter

HR
SpO2
Thoracic impedance

PF by oximeter
SpO2 by oximeter

RR by VueLogger system
HR
SpO2
ECG
Pulse plethysmography

RR by thoracic wall
movement measurement
HR via 3 leads
SpO2 by pulse
oximetery
ECG signals

Detection signals

Instrument: unbalancedweight DC motor in a Posay
wrap
Location: Foot
Stimulus: not described

Instrument: Tacaid
vibrotactile stimulator,
Audiological Engineering
Location: Thorax
Stimulus: 10 Hz alternate
signal (sine function)

Instrument: VBW32 skin
transducer, Audiological
Engineering
Location: Thorax
Stimulus: 4s, 250 Hz

Instrument: 13 TheraSound
mattress, 23 custom build
mattresses
Location: Not described
Stimulus: Displacements
with frequency bandwidth of
30- 60Hz and displacements
of 10-20 microns

Instrument: Vibrating disk
(10x10x3mm) connected to
vibration motor
Location: Palm or wrist of
one hand and the ankle or
sole of the foot at the same
side
Stimulus: 0.3 gm/128 Hz
vibration

Stimulation characteristics

Table 2. Results

=

-

4 s when apnea
detected
Duration: not
described

30 min alternately
on or off
Duration: 3/4 hrs

6 hrs alternatively
on or off
Duration: 24 hrs

Duration
Stimulation time:

The vibrotactile device can replace manual rubbing to
reduce the nurses’ workload and to provide a consistent,
hygienic and individualized patient care.

They demonstrated that under simulated conditions pause
in breathing could be identified and the investigational
apnea medical system could be activated.
Automatic and immediate stimulation potentially reducing
the duration of the apneic episode and the time delay in
instituting the stimulation

Stimulated breathing in 9 of 10 apnea episodes

Reduction apnea: 50%
Significant reduction IH:
Amount by 18% (p=0.01); duration by 35% (p<0.0001);
intensity by 21% (p<0.0001)
Bradycardia: No change in amount and duration of
bradycardia
Significant reduction intensity of bradycardia of 20%
(<0.0001)

Significant reduction of Breathing pauses: L/S: Long/Short
breathing pauses
Amount L (>3-5 sec) by39%(p<0.001); Amount S (>5 sec)
by 21%(p=0.024)
Duration L (>3-5 sec) by 36%(p<0.001); Duration L (>5ec)
by 20% (p=0.034)
Significant reduction of IH:
Amount <90% by 28% (p=0.001); <88% (p=0.001);
<85% (p<0.001)
Duration <90% by 30% (p=0.002); <88% (<=0.001);
<85% (p=0.023)
Significant reduction of bradycardia
Amount <110 bpm (p=0.001); <100 bpm (p=0.002)
Duration <110 bpm (p=0.003); <100 bpm (p=0.006)

Results

Part II: Analysis

-

Pichardo, R. et al.
2001

28

Design proposal

Marcotte, A. L. et
al. 1996

Randomized
crossover study

Lovell, J. et al.
1999

Design proposal

Randomized
crossover study

-

1 infant
GA: 28 weeks
Weight: 1280g
Day start study: 7
Medicines:
Aminophylline, first
two days on CPAP

4 infants
GA inclusion: >28
weeks
Weight inclusion:
>1000g

Pichardo, R. et al.
2003

Nasal temperature
HR
SpO2
Thoracic impedance

RR
HR
SpO2

AF
HR by ECG
PF
SpO2
Thoracic impedance

AF
HR by chest leads and
saturation probe
SpO2
ECG
Thoracic impedance

RM by respiratory
inductance
plethysmography
AF & CO2 by thermistor
or cannalue
PF by pulse oximeter
SpO2 by pulse oximeter
Skin temperature by
temperature probe

10 infants
GA:30.1±1.9 weeks
Weight:1348±497g
Study age:33.1±1.7
weeks
Study
weight:1500±441g
Medicines: 1 nasal
cannalue oygen, 3
caffeine before test

Bloch-Salisbury,
E. et al. 2009

Randomized
crossover study

Detection signals

Study objects

Author/ Study
design

Instrument: Inductive coil,
a magnet, a steel beam and
added mass. AC source
causing the magnet to
oscillate back and forth
Location: Hands
Stimulus: 250 Hz sine wave

VTS
Instrument: Model 1220
Audiological Engineering
Location: Sole of the foot
Stimulus: 250 Hz square
wave, impedance of 22
Ohms (vts)
Manual using hand
Location: trunk and
extremities
Stimulus: gentle to vigorous
stroking or shaking of the
trunk and/or extremities
(manual)

Instrument: VBW32
transducer, Audiological
Engineering
Location: Thorax
Stimulus: 3-sec 250 Hz
square wave

Manual: using hand

VTS
Instrument: VTS transducer
VBW32, Audiologic
Engineering
Location: Thorax
Stimulus: Not described

Instrument: Therasound
mattresses
Location: Chest, side or
back, depending on position
Stimulus: Filtered white
noise, 30-60 Hz band,
stimulus intensity of
0.021mm RMS, 0.090mm
max displacement

Stimulation characteristics

Table 2. Results

-

Approximately
3 sec
Mode switch: after
8 hours
Duration: 16 hours
Repetitions: three
times after 2, 6 and
11 days

-

3s when apnea
detected
Mode switch: after
12 hrs or after 5
apneic attacks
Duration: 24 hrs
Repetitions: 2x for
one infants

10 min alternately
on or off
Duration: 1 hr
Repetitions: once
at same day for 8
infants

Duration
Stimulation time:

The next step in project involves integrating the software,
monitoring devices and the stimulation system.

Similar effectiveness in ending apneic spells (p>0.05)
Same time to termination (p=0.67)
Similar apnea duration (p=0.55)
Same time into stimulation (p=0.96)
Decrease in stimulation time during VTS of 3,9 sec (p=0.05)

The system has been successfully tested on a single infant.
This current study has important additional value. Larger
number of patients will provide data as to the efficacy
and safety of this system. More work is needed in apnea
detection algorithms to try to close the loop so the system
can automatically trigger the VTS pulse.

Similar effectiveness in ending apneic spells (p=0.62)
Significant decrease in stimulus duration during VTS of 10
sec (p<0.001)
Decrease in reaction time to apneic spell during VTS of 10
sec (p=0.058)

Significant reduction breathing intervals:
Variance IBI’s (p=0.024)
Amount IBI’s; >5sec (p=0.013); >10sec (p=0.042)
Significant reduction oxygen desaturation:
Amount of time O2<85% (p=0.04)
Bradycardia:
Reduction in pulse rate variance (p=0.086)
Mean pulse rate was unaffected by stimulation (p=0.14)

Results
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29

17 infants
GA: 29 weeks
Weight: 1159 g
Day start study: 35
days
Medicines: all
theophilline for 6-71
days

Korner, A.F, et al.
1982

Quasiexperimental
counterbalanced
cross-over study

Controlled
randomized
clinical trial

122 infants
Exp.l group (n=59)
GA: 30.5±3.2 wks
Weight: 1294±266
Medicines: 28
theophylline, 20
CPAP/IPPV
Control group (n=63)
GA: 31.0±2.7 wks
Weight: 1299±41
Medicines: 22
theophylline, 12
CPAP/IPPV

Saigal, S. et al.
1986

Quasiexperimental
counterbalanced
cross-over study

Jirapaet, K. 1993

29 infants
GA: 32.1±1.8 weeks
Weight: 1474±331 g
Day start study:
4.3±3.0 days
Medicines: 2 assisted
ventilation

12 infants
GA: 31.1 weeks
Weight: 1.760g
Medicines: 6
theophylline, 4 CPAP

Svenningsen,
N.W. et al. 1995

Quasiexperimental
cross-over study

Study objects

Author/ Study
design

RR
HR
Visual observations for
100 min on 3rd and 4th
day after feeding

Cardiorespiratory
impedance
Cardiorespirograph for
6-hous between study
days 1-3, 4-7, 8-12 and
after 13 days to check
nurses administration

AF by thermistor
HR and breathing
effort by apnea
monitor (model 500,
corometrics)
SpO2 by oximeter

Cardiorespirography and
concomitantly oxygen

Detection signals

Instrument: Water bed,
consist of high impact
styrene shell and vinyl bag
with small inflatable bladder
at the foot connected to an
electronic oscillator.
Location: Not described
Stimulus: continuous gentle
irregular head-to-foot
oscillations, 8/10 oscillations
per min with amplitude of
2.4mm

Control group:
Conventional mattress, no
stimulation

Experimental group
Instrument: oscillating air
mattresses
Location: not described
Stimulus:14-16 pulses/min,
longtitudinal wave motions

Instrument: blood pressure
cuff connected to bird’s
mark 8 respirator which in
and deflates the cuff
Location: under upper
thorax
Stimulus: in and deflates
16+4 times per min, regular
vertical wave motion of 1cm
at the cuff surface

Instrument: OSCILLO-unit
(electronic membrane pump
with 2 pneumatic valves
for in- and outflow of an
airfilled mattress)
Location: Not described
Stimulus: oscillation
amplitude 10-100%,
frequency 5-20 times/min,
high frequency vibrations
8-10Hz

Stimulation characteristics

Table 2. Results

Stimulation time: 4
days alternatively
on or off
Duration: 8 days

Stimulation time: 7
days or more (untill
discharge)

No significant decrease in apneas with or without cyanosis
and bradycardias during stimulation (p>0.05).

No significant reduction of short (10 to 19 seconds) and
long (>/20 seconds) apneic attacks accompanied by
bradycardia

Significant reduction of apneic episodes during stimulation
(p<0.000)
Significant reduction of central apneas (p<0.000) and mixed
apneas (p<0.000)
No effect on obstructive apneas (p=0.316)

Mean apneic attacks control period: 8,4 per 12 hours
Mean apneic attacks first 12 h stimulation period: 3,0 per
12 hours
Mean apneic attacks second 12 h stimulation period: 3,8
per 12 hours

Control time:
24 hours before
stimulation
Stimulation time:
12 hours (24 hours
for 9 infants)

Stimulation time: 6
hours alternatively
on or off
Duration: 24 hours

Results

Duration
Stimulation time:
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14 infants
GA (median): 29.4
weeks
Weight (median):
1080g
Study age:
Day start study
(median): 8 days)
Study weight:
Medicines: 3
theophylline

Jones, R. 1981

30

6 infants
GA: 28 weeks
Weight: 1103g
Day start study: 8

Kattwinkel, J. et
al. 1975

Observatory study

Frank, U.A. et al.
1973

Quasiexperimental
cross-over study

Controlled
randomized
clinical trial

4 infants
GA: 31.25 weeks
Weight: 1495.5 g
All infants asleep

21 infants
Experimental group
(n=10)
GA: 32 weeks
Weight: 1521 g
Control group (n=11)
GA: 31.3 weeks
Weight: 1382 g

Korner, A.F. et al.
1975

Quasiexperimental
counterbalanced
cross-over study

8 infants
GA: 30 weeks
Weight: 1270g
Day start study: 15
days
Study weight: 1264g
Medicines: no other
than antibiotics

Korner, A.F, et al.
1978

Randomized
crossover study

Study objects

Author/ Study
design

Respiration
by impedance
plethysmography

Cardiorespiratory
by impedance
measurements
HR and respiratory
pneumograms by
dynograph recorder

HR, RR, temperature,
concentrations
administered oxygen
Apnea by alarm and
notes nurse

Respiration by mecuryfilled strain gauges and
a thermistor in front of
each nostril
EEG, electrooculogram,
EME and ECG by
electrodes

ECG
Impedance
pneumogram

Detection signals

Instrument: balloon with a
towel.
Location: transversely under
the neck
Stimulus: 4 psi pressure
source, inflation in 0,5s

Instrument: hand
Location: extremities
Stimulus: rubbing

Exp. group:
Instrument: waterbed,
styrene shell with small
inflatable rubber bladder
connected to Emerson
respirator
Location: not described
Stimulus: irregular head-tofoot oscillation, inflates and
deflates the bag 16±4 times
per minute.
Control group:
Instrument: conventional
foam-rubber mattress

Instrument: Waterbed,
Baumanometer blood
pressure bladder connected
to an Emerson respirator
Location: Not described
Stimulus: gentle irregular
head-to-foot oscillations,
12-14 pulses/min, 2.4mm
amplitude

Non-oscillating
Instrument: same mattress
Location: Not described
Stimulus: None

Oscillating
Instrument: same mattress
as described by Korner,
inflatable bladder under the
head end.
Location: Not described
Stimulus: 12-14 oscillations
per minute, amplitude
1-2mm.

Stimulation characteristics

Table 2. Results

Three times after
apnea was detected
Duration: 105
apneic episodes

Control time: 3
hour
Stimulation time: 5
out of 15 minutes
Duration: 3 hours

7 days

Stimulated 99 of the 105 apneic episode to resumption of
spontaneous breathing with adequate ventilation.

Significant decrease in frequency of apnea during the
stimulation period (p<0.01). This difference was present for
the entire 3-hour test period and also for the 2 hours of the
test period during which time cutaneous stimulation was
not being administered.

Experimental group significant fewer apnea than control
group (p<0.01)
Infants placed on the oscillating bed in the first four days
had an average drop in apnea frequancy of 2.4 while those
placed later had a rise of 1.25.

Decrease in amount of apneas >10s during sleep on the
waterbed (p<0.06)
Significant decrease apneas with HR 80-120 bpm (p<0.02)
and HR <80 bpm (p<0.5) during sleep on waterbed

Apnea:
There was no appreciable difference in apnoeic episodes
of 3-9 seconds nor was there any difference in bradycardia
of 80 or below. Only 6 infants had apnoeic attacks of 10
sec or more and in 5 these were more frequent on the
oscillating bed.
Bradycardia:
Eleven infants suffered severe bradycardia of 60 or less and
these episodes were significantly more frequent during
periods of regular oschillation.
Other:
No significant differences of any of the parameters
measured on the waterbed and on the emptied waterbed.

Stimulation time: 4
hrs alternatively on
or off
Duration (mean):
23 hrs
Extra: 10 infants
another 11 hours
with the mattress
emptied of water,
divided between
the beginning,
middle and end
of the time of the
waterbed.
Stimulation time: 6
hours alternatively
on or off
Duration: 24 hours

Results

Duration
Stimulation time:
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apnea. In the observatory study 99 of the 105 detected apneic
attacks to resumption of spontaneous breathing following
stimulation [43].
Oscillation - Six studies investigated the effect of continuously
oscillation on the incidence of apneic attacks. Four studies
made use of waterbeds [32][40][41][42] while the most recent
two used mattresses filled with air [37][39]. Again the positions
of the infants on the mattresses were not described. The slowest
frequency was 8 to 10 pulses per minute [40] and the fastest
16±4 pulses per minute [42]. One study applied person
specific frequency that ranged between 5 and 20 pulses per
minute combined with vibrations [37]. Half of the studies used
regular oscillation [32][37][39], the others irregular [40][41]
[42]. The amplitudes, if reported, ranged between 1 [32] and
2.4 mm [40]. In all studies the oscillations were directed in a
longitudinal direction, from head to foot.
Although all studies were designed to decrease the amount
of apneic attacks only three of them succeeded [37][41][42].
The successful studies differed a lot. Both regular as irregular
oscillations were applied by both water and air mattresses
on both waking and sleeping infants. The other three studies
reported no difference in the effects of oscillating mattresses
compared to non-oscillating or normal mattresses [23][39][40].
One of these studies even reported that the attacks increased in
5 out of 6 infants that suffered from multiple episodes that took
longer than 10 s [32]. In the same study also the frequency of
severe bradycardia increased. Adverse effects were reported in
two studies. In the study of Jones the mean body temperature
decreased with 0.1°C [32]. One infant developed hypothermia
and six infants required an increase in incubator temperature.
Svenningsen et al. reported an increase in mean arterial blood
pressure of 5 mm Hg during oscillation in four infants [37].
After the treatment restlessness was indicated in three of the
twelve infants.

Discussion
Several different study designs were used in the included
articles and therefore a narrative format was used to describe the
results. Half of the conducted research focused on improving
termination of apnea and the other half on the potential of
tactile stimulation as a preventative measurement. The main
findings will be discussed separately for these two groups.
TERMINATION OF APNEA
Currently manual stimulation is the most common and effective
form of apnea interruption. It is postulated that a closed-loop
system, combining detection and automatic stimulation,
improves the termination by minimizing the risk of infection
and minimizing the reaction time [28][29][30]. In the past
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decades, different device designs were made and clinical
studies were conducted.
Three clinical studies and four design proposals used vibrations
of 250 Hz to replace the manual stimulation. The observatory
studies showed a success rate of 90% respectively 94%. Results
of the two crossover studies show that automatic stimulation, at
both the foot and the thorax, is equally effective in terminating
apnea as manual stimulation. Although the number of subjects
was small in all studies, the results indicate that automatic
vibratory stimulation might be a viable replacement for the
current treatment method.
Another study showed that a pulsating balloon placed
underneath the neck of the infant was also able to arrest 99
of the 105 detected apneas. However, more research will be
needed to investigate if this method gains better results than
the current method.
The fact that somatic stimulation has an effect on breathing is
well known. Several studies show that stimulation of somatic
sensory nerves induce breathing in fetal and newborn animals
[46][47]. However, the exact neural pathways from the sensory
receptors to the respiratory center are not known [48].
Nowadays it is widely believed that tactile stimulation activates
the brainstem reticular formation[48] and arouses the infant [24]
[19]. Arousal from sleep increases heart rate, arterial pressure
and ventilation and is therefore believed to be an important
survival response against prolonged apnea [18][49]. However,
several studies showed that despite the clear association, the
majority of apneic events in infants and children do not require
arousal for termination [50][51][52]. This might be because of
the elevated arousal threshold in apneic infants [53][54]. Other
researchers believe that arousal might be an omen or even
a cause of apnea [24][20][55]. One only seems to agree on
the fact that arousal should be avoided as much as possible.
Lijowska et al. and McNamara et al. both showed that tactile
stimuli could induce spinal and respiratory responses in infants
without resulting in cortical arousal [56][57]. There are multiple
sensory receptors in the skin, which are all most sensitive to a
specific frequency range [58]. Therefore the arousal response
as well as the effect on breathing may be dependent on the
receptor that is stimulated.
PREVENTION OF APNEA
The other studies that were discussed in this review looked at
the potency of tactile stimulation as a preventative measure.
If this works, it could support the prevention by drugs or even
replace it. However, instead of automation of an intervention
that is already used in current practice, the development of a
total new approach requires much more research.
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The study of Kattwinkel et al. first confirmed the hypothesis
that preventative cutaneous stimulation has a positive effect on
apnea[35]. The results show that significant less apnea occurred
in the periods that the infants were gently rubbed compared
to the control periods. However, frequent manual stimulation
will increase the workload of the nurses even more. Automatic
stimulation will therefore be even more advantageous for this
approach.
As appears from the results, a lot of different studies with
varying modes of stimulation were performed. A vibrating
stimulus was used most often and had a positive effect on
apnea in every study. One study showed significant apnea
reduction with the aid of a pulsating balloon. The studies that
used oscillation on the other hand, showed much more varying
outcomes. Yet, because of the big differences in study designs,
stimulation characteristics and the small target groups, it is hard
to compare the results.
Moreover, also in these studies, the receptors that are activated
as well as the pathways to the respiratory center are unknown.
Compared to the termination studies, more hypotheses about
the potential working principles of tactile stimulation are
discussed in the studies that focus on prevention of apnea.
The studies that use oscillations as tactile stimuli suggest that
stimulation activates the somatic spinal proprioceptors or the
cutaneous receptors in the skin. Some based the pulse rate of
the oscillation on the rhythm of maternal respiration (16+4 rsp
per minute) [39][41]. They believe that mimicking the in utero
environment enhances behavioral maturation [41].
Another hypothesis is that the primary action of oscillating
stimulation might rely on promotion of QS. Svenningsen et al.
reported longer periods of QS and shorter periods of AS when
stimulating the infant. This shift in sleep pattern may be an
explanation for the lower frequency of apneic attacks [37]. Yet
there were also studies reporting more periods of QS without
significant decrease in apneas when stimulating the infant [40].
Kesavan et al. also think they stimulate the proprioceptors in
the joints but have a different view on the working principle
[36]. They suggest that breathing patterns can be stabilized by
using the inherent reflexive coupling between limb movements
and breathing frequency. This reflex is shown in sleeping adults
[59] and in neonatal rabbits [60] during passive motion of the
limbs. Without further explanation, Kesavan et al. claims that
limb motion is simulated by vibratory stimulation of 128Hz at
the sole of the feet and the palms of the hands. However, the
stimulation resulted in significant less breathing pauses, oxygen
desaturations and bradycardia.

Three studies make use of stochastic vibratory stimulation to
prevent apneic attacks. The choice for stochastic stimulation
was based on the overall hypothesis that small noisy inputs can
stabilize unstable rhythms due to the nonlinear properties of
the respiratory oscillator [33]. This hypothesis is extensively
explained and substantiated through computational models
in two articles of Paydarfar and Buerkel [61][62]. Both studies
showed a decrease in the amount of apneic attacks during the
stimulation periods.
Again, the exact pathway by which this form of stimulation
exerts its effects is unknown. It is postulated that the stimulation
might affect the respiratory center via somatic or visceral
mechanoreceptors in the thorax region [23]. Intercostal
afferents are believed to play a role in phase switching [63].
Electrical stimulation of these muscle afferents causes inhibition
of inspiration [64]. Vibration applied at the chest wall is shown
to exert the same effect and is therefore believed to activate the
secondary muscle spindles [65][66].
However, Binks et al. showed that vibration of the thoracic
surface could also excite intrapulmonary receptors as it vibrates
the lung [67]. The stretch receptors in the lung are responsible
for inhibition of inspiration following increase in lung volume
[68]. Furthermore these receptors are believed to act on the
airway smooth muscle tone, systemic vascular resistance and
heart rate [69].
The effects of stochastic vibration on apnea might be caused via
one of these two pathways. One hypothesis is that stochastic
resonance directly stimulates gas exchange within the lung
tissue by mechanical perturbations [23]. This hypothesis is not
further substantiated. Yet, experiments in guinea pigs showed
that ventilation with added noise resulted in improvement in
gas exchange compared to conventional ventilation [70].
FURTHER IMPLICATIONS
As is apparent from the results, gaining more knowledge
about the possible pathways of tactile stimulation will make it
easier to find the optimal stimulus mode and stimuli for both
termination and prevention of apnea. As certain stimuli that are
used to suppress apnea do not have the ability to terminate an
apneic spell that already started, research should be performed
separately for both approaches [71].
More research is required to find out the best way to target
specific receptors without causing adverse affects. Studies show
that low frequencies might not affect the respiratory pattern
while high frequencies have the potential to cause arousal or
even inhibit breathing [61][62]. Moreover, McNamara showed
that the arousal response of infants habituated with repeated
tactile stimuli [72]. Even when arousal does not occur,
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habituation should be avoided. However, also habituation is
dependent on a lot of factors like the pathway, the stimulus
mode, the stimulus strength and interval time [73][74].
Further optimization of both the manual and automatic
terminating stimulation can be achieved by improving the
detection of apnea. As became apparent from the results
different detection methods and instruments are used. By
measuring SpO2 and heart rate, only the effects of apnea are
detected. Therefore, thoracic impedance monitoring is often
used to detect breathing pauses. Unfortunately, it is not possible
to distinguish obstructive apnea from normal breathing with
this technique, since breathing effort is still made [6][7][75].
Furthermore the apnea detection by impedance monitoring
is prone to artifacts. Body movements and heartbeat distort
the measured signals [6][76]. New algorithms that remove
the redundant signals might improve the quality of the
measurements [76]. Enabling the detection of obstructive apnea
is often done with flow sensors, which measure the airflow.
However, since the sensors should be held in place to prevent
leakage, it is not suitable for continuous measurements [75].
Respiratory inductance plethysmography is used to measure
the rib cage and abdominal excursions with the aid of two
bands around the abdomen. This technique makes it possible
to distinguish all form of apnea without a facial mask. Therefore
it is probably the most promising detection method for apnea
at this moment [75].
Although the continuous stimulation might work to prevent
apnea, it may be more beneficial to only stimulate the infant
when needed [77]. This requires development of algorithms
to predict apneic attacks or risk of AOP. Two studies proposed
algorithmic frameworks that generate predictive warnings
but more research is needed to develop a robust and reliable
forecasting system [71][77].
Finally, one should also focus on the safety and feasibility
of the new method. For example, altered environmental
temperatures, higher noise level or different light intensities
should be avoided. A closed-loop system should terminate all
apneic episodes or it should be extended with a safe alarming
system. The prevention of apnea by tactile stimuli should be
compared with current care to check if it really improved the
outcome of the infants.
LIMITATIONS
In this systematic review only English articles were considered.
Relevant articles found in three databases and eventual
interesting references were included. By using this methodology
it cannot be ruled out that relevant articles are missed.
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Furthermore, the decision to include all modes of stimulation
led to a high variety of study designs, goals, definitions,
measuring methods and results. These big differences make
it very hard to compare the results. More research is needed
to really determine the best ways of stimulation in order to
prevent or terminate apnea.

Conclusion
In conclusion, this literature review shows that the effects of
tactile stimulation on both the termination and prevention of
apnea are studied extensively. Different modes of stimulation
were used and the majority of studies report positive results.
However, the receptors that are activated by the different
stimulation modes, as well as the associated pathways are often
unknown.
It is generally believed that apnea is terminated by stimulation
of cutaneous receptors. There is no consensus on whether
this is achieved via cortical arousal. Studies to preventative
stimulation suggest that tactile stimulation might also activate
spinal proprioceptors or stretch receptors in the lungs.
However, it is not know which form of stimulation activates
these receptors and what the exact pathways to the respiratory
center are.
More knowledge should be gained about the effect of
stimulation of these pathways on the respiratory center and the
associated adverse effects in order to select the most optimal
form of stimulation for both termination and prevention of AOP.
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CHAPTER 4.

Research goal
The literature study shows that different forms of tactile stimulation can activate
the respiratory center. However, it is not known which receptors are stimulated by
specific stimuli and what their neuronal pathways are. Therefore it is hard to tell
which stimulation mode and which stimulation characteristics are most optimal for
the termination and/or prevention of AOP.
Cutaneous receptors

The ultimate goal of apnea treatment in preterm infants is to
establish adequate ventilation, without detrimental side effects,
until neural regulation reaches maturation. In order to find out
more about the best form of stimulation, I decided to perform
a comparative study.

Somatic proprioceptors
Pulmonary stretch receptors

Stimulation mode
30-60 Hz [8][9]

Earlier performed studies used touch, oscillation, pulsation
and vibration as tactile stimuli. Although the results are hard to
compare, vibration seems to be the most promising method at
this moment. The most recent studies used vibration as stimuli
and all studies show positive results. Oscillation on the other
hand, resulted in both positive and negative outcomes and
even caused some complications [1][2][3]. Pulsation was only
used in two studies and touch is not automatic. Another reason
to choose for vibration is the fact that vibrotactile stimuli seems
to be able to target all possible pathways that are believed to
affect the respiratory center.

Hypotheses
As became apparent from the results of the literature study, the
effects of three different frequencies were studied in infants.
Vibrations of 250 Hz applied at both foot and thorax were
used for termination of AOP [4]–[6] and are believed to affect
ventilation via cutaneous afferents. It is claimed that vibrations
of 128 Hz applied at the foot soles and hand palms activate
somatic proprioceptors in the joints and impinge the respiratory
center via brain coupling [7]. Stochastic vibrations of 30-60
Hz are believed to stabilize the respiratory oscillator via the
somatic proprioceptors in the intercostal or the stretch receptors

250 Hz [4][5]

128 Hz [7]

250 Hz [6]

Figure 5. Receptors that might be targeted by the specific
frequencies used in studies [4] - [9]

in the lungs [8][9]. Improving gas exchange by vibration of the
lung tissue is also considered as a possible effect of stochastic
vibration. An overview of the receptors that might be targeted
by the specific frequencies is shown in Figure 5.
The effect of cutaneous stimuli might differ per location as the
receptors are 20 dB less sensitive in hairy skin compared to
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glabrous skin [10]. Furthermore it is striking that stochastic
vibrations at the chest results in less apnea while uniform
vibration applied at the chest wall leads to inhibition of
inspiration [11][12]. Moreover, the optimal stimulation
might differ for habituation and prevention. Bloch-Salisbury
et al. showed that the stimulation that resulted in less apnea
preventatively was not effective in terminating an apnea.

Research goal
Therefore it will be interesting to compare the effect of
different frequencies at different locations on the prevention
and termination of apnea. Measuring arousal might improve
the identification of the optimal stimulation characteristics and
give more insight in the activated pathways.
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CHAPTER 5.

Study method
This chapter shows the method that was developed in order to be able to fulfill
the research goal. Two seperate experiments should be used to find out which
frequency-location combination works best for the termination and prevention of
AOP in preterm rabbits.

Study environment & objects
The experiments take place at the RIKEN SPring-8 Center in
Japan. Preterm rabbits will be used as study objects. These pups
will be apneic after birth but are able to breath when supplied
with oxygen.

Preliminary observations
Preliminary investigations should be performed in order to
select the right stimulation stroke. Multiple trials with different
frequencies should lead to a stroke that is believed to cause the
biggest effect. The stimulation strokes used in earlier performed
research varied between 0.01 mm and 2 mm [1][2].

For the part of the study that focusses on the termination
of apnea, we should determine the time between the last
breath and the start of the stimulation to ensure every pup is
stimulated at the same moment. Furthermore the duration of
the stimulation and the definition for a succeeded termination
should be discussed.
Finally, for the other part of the study, extra preliminary
observations should be performed to determine the length of
the on/off period. The length of one period should be chosen as
such, that the occurence of multiple apneic attack will be very
likely. Otherwise the results will not be suitable for data anlysis.

PUPS

TERMINATION

PREVENTION

FOOT

THORAX

FOOT

THORAX

30/60 Hz - 60 Hz - 250 Hz
250 Hz - 60 Hz -30/60 Hz
60 Hz - 30/60 Hz - 250 Hz
250 Hz - 30/60 Hz - 60 Hz
30/60 Hz - 250 Hz - 60 Hz
60 Hz - 250 Hz - 30/60 Hz

30/60 Hz - 60 Hz - 250 Hz
250 Hz - 30/60 Hz - 60 Hz
250 Hz - 60 Hz -30/60 Hz
60 Hz - 30/60 Hz - 250 Hz
30/60 Hz - 250 Hz - 60 Hz
60 Hz - 250 Hz - 30/60 Hz

60 Hz - 250 Hz - 30/60 Hz
30/60 Hz - 60 Hz - 250 Hz
250 Hz - 30/60 Hz - 60 Hz
30/60 Hz - 250 Hz - 60 Hz
250 Hz - 60 Hz -30/60 Hz
60 Hz - 30/60 Hz - 250 Hz

250 Hz - 30/60 Hz - 60 Hz
30/60 Hz - 250 Hz - 60 Hz
60 Hz - 250 Hz - 30/60 Hz
30/60 Hz - 60 Hz - 250 Hz
250 Hz - 60 Hz -30/60 Hz
60 Hz - 30/60 Hz - 250 Hz

Figure 6. Overview of the initial study design
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Protocol
The study will consist of two seperate experiments. One that
compares the effect of different frequencies at different location
on the termination of apnea and one that compares the effect
of the same independent variables on prevention of apnea.
Both experiments will consist of two groups. The pups will be
randomly assigned to one of four groups. An overview of the
protocol is shown in Figure 6.
APNEA TERMINATION
In the first two groups the pups will be stimulated following
apnea. The stimulus will be applied at the footsole in group
one and at the thorax in group two. Each pup will receive three
times vibrotactile stimulation of three frequencies in a random
order. This implies that apnea should occur nine times in every
pup.
Apnea can be induced by supplying nitrogen. However, this
should be supplied to the same extent in every pup. Whenever
the pups do not reinitiate breathing following stimulation,
they will be resusciated by means of manual stimulation. The
stimulation will be classified as unsuccesful.
APNEA PREVENTION
The other two groups will receive continuous stimulation
followed by a period of equal length without stimulation or
vice versa. This protocol will be repeated two times with a
different stimulation frequency in a random order. The duration
will be based on the preliminary observations.
Non resolving apneas will also be terminated by manual
stimulation. The amount of resuscitation should be noted for
every period.

Vibrotactile stimulation
Vibrotactile stimulation will be applied at the foot and thorax.
The stimulation that will be used are a stochastic vibration of
30-60 Hz, a uniform vibration of 60 Hz and a uniform vibration
of 250 Hz. The stroke of the vibrations will be equal.

Data acquisition & analysis
With the aid of an endotracheal tube, the airway pressure will
be measured in all the pups. From these signals the breathing
rate of the pups can be extracted.
APNEA TERMINATION
The effect of the different stimuli at the different locations can
be compared by the succesrate of apnea termination.
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APNEA PREVENTION
For the second experiment the amount of breathing pauses
should be counted for the periods with and without stimulation.
The ratio between will represent the effectiveness of the
stimulation. However, this will only be true when the amount
of apneas during all control periods are be comparable.
COMPARISON
The different stimuli-location combination can be ordered
from most succesful to least succesful for both experiments.
It is possible that the best stimulation location differs for the
termination and prevention of apnea.

Side note
As explained in the previous chapter, it would be very interesting
to see if the different frequency-location combinations lead
to arousal in the pups. However, as we do not possess the
equipment that is required to measure arousal, it is not included
in the protocol.
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PART IV - DEVICE

CHAPTER 6.

Actuator selection

In order to be able to stimulate the rabbit pups, a vibrotactile actuator is required.
This chapter describes the selection of the most suitable actuators for studies where
different frequencies are compared.

Introduction

Based on literature and earlier performed comparable studies,
a selection of several actuators is made. Figure 7 shows
these actuators and their most important properties. More
background information about the actuators can be found in
Appendix A. As the actuator should be suitable for comparing
the effect of vibrations with different frequencies, there are
several requirements that should be met.
REQUIREMENTS
To be able to test the difference between vibration with a fixed
frequency and stochastic vibration, the actuator should be able
to generate vibration of varying frequencies. This is easiest
to achieve when an actuator has a fast response time and is
driven by alternating current. Furthermore one should be able
to adjust the stroke. This makes it possible to select the most
optimal stroke for every experiment. During the experiment it is
important that all constants, except for the frequency, are kept
equal. Therefore, it should be possible to acquire equal strokes
for different frequencies. The stimulation area on the thorax,

No heating

Method

Adjusting stroke

Stochastic vibration

The responses of human and animals to tactile stimulation are
complex. The activation and sensitivity of receptors differs per
frequency. To be able to study the activation of receptors or
to compare the effect of vibrotactile stimulations with different
frequencies, vibrotactile actuators are required. This study
describes which types of actuators are most suitable for these
kind of study goals.

Equal stroke at different
frequencies

Table 3. Harris profile actuators

Voice coil
LRA
Solenoid
DC-motor
Piezo
foot and neck should also be equivalent. Finally, the actuator
should not become warmer than 45 °C as it will burn on skin.
HARRIS PROFILE
A Harris Profile is a graphic representation of the strengths and
weaknesses of different concepts with respect to predefined
requirements [1]. This profile is used to evaluate and compare
the different options.
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Figure 7. Overview actuators and their properties. Image source: [2]-[8]

Results
The predefined requirements are listed in the first row of Table
3. Based on the characteristics in Figure 7 and the background
information in Appendix A, the actuators are scored -2 (two
blocks orange), -1 (one block orange), 1 (one block blue) and 2
(two blocks blue) for all requirements.
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As becomes clear from the Harris Profile, the voice coil, linear
resonant actuator and piëzo element score highest. This implies
that these actuators meet the requirements best and are most
suitable for studies comparing the activation of certain receptors
or the responses of vibrations with different frequencies.

Chapter 6.

Discussion
As these actuators are all driven by alternating current, it is
possible to control the frequency and stroke independently.
The biggest difference between the actuators is the fact that
piezo elements and voice coils have a moving element while
linear resonant actuators are linear inertial shakers. Furthermore
piezo elements require high voltages for relative small strokes
compared to LRA’s and voice coils.
The choice of one of these actuators should therefore be based
on the specific study charaqteristics.
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CHAPTER 7.

Final design

This chapter shows which specific actuators were selected for the designed study
and how the final design was assembled.

The selection of the right specific actuator was based on several
extra requirements associated with our study design and study
methods.

Requirement associated with study design
As the experiment will be performed on preterm rabbits, the
stimulation area needs to be small. Furthermore, this area
should trigger an equivalent area of skin on the thorax and foot.
The foot of a preterm rabbit is the smallest selected location
and is approximately 5 by 15mm.
In order to be able to stimulate the pups with different
frequencies but equal strokes, the resonance frequency of the
actuator should lie outside the frequency range we want to test.
This is because the actuator will vibrate with a far greater stroke
at their resonance frequency.

big. However, mini loudspeakers function according to the
same principle and can be ordered easily. Since information
about stroke was not included in the specification sheets, three
different loudspeakers were selected with a resonant frequency
above 300 Hz.
Although the stroke generated by piëzo elements would
probably be too small, one piëzo element was selected in order
to compare it with the loudspeakers. Therefore the following
actuators were ordered via Conrad Electronics (see Fig. 8):
5 x Basetech E-H 115 In Ear koptelefoon (art. nr. 31126)
6 x Miniatuur luidspreker KP2852SP1F-5837 (art nr. 710967)
10 x Piezoceramic FT-35T-2.9AL-888 (art. nr. 818286)
10 x Micro luidspreker (art. nr. 1365790)
A summary of specifications is attached in Appendix B.

Since the most optimal stroke will be determined during
preliminary observation, it should be possible to adjust the
stroke of the actuator between 0.09 and 2mm.
Finally, due to time constraints, the actuators should be readily
available and delivered in one week.

Actuator selection
No linear resonant actuators were found that met the
requirements. All small linear resonant actuators had resonant
frequencies between 175 and 250 Hz (see Appendix A).
Small voice coils were not readily available and still rather
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Figure 8. Selected actuators

Chapter 7.

Final design
The final design of the vibrotactile actuator system consisted of
several parts.
Signal generation
Audio signals with different frequencies were generated
using MATLAB (MATLAB version 2014B, The Mathworks Inc,
Massachusetts, USA). The MATLAB script that was used to
create the signals is attached in Appendix C. MATLAB made it
possible to activate the actuator for a predefined on/off period.
Figure 9. Earplug actuator

Amplifier and power supply
In order to amplify the signal coming from the computer an
amplifier was used (Conrad Electronics, Oldenzaal, art nr.
115592) and powered by a wall adapter power supply of
7.5V. The amplifier was assembled following an adjusted
circuit diagram in order to amplify one output instead of two
(Appendix D).
The output signal was divided over three plugs in order to be
able to monitor the signal that was send to the vibrotactile
actuator (see the small black and red cable in fig. 12).

Figure 10. Actuator made of small loudspeaker

Vibrotactile actuator
All actuators were provided with jack female plugs, so they
could be easily connected to the amplifier (see Fig. 9 to 11).
In three of the four actuators, the vibrating surface was too big.
Therefore these actuators were transformed to tactors; the fixed
part was covered and the vibrating part was provided with a
red pin. This ensures that the mechanical impedance of the skin
serves as a ground reference.
The covering housing and the pins were made out of plastic
and were fabricated at the department of Instrumental Affairs
- Development at the Leiden University Medical Center.
Dimensional drawings are attached to Appendix E.

Figure 11. Actuator made of piezo element
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Figure 12. Final design of the vibrotactile actuator
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CHAPTER 8.

Effect of vibratory stimulation on breathing
pattern and apnea in preterm rabbits
S.J.E. Cramer¹, J. Dankelman¹, S.B. Hooper2, A.B. te Pas3
¹Department of Biomedical Engineering, Delft University of Technology, the Netherlands
2
Department of Physiology, Monash University, Australia
3
Department of Pediatrics, Leiden Universiry Medical Center, the Netherlands

Abstract
The effect of stimulation stroke and stimulation spot on the
regularity of breathing and on the termination of apnea
were investigated and compared. Preterm rabbits, divided in
two groups based on stimulation location, were alternately
stimulated for three times during regular breathing and after
apnea induced by hypoxia. Stimulation consisted of four
5-second lasting on-off cycles of stochastic vibrations of 490980Hz. Airway pressure was measured by an oesophageal
tube. To investigate the effect of stimulation on the variability
of breathing (experiment 1), the coefficient of variance (COV)
of the breathing rate was calculated. In order to study the
ability to terminate apnea by stimulation (experiment 2), the
amount of breaths and breathing rates were determined. In
general, stimulation of 490-980Hz did not cause significant
differences in COV during regular breathing nor terminated
apneas induced by hypoxia. However, low stroke stimulation
showed a significant difference in effect of stimulation on COV
(p<0.01) between footsole stimulation and thorax stimulation.
Furthermore, the second experiment shows that the effect of
stimulation on apnea induced by severe hypoxia, might be
dependent on the vigor of the stimulation. Bigger sample sizes
and optimization of the study design and protocol might result
in significantly different responses when comparing various
locations and stimulation strokes.

breathing for 20 seconds or a shorter pause accompanied by
bradycardia, cyanosis or pallor [1]. Studies have shown that
the incidence of AOP is inversely related to gestational age and
generally resolves with maturation [2]. As frequent apnea and
delayed recovery can lead to serious brain damage and affect
neurodevelopmental outcome [3], medication is preventatively
administered [4][5]. However, apnea will still occur. The
duration of the apnea and the concomitant hypoxia and/or
bradycardia depends on the response time of the nurse, who
will gently rub the infant until breathing is restored [6].
In the past few decades, different ways of automatic tactile
stimulation were assessed and studied in order to improve
the preventative treatment or to diminish the response time of
termination. Vibration was the only stimulation method used for
studying both termination and prevention of AOP. Although the
results show positive effects, there are large variations between
the studies in terms of frequency, amplitude, stimulation spot

Introduction
Premature infants are often diagnosed with Apnea of
Prematurity. The condition is defined as a cessation of
Figure 13. Actuator made of small loudspeaker
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Matlab
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Endotracheal tube
Actuator
Oxygen

N2
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Nitrogen

Figure 14. Experimental set-up

Figure 15. Scematic overview of the experimental setup

and stimulation area. Currently there is no consistent idea of
which form of vibrotactile stimulation would be optimal for
the treatment of AOP. Comparing some of the stimulation
variables might give more information about the most optimal
way of stimulation. In this study, we have compared the effect
of stimulation stroke and stimulation spot on the regularity of
breathing and on the termination of apnea.

of 490-980 Hz, generated in MATLAB (MATLAB version
2014B, The Mathworks Inc, Massachusetts, USA). An amplifier
(Conrad Electronics, Oldenzaal, art nr. 115592) was used to
amplify the signal.

Methods
STUDY SUBJECTS
Experiments were performed in experimental hutch 3 of
beam line 20B2, in the Biomedical Imaging Centre at the
SPring-8 synchrotron in Japan. All procedures were approved
by the SPring-8 Animal Care and Monash University’s School
of Biomedical Science’s Animal Ethics Committees. The
experiments were performed on 12 New Zealand White rabbit
pups delivered at a gestational age of 29 days (GA; term ≈
32 d). The does were sedated using Rapinovet (i.v.; 12 mg/kg
bolus). An epidural was administered into the epidural space
of the spinal cord (0.75 mL 2% lignocaine and 0.75 mL 0.5%
bupivacaine). During the experiment the doe remained sedated
with 1mg/kg/hr midazolam and 0.5mg/kg/hr butorphanol.
The pups were delivered by caesarean section one-by-one.
Following the cutting of the umbilical cord the pups received
an intraperitoneal injection of naloxone (0.1mg/kg) to reverse
the effect of maternally administered sedative midazolam that
crosses the placenta. Prior to the experiment the pups were
also injected with caffeine and glucose (40 mg/kg).
VIBROTACTILE STIMULATION
A self-developed vibrotactile actuator was attached at the
footsole or thorax of the pups with tape. The actuator consisted
of a small loudspeaker (Conrad, Oldenzaal, art. nr. 1365790)
with a pin attached to the conus and a plastic layer covering
the rest of the speaker (Fig. 13). The actuator was driven by a
filtered white noise audio signal with a frequency bandwidth

55

One stimulation period consisted of four 5-second lasting onoff cycles. Different strokes were obtained by changing the
voltage output. The amplitude of the signal was set at 0.01
(low), 0.04 (medium) or 0.08 (high) in MATLAB and resulted in
output voltages of respectively 0.7V, 2.6V and 4.8V.
Following the experiments, the stroke of the actuator, vibrating
at a frequency of 40Hz in air, was determined using a laser
sensor (IDL 1401-5 laser, Micro-epsilon, USA). Signal amplitude
of 0.01 led to a stroke of 0.06 mm and signal amplitude of 0.04
or 0.08 led to strokes of respectively 0.22 and 0.28 mm (see
Appendix F).
IMAGING
PC X-ray images were acquired using a synchrotron source
tuned to 24 keV. The X-ray source-to-sample distance was
~210 m and the sample-to-detector distance was 2 m. A
Hamamatsu ORCA flash C11440-22C detector was coupled to
a 25 μm thick gadolinium oxysulfide (Gd2O2S:Tb+) powdered
phosphor and a tandem lens system that provided an effective
pixel size of 15.2 μm and an active field of view of 31 (W) x
31 (H) mm2. Flat field and dark field images were acquired for
each sequence to correct for variations in the beam intensity
and detector dark current signal.
PROTOCOL
During the experiment the pups were placed on a heat mattress
set at 38 degrees Celsius and covered with a plastic sheet to
prevent them from hypothermia. Oxygen and nitrogen supply
were required for inducing hyperoxia and hypoxia in the pup.
Figure 14 and 15 show the setup of the study.

Chapter 8.

The study consisted of two experiments. In the first experiment
stimulation was applied during regular breathing while the pup
was supplied with oxygen. In the other experiment the pup was
stimulated following apnea, which was induced by hypoxia
due to nitrogen supply.
The experiments were performed on two different groups of
pups. The first six pups were allocated to the group that received
stimulation at the foot. The last six pups received stimulation at
the thorax.
Furthermore the experiments were performed alternately. This
procedure, defined as a experimental block, was repeated three
times. Each experimental block was characterized by a low,
medium or high stroke. The order of the stimulation strokes was
randomized (see Fig. 16).
More in detail, every block consisted of a hyperoxic and
hypoxic phase obtained by oxygen or nitrogen supply. The
stimulation block started with providing oxygen. At the moment
the pup obtained a regular breathing pattern stimulation was
applied (experiment 1). Following stimulation the gas supply
was switched from oxygen to nitrogen in order to accelerate
the onset of apnea in the pup. The second stimulation was
applied at the moment apnea occurred either the moment that
no breathing was visible in the pup and in the pressure signal
(experiment 2).

BLOCK 1
low / medium / high stroke

Experiment
Gas supply

Oxygen

BLOCK 1
low / medium / high stroke

BLOCK 1
low / medium / high stroke

Nitrogen

Airway pressure

Data analysis

Figure 16. Schematic overview of the protocol. The blue arrows
represent the vibrotactile stimuli.

Figure 17. Non-aerated lungs

A few seconds after the second stimulation, gas supply was
switched back to oxygen again. The pups that did not breath
were resuscitated by vigorous tactile stimulation. The next
block started when the pup was breathing regularly again. The
whole procedure was repeated with a different stimulation
stroke.
At the end of the whole procedure, pup 7, 9, 10, 11 and 12
were imaged in order to check the aeration of the lungs.
DATA ACQUISITION
An endotracheal tube was inserted and coupled to a pressure
valve in order to register changes in airway pressure. Both the
pressure valve signal and the stimulation signal were acquired
using LabChart (AD Instruments, Sydney, Australia). The data
were displayed during the experiment and stored at a hard disk.
Notes concerning the switching gas supply, start and end of
the measurements and eventual external events influencing the
output were added to the measurements.
DATA ANALYSIS
The acquired data of the two experiments that were performed
alternately were analysed seperately. Therefore the approaches
are described one by one.

Figure 18. Aerated lungs

Experiment 1: Stimulation during regular breathing - With the
aid of LabChart, the pressure signal was converted to breathing
rate. The detection of breaths was based on the height of the
pressure signal and the right detection threshold was identified
per stimulation block (see Appendix G). The mean and standard
deviation of the breathing rate were extracted for the 20s before
stimulation, 36s during stimulation and 10s after stimulation.
In order to be able to measure the variability of respiration, the
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coefficient of variance (COV) was calculated. This value shows
the extent of variability in relation to the mean breathing rate.
To compare the effect of low, medium and high stroke
stimulation applied at the footsole or thorax on the COV of
breathing, a Factorial Mixed ANOVA was used. Separate MixedANOVA’s were used to identify the effect of stimulation of a
particular stroke on the COV of breathing. Statistical analysis
was performed using SPSS (version 24.0, IBM Analytics,
Armonk, NY) and significance was defined as p<0.05.
Experiment 2: Stimulation following apnea - Based on the
pressure signal, the amount of breaths taken in the 36s before
stimulation, 36s during stimulation and 10s after stimulation
was extracted from the LabChart files. The thresholds for
detecting breaths were again identified per stimulation block.
Since the selected periods differed in length, the amount of
breaths per minute were calculated.

Results
Twelve pups finished the whole experiment. Pup 5 was
excluded for the experiment because of missing data caused
by displacement of the endotracheal tube. As the data for the
second experiment were complete, the data of that part were
included for analysis. Pup 7 and 12 were excluded for both
experiments because the data were influenced too much by the
many tactile resuscitations.
Nine pups were analyzed for experiment 1. The average weights
of the pups in each group were 33±3,7g (foot stimulation)
and 31±3,9 g (thorax stimulation). There was no significant
difference in mean pup weight between the two groups
(p>0.05). For the analysis of the second experiment, pup 5 was
used instead of pup 4. As both pups weighed the same, the
average weights were equal compared to the hyperoxic phase.

Figure 19. Individual results of Experiment 1.

IMAGING
Phase contrast X-ray images were used to determine if the lungs
of pup 7 to pup 12 were aerated following the experiment
(see Figure 17 and 18). Only pup 7 and 12, who needed
resuscitation several times, did not have air in their lungs. The
imaging therefore confirmed the uselessness of the data of
these pups. All other pups did have aerated lungs.
EXPERIMENT 1: Stimulation during regular breathing
The COV of breahting for each pup in both groups during each
period is shown in Figure 19. The results of the Mixed-ANOVA
show that there was no significant effect of phase, indicating
that the COV values before, during and after stimulation were
in general the same, F(1,7)= 1.276, p>0.05. Furthermore,
the main effect of stimulation stroke was non-significant
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Figure 20. Mean COV values for foot and thorax during
Experiment 1.

Chapter 8.

F(1,7)=0.831, p>0.05, even as the effect of the location of the
actuator, F(1,7)=1.458, p>0.05.
All interactions between the independent variables were also
non significant. The interaction between location and phase
almost reached statistical significance F(1,7)=3.387, p=0.063.
Contrasts comparing the COV of each phase across thorax and
footsole stimulation revealed a nearly significant interaction
when comparing the COV before and during stimulation for
footsole and thorax F(1,7)=2.470, p=0.062. Figure 20 shows
that the mean COV values increases during stimulation at the
thorax, while it decreases during stimulation at the foot.
Seperate Mixed-ANOVA’s for medium stroke and high stroke
stimulation show no significant effects of phase, location or
interaction between these two independent variables on the
COV of breathing. However, for low stroke stimulation there was
a significant effect in phase F(2,14)=4.587, p<0.05. Contrasts
revealed that the COV during stimulation was significantly
higher than before stimulation F(1,7)=9.409, p<0.05.
Furthermore, there was a significant interaction effect between
phase and location F(1,7)=5.421, p<0.05. The difference in
COV of breathing before and during stimulation between the
footsole and the thorax was significant F(1,7)=15,250 p<0.01.
Figure 22 shows that low stroke stimulation applied at the
thorax results in an increase in COV while the same stimulation
applied at the foot leads to an decrease in COV.
EXPERIMENT 2: Stimulation following apnea
Table 4 shows the amount of breaths for the 36s period before
stimulation, the 36s period during stimulation and the 10s

Figure 21. Individual results of Experiment 2.

Table 4. Results of Experiment 1., expressed in amount of breaths

Low
Pup

before

during

Medium
after

before

during

High
after

before

during

after

1

Amount of breaths

9

0

0

14

8

3

11

6

0

2

Amount of breaths

18

1

0

28

2

0

2

4

0

3

Amount of breaths

9

2

0

15

1

0

10

0

1

5

Amount of breaths

14

14

0

19

3

2

15

1

0

6

Amount of breaths

16

0

0

15

0

0

16

0

0

8

Amount of breaths

16

1

0

8

1

0

8

0

0

9

Amount of breaths

9

1

0

8

2

0

10

2

0

10

Amount of breaths

4

1

0

8

2

0

6

6

0

11

Amount of breaths

13

0

0

9

0

0

14

0

0

12,50

2,10

0,00

13,91

3,45

0,73

8,18

2,00

0,09

Mean Amount of breaths
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period after stimulation as calculated in LabChart. The results
show that most of the pups (61%) were able to breath at least
one time during stimulation. However, in the ten seconds after
stimulation only 3 pups succeeded to take one or more breaths.
Figure 21 shows the the breathing rates of all pups over time for
every stimulation stroke. It is evident that in all but five pups,
the breathing rate keeps declining over time. Furthermore, it
shows that none of the pups are able to reinitiate breathing as
the breathing rates at the end of the experiment are all lower
than the breathing rates at the start of the experiment and the
breathing rates during regular breathing.

Discussion
In this study, the effect of stimulation stroke and stimulation
location on the regularity of breathing and on the termination
of apnea were compared. The results of the experiments are
discussed one by one.

Figure 22. Mean COV of breathing before, during and after
stimulation with low stroke

EXPERIMENT 1: Stimulation during regular breathing
This experiment has shown that stochastic vibrations of 490980 Hz in general, have no significant effect on the regularity
of breathing. Furthermore, also location, stroke and the
interaction between these variables do not result in significant
differences.
However, although not statistically significant, stimulation of
490-980Hz at the thorax seems to cause more variation in
breathing for all stimulation strokes, while stimulation at the
foot sole diminishes it. Only low stroke stimulation shows
a significant difference in COV caused by stimulation at the
thorax compared to the foot sole. Therefore, it seems likely that
the responses to stimulation might differ per location.

Figure 23. Mean COV of breathing before, during and after
stimulation with medium stroke

The effect of vibrotactile stimulation on the prevention of AOP
in infants is described in three articles. In two studies a mattress,
vibrating at a frequency of 30-60Hz, stimulated the infants [7]
[8]. The third study stimulated the infants with 128Hz in the
palm of the hand and the sole of the foot [9]. All studies show
significant reductions in breathing pauses and hypoxia and
one showed a significant reduction of variance in interbreath
intervals [8]. Compared to our experiments, these studies used
much longer stimulation and control periods to find effects.
Therefore they were able to study the effect of stimulation
on the incidence of apnea where we looked for changes in
variability only.
Additional research shows that stimulation of the intercostal
muscles provokes inhibition of inspiration and prolongation of
expiration in kitten [10]. This effect is also reported in infants
during chest wall vibration of 60Hz[11] and may explain the
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Figure 24. Mean COV of breathing before, during and after
stimulation with high stroke
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significant difference in COV of breathing during low stroke
stimulation at the thorax compared with the foot.
The fact that most of the variables did not cause significant
changes in COV of breathing might be caused by the high
stimulation frequency. Although, the human skin is most
sensitive to vibrations between 200 and 300 Hz [12],
perception of vibration extends from at least 0.4 to greater than
500 Hz [13]. However, receptors appear to mediate at specific
frequency ranges. It might be possible that the high stimulation
triggers different receptors than frequencies of 30-130 Hz and
does not affect the respiratory center.
Another likely reason for the non-significant results is the
combination of a small sample size and a big natural variability
in the COV. Figure 23 and 24 show that the variabilities within
one group are greater than the differences between the groups.
As becomes clear from Figure 19, the COV of breathing at the
start of each measurement varied markedly. These differences
might be caused by the design of the study. The different
stimulation strokes used in every experimental block were
assigned in a randomized order to eliminate a possible effect
of time. However, the repeated provoked hypoxic phases as
well as the stimulations might affect the COV at the start of
the second and third block. This hypothesis is confirmed by
an extra performed Mixed ANOVA, comparing the COV of
breathing at the start of all three blocks. The results show that
there is a significant decrease in COV of breathing in block 2
compared to block 1 F(1,7)=7,966, p<0.05.
Performing studies with longer experimental and control
periods will enable the measurement of the amount of apneic
episodes instead of variances in breathing. This will be more
meaningful in the search to the most optimal location and
amplitude of stimulation for the prevention of AOP. Moreover,
when comparing the amount of apneas, the large variability in
breathing rates will have less influence on the results.
EXPERIMENT 2: Stimulation following apnea
The second experiment shows that stochastic vibrations of 490980Hz are not able to terminate apneas that are induced by
hypoxia.
Three earlier performed studies evaluated the effect of
vibrotactile stimulation on the termination of apnea in preterm
infants [14]–[16]. The most recent study showed that a
stimulation of 250Hz applied to the thorax stimulated breathing
following apnea in 9 out of 10 infants [14]. The other two
reported similar effectiveness in terminating apnea compared
to tactile stimulation of the nurse. Both used a vibration of
250Hz applied at the foot [15] or thorax [16].

The relative high frequency range might be attributable for
the inability to terminate apnea in this experiment. However,
another plausible reason for the ineffective stimulation might
be the severe hypoxia that is provoked. The supply of nitrogen
results in a decrease in oxygen saturation, which triggers
hypoventilation in preterm infants [17]. It is believed that
hypoxia ensures prolongation of apnea and delay in recovery
[7][8]. It is likely to assume that more vigorous stimulation and/
or oxygen are required to recover from apnea accompanied by
severe hypoxia.
However, it is more likely that the pups did not reinitiate
breathing because of the severe hypoxia. It is very clear from
the results that, on average, the breathing rates keep declining.
Even if the vibration stimulates breathing, the pup will only
inhale nitrogen and will stay hypoxic. In order to test the real
effect of stimulation, oxygen or air should be supplied during
stimulation and the results should be compared to a control
group which is also provided with oxygen but does not receive
stimulation.
Furthermore, as hypoxia does not precede apnea in most
preterm infants [18][19] it would be even better to wait
for spontaneous apnea or to provoke apnea by a mixture of
nitrogen and oxygen instead of pure nitrogen.
The experiment can be further improved by measuring oxygen
saturation. This makes it possible to stimulate the pups based
on oxygen levels, instead of apneas that are visually detected.
However, although none of the pups reinitiated breathing, it
seems that, apart from pup 4 in the low stroke condition, the
breathing rates are greater during and after medium and high
stroke stimulation compared to low stroke stimulation (Fig. 21).
Another part of our experiment confirmed the hypothesis that
severe hypoxia requires more vigorous stimulation. In order
to be able to repeat the experimental blocks during the study,
the pups must breath again following apnea. As none of the
pups succeeded to reinitiate breathing, more vigorous (manual)
stimulation was applied in combination with oxygen supply.
In all the pups that were included for analysis, this form of
stimulation resulted at least two times in breathing again.
We tried to study the possible augmenting effect of vibratory
stimulation on the recovery but the variations in the protocol
were too big to draw conclusions. The original protocol is
attached in appendix I. It would be interesting to further
investigate the relation between the oxygen saturation level
during apnea and the vigor of stimulation required to terminate
the apnea.
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GENERAL LIMITATIONS
As the frequency range, temperature and applied pressure
influence the stroke of the vibrotactile actuator, the measured
values are an indication. The stroke at the used frequency
was probably bigger than the measured stroke. However, the
counter pressure of the skin of the rabbit should result in a lower
stroke. The use of small and thin accelerometers might enable
real-time measurement of the stroke during the experiment.

Conclusion
In conclusion, stimulation of 490-980Hz in general did not
cause significant differences in COV during regular breathing
nor terminated apneas induced by hypoxia. It might be possible
that this form of stimulation does not affect the respiratory
center. However, the non-significant results are probably
related to the high variabilities and small sample sizes.
The results of experiment 1 seems to indicate that stimulation
applied at the thorax increases the variability in respiration
rate, while stimulation at the foot sole decreases the variability
in respiration rate. Furtheremore the second experiment shows
that the effect of stimulation on apnea induced by severe
hypoxia, might be dependent on the vigor of the stimulation.
Bigger sample sizes and optimization of the study design and
protocol might result in significant effects.
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Discussion

Like many first studies, our animal study did not go entirely according to plan.
However, many lessons are learnt and these are discussed in this chapter.

This report shows that the animal study described in chapter 8
was performed differently than described in chapter 4 and 5.
First of all, the aim was to compare the effect of stimulations
with different frequencies applied at different locations on the
termination and prevention of apnea. However, as it appeared
hard to determine the right stimulation stroke, we decided
to study the effect of stimulation stroke and location on the
termination and prevention of apnea.
With the adjustment of the study goal, we also adapted the
protocol. In experiment 1 the effect of a short stimulus on the
variation in breathing rate was studied instead of the effect of
continuous preventative stimulation on the amount of apneas.
Moreover, to accelerate the onset of apnea in experiment 2,
nitrogen was used to induce hypoxia. As discussed before, the
severe hypoxia probably caused the failure of termination of
apnea.
Since overall failure of termination was not take into account
on beforehand, it appeared difficult to statistically analyse the
results. On-site, the protocol was extended and an extra study
was performed. However, the protocol was not carried out in
exactly the same manner in every pup and therefore it was not
possible to draw conclusions (Appendix I).

Due to an error in the MATLAB script, the pups were stimulated
with a much higher frequency than intended. The pups were
not stimulated by stochastic vibration of 30-60Hz, but by
stochastic vibrations of 490-980 Hz. As a result, the vibrotactile
stimulator was still used around its resonance frequency. Due
to resonance, the actual applied stroke was larger than the
stroke measured.
Since external forces, such as the skin of the rabbit, also
influences the stroke, real-time measurement of the stroke by
for example an accelerometer will improve the experiment.
Furthermore, more preliminary measurements and checks
should be done to make sure everything is correct.
Finally, the experiment can be improved by better defining
vague terms like ‘apnea’. Defining apnea as a oxygen saturation
of <80 % or a breathing pause of 5 seconds makes it easier to
stimulate the pups at more or less the same moment.
All in all, we wanted to measure too many things in a short
time. Greater precision in the preparations and the design of
the protocols will lead to qualitatively better results. However,
despite the limited preparation time, we designed a working
vibrotactile actuator and were able to study the effect on the
regularity in the breathing rate and the termination of apnea.

In retrospect, we should have used fewer variables and
focussed only on, for example, termination or prevention of
apnea. Furthermore, we should think of what we want to study
and how to analyse the data when preparing the protocols.
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CHAPTER 10.

Conclusion

This thesis served as a first step towards finding the most optimal form of automatic
tactile stimulation in order to prevent and terminate Apnea of Prematurity.

In conclusion, the literature review shows that the effects of
tactile stimulation on both the termination and prevention of
apnea are studied extensively. Different modes of stimulation
were used and the majority of studies report positive results.
However, the receptors that are activated by the different
stimulation modes, as well as the associated pathways are often
unknown.
It is generally believed that apnea is terminated by stimulation
of cutaneous receptors but there is no consensus on whether
this is achieved via cortical arousal. Studies to preventative
stimulation suggest that tactile stimulation might also activate
spinal proprioceptors or stretch receptors in the lungs.
However, it is not know which form of stimulation activates
these receptors and what the exact pathways to the respiratory
center are.
Our animal study consisted of two experiments. The results
of the first experiment show that vibrations of 490-980Hz
applied at the thorax during regular breathing, increased the
variability in breathing rate. The same stimulation cause a slight
decrease in the variability of the breathing rate when applied at
the sole of the foot. Although this effect was only statistically
significant during low stroke stimulation, it might imply that
thorax stimulation activated different receptors and therefore
different pathways to the respiratory center compared to foot
stimulation.
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The second experiment shows that the same vibratory
stimulation following apnea does not result in respiratory
recovery in the preterm rabbits. This might be caused by the
fact that the stimulation does not activate the right receptors.
However, it seems more likely that is was caused by the
severe induced hypoxia. Although none of the pups reinitiated
breathing, it seemed that more vigorous stimulation led to a
less rapid decrease in breathing rate.
All in all, automatic tactile stimulation seems to be able to
improve the current treatment of AOP. However, more research
to the most effective forms of stimulation is required for both
termination and prevention.
Future studies could furthermore focus on the possible
influence of medications and other variables such as hypoxia
on the effect of stimulation. Long-term use of the stimulation
ensure the absence of potential adverse effects and habituation.
Based on the outcomes of these studies a device can be
developed to effectively counteract apnea of prematurity.
Comparative studies are required to confirm the improvement
of AOP treatment by automatic tactile stimulation.
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APPENDIX A

Background actuators
There are a lot of vibratory actuators that can be used for tactile vibration. However,
they are all controlled in a different way, leading to specific characteristics. This
chapter shows the most promising options accompanied by a small explanation
about the working principles.

Actuators used in research
There are many different ways to generate vibrations. In order
to find a device that works best for this study, actuators used
in similar research were analysed. Table # gives an overview
of some comparable studies, the actuators that were used, the
frequencies and strokes that were generated and the category
of the actuator.
In many of these studies, vibrotactile stimulators of Audiological
Engineering Corporation (AEX, Sommerville, LA) were used.
Their devices were initially designed for the hearing impaired
but are no longer available [1]. Comparable devices are
produced by Engineering Acoustics, Inc. (EAI, Casselberry,
Florida) [2].
The vibrotactile actuators of Table 5 can be divided in three
groups. DC motors, loudspeakers or voice coils and linear
resonant actuators. However, Choi and Kuchenbecker, state
that also solenoids and piezoceramic elements are suitable for
vibrotactile stimulation [1]. The next paragraph will explain in
more detail how these actuators work.
LOUDSPEAKER / VOICE COIL - A loudspeaker consist of a
fixed magnet surrounded by a coil with a cone attached. When
alternating current passes through the coil the magnetic field
will alternately attract and repel the magnet. This means that
the magnet will vibrate in the same frequency as the incoming
voltage. The cone amplifies the sound of the vibration, by
increasing the amount of air that is being moved. The stroke
of a loudspeaker can be controlled independently from the

frequency of the vibration by adjusting voltage. The resonance
frequency depends on various characteristics and differs
per loudspeaker. Bass speakers often have lower resonance
frequencies compared to speaker that reproduces higher
frequencies [3].
LINEAR RESONANT MOTOR - This kind of vibration motor
works in the same manner as a loud speaker. In the case of a
LRA, the change in magnetic field drives a mass suspended on
a spring instead of a magnet. The movement of the mass causes
vibrations. Also in LRA’s the stroke and frequency can be
modeled separately. However, unlike a speaker, this actuator is
often only used for frequencies around its resonant frequency,
where the LRA is most efficient in its operation [4]. LRA’s are
able to operate at lower frequencies, but with a reduced stroke.
The resonant frequency of small LRA’s lies typically between
175 and 250 Hz [2][5][6].
SOLENOID - A solenoid also consist of a coil, which produces
a magnetic field when electric current is passed through it. This
actuator is equipped with a magnetic rod in the center of the
coil. Two types of solenoids exists; a push- and a pull-version.
Activation of the magnetic field either pulls the rod in or pushes
it out. When the voltage is switched off, the rod will move back
by means of a spring or gravitation. A solenoid has a fixed
stroke and the frequency is dependent of the on-off cycle. For
AC solenoids, the maximum permissible temperature, caused
by high cycling frequencies will be the limiting factor for the
maximum switching frequency. DC solenoids will be restricted
by the pull-in and drop-out times [7].
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Table 5. Vibrotactile actuators used in research

Author, year [11]-[23]

Actuator

Frequency

Stroke

Category

Cell phone vibration motor

128 Hz

0.3 gm

DC - motor

Loudspeaker on a sounding board in mattress

30-60 Hz

0.02 mm

Loudspeaker

VBW32 Skin transducer AE

250 Hz

-

LRA

Loudspeaker on a sounding board in mattress

30-60 Hz

0.09 mm

Loudspeaker

Faille et al., 2013

Tactaid AE

-

-

LRA

Marayoung et al., 2009

DC - motor

-

-

DC - motor

C-2 tactor Engineering Acoustics

1-100 Hz

-

LRA

Pichardo et al., 2003

VBW32 Skin transducer AE

250 Hz

-

LRA

Pichardo et al., 2001

VBW32 Skin transducer AE

250 Hz

-

LRA

Vibrotactile stimulator 1220 AE

250 Hz

-

LRA

Vibrotactile aide EA

250 Hz

-

LRA

FORECOM 974 OR B&G

60 Hz

1-2 mm

DC - motor

Cilindrical rod

100 Hz

2 mm

DC - motor

Kesavan et al 2016
Smith et al, 2015
Camargo et al, 2015
Bloch-Salisbury et al, 2009

Kang et al., 2009

Lovell et al, 1999
Marcotte et al., 1996
Kondo et al., 1989
Hagan, 1977

UNBALANCED DC MOTORS - Direct current (DC) motors
make use of electromagnetism to rotate an inner shaft. The
fixation of an off-center weight at the end of the shaft leads to
vibration. The speed of the motor is affected by the input voltage.
Only the frequency can be controlled in these motors. A higher
input voltage results in a higher motor speed and therefore an
increased vibration frequency and stroke. Unbalanced DCmotors are available in two types; the eccentric rotating mass
or pager motor and the coin or pancake motor [8].
PIEZO - The piëzo-electric effect is a phenomenon in which
certain materials changes shape when electrical voltage is
applied. As this effect is reversible, a piëzo can serve as an
actuator as well as a sensor. Piëzo elements can be bought in
a circular and rectangular shape. Although they have a very
fast response, the disadvantage of piëzo elements is the relative
high driving voltage (from 30Vp-p) that is required for small
displacements (80-250 mm)[9][10].
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Specifications actuators

The main specifications of the selected actuators are listed below. More
specifications can be found at www.conrad.nl.

Basetech E-H 115 In Ear koptelefoon
Art. nr: 311265
Frequency response: 20 - 20.000 Hz
Impedance: 16 Ω
Maximum load: 150 mW
Weight: 12 g

Miniatuur luidspreker KP2852SP1F-5837
Art. nr.: 710967
Diameter: 28 mm
Frequency response: 0 - 10 kHz
Resonance frequency: 530 Hz ± 20 %
Impedance: 8 Ω
Nominal load: 0.5 W
Weight: 9g
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Piezoceramic FT-35T-2.9AL-888
Art. nr. 818286
Diameter: 35 mm
Resonance frequency 2.9 ± 0.5 kHz
Impedance: 1000 Ω

Micro luidspreker
Art. nr.: 1365790
Diameter: 20 mm
Frequency range: Fo - 20 kHz
Resonance frequency 670 Hz
Impedance: 8Ω
Nominal power: 1.0 W
Weight: 3.6 g

APPENDIX C

Matlab file
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APPENDIX D

Amplifier circuit

Figure 25. Original circuit
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Figure 26. Used circuit (Retrieved from: extremecircuits.net)

APPENDIX E

Dimensional drawings tactors

Figure 27. Dimensional drawings of the housing and the pins for actuator 818286, 710967 and 1365790.
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Stroke measurement

In order to get a rough estimation of the strokes that were used during the study in
Japan, a small experiment was performed afterwards. With the aid of a laser sensor
the varying position of the pin in time was measured.

Methods
The stroke of the device that was used for the experiment was
determined with the aid of a laser sensor (IDL 1401-5 laser,
Micro-epsilon, USA) and a data acquisition system (NI USB6008: 12 bit, National Instruments, Austin, USA). This sensor
measures the displacement of objects at a distance of 20 to
25mm.
When an object is placed 20mm in front of the laser, the sensor
will give a current of 4mA and when the object is placed at
25mm in front of the laser the sensor will give a current of
20mA. As the resistance of the sensor is 519 Ω, the voltage that
comes out of the sensor will vary between 2,08 and 10,38V. So
5mm equals a voltage increase of 8,30V.
A plastic frame was built to center the red pin of the device in
the laser beam at 20mm distance (see Fig. 32). The device was
driven with a frequency of 40 Hz in order to make sure the
laser sensor was able to follow the vibration. The same stroke
settings were used as during the study on rabbits (a=0.01,
a=0.04 and a=0.08). During each measurement the device was
actuated once for a duration of approximately 5 seconds. This
measurement was repeated three times per stroke setting. After
that, the protocol was repeated for a second device.
LabView (National Instruments, Austin, USA) was used to
automatically convert the voltage output of the sensor to mm
distance. The zeropoint was reset at 20mm. The block diagram
of the program is shown in Figure 28. Matlab was used to plot
the derived values.
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Figure 28. Block diagram Labview

Results
The results of the measurements are shown in Figure 29 to
31. Based on these graphs it can be concluded that the the
stroke associated with a signal amplitude of 0.01 (low stroke)
is approximately 0.06mm. The stroke associated with a signal
amplitude of 0.04 (medium stroke) and a=0.08 (high stroke) are
respectively 0.21 mm and 0.28 mm.
The spikes in the graphs are probably caused by erros in the
anaolog digital conversion.

Stroke measurement

Discussion
As discussed in chapter #, this stroke measurement will only
give a rough estimation of the actual strokes that were applied
to the skin of the pup.
A lot of factors, like frequency range, temperature and applied
pressure, will influence the stroke of the vibraotactile actuator.
As the vibrotactile actuator is used at much higher frequencies,
the stroke was probably greater than measured. However, it is
very likely that the counter pressure of the skin of the rabbit
resuled in a smaller stroke.

Figure 30. Displacement for stroke setting a=0.04

Figure 29. Displacement for stroke setting a=0.01

Figure 31. Displacement for stroke setting a=0.08
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Figure 32. Test setup
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Data analysis

The pressure valve signal and the signal of the vibrotactile actuator were acquired
using LabChart. With the aid of these signals the right time intervals were selected
and the breathing rate was calculated.

Data selection LabChart
Two signals were measured during the experiment; airway
pressure and stimulation. Figure 35 shows Labchart with in
pink the pressure measured by the oesophageal tube and in
orange the voltage send to the vibrotactile actuator.
During the experiment the data were provided with notes.
Based on the notes and the data, the succeded tests were

identified (see Table 6). The durations of the selection before,
during and after stimulation were chosen based on all data
sets. For every experiment selections with equal durations were
made.
The characteristiqs that were collected for every selection were:
selection start, selection end, duration, amount of breaths,
mean amount of breaths, standard deviation amount of breaths
and the corresponding notes.

Table 6. Files, selections and smoothing values

Pup #

LabChart file

Time experiment

Time control

Smoothing samples

1

R1630

00:20 - 20:30

No control

503

2

R1630

21:00 - 51:30

No control

503

3

R1631

5:10 - 19:20

19:20 - 23:25

503

4

R1631

56:40 - 1:16:00

1:11:10 - 1:16:06

503

5

R1629

1:00:20 - 1:25:30

No control

303

6

R1629

1:28:10 - 1:46:20

No control

303

7

-

-

No control

-

8

R1632

35:60 - 12:00?

44:10 - 48:20

203

9

R1634

45:00 - 1:12:20

1:07:20 - 1:11:50

403

10

R1635

22:20 - 50:50

No control

403

11

R1634

1:20 - 31:00

17:50 - 23:00

403

12

R1640

08:00 - 34:20

15:20 - 25:00

403
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The breathing rate was derived from an extra channel. For every
selection a the right treshold was determined so that all breaths
were identified and noise was left out (see Figure 36 and Table
7). To make this easier smoothing was applied to the pressure
data (see Table 6).

Coefficient of variance
Subsequently the data was copied to excel in order to calculate
the coefficient of variance (%). The coefficient of variance is
calculated using the following formula:

COV = (s/µ)*100
where COV is the coefficient of variance in percents, s is the
standard deviation of breathing rate and µ is the mean breathing
rate,
This value is used as a relative standard deviation. It shows the
extent of variability in relation to the mean of the population
and is used when the means of certain population varies a lot.
Figure 33 and 34 shows the pressure signal for a 10-seconds
selection. It is clear that the intervals between de breaths are
more variable in the sample with a greater COV.

Table 7. Selected thresholds per pup

Pup #

Low stroke

Medium stroke

High stroke

1

0.1

0.1

-0.1

2

-0.6

-0.6

0.2

3

0.5

0.6

0.5

4

0.1

-0.3

0.3

5

0.3

0.3

0.3

6

0.3

0.3

0.3

7

-

-

-

8

7.3

7.3

7.3

9

0.2

0.2

0.2

10

-0.4

0.1

0.1

11

0.2

0.2

0.2

12

R1640

0.6

0.6

Figure 35. Selecting specific periods in LabChart

Figure 33. 10-second selection with COV of 56,26

Figure 34. 10-second selection with COV of 3.31
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Figure 36. Identifing the most suitable treshold
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Results

Table 8,9 and 10 show the results retrieved from LabChart for the selected periods.

Table 9. Weights of the pups

Pup #

1

2

3

4

5

6

7

8

9

10

11

12

Weight (g)

30

33

33

30

30

39

23

33

30

35

26

31

Table 8. COV of experiment 1

Low

Medium

High

Pup #

before

during

after

before

during

after

before

during

after

1

43,99

33,23

16,03

31,11

44,05

59,81

37,26

54,05

17,47

2

23,60

13,74

3,31

51,98

41,72

29,06

11,13

23,98

22,17

3

26,46

25,94

26,52

18,89

21,10

8,28

13,41

24,31

21,00

4

56,26

54,51

41,24

132,79

77,99

71,72

66,87

35,39

23,76

5

6,57

72,07

48,14

62,49

58,45

21,00

-

-

-

6

15,09

19,38

20,86

18,60

4,51

13,48

10,19

8,15

4,80

7

-

-

-

-

-

-

-

-

-

8

21,45

59,51

11,78

60,29

78,32

127,14

73,98

30,05

41,15

9

8,15

61,95

52,63

23,43

48,96

31,88

71,45

56,70

89,28

10

56,07

76,62

70,14

22,87

46,29

51,16

52,63

32,35

10,31

11

43,01

54,45

34,88

50,77

44,87

21,45

12,17

60,62

36,33

50,11

42,53

68,59

5,87

7,00

0,51

12
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Table 10. Results of experiment 2

Low
Pup
1

before
Amount of breaths
Mean breathing rate
(breaths/min)

2

Amount of breaths
Mean breathing rate
(breaths/min)

3

Amount of breaths
Mean breathing rate
(breaths/min)

5

Amount of breaths
Mean breathing rate
(breaths/min)

6

Amount of breaths
Mean breathing rate
(breaths/min)

8

Amount of breaths
Mean breathing rate
(breaths/min)

9

Amount of breaths
Mean breathing rate
(breaths/min)

10

Amount of breaths
Mean breathing rate
(breaths/min)

11

Amount of breaths
Mean breathing rate
(breaths/min)

Mean Amount of breaths
Mean breathing rate
(breaths/min)
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during

Medium
after

before

during

High
after

before

during

after

9

0

0

14

8

3

11

6

0

15,00

0,00

0,00

23,33

13,33

18,00

18,33

10,00

0,00

18

1

0

28

2

0

2

4

0

30,00

1,67

0,00

46,67

3,33

0,00

3,33

6,67

0,00

9

2

0

15

1

0

10

0

1

15,00

3,33

0,00

25,00

1,67

0,00

16,67

0,00

6,00

14

14

0

19

3

2

15

1

0

23,33

23,33

0,00

31,67

5,00

12,00

25,00

1,67

0,00

16

0

0

15

0

0

16

0

0

26,67

0,00

0,00

25,00

0,00

0,00

26,67

0,00

0,00

16

1

0

8

1

0

8

0

0

26,67

1,67

0,00

13,33

1,67

0,00

13,33

0,00

0,00

9

1

0

8

2

0

10

2

0

15,00

1,67

0,00

13,33

3,33

0,00

16,67

3,33

0,00

4

1

0

8

2

0

6

6

0

6,67

1,67

0,00

13,33

3,33

0,00

10,00

10,00

0,00

13

0

0

9

0

0

14

0

0

21,67

0,00

0,00

15,00

0,00

0,00

23,33

0,00

0,00

12,50

2,10

0,00

13,91

3,45

0,73

8,18

2,00

0,09

20,00

3,70

0,00

22,96

3,52

3,33

17,04

3,52

0,67
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Accelerating recovery

As explained in Chapter 5 we tried to study the possible accelerating effect of
vibratory stimulation on the recovery of breathing. However, the variations in the
performed protocol were too big to draw conclusions.

Matlab

Introduction

AMP

During the experiment it became clear that the pups did
not reinitiate breathing following stimulation during apnea.
Therefore we extended the protocol and looked at the effect
of stimulation after the pup had taken a few breaths of oxygen.

Ampliﬁer
Pressure valve

Methods

As explained in Chapter 5, the gas supply was switched to
oxygen
after the tube
second stimulation. Pups that were not able
Endotracheal
to start breathing on their own were resuscitated, which
mattres
implies Heat
that more
vigorous manual stimulation was applied.
After two breaths the stimulator was turned on again. Figure 37
Actuator
shows a schematic
overview of the complete protocol of one
stimulation block.

Oxygen

In order to gain
meaningful results the experimental period
Nitrogen
should be compared with a control period. For that reason
some of the pups were subjected to nitrogen again until apnea

O2

N2

occured. Instead of stimulating,
LabChartwe waited for an apnea of 35
seconds (equal to the duration of stimultion). Then gas supply
was switched back to oxygen again and manual virgorous
stimulation was applied until the pup took two breaths. The
pup was monitored for another minute without external stimuli.
The control blocks were administered in a random order to
pup 3, 4, 7, 8, 9, 11 and 12. Table 11 shows the order of
experimental blocks.

Data analysis
The breathing reates derived from LabChart and the coefficient
of variances was calculated. The 20 seconds before stimulation,
36 seconds during stimulation and 20 seconds after stimulation
N2
O2
were selected for analysis.
Also for the control period consucutive periods of 20-36-20 sec
were selected. However, no stimulation was applied during the
control period. Therefore the selections were made as such that

O2

Figure 37. Schematic overview of the protocol. The blue arrows represent the vibrotactile stimuli. The red arrow represents the vigorous
manual stimulation that is used in the pups that were not able to start breathing again on their own.
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the amount of breaths in the first 20-sec selection were about
the same as the amount of breaths taken by the pup in the 20sec prior to stimulation.

Table 11. Protocol

Pup #

The table 12 and 13 show the results of the experiment. All
pups restored breathing after virogrous manual stimulation in
combination with supply of oxygen.

Foot

Results

Limitations
There were multiple reasons for not analysing the data of this
test. First of all the extent to which vigorous stimulation was
applied varied tremendously. Some pups did not receive any
stimulation while others were rubbed and pinched for more
than a minute. Due to these large variation the start conditions
the experiment were not equal for every pup and might lead to
invalid results [1].
As pup 12 should also be excluded for this experiment, there
are only five pups with complete data. This implies that 2 pups
that received foot stimulation are compared to 3 pups that
received thorax stimulation. Taking the big natural differences
in breathing, as described in Chapter 5, in account this test will
probably not show significant effect.
In conclusion, I decided to not analyse the data because
there are too many external factors that might influence the
dependent variable we were trying to measure.
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Thorax

Analysis of these results will verify if vibrotactile stimulation
following manual stimulation accelerated the recovery
compared to only manual stimulation. However, I decided to
not analyse the results.

Block 1

Block 2

Block 3

Block 4

1

low

medium

high

2

medium

low

high

3

low

high

medium

control

4

high

low

medium

control

5

high

medium

low

6

medium

high

low

7

high

control

low

medium

8

medium

control

low

high

9

high

medium

low

control

10

low

high

medium

11

low

medium

control

high

12

medium

control

high

low

Accelerating recovery

Table 12. # breaths/min hypoxia 2

Low

Medium

High

Control

Pup #

before

during

after

before

during

after

before

during

after

before

during

after

1

12,00

28,33

15,00

21,00

43,33

39,00

3,00

30,00

27,00

-

-

-

2

9,00

56,67

85,71

6,00

36,67

96,00

-

-

-

-

-

-

3

9,00

76,67

101,54

6,00

31,67

87,00

9,00

35,00

102,00

6,00

3,33

75,00

4

6,00

3,33

15,00

3,00

21,67

60,00

-

-

-

6,00

30,00

48,00

5

6,00

36,67

64,00

6,00

31,67

102,00

3,00

11,67

72,00

-

-

-

6

3,00

15,00

42,00

3,00

21,67

48,00

12,00

30,00

42,00

-

-

-

7

-

-

-

-

-

-

-

-

-

-

-

-

8

6,00

18,33

30,00

9,00

23,33

45,00

0,00

13,33

18,00

6,00

25,00

39,00

9

3,00

8,33

3,00

6,00

11,67

45,00

3,00

31,67

27,00

3,00

26,67

36,00

10

12,00

26,67

0,00

6,00

41,67

66,00

15,00

55,00

60,00

-

-

-

11

6,00

0,00

0,00

0,00

0,00

6,00

6,00

11,67

24,00

6,00

3,33

3,00

12

-

-

-

18,00

21,67

33,00

3,00

1,67

6,00

9,00

30,00

6,00

6,75

13,33

8,25

7,80

19,67

39,00

5,40

22,67

27,00

6,00

21,25

21,00

Mean

Table 13. COV hypoxia 2

Low

Medium

High

Control

Pup #

before

during

after

before

during

after

before

during

after

before

during

after

1

157,83

45,46

18,92

121,83

31,83

36,97

105,25

62,20

36,50

-

-

-

2

71,50

49,26

11,17

81,99

51,68

25,75

-

-

-

-

-

-

3

112,96

38,67

13,52

62,07

100,45

20,77

48,37

74,39

20,29

32,73

145,65

51,58

4

65,33

68,89

76,09

25,56

79,96

78,47

-

-

-

103,41

61,01

66,02

5

83,28

61,74

23,39

19,62

115,48

7,22

17,43

168,16

25,40

-

-

-

6

6,88

110,89

18,92

77,43

90,63

15,09

151,78

62,26

7,02

-

-

-

7

-

-

-

-

-

-

-

-

-

-

-

-

8

98,59

99,70

28,66

121,19

35,97

28,85

0,00

100,04

28,40

71,38

44,49

22,38

9

38,02

133,68

17,98

332,35

134,24

40,97

49,52

35,52

24,26

13,90

58,39

46,24

10

198,95

85,96

0,00

33,45

79,69

42,06

116,75

21,97

22,86

-

-

-

11

460,49

0,00

0,00

0,00

0,00

166,35

251,54

118,36

37,78

62,72

98,48

203,92

12

-

-

-

76,47

77,48

52,84

10,52

13,54

82,23

86,37

62,17

36,94

199,01

79,83

11,66

112,69

65,47

66,21

85,67

57,89

39,10

58,59

65,88

77,37

Mean
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