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Abstract
Premature birth is a leading cause of infant mortality which is often attributed to irregular breathing and apnea of

prematurity. A common treatment for apnea is caffeine to stimulate the brain’s respiratory center. However, caffeine’s long

term effect on infant development is not fully comprehended. We hypothesized that noninvasive localized body stimulation

regularizes breathing pattern. We investigated the impact of electrical or mechanical stimulation on breathing in mice.

After the mice were ventilated for 28 s to induce apnea, mice were taken off the ventilator while receiving mechanical,

electrical, or no stimulation in a randomized order. Both stimuli targeted the diaphragm area through a custom-built belt

with vibrating motors or adhesive electrodes. After each apnea cycle, the time to take the first breath (T) was recorded. The

electrical stimulation given at 4.5, 8.3, 16.7 V (pulse rate = 3 Hz, pulse width = 120 ls) showed no reduction in T.

Electrical stimulation at pulse rates of 10 or 20 Hz (16.7 V, pulse width 260 ls) showed a detrimental effect increasing T

by * 7% compared to control values (p = 0.005, p = 0.038 respectively). High and medium intensity mechanical stim-

ulations significantly reduced T by 11.74 (p\ 10-13) and by 17.08% (p\ 10-8), respectively. Further reducing the

amplitude of vibrations did not affect T. When the probe was attached to the ankles, only the high intensity vibrations

resulted in a decrease in T (p\ 10-13). Mechanical vibrations, applied at various intensities and locations, could be used to

treat irregular breathing and apnea in infants.
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1 Introduction

Apnea of prematurity (AOP) affects more than half of all

infants born at a gestational age of 37 weeks or less [1].

During AOP, infants stop breathing with occasional inter-

breath intervals (IBIs) as long as 70 s without proper gas

exchange [2]. Such a long period is mainly attributed to the

underdeveloped brain respiratory center and weak

chemoreceptor function which may cause bradycardia or

hypoxia [1, 3]. Currently, the preferred treatment for AOP is

caffeine, which is used as a respiratory stimulant [1, 3, 4]. In

addition to treating AOP, it has been shown that caffeine

reduces bronchopulmonary dysplasia, failure to extubate,

and the time on mechanical ventilators [5, 6]. However,

caffeine was also shown to impair cerebral and intestinal

blood flow velocity [7], and if it is administered improperly,

such as overdosing, it might have detrimental effects on

preterm infants [8, 9]. Furthermore, Carnielli et al. [10]

showed that caffeine treatment increases energy expendi-

ture and suggested that it might retard infant growth.

While the majority of the short-term treatment effects

have mainly favored the reduction of symptoms and sur-

vival of preterm infants, the long term effects of caffeine

are still open for speculations and require additional stud-

ies. Several long term studies up to early childhood

revealed no side effects of caffeine. Some of these studies

were concerned with sleep duration and sleep apnea

(5–12 years) [11]. Other studies considered death, cerebral

palsy, and cognitive delay (18–21 months) [12]. Schmidt
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& Béla Suki

bsuki@bu.edu

1 Department of Biomedical Engineering, Boston University,

Boston, MA, USA

2 Duke University, Durham, NC, USA

123

Biomedical Engineering Letters (2018) 8:329–335
https://doi.org/10.1007/s13534-018-0076-1(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0001-8256-3023
http://orcid.org/0000-0002-9720-1006
http://crossmark.crossref.org/dialog/?doi=10.1007/s13534-018-0076-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13534-018-0076-1&amp;domain=pdf
https://doi.org/10.1007/s13534-018-0076-1


et al. [13] found, that despite the short term benefits of

caffeine, a 5-year follow-up did not show any improvement

in survival rate without disability between very low birth

weight infants treated with caffeine and those with placebo.

Thus, further investigations are required to clarify caf-

feine’s long term effects on neurodevelopmental outcomes

as well as optimal dosage, and time for treatment initiation

and discontinuation [14, 15].

The remaining controversy of the invasive caffeine

treatment warrants the development of noninvasive meth-

ods and without chemical stimulants. Mechanical stimu-

lation has already been extensively explored and proven

successful in the clinic by many [16–22]. These mechanical

vibrators employed different settings (frequency and

amplitude) and stimulated different body regions (e.g., feet,

thorax, and whole body). Based on these results, we aimed

to further study and compare various stimulus types (me-

chanical vs. electrical), settings, and locations. Specifically,

we hypothesized that (1) mechanical or electrical vibra-

tions applied at different locations on the body surface and

with different settings can be used to stimulate the respi-

ratory center of the brain in order to reduce the length of

apnea and (2) that reduction is dependent on the properties

of the stimulation.

2 Materials and methods

2.1 Stimulation devices

For electrical stimulations, two self-adhesive replacement

gel pads with electronic pulse stimulators (ChoiceMMed

America Co., PA) were cut into smaller pieces (1–2 mm in

dimensions), connected to the TENS Unit 3000 (Roscoe

Medical, Compass Health Brand, OH) and placed over the

abdomen (Fig. 1). For mechanical stimulations, a custom-

designed vibrating belt was placed over the gel pads and

abdomen as well (Fig. 1). Two miniature vibrating belts

were separately also applied to the ankles. The belts were

made with Velcro so that they could be strapped around the

abdomen or the ankle and contained small rotating motors

at 13,000 rpm (no-load condition) which resulted in

vibrations of constant intensity (RadioShack, 3V DC

Micro-Vibration Motor, Catalog #: 2730107). The single

belt applied at the abdomen had two vibrating motors,

while the two belts at the ankle each had one motor. The

complete protocol included eight different stimulation

settings. The three mechanical stimulations had different

intensities (high, medium, and low) achieved by connect-

ing the motors to varying resistive loads (51, 220, and

470 X, respectively). The loads were selected based on

commercially available resistors which produced small to

large tolerable sensations and vibrations from the bracelet

on the investigators’ palm. These stimulations were applied

to the abdomen or the ankles. The four square-wave elec-

trical stimulations, applied to the abdomen, were conducted

at different voltages (4.5, 8.3, 16.7 V), pulse rates (3, 10,

20 Hz), and pulse widths (120, 260 ls) using the TENS

unit. Similar to mechanical sensations, many combinations

of the three electrical settings were tested, and based on

their resulting sensation on the investigators’ palm, those

combinations were selected that contributed to a range of

tolerable small to large intensity vibrations. The strongest

sensation was the one with the highest voltage, frequency,

and pulse widths.

2.2 Mouse ventilation

The experimental protocol was approved by the Institu-

tional Animal Care and Use Committee of Boston

University. Mice (n = 8, C57BL/6, body weight:

26.6 ± 2.7 g, Charles River) were weighed and 10%

Nembutal� (Pentobarbital) was administered intraperi-

toneally (80 mg/kg). The experiments lasted for several

hours, and to maintain a steady anesthesia, additional

dosages during the experiment were administered (10 mg/

kg). Following the initial dose, tracheostomy was per-

formed and the mice were put on a rodent mechanical

ventilator (flexiVent, Scireq Inc., Montreal). The ventilator

was set to deliver a tidal volume of 8 ml/kg at a rate

between 180 and 240 breaths per minute superimposed on

a positive end-expiratory pressure (PEEP) of 3 cmH2O. In

order to recruit the lung and acclimate the mouse to the

ventilation, mice were given a short stabilization period

starting with a deep inhalation (3 s pressure ramp from 3 to

30 cmH2O airway pressure followed by a 3 s pressure hold

at 30 cmH2O), followed by a 1 min default ventilation, and

ending with another deep inhalation.

After stabilization, mice were given a ventilation cycle

(Fig. 2a) which included the default ventilation pattern

followed by a deep inhalation. Apnea was stimulated by

slight over-ventilation due to the deep inhalation. Conse-

quently, the Hering–Breuer inflation reflex was triggered
Fig. 1 Cartoon of a mouse with a vibrating bracelet around abdomen

and ankle (dark gray)
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and mice tended to delay regaining spontaneous breathing.

Prior to each experiment, a subset of the total stimulations

(Table 1) were chosen and were written on individual

pieces of paper. An extra piece of paper for no stimulation

(control) was also added. These paper slips were folded and

placed in a box. Prior to the end of every ventilation cycle,

a paper slip was randomly selected to decide whether a

stimulation with a given set of properties followed the

cycle or no stimulation (control) was given. The selected

stimulation type was then excluded from the remaining

choices. Once all paper slips were withdrawn from the box,

they were returned and shuffled, and the process was

repeated guaranteeing the same number of repetitions of

every stimulation settings within approximately the same

time period. Spontaneous breathing was monitored through

a voltage signal measured by a pressure transducer (World

Precision Instruments (WPI), 07B PNEU05) attached to a

side tap of the tracheotomy tube. The voltage signal from

the transducer was amplified (WPI, Model TBM4-F),

digitized (WPI, DataTrax), and displayed on a computer

(WPI, Quad 16-EFA-400). After allowing several sponta-

neous breaths, the cycle was repeated. Once the experiment

was complete, the voltage time series was converted to

gauge pressure.

2.3 Data analysis

Using the collected data, the time (T) for the mouse to start

spontaneous breathing on its own after every ventilation

cycle was measured (Fig. 2b). In order to be considered a

valid breath from which T was measured, the peak pressure

during a breathing attempt had to exceed a pressure

threshold. To determine the threshold, the mean and stan-

dard deviation of the pressure measurements directly fol-

lowing the ventilation cycle (when the ventilator was off

and the mouse was not breathing) were calculated. Then

the threshold was set to be the sum of the mean, standard

deviation and a constant (0.128 cmH2O). Sign rank tests

were used to assess the effects of different stimulation

settings on T (Table 1). For the significant scenarios, fur-

ther statistical tests were carried out between the different

groups (control vs. stimulation) and within each group

separately. However, T was first normalized (Tn) with the

median of the control case for each mouse. This was done

in order to reduce the effects of inter-individual mouse

breathing patterns as well as the effect of anesthesia across

the long experimental hours because occasionally mice

showed no spontaneous breathing. The Brown–Forsythe

test was used to test for equal variances and the Kol-

mogorov–Smirnov test was used to compare probability

distribution functions (pdf). Data analysis was performed

using SigmaPlot (Systat Software Inc., CA) and MATLAB

R2015a (MathWorks, CA). Statistical significance was

accepted at the level of 0.05. Figures were generated using

SigmaPlot.

3 Results

Table 1 summarizes the comparison of the eight different

stimulation experiments to the no stimulation (control)

case. High and medium intensity mechanical stimulations

at the abdomen produced mean T values that were 11.7

(p\ 10-13) and 17.1% (p\ 10-8) lower than control,

respectively. However, low intensity mechanical stimula-

tion had no impact on T. When the stimulation was applied

to the ankles, only the high intensity mechanical stimula-

tion reduced T significantly by 29% (p\ 10-13). On the

Fig. 2 Ventilation cycle and breath detection. a A ventilation cycle

consists of a 20-s default period of controlled ventilation (8 ml/kg)

followed by a 6-s deep inhalation before stopping ventilation. b The

time to take a breath T is determined by the time interval between the

end of the deep inhalation and the first breath that has an apex

exceeding the threshold defined as 0.128 cmH2O ? mean ? standard

deviation of the values immediately following the end of the

ventilation cycle without breathing
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other hand, in one mouse, repeated electrical stimulation

using a voltage of 16.7 V at two frequencies of 10 and

20 Hz significantly increased mean T by 7.8 (p = 0.005)

and 6.7% (p = 0.038), respectively. No other electrical

stimulations yielded any significant result. Due to the

detrimental effect of the electrical stimulations, no further

trials were tested on other mice.

Table 2 summarizes the normalized Tn values for three

stimulation conditions which gave statistically significantly

different results than the controls. Table 3 summarizes the

results of the Brown–Forsythe and the Kolmogorov–

Smirnov tests between controls and stimulations. Only the

high intensity ankle stimulation (Tn = 0.809 ± 0.486) had

a minor but statistically significant increase (p = 0.021) in

variance compared to its control (1 ± 0.436). Furthermore,

the variance for the ankle was significantly higher than for

the abdomen with the medium intensity (p = 0.005) and

high intensity (p = 0.027) stimulations (not shown in

Table 3). However, there was no difference between any

control sets. Figure 3 plots the probability density func-

tions for these mechanical stimulations. As indicated in the

figure by arrows ‘‘A’’ and ‘‘B’’, the distributions of T for

each stimulation are shifted to the left and had a shorter

tail. According to the Kolmogorov–Smirnov test, all three

stimulations were highly significantly different from con-

trol (p: 7.58 9 10-8, 2.68 9 10-6 and 2.66 9 10-8 for the

high intensity abdomen, medium intensity abdomen, and

high intensity ankle, respectively). Furthermore, the pdf of

the high intensity ankle stimulation was also different from

that of the high intensity abdomen (p = 0.027).

4 Discussion

Our study has several implications. First, we confirmed that

noninvasive mechanical stimulation can shorten T in

individual mice as well as in the population. In contrast,

Table 1 Results from all stimulation conditions

Stimulation Specifications Stimulation site p value No. of mice No. of paired trials % Change in T

Mechanical High intensity Abdomen \ 10-13 6* 216 - 11.74

Mechanical Medium intensity Abdomen \ 10-8 4** 84 - 17.08

Mechanical Low intensity Abdomen NS 1 11 - 11.11

Electrical V = 16.7, F = 3, PW = 120 Abdomen NS 1 51 - 2.39

Electrical V = 8.3, F = 3, PW = 120 Abdomen NS 1 20 - 8.22

Electrical V = 4.5, F = 3, PW = 120 Abdomen NS 1 20 0.75

Electrical V = 16.7, F = 10, PW = 260 Abdomen 0.0049 1 40 7.78

Electrical V = 16.7, F = 20, PW = 260 Abdomen 0.0378 1 40 6.69

Mechanical High intensity Ankle \ 10-13 4** 151 - 29.44

Mechanical Medium intensity Ankle NS 2 86 - 4.54

Mechanical Low intensity Ankle NS 1 56 - 2.6

Sign rank test results (p values) indicate whether the change in T is significant compared to no stimulation (control). A negative % change in T

indicates shorter apnea length whereas a positive % change in T indicates a longer and potentially detrimental apnea length

V voltage (V), F frequency (Hz), PW pulse width (ls), NS not significant

*Significant for all individuals

**3/4 mice showed individual significance

Table 2 Tn values for the significant stimulations

Stimulation type Tn (no stimulation) Tn (stimulation)

High intensity abdomen 1 (0.414) 0.896 (0.391)

Medium intensity abdomen 1 (0.410) 0.846 (0.348)

High intensity ankle 1 (0.436) 0.809 (0.486)

T was normalized with the value of the control before statistical

analysis

Tn data reported as median (standard deviation)

Table 3 Summary of the statistics carried out on Tn for the stimu-

lations that were significantly different from control in Table 1

Stimulation type p value variance test p value pdf test

High intensity abdomen 0.516 7.58 9 10-8

Medium intensity abdomen 0.843 2.69 9 10-6

High intensity ankle 0.021 2.96 9 10-7

Using Brown–Forsythe test, the variance of the high intensity ankle

stimulation was significantly higher than control. Using Kolmogorov–

Smirnov tests, all stimulations were different from their respective

controls. There was no difference in any of these tests for pairwise

control comparisons (p values not shown)
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electrical stimulation has no effects or may have a negative

impact on T (Table 1). Second, the results suggest that the

effect of the stimulus is intensity as well as location

dependent (Tables 1, 2). Furthermore, there could be an

interaction between these two factors since high intensity at

the ankle was significantly different from high intensity at

the abdomen with regard to median and variance (smaller

median but larger variance), but it was not different from

the medium intensity stimulation at the abdomen. Finally,

since the high intensity stimulation at the ankle and the

medium intensity stimulation at the abdomen were both

significantly different compared to control in the popula-

tion but not in all individuals (compared to high intensity at

the abdomen), the threshold above which improvements

are seen could be subject specific. The fact that there was

no difference in controls across stimulation types in all the

statistical tests further validates that the observed reduc-

tions in Tn are due to the stimulations as well as indicates

that the normalization procedure removed the effects of the

anesthesia, subject variation, and long experimental time.

The general observation was that the pdf of Tn (Fig. 3)

showed a leftward and upward shift due to stimulation.

While the exact threshold of an apnea is not unilaterally

agreed upon, it is assumed to range from several to tens of

seconds [16, 23–25]. Regardless of the exact threshold, the

simple shift of the pdf supports the need for further

investigating and optimizing the impact of small amplitude

mechanical vibrations on T applied at various positions for

the treatment of AOP.

In order to consider possible implications of mechanical

stimulation on preterm infants, we can apply the observed

effect of mechanical stimulation on T to the inter-breath

interval (IBI) distributions reported by Frey et al. [2]. In

their study, they showed that the distribution p of IBIs

exhibits a long tail that can be modeled as a power law:

p IBIð Þ� IBI�a where a is the exponent of the distribution

and is related to breathing stability. In a longitudinal data

set, a increased from 2.62 ± 0.4 at post-natal age of

9.3 weeks to 3.22 ± 0.4 at a post-natal age of 12.6 weeks

(p\ 0.002) [2]. If we assume that mechanical stimulation

reduces IBI in babies in a similar manner as it reduces T in

mice by a factor gð0\g\1Þ, then we can write IBIs-
= gIBIc, where subscripts c and s represent control and

stimulation respectively. It is easy to show that the distri-

bution of IBIs will also be a power law: p IBIsð Þ� IBI�a
s .

Substituting IBIc = IBIs/g into p IBIcð Þ� IBI�a
c , we obtain

p IBIsð Þ� ga�1 � IBI�a
s . The risk that an IBI exceeds a

given value X is the area under the distribution from X to

infinity. The ratio of the risk for control to the risk for

stimulated breathing is then simply ga�1. Our data suggest

that for the 11.7 (lowest) and 29% (highest) reduction in T,

the values of g are 0.883 and 0.71, respectively. Taking

a = 2.6 for premature infants, the corresponding estimated

reductions in risk due to stimulation are * 0.82 and 0.58,

respectively. These numbers in turn suggest 18–42% lower

Fig. 3 Probability density distribution functions for the median

normalized T values (Tn) for the three stimulation types in Table 2.

a High intensity abdomen mechanical stimulation and control (n = 6,

216 ventilation cycles per group). b Medium intensity abdomen

mechanical stimulation and control (n = 4, 84 ventilation cycles per

group). c High intensity ankle mechanical stimulation and control

(n = 4, 151 ventilation cycles per group). For all stimulations, it was

observed that the distribution of Tn for the mechanical stimulus had a

higher density on the left of the graph representing more frequent

lower Tn values (see arrow with ‘‘A’’). The graph of the control had a

longer tail to the right (see arrow with ‘‘B’’), showing a wider

distribution and the presence of larger Tn values
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risks for long apneas in the presence of mechanical stim-

ulations. Despite the several assumptions in this analysis,

these predictions warrant experimental testing.

The primary result of this study is also consistent with

several previous studies. A 2003 study done by Pichardo

et al. [17] found that stimulation given as vibrations at the

thorax of infants is an effective noninvasive treatment for

AOP. In their clinical trial, the stimulation was a 3 s, 10 V,

250 Hz square wave pulse administered manually by a

nurse when AOP was observed. In 2009, Bloch-Salisbury

et al. [16] designed a vibrating mattress capable of deliv-

ering small stochastics displacements. These displacements

helped to stabilize breathing by reducing IBIs, durations of

oxygen desaturation, and apnea. Their stimulation was a

band-limited white noise between 30 and 60 Hz arguing

that subthreshold mechanical noise is able to stabilize a

nonlinear system. Stimulation was triggered on and off

sequentially for 10 min intervals. Though their study

measured different parameters, they reported a 50%

reduction in IBI (\ 5 s) whereas in our study we found a

17.1–29% reduction in T with a predicted 18–42% reduc-

tion in risk. However, unlike our study, they also observed

a 40% reduction in the variance of IBI due to the stimu-

lation. The lower reduction in IBI in our study could be due

to the fact that our mice were mature and the nervous

system was naturally more responsive. Additionally, the

lack of a reduction in variance might be explained by the

differences in the signal type (monotonic vs. stochastic)

and the location of the applied vibrations (direct exposure

of abdomen or ankle vs. whole body vibration) Neverthe-

less, our study suggests that a simple monotonic input and

local stimulation (abdomen or ankle) can lead to

improvement in AOP and potentially regularize breathing.

It is also noteworthy that the mechanism which resul-

ted in a reduction in IBI, subthreshold stochastic reso-

nance [16], must be different from the mechanism of the

reduced T in the current study because our vibrations

contained monotonous excitation and likely above the

tactile threshold. While the actual mechanism is not

known, it was proposed that tactile sensory stimulation

most likely generates an excitatory but nonspecific neu-

ronal activity in the brainstem respiratory center and

hence stimulate respiratory activity [26]. This is a very

attractive scenario because the stimulation of the excita-

tory glutamatergic system could counterbalance the

enhanced sensitivity of the inhibitory neurotransmitters

(e.g., gamma-aminobutyric acid, adenosine, or serotonin),

which is another feature of the premature infant’s respi-

ratory control system [4]. Additionally, we speculate that

the stimulation of somatosensory afferents by vibrotactile

stimuli could promote the stability of breathing in neo-

nates by specific mechanosensitive responses. Indeed Lin

et al. [27] found that sensory nerve terminals respond to

mechanical stimuli that is related to cell architecture,

particularly to the microtubule and actin microfilament

network organization.

Our study is not without limitations. The most important

limitation is that the mice in our study were adult with fully

developed nervous system. Thus, compared to preterm

mice, the respiratory system of adult mice might be much

more responsive to stimulation which could explain the

positive local effects using a monotonous signal. Never-

theless, the Hartford 2003 study [17] applied a single fre-

quency square wave signal and still observed an effect of

stimulation. Further trials should be performed on preterm

animals or preterm infants to determine the effect the

stimulus has on the underdeveloped nervous system. The

findings of this study and the idea of a small locally

vibrating device may also find applications in relieving

sleep apnea or snoring in the elderly. Indeed, it has been

shown that vibrating insoles helped regularize walking of

elderly humans through subthreshold stimulation of the

nervous system [28]. Thus, it is possible that a vibrating

device could have similar effects on the brain respiratory

center.
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