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(57) ABSTRACT

Systems and methods are disclosed to monitor physiological
for the occurrence of life threatening events and to apply
stimulation to prevent the occurrence of said life-threatening
events. Systems and methods for applying the stimulation are
also disclosed. These systems include applying the stimula-
tion through via a mattress having a passive section and an
active section, a plurality of focal stimulators, and/or an array
to apply the stimulation are also disclosed. These devices
include a mattress with an active region and a passive region,
a stimulating array do deliver targeted stimulation, and a
plurality of stimulators to apply focused stimulation.
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SYSTEMS AND METHODS FOR INHIBITING
APNEIC EVENTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 61/528,994, which is hereby
incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made, in part, with government
support under RO1-HL.0O84502, RO1-HIL.49848, and/or RO1-
HLO071884 awarded by the National Institutes of Health
(NIH). The government has certain rights in the invention.

BACKGROUND

[0003] The present invention relates to methods and sys-
tems for inhibiting apneic events. More specifically, the
present invention provides methods for monitoring physi-
ological signals of a patient, predicting the occurrence of a
life-threatening event such as apnea, and initiating a stimulus
to lessen the severity of, or even prevent, the occurrence of the
life-threatening event.

[0004] Infants with post-conceptional age of less than 36
weeks commonly have irregular breathing patterns with peri-
odic and sporadic pauses in breathing, more commonly
referred to as “apnea.” One way to analyze breathing patterns
is use the time interval between breaths, also referred to as the
“interbreath interval”

[0005] Preterm infant breathing patterns are highly irregu-
lar, with rapid changes in measures of breathing. Standard
statistical measures such as mean and variance of the inter-
breath interval have been used in an attempt to quantify the
variability of breathing in preterm infants, but there is no
known model available that can provide information in non-
stationary breathing patterns using these statistical measure-
ments.

[0006] Itis believed that apneic events and poor respiratory
function may also be contributing factors to Sudden Infant
Death Syndrome. Even if not fatal, it is believed that apneic
events and poor respiratory function may have a number of
adverse consequences such as lengthening hospital stays,
delaying development of an infant, or even irreparably harm-
ing the infant. These apneic events during infancy may affect
the individual for their entire lifespan.

[0007] Therefore, it would be useful to describe pathologi-
cal instabilities of breathing, track the dynamics in real time,
and lessen the severity of an apneic event or entirely prevent
an apneic event.

SUMMARY

[0008] According to one aspect of the present invention, a
method for inhibiting an apneic events includes receiving
physiological data from a subject, analyzing the received
physiological data to detect an impending apneic event, and
applying a stimulation to inhibit occurrence of the impending
apneic event. The analyzing includes using a point-process
model. The stimulation is applied after the occurrence of a
predetermined event.

[0009] According to another aspect of the present inven-
tion, a system for inhibiting an apneic event includes an
analysis module and a stimulating mechanism. The analysis
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module is configured to receive physiological data from a
subject. The analysis module is also configured to analyze the
received physiological data in real time using a point-process
model to detect an impending apneic event. The stimulating
mechanism is operatively coupled to the analysis module.
The stimulating mechanism is configured to apply a stimulus
to the subject. The applied stimulus inhibits the impending
apneic event.

[0010] According to another aspect of the present inven-
tion, a system for inhibiting an apneic event includes an
analysis module and a focal stimulating mechanism. The
analysis module is configured to receive physiological data
from a subject and to analyze the received physiological data
in real time using a point-process model to detect an impend-
ing apneic event. The focal stimulating mechanism is opera-
tively coupled to the analysis module. The focal stimulating
mechanism is configured to apply a variable stimulus to one
or more body parts of the subject. The applied stimulus then
inhibits the impending apneic event.

[0011] According to yet another aspect of the present
invention, a system for inhibiting an apneic event includes an
analysis module and a stimulating array. The analysis module
is configured to receive physiological data from a subject. The
analysis module is further configured to analyze the received
physiological datain real time using a point-process model to
detect an impending apneic event. The stimulating array con-
tains embedded actuators configured to be placed under the
subject.

BRIEF DESCRIPTION OF THE FIGURES

[0012] FIG. 1A illustrates the interbreath interval of simu-
lated data.
[0013] FIG. 1B is an instantaneous variance estimated by a

point process model using the data of FIG. 1A.

[0014] FIG. 2 shows a Kolmogorov-Smirnov plot of time-
rescaled quantiles derived from the simulated data of FIG.
1A,

[0015] FIG. 3A is an example from one continuous record-
ing of a newborn rat.

[0016] FIG. 3B is a calculated variance of the data in FIG.
3A using the point process model.

[0017] FIG. 4A shows a Kolmogorov-Smirnov plot of
time-rescaled quantiles derived for data of a newborn rat.
[0018] FIG. 4B shows an autocorrelation plot for the new-
born rat data of FIG. 4A.

[0019] FIG. 4C shows aKolmogorov-Smirnov plot of time-
rescaled quantiles derived for data of a second newbom rat.
[0020] FIG. 4D shows an autocorrelation plot for the sec-
ond newborn rat data of FIG. 4C.

[0021] FIG. 5A shows one continuous recording of a
human infant interbreath interval.

[0022] FIG. 5B shows the calculated variance of the data in
FIG. 5A using the point process algorithm.

[0023] FIG. 6A shows the Kolmogorov-Smirnov plotofthe
infant data of FIG. 5A.

[0024] FIG. 6B shows the Kolmogorov-Smirnov plot of a
second infant data.

[0025] FIG. 6C shows the Kolmogorov-Smirnov plot of a
third infant data.

[0026] FIG. 6D shows the Kolmogorov-Smirnov plot of a
fourth infant data.

[0027] FIG. 7A shows an example of interbreath interval
variance over time when stimulation was initiated.
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[0028] FIG. 7B shows an example of interbreath interval
variance over time when stimulation was terminated.

[0029] FIG. 8A shows a flowchart for an algorithm 700 to
monitor physiological instabilities in real time.

[0030] FIG. 8B shows a system to monitor instabilities in
breathing over time and control stimulation according to one
embodiment.

[0031] FIG. 9 depicts the cross-section of a therapeutic
mattress design that applies isolated stochastic resonance
mechanostimulation to a portion of the mattress according to
one embodiment.

[0032] FIG.10 shows an exploded view of an active assem-
bly according to one embodiment.

[0033] FIG. 11 shows results from the test of the single-
bodied mattress compared to the isolation mattress of F1G. 9.
[0034] FIG. 12 shows a graph of mattress output for the
isolation mattress, comparing the output of the active and
passive regions.

[0035] FIG. 13 depicts measurement locations in one
embodiment used for the mattress displacement tests.
[0036] FIG. 14 shows a system for focal stimulation
according to one embodiment.

[0037] FIG. 15A shows a support structure or garment
according to one embodiment.

[0038] FIG. 15B shows a support structure or garment
according to another embodiment.

[0039] FIG.16A depicts stimulation array according to one
embodiment.

[0040] FIG. 16B depicts single piece of the stimulation
array.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0041] A point-process modeling framework may be used
to develop algorithms for detecting and predicting life-threat-
ening events in neonates. These life-threatening events
include apnea, bradycardia, and hypoxia. A number of physi-
ological signals may be monitored to automatically detect,
and even predict the occurrence of life-threatening events.
Detection or prediction of these events may decrease the
severity of an event or even completely eliminate the event.
Once detected, methods and systems may automatically
apply a stimulus to a subject to decrease the severity of the
event, revert the subject to the normal, rhythmic state, or even
entirely prevent the occurrence of the event.

[0042] The application of stochastic resonance to non-lin-
ear physiologic systems may improve system performance.
For example, the application of stochastic noise via mechani-
cal vibration enhances the respiratory performance of infants
with apnea. Additionally, it may be the case that stochastic
resonance might also improve the pulmonary system’s ability
to optimize oxygen tension and gas exchange.

[0043] Modeling of Interbreath Intervals

[0044] Respiratory rhythm in mammals is governed by
neural circuits within the brainstem that signal the timing and
depth of each breath. Continuous ventilation results from
recurrent bursts of inspiratory neuronal activity that controls
the diaphragm via discrete phrenic motor neuron activations.
One assumption that allows non-invasive measurement of
neuronal inspiratory bursts is to assume that the peak of
inspiration is a discrete event that marks the timing of neu-
ronal inspiratory bursts. Another assumption that may be
made is that interbreath interval dynamics are governed by
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continuous processes under the regulation of multiple feed-
back and feed-forward loops impinging upon the respiratory
oscillator.

[0045] The interbreath interval of an infant follows a
power-law distribution. The characterizing parameters of the
power-law distribution are found to be sensitive to age (e.g.,
maturation). During a respiratory cycle, the end of inspiration
and onset of expiration mark local maxima or local minima.
For the purposes of this disclosure, the end of inspiration and
onset of expiration will define local maxima unless otherwise
noted. In an observation interval (0, T], the times where the
local maxima occur may be defined as O<u,<u,<. .. <u,<..
. <ug=T. Then, for any given respiratory event u,, the waiting
time until the next event obeys a history dependent log-nor-
mal probability density f (t/H,,0) as

1 (0]
_ L Jr [ L0nt-wm) - pHy. 0)°
f”‘”"’e)‘[m} e"p{‘iT}

Time t is any time greater than u,. H, is the history of inter-
breath intervals up to u, represented as H,={u,, w,, w,_1, ...
s Wi_pe1 } Where w, is the k* interbreath interval represented
as w,=u,~u,_,. Theta (0) is a vector of model parameters. The
instantaneous mean is modeled as a p-order autoregressive
process,

P
u(He, 0)=18, + Z O;We_ji1.
=

[0046] The probability density in equation (1) defines the
interbreath interval distribution with p and o as the charac-
terizing parameters. The local maximum-likelihood
approach is employed to estimate 8 and o at each instant of
time t.

[0047] The local joint probability density of u,_;: u, is used
to calculate the local maximum likelihood estimate of 0 and o
where 1is the length of the local likelihood observation inter-
val. If a number n, of peaks in this interval are observed as
u,<u,<...<u,standif 6 as well as o are time varying, then
attime t, the maximum likelihood estimate of6,and 7, is to be
the estimate of 6 and o in the interval 1. Considering the right
censoring, the local log likelihood is obtained as

" , )
logf (@h-¢,16))= ) Wt = u)logf @ — iy | Hy_. )+

i=2

Wit =ty log f rie| H, . 9,)do

=ity

where w(t) is a weighting function to account for faster
updates to local likelihood estimation. The weighing function
is w(t)=exp(-a(t—u)) where o is the weighting time constant
that assigns the influence of a previous observation on the
local likelihood at time t. The instantaneous estimate of the
mean [t may be obtained using the autoregressive representa-
tion because 6 can be estimated in continuous time. Similarly,
the local likelihood estimate provides the instantaneous esti-
mate of variance o°.
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[0048] The interbreath interval probability model along
with the local maximum likelihood method provides an
approach for estimating the instantaneous mean and instan-
taneous variance of the interbreath interval. These measures
provide information about the changes in the characteristics
of the distribution and information related to the irregularity
of breathing. The time-rescaled interbreath interval was com-
puted to obtain a goodness-of-fit measure. The time-rescaled
interbreath interval is defined as:

Tty EH D )t 3)

where u,, represents the breathing events observed in (0, T)
and AM(tIH,, 0,) is the conditional intensity function defined as:

. R ) R - Q)
Mel Hy, &) = f(e| Hy. 8, 6—,)[1 —f £(61| Ha. g, 6'9)070}
g

[0049] The conditional intensity is the history dependent
rate function for a point process that generalizes the rate
function for a Poisson process. The T, values are independent,
exponential, random variables with a unit rate. With a trans-
formation z,=1-exp(-7,). the z, values become independent,
uniform random variables on the interval (0,1]. A Kolmog-
orov-Smirnov test was used to assess the agreement between
the transformed z, values and a uniform probability density. A
Kolmogorov-Smirnov plot indicates agreement of the point-
process model with the interbreath interval data series by
plotting the transformed z, values versus the uniform density.
A line close to the 45 degree diagonal from this plot indicates
close agreement.

[0050] The Kolmogorov-Smirnov distance measures the
largest distance between the cumulative distribution function
of the transformed interbreath interval and the cumulative
distribution function of a uniform distribution, both on the
interval (0,1]. A shorter Kolmogorov-Smirnov distance indi-
cates a better model in terms of goodness-of-fit.

[0051] Data were analyzed from both human and animals
trials. Neonatal rats exhibit respiratory patterns and chemo-
responses analogous to preterm infants. This includes both
periodically occurring apnea episodes and sporadic apneas
with bradycardia and hypoxemia. One- to two-day-old rats
were placed in a sealed chamber and breathed through a face
mask and pneumotachogram. Respiratory airflow was
recorded through the mask. Pressure within the plethysmo-
graphically sealed chamber was measured and these mea-
surements were used as an index of respiratory effort.
[0052] The tested preterm infant data included infants hav-
ing a gestational age of less than 36 weeks and post-concep-
tional age greater than 30 weeks at the time of study. The
infants were spontaneously breathing room air or receiving
supplemental oxygen through nasal cannulae at a fixed flow
rate. Respiratory inductance plethysmography of abdominal
movements during spontaneous breathing (Somnostar PT;
Viasys Healthcare, Yorbalinda, Calif.) was used to collect
respiratory signal data at a sampling rate of 100 Hz.

[0053] Themodel was first tested using simulated data sets.
Interbreath interval data series were simulated from a log-
normal distribution with set mean p and variance o” values.
FIG. 1A illustrates one of the simulated data series. The
interbreath interval (IBI) of the simulated data is plotted over
time, which is shown with arbitrary units. The simulated data
kept the interbreath intervals relatively stable between times
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of zero and 500 units. Then, the interbreath intervals experi-
enced significant variance between times of 500 to 800 units.
After the time of 800 units, the simulated interbreath intervals
returned to same levels as between times of zero and 500
units. These data were generated by keeping the interbreath
interval variance o2 at a fixed value for times zero to 500, then
randomly altering the variance o” for times 500 to 800, and
then returning to the initial variance o for times greater than
800. The mean value p was kept at a constant level. That is,
times zero to 500 and times greater than 800 simulated non-
apneic sleep and times 500 to 800 simulated the occurrence of
apneic events.

[0054] Referring to FIG. 1B, the instantaneous variance
estimated by the developed point process model of order p=4,
with local likelihood window =100 and weighting time con-
stant a=0.01 along with a time resolution s=0.01 is shown for
the data of FIG. 1A. As shown in FIG. 1B, the variance
remained relatively constant at about 0.2 from times zero to
500, then sharply increased to about 0.6 and sharply fell to
about 0.1 for times 500 to 800 before returning to about 0.2
for times after 800. This accurately estimated the mean p and
variance o for selected fixed mean p and variance o® values.
[0055] The goodness-of-fit of the point process model was
analyzed. FIG. 2 shows a Kolmogorov-Smirnov plot of time-
rescaled quantiles derived for the simulated data of FIG. 1A.
The 95% confidence intervals 202 and theoretical values 204
were plotted along with the time-rescaled quantiles 206. A
model is considered perfect if the quantiles 206 perfectly
overlie the theoretical values 204. As shown, the time-res-
caled quantiles 206 closely followed the line of theoretical
values 204 and remain within the 95% confidence intervals
202.

[0056] Referring to FIG. 3A, an example from one continu-
ous recording of a newborn rat R1 is shown. FIG. 3A plots the
interbreath interval (IBI) over time. As shown, the interbreath
interval remained relatively stable and exceeded 1 second at
relatively few points. In newborn rats, an interbreath interval
greater than 1 second indicates apnea. Some peaks that
exceed 1 second occurred at times of, for example, about 25
seconds, about 105 seconds, about 225 seconds, about 350
seconds, and about 490 seconds. As the apnea occurs, the
variance increases.

[0057] The variance in the interbreath interval is an indica-
tor of stability of breathing. FIG. 3B shows the calculated
variance of the newborn rat R1 data in F1G. 3A using the point
process algorithm. As shown, the variance remained rela-
tively stable, with significant peaks formed at, for example,
about 25 seconds, about 105 seconds, about 200, about 225
seconds, about 350 seconds, about 400 seconds, and about
490 seconds. These peaks correspond with the apneic inter-
breath interval peaks in FIG. 3A.

[0058] Referring to FIGS. 4A-4D, Kolmogorov-Smirnov
plots of time-rescaled quantiles derived for data of two new-
born rats R1, R2 was plotted along with the associated auto-
correlation function for each. The theoretical values 402, 95%
confidence intervals 404, and time-rescaled quantiles 406a,c¢
for each newborn rat R1, R2 are shown in FIGS. 4A and 4C.
The first newborn rat R1 was the same data used in FIGS. 3A
and 3B. FIG. 4A shows the time-rescaled quantile 406a for
the first newborn rat R1 closely following the theoretical
values 402 along the 45 degree line, but approaching the
upper 95% confidence interval 404 for model values between
about 0.6 and about 0.8. FIG. 4B shows the autocorrelation of
the first newborn rat R1 to remain within the corresponding
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confidence interval of (about +0.05). FIG. 4C shows the time-
rescaled quantile 406¢ for the second newborn rat R2 follow-
ing the theoretical values 402 along the 45 degree line with a
slight excursion beyond the lower 95% confidence interval
404 for model values between about 0.2 and about 0.4. FIG.
4D shows the autocorrelation of the second newborn rat R2 to
remain within the corresponding confidence interval (about
£0.02).

[0059] Referring to FIG. 5A, an example from one continu-
ous recording of a human infant 11 is shown. The infant’s I1
interbreath interval (IBI) remained at about one second peaks
exceeding about 1.5 seconds at times of about 125 seconds,
about 290, about 300 seconds, and about 510 seconds. In
infants, the normal interbreath interval is about 1 second.
Irregularity in breathing results in the interbreath interval
varying from about 1 second to about 20 seconds. The change
in interbreath interval is reflected as the variance.

[0060] FIG. 5B shows the variance of the interbreath inter-
val data (FIG. 5A) ofthe infantI1. The instantaneous variance
increased during the apnea, suggesting larger variability. The
variance remained relatively steady at approximately 0.01
sec”. Significant peaks were seen at times of about 125 sec-
onds, about 290 to 300 seconds, and about 510 seconds.
[0061] FIGS. 6A-6D provide the Kolmogorov-Smirnov
plots from four infants 11-14, respectively. FIG. 6 A shows the
Kolmogorov-Smirnov plot of the first infant 11 data from
FIGS. 5A and 5B. The time-rescaled quantiles 606a for the
firstinfant I1 closely track the theoretical values 602 along the
45 degree line, but approached the lower 95% confidence
interval 604 for model quantiles of about 0.8 to about 1.0.
[0062] FIG. 6B shows the Kolmogorov-Smirnov plot of a
second infant 12 data. The time-rescaled quantiles 6065 for
the second infant 12 closely tracked the theoretical values 602
along the 45 degree line, but approached the lower 95%
confidence interval 604 for model quantiles of about 0.9 to
about 1.0.

[0063] FIG. 6C shows the Kolmogorov-Smirnov plot of a
third infant 13 data. The time-rescaled quantiles 606¢ for the
third infant 13 tracked the theoretical values 602 along the 45
degree line. The time-rescaled quantiles 606¢ approached the
upper 95% confidence interval 604 for model quantiles of
about 0 to about 0.2 and approached the lower 95% confi-
dence interval 604 for model quantiles of about 0.4 to about
0.6 and about 0.9 to about 1.0.

[0064] FIG. 6D shows the Kolmogorov-Smirnov plot of a
fourth infant 14 data. The time-rescaled quantiles 6064 for the
fourth infant 14 closely tracked the theoretical values 602
along the 45 degree line. The time-rescaled quantiles 6064
approached the upper 95% confidence interval 604 for model
quantiles of about 0.1 to about 0.2 and approached lower 95%
confidence interval 604 for model quantiles of about 0.9 to
about 1.0.

[0065] The time varying evolution of the characterizing
parameters were estimated to represent the dynamic nature of
breathing and thereby provide a time-varying measure of
irregularity in breathing according to Equation 1 above.
[0066] The instantanecous mean is modeled as a p-order
autoregressive process as

4 )
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=

Oct. 9,2014

[0067] The probability density in Equation 1 defines the
interbreath interval distribution with mean p and variance o as
the characterizing parameters. Ateachinstant of timet, a local
maximum-likelihood approach was used to estimate | and o.
To calculate the local maximum likelihood estimate of p and
0, the local joint probability density of u,_;:u,l is defined as
the length of the local likelihood observation interval. The
maximum likelihood estimate of 6, and &, is approximated as
the estimate of 0 and o in the interval | at time t if n, peaks are
observed within this interval as u,<u,<. . . <u,<tand if 6 as
well as o are time varying. Thus, for a p-order of 4, Equation
1 becomes:

s { 1<1n1:wk)—u<Hk,0)J2} ©
of Lt — b, O

1
f([|Hk,9):[m]

2 o

The order, p, can be set to a different level based on a particu-
lar application.

[0068] Given Eq (6), the local log-likelihood for an obser-
vation window n, can be defined as:

& , ™
logf (-1, 0) = ) Wt~ w)logf @~y | Hy_, 0)+

i=2
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where w(t) is a weighting function to account for faster
updates to local likelihood estimation. The weighing function
was expressed as w(t)=exp(-c.(t-u)) where c.is the weighting
time constant that assigns the influence of a previous obser-
vation on the local likelihood at time t. The instantaneous
estimate of the mean p is obtained using the autoregressive
representation because 0 can be estimated in continuous time.
Similarly the local likelihood estimate provides the instanta-
neous estimate of variance o as

o = (In(we) — e / e ®)

Thus the instantaneous mean in Equation 5, along with the
variance in Equation 8 determines the characterizing param-
eters of the algorithm that track the instability of breathing in
real time.

[0069] Modeling of Heartbeat Intervals

[0070] Additionally or alternatively, other physiological
signals can be monitored to detect or predict the occurrence of
a life-threatening event. A point-process model was devel-
oped using electrocardiograph and respiratory signals as pri-
mary signals. All other physiological signals were used as
covariates in the predictive algorithm.

[0071] The peak of the electrocardiogram, also known as
the R-wave event, is treated as a point process. The distribu-
tion of the interbeat intervals is used for developing the proba-
bilistic modeling framework for the algorithm. An interbeat
interval is the time elapsed between two successive R-wave
peaks and is also known as an R-R interval.

[0072] A probabilistic model of a dynamical system
observed through a point process can be used to meaningfully
analyze heartbeat data. The heartbeat intervals are the times
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between R-wave events. These R-wave events correspond to
the electrical impulses from the heart’s conduction system,
which initiate ventricular contractions. Therefore, the
R-wave events form a point process because the events are a
sequence of discrete occurrences in continuous time. Addi-
tionally, the autonomic nervous system is the principal
dynamic system that modulates the dynamics of the heartbeat
intervals. Thus, premature infant heartbeats can be accurately
characterized by point process models of the R-R intervals.

[0073] The point process framework can be related to other
variables, including respiratory activity, movement, pulse and
other related physiological variables. These relations may be
used to establish new measures of control dynamics by the
autonomic nervous system. A new statistical framework was
developed using the indices obtained from the model. This
combined framework combined measures sleep state, respi-
ratory dynamics, and cardiovascular control for predicting
life-threatening events in infants.

[0074] For any R-wave event vy, the waiting time until the
next R-wave event obeys a history-dependent inverse-Gaus-
sian probability density. This is expressed as f (tlH,, 0),
where t is any time greater than u,, H,, is the history of R-R
intervals up to u,, and 6 is a vector of model parameters. The
waiting time until the next R-wave event is also the length of
the next R-R interval. The model is defined as:

FU1Hy . 0) = ©

. L
Opﬂr
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where p*(H,,. 6):c'lu(HMk, B)and b, ., *:c'16P+1. The mean
and standard deviation of the heart rate probability density,

respectively, are:
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[0075] The mean in Equation 9 becomes

P q
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where RESP refers to the instantaneous lung volume mea-
sure, Sa02 refers to arterial-blood oxygen saturation, and
MOV refers to movements monitored by electromyographic
signals. The values of each are sampled in correspondence to
the beat series because they are considered together with
autoregressions on the R-R intervals. All other physiological
signals act as covariates. Additionally, the amplitude of the
respiration is included as one of the covariates because both
the amplitude and the timing are important features to define
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the stability of breathing. It is contemplated that one or more
of these covariates (e.g. the amplitude of the respiration) may
be excluded from analysis.

[0076] Both the maximum local likelihood algorithm and
the adaptive filtering algorithm were used to fit the model
with covariates to the data. This allows for estimation of new
indices of cardiovascular control defined as a function of the
paramisters S KSR ) Y [ PIRRRY o P o IR 4 B
IR

[0077] The model for interbreath interval is the same as
discussed above with the mean interbreath interval defined by
considering other physiological signals as covariates. The
dynamics of poles of the auto-regression as well as the instan-
taneous power can serve as indices of the cardio-respiratory
dynamics because the instantaneous mean is represented as
an autoregressive process in both the interbreath interval
model and the R-R interval model. The respiratory system
was considered stable if the poles were inside the unit circle
and unstable if the poles were outside of the unit circle. The
degree of instability is defined using the number of poles
outside the unit circle.

[0078] The resulting indices of cardio-respiratory dynam-
ics are related to the life-threatening events including sleep
state as avariable in the probability function. The model seeks
to characterize the probability of onset of a life threatening
event given the infant’s physiological and autonomic state,
as:

Pr(Apnea)~f{Sleep,H, ,0,p.y,n) (13)

[0079] This function was modeled using a framework
including classifiers, regression analysis, principal compo-
nent analysis, state vector machines, and adaptive filters,
namely a Kalman filter. The function includes the indices
defined for the R-R interval as well as interbreath interval. For
the R-R interval model and interbreath interval models, a
parametric approach was pursued. This approach character-
ized specific indices from the auto-regression models. The
parameters were estimated using local likelihood and/or
adaptive algorithms. The model fits were tested using well-
established goodness-of-fit analysis. After determining the
functions, indices extracted from this new explicit framework
were used to statistically assess the predictive power of the
model across the available database, both with and without
vibrotactile stimulation.

[0080] The observations outlined above can be used to
develop systems and devices that measure, indicate, and ini-
tiate other processes when a predetermined condition is met
(e.g, a specified interbreath interval, R-R interval, and/or
interbreath interval variability condition). The initiation of
other processes can take many forms. One non-limiting
example is to warn an individual when a predetermined con-
dition is met or predetermined boundaries are crossed. The
warning could include, for example, triggering an alarm,
illuminating a light, initiating a sound, altering a display
device such as a monitor, creating notes in medical records or
chart recordings, sending a text alert such as an e-mail, SMS,
or MMS message, and/or sending an automated phone call.
Additionally or alternatively, a corrective therapy can be
automatically applied upon the happening of a predetermined
condition. One non-limiting example would be to initiate
vibration of a neonatal mattress for avoiding sleep apnea.
Moreover, a single device can perform multiple functions
such as the example of a neonatal mattress with sensor, actua-
tors, and computation incorporated measuring respiration of
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an infant and using algorithm and process described to initiate
a therapy or action to stimulate and restore breathing.

[0081] The point process model was applied to an existing
infant database in order to understand the respiratory dynam-
ics related to mechanosensory stimulation. It was shown that
the variance of the interbreath intervals is an important indi-
cator of instability of breathing, with higher variance indicat-
ing irregular breathing and increased apnea and lower vari-
ance indicating the stable breathing patterns and decreased
apnea.

[0082] Itwas expected that stimulation would induce rapid
changes in interbreath interval variance because mechanore-
ceptor stimulation affects the respiratory oscillator via neural
signals. Surprisingly, analysis of eleven infants revealed that
the respiratory system exhibits relatively slow dynamics in
interbreath interval variance in response to both initiation and
removal of mechanoreceptor stimulation.

[0083] Referring now to FIGS. 7A and 7B, an example of
the change in interbreath interval variance in response mat-
tress stimulation is shown. FIG. 7A shows interbreath interval
variance over time when the mattress stimulation was initi-
ated. During times -200 to 0, no stimulation was present and
the interbreath interval showed considerable variance. Stimu-
lation was initiated at time 0. Once stimulation was initiated,
the variance began to decline until no variance was noticed at
approximately 60 seconds. Between 60 and 200 seconds there
is almost no variance present.

[0084] FIG. 7B shows interbreath interval variance over
time when the mattress stimulation was removed. During
times =200 to 0, stimulation was present and the interbreath
interval showed almost no variance. Stimulation was termi-
nated at time 0. Once stimulation was terminated, the level of
variance remained at almost zero until a sharp increase at
approximately 60 seconds. Between 60 and 200 seconds,
variance began fluctuating again. The study of eleven infants
showed that the interbreath interval variance evolved to the
new level within approximately one minute.

[0085] The interbreath interval data in FIGS. 7A and 7B
was obtained by implementing the point process model of
respiration, This revealed a parameter that is necessary for a
device to prevent apnea. As shown in FIGS. 7A and 7B,
impending apnea must be anticipated within approximately
one minute in order to actuate the mechanosensory stimulus
in time to prevent the apnea. Similarly, removal of the stimu-
lus could result in persistent beneficial after-effects that main-
tain stability of breathing for up to approximately one minute
after cessation of the stimulus. It is contemplated that this lag
time might be different depending on factors such as post-
conceptional ages, gestational age, concurrent conditions that
might affect signaling within the respiratory control system,
monitoring method, etc. The respiratory response time to
stimulation onset and offset can be estimated for data sets
from individual infants, and the resultant time constant can be
automated and incorporated into the algorithm used to control
the actuators that provide feedback mechanosensory stimu-
lation to the respiratory control system.

[0086] In accordance with one embodiment, the present
invention can be used to track the instability of breathing in
infants, and in particular, preterm infants. Preterm infants
with post-conceptional age of less than 36 weeks commonly
have irregular breathing patterns with periodic and sporadic
pauses in breathing. Variance has been shown to be a good
marker for the incidence of apnea and hypoxia events.

Oct. 9,2014

[0087] Ttisessential to correctly quantify the irregularity of
the breathing patterns, so that appropriate magnitude as well
as duration of mechanosensory (vibrotactile) stimulation can
be provided to improve the breathing patterns in preterm
infants.

[0088] In accordance with one embodiment of the inven-
tion, FIG. 8A shows a flowchart for an algorithm 700 to
monitor physiological instabilities in real time. Characteriz-
ing parameters (e.g. variance, heartbeat) can be used to assess
likelihood of a life-threatening event occurring based on the
monitored physiological factors. Step 702 receives input
from sensors. By way of non-limiting example, these sensors
can monitor heartbeat and/or breathing patterns. Step 704
analyzes the input for the occurrence of a life-threatening
event. The occurrence of the life-threatening event may either
be occurring contemporaneously with the analysis and moni-
toring, or it may occur in the future. By way of non-limiting
example, a threshold value can be set while monitoring
instantaneous breathing variance. At decision box 706, it is
determined whether a life-threatening event has or will occur.
By way of non-limiting example, a threshold or set-point for
variance indicates whether or not a life-threatening event has
occurred. If the value is above a certain threshold, a life-
threatening event has occurred.

[0089] Ifthe algorithm detects that a life threatening event
has or will occur, a controller is switched to the ON state at
step 708. The controller is adapted to deliver vibrotactile
stimulation to the source of monitored input (e.g. an infant).
The algorithm 700 continues to receive input from the input
sensor at step 702. It is contemplated that the controller may
remain in the ON state for a predetermined amount of time, or
until a precondition is met.

[0090] If the algorithm does not detect a life threatening
event at decision box 706, the controller is biased to the OFF
state at step 710. The algorithm 700 then continues to receive
input from the sensor at step 702.

[0091] FIG. 8B shows a system 800 that monitors instabili-
ties in breathing in real time according to one embodiment.
The system 800 of FIG. 8B includes a respiration sensor §04,
a sensor and data acquisition system 806, and a controller
810. The system 800 includes a vibrotactile stimulation mat-
tress 820, which is connected to the controller 810. The res-
piration sensor 804 can be fastened to an infant 802 by, for
example, aband or strap. The respiration sensor 8§04 measures
the respiration of the infant 802. The sensor and data acqui-
sition system 806 receives signals from the respiration sensor
804 and produces a respiration signal that is input to a respi-
ration signal processor 812 of the controller 810. The respi-
ration signal processor 812 uses the respiration signal to
produce a variance value. The variance value can be com-
pared to a threshold or set-point by a compare module (e.g.,
software module, hardware component, comparator, etc.) and
used to turn ON or OFF a mattress controller §16. The mat-
tress controller 816 is generally biased in the OFF status, until
the variance meets or exceeds the threshold. When the mat-
tress controller 816 is in the ON state, the mattress 820 pro-
duces one or more stimuli to restore breathing.

[0092] Isolation Mattress

[0093] FIG. 9 depicts an isolation mattress 900 that applies
isolated stochastic resonance mechanostimulation to a spe-
cific portion of the mattress according to one embodiment.
The isolation mattress 900 includes a body 916. The body 916
includes an active region 902, a passive region 904, a top
surface 910a, 9105, and a plurality of voids 918, 920, 922.
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The active region 902 includes an actuator 908 attached to an
active soundboard 906. The passive region 904 includes an
inertial device 914 attached to a passive soundboard 912. A
passive-section void 918 is located around the inertial device
914. An active-section void 920 is located around the actuator
908. A soundboard void 922 is located between the active and
passive soundboards 906, 912.

[0094] The active region 902 interacts with parts of an
infant’s body that can receive stimulation with little or no
adverse consequences. These body parts include the legs and
torso of the infant. The active region 902 is generally rectan-
gular and occupies top surface 910a area, which is about
two-thirds of the isolation mattress 900. It is contemplated
that other shapes and sizes may be used be used to obtain the
above described benefits.

[0095] The active soundboard 906 and the actuator 908
impart vibrational stimulation on the top surface 910a in the
active region 902. The actuator 908 is attached to the active
soundboard 906 such that movement of the actuator 908
moves the active soundboard 906. The active soundboard 906
is disposed below the top surface 9104 such that at least a
portion of the vibrations are imparted on the top surface 910a.
For example, the active soundboard 906 can be placed
approximately one-half inch below the top surface 910a. It is
contemplated that other distances may be employed to
achieve desired physical and vibrational properties of the top
surface 910. For example, the soundboard may be placed
from 0.4 inches to 0.6 inches, from 0.25 inches to (.75 inches,
from 0.1 inches to 1.0 inch, or even greater than 1.0 inch from
the top surface 910. Inches

[0096] The passive region 904 interacts with parts of an
infant’s body that are more sensitive to stimulation, such as
the head. The passive region 904 is shown as being generally
rectangular and occupies top surface 910a area, which is
about one-third of the total top surface area of the isolation
mattress 900. It is contemplated that other shapes and sizes
may be used be used to obtain the above described benefits. It
is additionally contemplated that the size of the active region
902 relative to the passive region 904 may be altered.

[0097] The passive region 904 is mechanically isolated
from the active region 902. The inertial device 914 is attached
to the passive soundboard 912 such that the inertial device
914 helps to dampen vibrations from the active soundboard
906 and actuator 908. In the illustrated embodiment, the
inertial device 914 is a passive inertial device a mass attached
to the passive soundboard 912. This mass is 660 g of alumi-
num rigidly attached to the passive soundboard 912. It is
contemplated that the masses may be made of different mate-
rials or weights. Itis also contemplated that the inertial device
914 may be a device that actively cancels vibrations imparted
on the passive soundboard 912.

[0098] The body 916 may comprise various materials. By
way of non-limiting example, an open-cell foam, gel, or other
viscoelastic material may be used to damp the vibrations from
the active soundboard 906 and the actuator 908. Additionally,
the voids 918, 920, 922 assist in inhibiting vibrations from
passing to the passive section. The passive-section void 918
prevents or inhibits vibrations from being imparted to the
inertial device 914. The active-section void 920 prevents or
inhibits the actuator 908 from imparting vibrations on the
body 916. The soundboard void 922 prevents or inhibits
vibrations from directly passing between the active sound-
board 906 and the passive soundboard 912. It is also contem-
plated that any or all of the plurality of voids may be replaced
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with visco-elastic damping materials that alter and/or modify
the transmission of vibrations from the active soundboard 906
and actuator 908 to the passive region 904. By way of non-
limiting example, Young’s Modulus, density, and/or visco-
elastic properties may be considered when selecting materi-
als. Sufficiently dissimilar material may result in improved
isolation characteristics because vibration transmission
between materials is a function of the area of contact in
addition to the impedance of the materials to a specific type of
vibration.

[0099] Additionally, the isolation mattress 900 may indi-
cate the active and the passive regions 902, 904 to an indi-
vidual. Examples of this include using visual indicia on the
top surface 910, the body 916, and/or on a cover placed over
the isolation mattress 900. The cover may be made from, for
example, polymeric materials including medical grade vinyl.
[0100] Referring now to FIG. 10, an exploded view of the
actuator 908 is shown with the active soundboard 906 accord-
ing to one embodiment. In the illustrated embodiment, the
movement of the actuator 908 is obtained by imparting a drive
signal to an audio driver 1002. A mass 1004 was added to the
audio driver 1002 to increase output.

[0101] The isolation mattress 900 was tested against a
single-bodied mattress. Both mattresses were 23 inches long,
12 inches wide, and 3.25 inches tall. All soundboards were
located one-half inch below the top surface of the mattress.
[0102] The specifications for the single-bodied mattress
included: an active soundboard being plywood; an actuator
being a “woofer” audio driver of unknown origin; a body
being a low-density foam rubber material; and the surface
covering being a vinyl material.

[0103] The specifications for the isolation mattress 900
used in testing included: the active and passive soundboards
906, 912 being acrylic plastic; the inertial device 914 being a
660 g aluminum mass; the actuator 908 being an MCM model
1170 “woofer” audio driver that was modified to remove the
driver cone and shorten the overall height; a 38.6 g mass 304
stainless steel mass was added to the audio driver; and the
body was low-density polyurethane foam rubber material
(UL94HF-1).

[0104] The first signal source consisted of a waveform gen-
erator connected to Class A/B current amplifier. This source
was used to drive 2V peak-to-peak sinusoidal voltages in
order to determine the transfer function of the isolation mat-
tress 900 in the frequency band of interest. The frequencies
used were: 10 Hz, 20 Hz, 30 Hz, 40 Hz, 50 Hz, 60 Hz, 70 Hz,
80 Hz, 90 Hz, 100 Hz and 200 Hz. These individual frequen-
cies were used to de-convolve the system transfer function,
but the results are not described herein. The second input
source was a signal generator configuredinthe 30 Hzto 60 Hz
range at various output settings (e.g. turns). Due to limited
availability of the Balance Engineering generator for part of
the testing, the third signal source consisted often 100 second
recordings of the loaded output of the Balance Engineering
generator from 1 turn to 10 turns (in 1 turn increments),
sampled at 10 kSps, played back via National Instruments
LabVIEW SignalExpress software and a National Instru-
ments PCI-6281 Data Acquisition card connected a custom
Class A/B current amplifier.

[0105] The isolation mattress was marked with reflective
tape for accurate displacement measurements with the MTI-
2100. As seen in FIG. 13, tape was placed at centers 1302q,
13044 of the active and passive regions 902, 904, respec-
tively. Tape was also placed at points three inches above, to
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each side of, and below the centers 13024, 13025 (1302b-¢
and 13045-¢, respectively) for a total of ten measurement
locations. Measurements were also taken to determine the
delivered stimulus and percentage isolation for the head if the
infant were placed on the physical center point 1306 of the
isolation mattress 900 rather than being placed on the center
1302a of the active region 902. Point 1304¢ was used to
describe displacement at the infant’s head because it was 5"
away from the mattress center 1306. As with the previous
characterization, surface displacement measurements were
collected using the MTI-2100 Fotonic Displacement system
on an air table in.

[0106] All measurements with the MTI-2100 system were
taken using a Model 2062R fiber optic probe in its Range 1
measurement configuration. The linear range for the Model
2062R probe the Range 1 configuration was 152 pm with a
nominal sensitivity of 0.024 um. Each recording period was
100 seconds for every test, regardless of stimulus type. The
output of the MTI-2100 system was recorded at 10 kSps and
stored into a text file using a Tektronix MSO4034B digital
oscilloscope. The stimulus drive voltage and drive current
were also recorded at this frequency.

[0107] The recorded results were processed using MAT-
LAB® in a similar manner to the methods of the previous
characterization. Symmetric 3-pole high-pass Butterworth
filters (cut-off of 1 Hz) and low-pass Butterworth filters (cut-
off of 4 kHz) were applied to the data. The power spectral
density was calculated using Welch’s method with a spectral
frame size of 1 Hz and a resolution sensitivity of 1.1 Hz. The
Root-Mean-Squared value for output displacement was com-
puted using a single window because it yielded more accurate
results with less computational time than a sliding window of
0.1 seconds.

[0108] FIG. 11 shows results from the test of the single-
bodied mattress compared to the isolation mattress with
active and passive regions. The isolation mattress was the
same as described in FIG. 9. Line 1102 represents readings
from the tested single-bodied mattress at the center of stimu-
lation for 1.5 turns. Line 1104 represents readings from the
single-bodied mattress measured at the location of an infant’s
head for 1.5 turns. Line 1106 represents readings from the
isolation mattress measured at the active region center 13024
at 2.75 turns of the signal generator, which was determined to
produce the same therapeutic amplitude as the single-bodied
mattress at 1.5 turns. Line 1108 represents readings from the
isolation mattress measured at the passive region center
13044 at 2.75 turns. The output power spectral density of the
isolation mattress closely matched the single-bodied mattress
from 4 Hz-43 Hz, but the delivered power drops off from 44
Hz-60 Hz. The difference above 44 Hz may have been caused
by the outer vinyl skin of the tested isolation mattress inter-
nally adhering to the body of the mattress. A similar attenu-
ation was seen in previous single-bodied mattress character-
ization when a 1.5 kg mass was placed on the mattress.

[0109] Referring now to FIG. 12, a graphof mattress output
is shown. Point 1202 is the output of the single-bodied mat-
tress. Line 1204 is the output of isolation mattress at the active
region center 1302a. Line 1206 is the output of the isolation
mattress at the passive region center 1304a. Table 1 lists the
measured values shown in the graph with a calculation of the
percent attenuation between the active region center 1302a
and the passive region center 1304a.
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TABLE 1

RMS Displacement Values and Percent
Attenuation for the Isolation Mattress

Stimulus Mean Active Mean Passive
Generator Region Region Active Center to
setting Center RMS Center RMS Passive Center
[turns]  Displacement [um]  Displacement [um]  Attenuation [pum]
1 45 1.3 72.0
2 8.9 2.5 72.4
2.5 11.0 2.8 74.7
2.75 12.1 29 76.0
3 13.2 34 74.5
4 16.7 42 74.7
5 20.1 5.5 72.9

As shown in table 1, there was a drastic reduction in displace-
ment between the active center and the passive center. The
attenuation between the centers was consistently between
72% and 76% across the tested range. That is, the isolation
mattress 900 prevented approximately three quarters of the
stimulation of the active region from reaching the passive
region.

[0110] The secondary positions 1304¢, 1306 provide data
related to the attenuation of vibration between the approxi-
mate the head and body positions of an infant placed on the
isolation mattress. Table 2 compares attenuation between an
infant’s head and body using the above described single-
bodied mattress and the isolation mattress 900.

TABLE 2

Comparison of Single-bodied and Isolation Mattresses

Stimulus ~ Mean Mattress Mean Head
Generator Center RMS RMS
setting Displacement Displacement — Attenuation
[turns] [jm] [jm] (%]
Single- L.5 12.5 11.0 12.2
bodied
Isolation 2.75 8.4 2.6 69.5

Comparing the attenuation of the overall mattress center to
the approximate head location for both mattresses resulted in
the isolation mattress showing an improvement of 5.7 times
over the single-bodied mattress.

[0111] The therapeutic level of stimulation of the single-
bodied mattress was determined to be 1.5 turns of the ampli-
fier on the noise generator as determined by comparison to
previous tests. Therapeutic level of stimulation may be any
stimulation that is capable of altering a sleep state or physi-
ological function of sufficient amplitude to cause harm or
pain. This includes subthreshold, subarousal, and/or suprath-
reshold stimulation. The isolation mattress was tested to
determine the turns needed to achieve an equivalent level of
output stimulation. It was determined that 2.75 turns was the
appropriate therapeutic setting for the isolation mattress. At
this setting, the mean root-mean-squared displacement of the
center 1302a of the active region 902 is comparable to the
therapeutic displacement of the geometric center of the
single-bodied mattress.

[0112] Sensors for direct monitoring and/or control of mat-
tress surface displacement may be incorporated with the iso-
lation mattress 900. These sensors can include, for example,
embedded accelerometers or other vibratory sensors (e.g.
pressure sensors, load cells, optical sensors). Such sensors
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can be used, for example, in modifying the drive signal for the
active region in response to weight, loading, or the location of
the infant on the mattress. Such sensors can be used, for
example, in alerting caregivers to malfunctions or even active
cancellation of stimulation in the passive region.

[0113] Focal Stimulation

[0114] In another embodiment, focal stimulation may be
used to apply stochastic resonance stimulation to a subject.
Systemic vibration may be potentially inappropriate for
patients who are at risk of intra-ventricular hemorrhage.
Instead, focal stimulation can be used to both discover and
target the correct mechanoreceptors to therapeutically
address different modes of respiratory instability. Addition-
ally, focal stimulation can deliver only the essential stimula-
tion when required. Focal stimulators may be used to apply
mechanical stochastic resonance stimulation to improve the
respiratory function of infants at risk of apnea or other respi-
ratory instabilities. The stimulation may be applied in both
open- and closed-loop fashions.

[0115] Referring now to FIG. 14, a focal system 1400 is
shown according to one embodiment. The system 1400
includes a processor 1402, a user interface 1404, a signal
generator 1406 and a plurality of focal stimulators 1408. The
focal stimulators 1408 are applied to a body of a subject 1410
to stimulate to the subject. The system may additionally
include a communications bus, data logging mechanism, and/
or connections for input sensors. The communications bus
provides an interface to attach external master controllers
such as a laptop to the system 1400. The data logging mecha-
nism may be used to locally store and/or report data. Input
sensors such as temperature sensors, accelerometers, strain
gages. pulse-oximeters, plethysmographs and other physi-
ologic monitoring sensor systems may interface with the
system to provide physiological information related to sub-
ject. This physiological information may be monitored and
used by the system to initiate or alter stimulation.

[0116] Thefocal stimulators 1408 may be comprised of one
type or a combination of types of actuators including electro-
magnetic, electromechanical, solid state actuators (e.g., Niti-
nol, piezoelectric), hydraulic, pneumatic, ferrofluid, electro-
active polymer, etc. In the illustrated embodiment, the
plurality of focal stimulators 1408 is designed to be placed in
direct contact with the subject’s skin. Thus, in this embodi-
ment, it is desirable for the focal stimulators 1408 to be
formed from biocompatible and/or hypoallergenic materials.
For safety, the focal stimulators may also include double-
electrical insulation so that the subject is protected from elec-
trical discharge or electromagnetic interference.

[0117] The signal generator 1406 drives the focal stimula-
tors 1408 and may drive them individually, in groups, or even
as one unit. The signal generator 1406 may be, for example, a
stochastic resonance noise generator and may include adjust-
able drive capabilities to ensure the delivery of adequate
stimulation. The needed signal may be affected by conditions
such as the stimulators being placed in an intervening brace or
other mediating material. The focal stimulators 1408 may be
applied to the subject using a number of materials such as
braces, fitted garments, elastic bands, FDA-approved adhe-
sives, etc.

[0118] The system 1400 may be used to control and opti-
mize focal stimulation in response to an infant’s real-time
physiological status. For example, the system may monitor
the infant’s respiratory pattern and initiate stimulation to
prevent or inhibit the occurrence of an impending apneic
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event. Additionally, the system 1400 may be used in devel-
oping algorithms to control and optimize focal stimulation.
The use of physiological input sensors allows the device both
to self-calibrate and deliver the correct stimulation indepen-
dently of the attachment method and to dynamically adapt
that stimulation during use.

[0119] Referring now to FIGS. 15A and 15B, non-limiting
examples of support garment structures for embedded focal
stimulators are shown. Support garment structures may be
made of a variety of materials including flexible materials
such as neoprene, latex, rubber, silicone, cloth, wool, vinyl,
polyvinyl chloride, nitrile, neoprene, knit textiles, compos-
ites, or leather. FIG. 15A shows a hand support structure
15004 that fits on the hand of an infant. The hand support
structure 15004 includes a plurality of focal stimulators 1408
configured to apply stimulation to an isolated body part of the
infant. In the illustrated embodiment, the body part is the
infant’s hand. Additionally, the hand support structure 1500a
includes an input sensor such as, temperature sensors, blood
pressure sensors 1502, accelerometers, strain gauges, pulse-
oximeters, plethysmographs, and other physiological moni-
toring sensor systems that will assist in enabling the embed-
ded focal stimulators 1408 during an apneic episode. FIG.
15B shows a foot support structure 15005 that fits on the foot
of an infant and includes embedded focal stimulators 1408.
[0120] Itis contemplated that the system may be condensed
to a single embedded controller. The embedded controller
includes algorithms developed to optimize the stimulation
level and stimulation timing, and includes the integration of
multiple types of sensors. The embedded controller may
autonomously control the application of stochastic resonance
stimulation based on either input sensors or a physician’s
programmed therapeutic regimen. These input sensors moni-
tor at least one physiological condition. The placement and
method of attachment of the focal stimulators 1408 also factor
into the algorithm for the application of stimulation. Such a
system may be condensed, simplified, and battery powered so
that it may be designed for safe and efficacious use in home
environments. Additionally, portions of the system such as
sensors may communicate wirelessly with other portions of
the system to decrease wires and increase safety.

[0121] Array Stimulation

[0122] In yet another embodiment, array stimulation may
beused to apply stochastic resonance stimulation to a subject.
Array stimulation can be used to deliver targeted stimulation
while covering an area for potential stimulation. Additionally,
array stimulation can deliver synchronized stimulation pat-
terns over the array. Array stimulators may be used, for
example, to apply stochastic resonance stimulation to
improve the respiratory function of infants at risk of apnea or
other respiratory instabilities. The stimulation may be applied
in various ways such as single-actuator stimulation, multiple-
actuator stimulation, or even coordinated stimulation such as
stroking.

[0123] FIG. 16A depicts a stimulation array system 1600
according to one embodiment. The stimulation array system
1600 includes a user interface 1602, a processor 1604, a
controller 1606, and a stimulation array 1608. The stimula-
tion array includes stimulators 1610 to stimulate a subject.
Other components may include a communications bus, data
logging mechanism, and/or connections for input sensors.
[0124] The user interface 1602 allows the user to interact
with the stimulation array system 1600 and is operatively
connected to the processor 1604. The processor 1604 is
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operatively connected to the controller 1606. The controller
1606 is operatively connected to the stimulation array 1608
and drives the stimulators 1610. In this embodiment the
stimulators 1610 are driven independently. It is contemplated
that the stimulators 1610 may also be driven in groups.
[0125] Inthis embodiment stimulation array 1608 includes
interlocking pieces 1612. Each interlocking piece 1612
includes a single stimulator 1610. By way of non-limiting
example the stimulators may be electromagnetic, electrome-
chanical, solid state actuators (e.g., Nitinol, piezoelectric),
hydraulic, pneumatic, ferrofluid, electroactive polymer, etc. it
is contemplated that more than one stimulator 1610 may be
included on an interlocking piece 1612. It is additionally
contemplated that the stimulation array 1608 may be a single
mat.
[0126] The array system 1600 may be used to control and
optimize focal stimulation in response to an infant’s real-time
physiological status. For example, the system may monitor
the infant’s respiratory pattern and initiate stimulation to
prevent or inhibit the occurrence of an impending apneic
event. The use of physiological input sensors allows the
device both to self-calibrate and deliver the correct stimula-
tion independently of the attachment method and to dynami-
cally adapt that stimulation during use.
[0127] Additionally, the array system 1600 may include
sensors to detect the location of a child on the stimulation
array 1608. Detecting the location of the child allows the
array system 1600 to target stimulation. This targeted stimu-
lationcan be used to deliver stimulation only to portions of the
stimulation array 1608 occupied by the child, simulate a
stroking motion, or simulate a wave motion. Additionally,
detecting the location may also be used to determine orienta-
tion of a child. Determining orientation would allow for tar-
geted stimulation of the child’s body without stimulating the
child’s head regardless of the child’s location. The sensors to
determine location may be included with the stimulation
array 1608 or may be independent of the stimulation array
1608.
[0128] In accordance with the above embodiments, the
vibrotactile stimulation can be turned on and turned off for a
predefined periods of time. Altemnatively the vibrotactile
stimulation can remain on until a change in one or more
aspects of the breathing pattern are detected. Further, the
nature of the stimulation can change over time such that the
amplitude, frequency characteristics, and/or period of vibra-
tion can change over time.
[0129] While the invention is susceptible to various modi-
fications and alternative forms, specific embodiments and
methods thereof have been shown by way of example in the
drawings and are described in detail herein. It should be
understood, however, that itis not intended to limit the inven-
tion to the particular forms or methods disclosed, but, to the
contrary, the intention is to cover all modifications, equiva-
lents, and alternatives falling within the spirit and scope of the
invention as defined by the appended claims.
1. A method for inhibiting an apneic event comprising the
acts of:
receiving physiological data from a subject;
analyzing the received physiological data to detect an
impending apneic event, the analyzing including using a
point-process model; and
applying a stimulation to the subject to inhibit occurrence
of the impending apneic event after the occurrence of a
predetermined event.
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2-27. (canceled)

28. The method of claim 1 wherein the analyzing includes
using measurements of an interbreath interval.

29. The method of claim 1 wherein the point-process
model includes using measurements of a heartbeat interval.

30. The method of claim 1 wherein the stimulation is a
vibrational stimulus applied through a mattress.

31. The method of claim 1 wherein the stimulation is
applied to focused areas on the body of a subject.

32. The method of claim 1 wherein the stimulation is
applied by at least one actuator.

33. The method ofclaim 1 wherein the stimulation includes
stochastic resonance stimulation.

34. The method of claim 1 wherein the receiving step and
the analyzing step occur in real time.

35. The method of claim 1 further comprising the act of
sending a notification to an individual regarding the impend-
ing apneic event.

36. The method of claim 1 wherein the received physi-
ological data includes respiratory data.

37. The method of claim 1 wherein the received physi-
ological data includes cardiological data.

38. The method of claim 1 wherein the received physi-
ological data includes body motion data.

39. A system for inhibiting an apneic event comprising:

an analysis module configured to receive physiological

data from a subject and to analyze the received physi-
ological data in real time using a point-process model to
detect an impending apneic event; and

a stimulating mechanism operatively coupled to the analy-

sis module, the stimulating mechamism configured to
apply a stimulus to the subject, the applied stimulus
inhibiting the impending apneic event.

40. The system of claim 39 wherein the stimulating mecha-
nism comprises a mattress, the mattress comprising:

an active section configured to apply the stimulus to the

subject; and

apassive section configured to resist transfer of the applied

stimulus.

41. The system of claim 39 whetrein the active section and
the passive section include a void therebetween.

42. The system of claim 39 wherein a distance between the
active section and the passive section includes one or more
materials, the one or more materials being selected to damp
vibration.

43. The system of claim 39 wherein the passive section
includes an inertial mechanism configured to actively damp
the vibrations of the passive section.

44. The system of claim 39 further comprising a sensing
portion including at least one sensor to transduce the physi-
ological data.

45. A system for inhibiting an apneic event comprising:

an analysis module configured to receive physiological

data from a subject and to analyze the received physi-
ological data in real time using a point-process model to
detect an impending apneic event; and

a focal stimulating mechanism operatively coupled to the

analysis module, the focal stimulating mechanism con-
figured to apply a variable stimulus to one or more body
parts of the subject, the applied stimulus inhibiting the
impending apneic event.

46. The system of claim 45 wherein the body parts includes
a hand or a foot.
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47. The system of claim 45 wherein the body parts include
a torso.

48. The system of claim 45 wherein the focal stimulating
mechanism includes an actuator configured to apply a sub-
threshold signal to the subject.

49. A system for treating and inhibiting apneic events com-
prising:

an analysis module configured to receive physiological

data from a subject and to analyze the received physi-
ological data in real time using a point-process model to
detect an existing or impending apneic event; and

a stimulating array containing embedded actuators config-

ured to be placed in contact with the subject.

50. The system of claim 49 wherein the embedded actua-
tors configured to be placed under the subject.

51. The system of claim 49 further comprising sensors
configured to determine the position of the infant.

52. The system of claim 49 wherein the sensors are embed-
ded within the stimulating array.

53. The system of claim 49 wherein the actuators are con-
figured to direct mechanical stimulation to specific regions of
the subject.

54. The system of claim 49 wherein the actuators are driven
in conjunction, the driving capable of simulating stroking
motion, wave motion, or targeted actuations.

55. A method for treating an apneic event comprising the
acts of:

receiving physiological data from a subject;

analyzing the received physiological data to detect an

apneic event, the analyzing including using a point-
process model; and

applying a stimulation to the subject to induce breathing

after the occurrence of a predetermined apneic event.

56. A system for treating an apneic event comprising:

an analysis module configured to receive physiological

data from a subject and to analyze the received physi-
ological data in real time using a point-process model to
detect an apneic event; and

a stimulating mechanism operatively coupled to the analy-

sis module, the stimulating mechanism configured to
apply a stimulus to the subject, the applied stimulus
inducing breathing after the apneic event.

57. A system for treating an apneic event comprising:

an analysis module configured to receive physiological

data from a subject and to analyze the received physi-
ological data in real time using a point-process model to
detect an apneic event; and

a focal stimulating mechanism operatively coupled to the

analysis module, the focal stimulating mechanism con-
figured to apply a variable stimulus to one or more body
parts of the subject, the applied stimulus inducing
breathing after the apneic event.

58. A vibrotactile stimulation device for providing
mechanical waveform neuro-stimulation to a body, the device
comprising:

an active section configured to apply a stimulus to a sub-

ject, the applied stimulus treating an existing apneic
event or inhibiting a future apneic event,

wherein the applied stimulus is isolated stochastic reso-

nance mechanostimulation generated through a
mechanical waveform vibration and, optionally,
wherein the mechanical waveform vibration is gener-
ated by an actuator-driven active soundboard.
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59. The vibrotactile stimulation device of claim 58,
wherein the device is configured as a mattress, and the device
further comprises:

a passive section configured to resist transfer of the applied

stimulus; and

avoidsection positioned between the active section and the
passive section, wherein the void section includes one or
more materials selected to damp vibration.

60. The vibrotactile stimulation mattress device of claim
59, wherein the stimulus is applied continuously for a prede-
termined amount of time or until a precondition is met.

61. The vibrotactile stimulation device of claim 60,
wherein the device initiates corrective action to stimulate
breathing when the precondition is not met.

62. The vibrotactile stimulation mattress device of claim
59, wherein the mattress device further comprises an embed-
ded battery, and an embedded controller for autonomous
application of the stimulation based on a pre-programmed
therapeutic regimen.

63. A stimulating mechanism for treating and inhibiting an
apneic event, wherein the stimulating mechanism comprises
a mattress, the mattress comprising:

an active section configured to apply a stimulus to a sub-
ject, the applied stimulus responding to an existing
apneic event or inhibiting the a future apneic event; and

one or more embedded sensors to control delivery of stimu-
lation, wherein the sensors are selected from the group
consisting of temperature, pressure and acceleration.

64. The stimulating mechanism of claim 63, further com-
prising:

a passive section configured to resist transfer of the applied

stimulus; and

avoidsection positioned between the active section and the
passive section, wherein the void section includes one or
more materials selected to damp vibration.

65. A vibrotactile stimulation array sheet for providing
mechanical waveform neuro-stimulation to a body, the array
sheet comprising:

atleast two stimulators, each stimulator configured to inde-
pendently apply a stimulus to a subject, the applied
stimulus responding to an existing apneic event or inhib-
iting an future apneic event,

wherein the applied stimulus is isolated stochastic reso-
nance mechanostimulation generated through a
mechanical waveform vibration, and wherein the stimu-
lator includes an actuator selected from the group con-
sisting of electromagnetic, electromechanical, solid
state, piezoelectric, hydraulic, pneumatic, ferrofluid and
electroactive polymer.

66. The vibrotactile stimulation array sheet of claim 65,
further comprising: one or more embedded sensors to control
delivery of stimulation, wherein the sensors are selected from
the group consisting of temperature, pressure and accelera-
tion.

67. The vibrotactile stimulation array sheet of claim 65
wherein the applied stimulus is subsensory.

68. A system for treating an existing apneic event or inhib-
iting a future apneic event comprising:

a stimulating mechanism configured to apply a stimulus to
the subject, the applied stimulus treating an existing
apneic event or inhibiting an impending apneic event;

wherein the stimulating mechanism comprises:

an active section configured to apply the stimulus to the
subject; and
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apassive section configured to resist transfer of the applied

stimulus to the subject.

69. The system of claim 68, wherein the stimulus is applied
continuously for a predetermined amount of time or until a
precondition is met.

70. The system of claim 68, wherein the stimulus includes
vibrotactile stimulation.

71. The system of claim 68, wherein the stimulus includes
isolated stochastic resonance mechanostimulation.

72. The system of claim 68, wherein the stimulation
mechanism further comprises an embedded battery, and an
embedded controller for autonomous application of the
stimulation based on a pre-programmed therapeutic regimen.
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