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ULTRASOUND LOCALIZATION OF
OBSTRUCTION FOR OBSTRUCTIVE SLEEP
APNEA

STATEMENT OF GOVERNMENT INTEREST

[0001] This work was supported by the U.S. Department of
Veterans Affairs, and the federal government has certain
rights in this invention. sp

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0002] This application claims benefit of Provisional
Appln. 61/932,845, filed Jan. 29, 2014, the entire contents of
which are hereby incorporated by reference as if fully set
forth herein, under 35 U.S.C. §119(e).

BACKGROUND

[0003] Obstructive sleep apnea (OSA) syndrome occurs
with an estimated prevalence of 2-9% in adult American
population with an increasing incidence (Strollo et al. 1996;
Shamsuzzaman et al. 2003). OSA has been recognized as a
major cause of morbidity in recent years. The condition is
firmly seated within a spectrum of sleep-related breathing
disorders (Flemons 2002), including snoring, upper airway
resistance syndrome and obesity-hypoventilation syndrome.
Left untreated, OSA can manifest in conditions with signifi-
cant detriment to quality of life: daytime sleepiness (Johns
1993) and cognitive impairment (Findley et al. 1986). More
significantly untreated OS A leads to increased morbidity and
mortality from systemic and pulmonary hypertension (Marin
etal. 2005), myocardial infarction (Hung et al. 1993), cardiac
arrhythmias (Guilleminault et al. 1983), stroke and an
increased risk of motor vehicle accidents (Teran-Santos et al.
1999). Given these implications, accurate and early diagnosis
of OSA can potentially benefit early interventions to halt
initiation and progression of cardiovascular diseases. How-
ever, due to the lack of consensus regarding specific diagnos-
tic tools and criteria, most of the patients with OSA remain
untreated and the management of complications adds to the
burden of healthcare costs.

[0004] Obstructive events occur when tissue in the upper
airway collapses during sleep. This occurs during the nega-
tive pressure environment of inspiration. The exact sites of
collapse vary in each person depending on their anatomy and
to date there is no acceptable mechanism to predict or identify
site of obstruction.

SUMMARY

[0005] Techniques are provided for the automatic collec-
tion of ultrasound imaging data for localization of an obstruc-
tion contributing to obstructive sleep apnea. Ultrasound is
defined as pressure waves in a medium at frequencies higher
than those detectable by normal human auditory systems, and
includes frequencies from about 20 kilohertz (kHz, 1
kHz=10? Hertz, 1 Hertz, Hz, is one cycle per second) up to
about several gigahertz (GHz, 1 GHz=10° Hertz). For use in
non-invasive imaging of human tissues to practical depths of
tens of centimeters (cm, 1 em=10"% meters) ultrasound fre-
quencies in the range from about 2 to 100 megahertz (MHz, 1
MHz=10° Hertz) are used. To avoid heating and destructive
effects, the power area density of such ultrasound waves is
less than about 1 watt per square centimeter (Wem ™).
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[0006] In a first set of embodiments, a method includes
placing an ultrasound transducer array such that the ultra-
sound transducer array is adjacent to a neck of a subject. The
transducer array is configured, upon receipt of a signal, to
obtain first data that supports a plurality of ultrasound images
representing a corresponding plurality of cross sections of an
airway in the neck of the subject. The method also includes
receiving, automatically on a processor, second data from an
apnea event sensor set that is configured to collect automati-
cally the second data. The second data is sensitive to an apnea
event in the subject. The method still further includes auto-
matically detecting on the processor an apnea event based on
the second data. Still further, the method includes, in response
to detecting the apnea event, automatically sending, to the
ultrasound transducer array, the signal that causes the ultra-
sound transducer array to obtain the first data. Even further,
the method includes automatically causing image data based
on the first data to be stored in a computer-readable medium.
[0007] In some embodiments of the first set, the apnea
sensor set includes one or more sensors from a group includ-
ing a blood oxygen saturation sensor and a chest movement
sensor and a microphone. In some embodiments of the first
set, the ultrasound transducer array is removably attached to
the subject by an attachment structure.

[0008] In some embodiments of the first set, the method
also includes automatically determining, on the processor, a
location of an obstruction in an airway of the subject based on
the first data.

[0009] In a second set of embodiments, a system includes
an ultrasound transducer array configured, when disposed
adjacent to a neck of a subject, to obtain first data upon receipt
of a signal. The first data supports a plurality of ultrasound
images representing a corresponding plurality of cross sec-
tions of an airway in the subject. The system also includes an
apnea event sensor set configured to collect automatically
second data sensitive to an apnea event in the subject. The
system also includes at least one processor and at least one
computer-readable medium including one or more sequences
of instructions. The at least one memory and the one or more
sequences of instructions are configured, with the at least one
processor, to cause the system to perform at least the follow-
ing step. One step is to establish communications with the
ultrasound transducer array. Another step is to establish com-
munications with the apnea event sensor set. Another step is
to receive the second data. Another step is to detect an apnea
event based on the second data. Another step is, in response to
detecting the apnea event, to cause the signal that causes the
ultrasound transducer array to obtain the first data to be sent to
the ultrasound transducer array, and to cause image data
based on the first data to be stored in a second computer-
readable medium.

[0010] In a third set of embodiments, a method includes
automatically receiving a first plurality of ultrasound images
representing a corresponding plurality of cross sections of an
airway in a neck of a subject obtained by an ultrasound
transducer array directed toward the subject when the subject
has an open airway. The method also includes automatically
associating each image in the first plurality of images with a
corresponding subset of transducers in the ultrasound trans-
ducer array and a location of the corresponding cross section
in the subject. The method also includes determining a region
of interest made up of a subset of pixels of each image of the
first plurality of ultrasound images. Each region of interest
encompasses the open airway for each corresponding subset
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of transducers. The method also includes automatically deter-
mining a first value of a statistic of pixel intensities for each
region of interest in the first plurality of ultrasound images.
The method still further includes automatically receiving a
second plurality of ultrasound images representing the corre-
sponding plurality of cross sections of the airway in the neck
of the subject obtained by the ultrasound transducer array
directed toward the subject when the subject has an obstruc-
tive sleep apnea event. Yet further, the method includes auto-
matically determining a second value of the statistic of pixel
intensities for each subset of pixels in the second plurality of
images that correspond to each region of interest of each
image of the first plurality of ultrasound images. Even further,
the method includes automatically determining whether the
second value is significantly different from the first value for
region of interest associated with a particular subset of trans-
ducers. Ifitis determined that the second value is significantly
different, then the method includes automatically determin-
ing that the region of interest associated with the particular
subset of transducers corresponds to a location of an obstruc-
tion in the subject during the obstructive sleep apnea event.

[0011] In another set of embodiments, a system or a non-
transitory computer-readable medium is configured to per-
form one or more steps of at least one of the above methods.

[0012] Still other aspects, features, and advantages of the
invention are readily apparent from the following detailed
description, simply by illustrating a number of particular
embodiments and implementations, including the best mode
contemplated for carrying out the invention. The invention is
also capable of other and different embodiments, and its
several details can be modified in various obvious respects, all
without departing from the spirit and scope of the invention.
Accordingly, the drawings and description are to be regarded
as illustrative in nature, and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The present invention is illustrated by way of
example, and not by way of limitation, in the figures of the
accompanying drawings, in which like reference numerals
refer to similar elements and in which:

[0014] FIG. 1A and FIG. 1B are block diagrams that illus-
trate example open and obstructed airways, respectively, in a
subject;

[0015] FIG.2isablock diagram that illustrates an example
system for automatic ultrasound imaging of a subject for
determination of location of an obstruction that could con-
tribute to obstructive sleep apnea (OSA), according to an
embodiment;

[0016] FIG. 3isa block diagram that illustrates an example
onedimensional (1D) array of ultrasound transducers used to
acquire a 2 dimensional (2D) ultrasound image, as used
according to some embodiments;

[0017] FIG. 41s a flow diagram that illustrates an example
method for automatic ultrasound imaging of a subject for
determination of location of an obstruction that could con-
tribute to obstructive sleep apnea (OSA), according to an
embodiment;

[0018] FIG. 5A and FIG. 5B are flow diagrams that illus-
trates example methods for automatic determination of loca-
tion of an obstruction in ultrasound images, according to an
embodiment;
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[0019] FIG. 6isa block diagram that illustrates an example
rotating 1D array of ultrasound transducers used to acquire
multiple 2D ultrasound images, as used according to some
embodiments;

[0020] FIG. 7A through FIG. 7C are labeled photographs
that illustrate example regions of interest of images that rep-
resent three cross sections of an airway of a subject based on
data collected from the rotating 1D array of ultrasound trans-
ducers, according to some embodiments;

[0021] FIG. 8A through FIG. 8F are labeled photographs
that illustrate example regions of interest of images that rep-
resent six cross sections for an unobstructed airway of a
subject based on data collected from the rotating 1D array of
ultrasound transducers, according to some embodiments;
[0022] FIG. 9A through FIG. 9F are labeled photographs
that illustrate example regions of interest of images that rep-
resent the same six cross sections for an obstructed airway of
the same subject based on data collected from the rotating 1D
array of ultrasound transducers, according to some embodi-
ments;

[0023] FIG. 10A through FIG. 10C are the labeled photo-
graphs of FIG. 7A through FIG. 7C with the high intensity
contiguous reflections from the back of the airway indicated,
according to some embodiments;

[0024] FIG. 11A andFIG. 11B arelabeled photographs that
illustrate example images that represent the sections for an
unobstructed airway and an obstructed airway, respectively,
of the same subject, according to some embodiments;
[0025] FIG. 12A and FIG. 12B are graphs that illustrate
examplehistograms of pixel intensities for the images of FIG.
11A and FIG. 11B, respectively, according to some embodi-
ments;

[0026] FIG. 13 is a graph that illustrates example depen-
dence on the anatomical domain of the measured area of high
intensity contiguous pixels in the region of interest, respec-
tively, according to some embodiments;

[0027] FIG. 14A through FIG. 14D are graphs that illus-
trates example dependence of the averaged measured area of
high intensity contiguous pixels in a region of interest (ROI)
for unobstructed and obstructed airways for four different
subjects, according to some embodiments;

[0028] FIG. 15A through FIG. 15D are graphs that illus-
trates example dependence of the individual measured area of
high intensity contiguous pixels in a region of interest (ROI)
for unobstructed and obstructed airways for four different
subjects, according to some embodiments;

[0029] FIG. 16A is ablock diagram that illustrates example
2D array of ultrasound transducers for simulations of an
automated obstruction location method, according to some
embodiments;

[0030] FIG. 16B is a set of graphs that illustrates example
properties of each transducer measurement as a function of
time during one respiratory cycle for two anatomical regions,
according to some embodiments;

[0031] FIG. 16C is a graph that illustrates example proper-
ties of each transducer measurement as a function of time
during one respiratory cycle, according to some embodi-
ments;

[0032] FIG. 17 is a block diagram that illustrates an
example curved two dimensional array that follows a curva-
ture of an attachment structure when the attachment structure
is removably fitted around a neck of the subject, according to
some embodiments;
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[0033] FIG. 18 is a block diagram that illustrates an
example curved ultrasound wavefront determined by beam-
forming over a curved 1D array of transducers, according to
some embodiments;

[0034] FIG. 19A through FIG. 19C are block diagrams that
illustrate example transducer arrays, according to some
embodiments;

[0035] FIG. 20 is a block diagram that illustrates a com-
puter system 2000 upon which an embodiment of the inven-
tion may be implemented; and

[0036] FIG. 21 illustrates a chip set 2100 upon which an
embodiment of the invention may be implemented.

DETAILED DESCRIPTION

[0037] A method and apparatus are described for the auto-
matic collection of ultrasound imaging data for localization
of an obstruction contributing to obstructive sleep apnea. In
the following description, for the purposes of explanation,
numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be
apparent, however, to one skilled in the art that the present
invention may be practiced without these specific details. In
other instances, well-known structures and devices are shown
in block diagram form in order to avoid unnecessarily obscur-
ing the present invention.

[0038] Some embodiments of the invention are described
below in the context of ultrasound transducers used in
sequence without beamforming to detect reflected energy as a
function of time from an airway in a subject. However, the
invention is not limited to this context. In other embodiments
ultrasound transducers are arrayed to detect transmitted,
refracted and scattered energy in addition to or instead of
reflected energy from the airway or other tissue structures of
the subject, with or without beamforming and with or without
computed tomography.

1. Review

[0039] Historically, diagnosis of OSA has been achieved
through history obtained from the patient and the sleep part-
ner. To increase the sensitivity and specificity of diagnosis,
numerous studies have advocated the addition of polysomno-
graphic testing (Riley et al. 1993) that includes a battery of
measures including blood oxygenation levels during the
apneic episodes, physiological measures such as heart rate,
respiratory rate and electroencephalography (EEG). Poly-
somnography in a certified sleep lab is the gold standard for
diagnosis of OSA in current medical care. Other joint task
force recommendations (Veasey 2006; Collop 2007) identi-
fied a cohort of patients who could be candidates for portable
monitoring (PM) through application of probes and sensors
that specifically measure physiological parameters during the
episodes of apnea. A large volume of literature has thus
evolved, concentrating on the following parameters (Collop
2007): 1. Oximetry; 2. Respiratory monitoring including a)
Effort, b) Airflow, ¢) Snoring, d) End-tidal CO2, e) Esoph-
ageal pressure; 3. Cardiac monitoring, not limited to: a) Heart
rate or heart rate variability, b) Arterial tonometry; 4. Mea-
sures of sleep-wake activity such as a) Electroencephalogra-
phy, b) Actigraphy; 5. Body position; and 6. Miscellaneous
others.

[0040] While monitoring technology for these measure-
ments has largely been in place especially during polysom-
nography (PSG) testing, traditionally called a sleep study,
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these pave the way only for diagnosis and are specifically
deficient for accurate localization of obstructive phenomena.
The importance of localization (site of obstruction imaging)
is in treatment, wherein an area of obstruction could be sur-
gically ameliorated. Thus, diagnosis alone is not sufficient for
reducing the progression of the syndrome; and continuous
positive airway pressure (CPAP) that works by pneumatically
stenting the airway, does not specifically address the site(s) of
obstruction. A technique to monitor and identify the site of
obstruction could be a significant milestone in formulating
long-lasting treatment strategies for an individual diagnosed
with OSA.

[0041] The simplest method for assessment of airway
geometry involves use of the lateral skull and neck radio-
graphs for cephalometric calculations. A summary of these
radiographic findings (Deberry-Borowiecky et al. 1988) in
these patients include (a) enlargement of the tongue and soft
palate. (b) inferior displacement of the hyoid bone (c¢) normal
size and position of the mandible, yet changes in the relative
positions of landmarks on the mandible itself (d) backward
displacement of the maxilla and elongation of the hard palate
and (e) normal nasopharynx, but reduction in the oropharyn-
geal and hypopharyngeal airway diameters. In combination,
these findings illustrate the presence of multi-segmental
changes within the aerodigestive tract that may be targeted
with surgical procedures (Guilleminault et al. 1984; Riley et
al. 1985). However, the major disadvantage with these radio-
graphic assessments concerns simultaneity, i.e. obstructive
phenomena may occur at multiple levels but the lack of reso-
lution of x-ray findings prevents categorization of obstruction
into major and minor phenomena, hence they lose their rel-
evance for accuracy in localization for targeted treatment.
Lateral cephalogram radiography also fails to elucidate the
importance of soft tissue in the etiology of apnea. A modified
technique for obtaining radiographs, i.e. fluoroscopy,
wherein live imaging of the airway could be obtained using
continuous x-ray exposure has higher sensitivity and speci-
ficity (Pepin et al. 1992). However, somnofluoroscopy is
unsuitable for introduction as a screening tool due to exposure
to ionizing radiation.

[0042] Analternate technique that has been frequently used
in literature includes the use of high-resolution CT scans
(Bhattacharyya et al. 2000; Rodenstein et al. 1990). Here, the
resolution is markedly improved with current technology that
permits extremely thin slice acquisitions, and may be com-
bined with a trigger-activated circuitry using pulse oximetry,
obtaining scans that may be acquired specifically during the
time of obstruction. As promising as it sounds, there are
several problems associated with deployment, namely expo-
sure of subjects to high levels of ionizing radiation, loss of
natural sleep patterns during acquisition within the scanner
bay, and costs. Similar problems exist for use of MRI scan-
ners; even as they increase the resolution of soft tissue imag-
ing (Schwab et al. 2003; Shelton et al. 1993). MRI scanners
are noisy, with potential to disrupt sleep; and the time taken
for acquisition of images may be prohibitive for large-scale
screening; with additional problems associated with motion-
artifacts.

[0043] One of the earliest studies for localization of OSA
obstruction focused on simultaneous monitoring of pressures
in the posterior nasopharynx, oropharynx, hypopharynx, and
esophagus during overnight polysomnography (Shepard et al.
1990). From the profile of pressures recorded in the upper
airway and esophagus, the regions over which the airway
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collapses during apneic episodes could be determined. While
this study yielded the degree of relationship between the
pressures and PSG-derived indices, this mandated insertion
of monitoring probes invasively within the upper aerodiges-
tive tract and the limitation of the number of subsites indi-
cated that the overall resolution was poor. Others (Chaban et
al. 1988) that focused on insertion of catheter-based trans-
ducers such as the Millar device also reported benefits in
measurement. Conceivable issues with long-term measure-
ments include problems with loss of natural sleep architecture
owing to the presence of a device in the upper airway, and
safety issues concerning migration and potential for the
device itself to cause obstruction. Furthermore, animal mod-
els often conclude that there is poor relationship (Hudgel
1986) between pressure gradients measured using deployable
transducers and the surgical outcomes following procedures
such as uvulopalatopharyngoplasty (UPPP).

[0044] In assessments of patients prior to undergoing sleep
surgery, a flexible fiberoptic endoscopic examination of the
upper airway has been recommended (Croft et al.1991) with
some confidence owing to the relative ease of this procedure.
However, this technique cannot identify patients who have
multisegmental anatomic obstruction (Morrison et al. 1993),
and those individuals cannot be accurately tested because the
measurements are done in the setting of a clinic in an awake
state.

[0045] Ultrasound technology has been refined and modi-
fied for use in areas such as medical imaging (McNay et al.
1999), non-destructive testing (Silk 1984), industrial process-
ing applications (Ruecroft et al. 2005), cleaning (Muthuku-
maran et al. 2004), and rangefinding (Kuratli et al. 2000).
Devices used for biomedical applications have been repeat-
edly appraised and found to be safe (Hoskins et al. 2010) and
suitable for use in a variety of settings, such as obstetric
(Romero 2003) and fetal (Crane et al. 1994) diagnostic tech-
niques, cardiac and vascular applications including devices
such as catheters and probes (Gardin et al. 2006; Hamers et al.
2001).

[0046] Ultrasonic devices for use in diagnosis of obstruc-
tive sleep apnea have not been thoroughly evaluated thus far;
an extensive MEDLINE search for terms “ultrasound” and
“obstructive sleep apnea” produced just four relevant results.
Two of these articles specifically evaluated ultrasound for
prediction of difficult laryngoscopy in obese patients (Ezri et
al. 2003) and for identification of anatomic landmarks prior to
procedures such as tracheostomy and cricothyroidotomy
(Kajekar et al. 2010). The third, a dissertation (Girard 2003),
evaluated a standard ultrasound system to obtain images of
the area of the pharynx involved in OSA and utilized image
processing algorithms for detection of obstruction. This work
also showed that the extracted active contours of the airway
accurately detected its state (open or obstructed) in two
dimensional axial images of the pharynx. In addition, the
author showed that a motion detection algorithm could quan-
tify tongue base movements. Lastly, yet another manuscript
(Siegel et al. 2000) evaluated the relationship between ultra-
sound-derived images and clinical polysomnographic indi-
ces, and found good correlation between multiple variables.

2. Overview

[0047] Here is described a method and system that enables
oneto localize asite of obstruction in patients with OSA using
ultrasound technology. To illustrate how the device functions,
it is useful to show an example of an airway obstruction in the
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context of the airway anatomy. FIG. 1A and FIG. 1B are block
diagrams thatillustrate example open and obstructed airways,
respectively, in a subject. The anatomical features of the
subject include a soft palate 120, tongue 130 and pharynx
140. An airway is a lumen that includes nasal sinuses inside
the nose, a retropalatal portion 122 behind the soft palate 120,
a retrolingual portion 132 behind the tongue and a hypopha-
ryngeal portion 142 in front of the pharynx. FIG. 1A depicts
normal airflow through the nose (nasal air flow 110a) past the
palate 120 and tongue 130 and pharynx resulting in normal
net air flow 118a. In particular the airway is open in portion
labeled open airway 191. FIG. 1B depicts an obstructed air-
way 192 in the retrolingual portion of the airway correspond-
ing to open airway 191 in FIG. 1A. This results in obstructed
net airflow 1186 that leads to mouth breathing indicated by
lingual air flow 112, or snoring, or insufficient oxygenation of
the subject’s blood, or some combination, or worse, leads to
essentially zero net flow and risk of death if the subject does
not awake in time.

2.1 Structural Overview

[0048] In various embodiments, a system is configured to
automatically scan the airway during an obstructive sleep
apnea (OSA) event using ultrasound, to provide ultrasound
image data that can be used to localize an obstruction, either
manually or, in some embodiments, automatically. FIG. 2 is a
block diagram that illustrates an example system 200 for
automatic ultrasound imaging of a subject for determination
of location of an obstruction that could contribute to obstruc-
tivesleep apnea (OSA), according to an embodiment. As used
herein, a subject can be any organism with lungs, including
animals, mammals and humans, alive or dead. Although a
subject 290 is depicted for purposes of illustration, subject
290 is not part of system 200.

[0049] The system 200 includes an ultrasound imaging
device 210, an apnea event sensing device 220, and a com-
puting system 240, in data communication with each other
through one or more data communication channels 230.

[0050] The illustrated ultrasound imaging device 210
includes an ultrasound transducer array 212, attached to the
subject by an attachment structure 216 such as a strap or belt
or collar, and a imaging command module 214.

[0051] The ultrasound transducer array 212 is a set of two
or more ultrasound transducers arranged in one or two dimen-
sions configured to operate together to introduce or detect
ultrasound waves. An ultrasound transducer is a component
that either produces an ultrasound wave in response to an
electrical or optical signal (also called an ultrasound trans-
mitter), or produces an electrical or optical signal in response
to an impinging ultrasound wave (also called an ultrasound
receiver or detector), or both (also called an ultrasound trans-
ceiver). In various embodiments, ultrasound transducers are
arrayed to detect transmitted, reflected, refracted or scattered
energy from the airway or other tissue structures of the sub-
ject, with or without beamforming, and with or without com-
puted tomography. Many ultrasound transducers appropriate
for probing human tissues are known in the art and any may be
used in various embodiments. Example ultrasound transduc-
ers are described below with reference to FIG. 3. The ultra-
sound transducer array 212 is configured to produce data for
multiple ultrasound images representing corresponding mul-
tiple cross sections of an airway of the subject 290, as
described in more detail below.



US 2015/0209001 A1

[0052] Theimaging command module 214 is a component
that powers and activates the transducer array and transmits
data representing the received signals that are used to con-
struct an image. In some embodiments, the command module
also constructs the image data based on the received signals.
Many ultrasound probes are commercially available with a
command module and transducer array as an integrated unit.
Examples of such integrated ultrasound probes include: icte
and c60e from SONOSITE™ of Bothell, Wash.; §820e from
ANALOGIC™ Corporation, Peabody, Mass.; 10C-D, 10C-
SC, 35-SC, RAB series from GE HEALTHCARE™, Little
Chalfont, Buckinghamshire, United Kingdom; EUP-C715,
C514, C516, C511, C524 and C532 (convex probes) from
HITACHI ALOKA™ Medical America, Wallingford, Conn.;
SP2730, CA1123, LA533, LA523 from ESAOTE™ North
America, Inc. Indianapolis, Ind.

[0053] The computer system 240 is one or more devices,
such as a computer system 2000 described in more detail
below with reference to FIG. 20, or a chip set, such as chip set
2100 described in more detail below withreference to FIG. 21
and used for example in a portable or mobile device such as a
cell phone or tablet. The computer system is configured to
control the operation of the ultrasound imaging device 210,
and to produce, present or store all or part of the ultrasound
image data, or some combination. Many commercially avail-
able ultrasound probes are available with terminal equipment
that performs some or all of the functions of the computing
system 240. Examples of such ultrasound imaging terminals
include point of care stations for one or more of the above
probes and MyLab Twice, MyLab Seven, MyLab Gold from
ESAOTE™ North America, Inc. Indianapolis, Ind.; and,
Voluson E10, E8 and E6, Vivid E9, S6, q, S5 LOGIQ e
Ultrasound BT 12 from GE HEALTHCARE™, Little Chal-
font, Buckinghamshire, United Kingdom.

[0054] According to the illustrated embodiment, the com-
puting system 240 includes at least a processing system 242
and storage device 245. The processing system 242 includes
hardware and software configured to perform the steps of a
novel controller/analysis module 250, as described in more
detail below with reference to flow charts in FIG. 4 and FIG.
5A and FIG. 5B. At least some image data that indicates
location of an obstruction during an obstructive sleep apnea
(OSA) event is stored as ultrasound image data 252 on storage
device 245, which is one form of computer-readable memory,
as described in more detail below with reference 1o FIG. 20.

[0055] Rather than have the ultrasound imaging device 210
and computing system 240 perform the computationally,
algorithmically and power demanding task of constantly
imaging the tissues and airways of the subject to determine
the timing of an OS A event, the system determines the timing
of an OSA event based on a separate apnea event sensing
device 220. The device 220 includes an apneas sensor set 222
of one or more sensors that collect measurements that are
sensitive to the occurrence of an OSA event, such as interrup-
tion of normal chest movement rhythms, a drop in blood
oxygen saturation levels, or the interruption of normal acous-
tic thythms such as the sounds of breathing or snoring. Sen-
sors typically used for such purposes include microphones to
detect the audible sounds made by the subject, blood oxygen
saturation sensors such as a pulse oximeter attached to a
subject’s finger, and one or more accelerometers attached to a
subject’s chest. The absence of airflow (sensor output) during
sleep (EEG) while the chest is moving with resultant
decreased saturation (desat) is how a sleep lab would diag-
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nose and OSA event. Example sensors include Airflow sen-
sors, Pulse Oximeter, chest movement sensors, and EEG (to
detect sleep), such as SOMNOSTAR™ v4 from VIASYS™
Inc of Conshohocken, PA.; and, e-series and SOMTEPS™
from COMPUMEDICS™, Victoria, Australia. Such sensors
are simpler, more rapid or more cost effective than the ultra-
sound imaging device 210, or offer some combination of
these advantages. In some embodiments, it is advantageous to
use at least two such sensors, of the same or different types or
some combination, to provide reliability and redundancy as a
safeguard against failure of a single sensor.

[0056] Inthe illustrated embodiment, the apnea event sens-
ing device 220 includes a sensor set command module 224 to
power or control the sensors in the sensor set 222, ensure the
sensors are functioning properly, or send an alarm when the
sensor data indicates an OSA event, or some combination.
[0057] The data communication channels 230 are wired or
wireless channels (including BLUETOOTH and WiFi) in
direct or networked communication within, between or
among two or more of the ultrasound imaging device 210,
apnea event sensing device 220 and computing system 240.
One or more of the devices 210, 220, 240 is configured to
establish communications within or among the devices, for
example using standard networking protocols.

[0058] The system 200 is configured such that, when an
OSA event is detected based on data from the advantageous
sensors of the apnea sensor set 222, a signal is sent to the
ultrasound transducer array 212 to collect imaging data for
forming images of the airway of the subject at multiple cross-
sections of the airway, from the retropalatal region down past
the hypopharyngeal region. Thus, data is collected that can
indicate the location of an obstruction. In some embodiments,
a human analyst reviews the images to determine the occur-
rence of any obstruction. In some embodiments, the system
automatically identifies one or more of the images, or regions
within the images, or some combination, with features likely
to indicate the location of an obstruction.

[0059] Although processes, equipment, and data structures
are depicted in FIG. 2 as integral blocks in a particular
arrangement for purposes of illustration, in other embodi-
ments one or more components or processes or data struc-
tures, or portions thereof, are arranged in a different manner,
on the same or different equipment, in one or more databases,
or are omitted, or one or more different components or pro-
cesses or data structures are included on the same or different
equipment. For example, processing done by the imaging
command module 214 or the sensor set command module
224, or both, may be performed in whole or in part by the
controller/analysis module 250 in the computer system 240.
Likewise, some or all functions performed by the controller/
analysis module may be performed by the imaging command
module 214 or sensor set command module 224, or some
combination.

[0060] Thus, the system 200 includes an ultrasound trans-
ducer array 212 configured, when disposed adjacent to a neck
of a subject 290, to obtain first (imaging) data upon receipt of
a signal. The first data supports multiple ultrasound images
representing a corresponding multiple cross sections of an
airway of the subject 290. The system 200 also includes an
apneaevent sensor set 222 configured to collect automatically
second data sensitive to an apnea event in the subject. The
system also includes, in computer system 240 or command
modules 214 or 224, at least one processor (e.g., see F1G. 20
or FIG. 21); and at least one computer-readable medium
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including one or more sequences of instructions. The at least
one memory and the one or more sequences of instructions
are configured to, with the at least one processor, cause the
system 200 to perform at least the following: establish com-
munications with the ultrasound transducer array 212; estab-
lish communications with the apnea event sensor set 222;
receive the second data; detect an apnea event based on the
second data; and in response to detecting the apnea event,
cause the signal, which causes the ultrasound transducer array
212 to obtain the first data, to be sent to the ultrasound trans-
ducer array 212, and cause image data 252 based on the first
data to be stored in a second computer-readable medium, e.g.,
on storage device 245.

[0061] FIG.3isablock diagram that illustrates an example
one dimensional (1D) array 310a of ultrasound transducers
312 used to acquire a 2 dimensional (2D) ultrasound image
having image area 350, as used according to some embodi-
ments. The array 310a made up of multiple individual ultra-
sound transducers 312a, 3125, 312¢, 312d, among other rep-
resented by ellipsis, and collectively referenced herein as
transducers 312. The array is useful for forming ultrasound
images based on ultrasound reflective modes and backscat-
tering modes. In some embodiments using ultrasound trans-
mission and refractive modes, a second 1D array 3105 is also
included, which includes ultrasound transducers 312e, 312f,
312g and 312/, among others indicated by ellipses, and also
collectively referenced herein as transducers 312.

[0062] Insomeembodiments, all the transducers are of the
same construction. In other embodiments, various individual
transducers differ from others. For example, in some embodi-
ments, transducers 312 of array 310q are ultrasound transmit-
ters only and transducers 312 of array 3105 are ultrasound
receivers only. In some embodiments, one or more transduc-
ers are transceivers (both transmitters/emitters and receivers/
detectors). In some embodiments, at least some transducers
312 produce longitudinal ultrasound waves in which medium
particle displacement is parallel to the direction of wave
propagation. In some embodiments, at least some transducers
312 produce transverse ultrasound waves (also called shear
waves) in which medium particle displacement is perpen-
dicular to the direction of wave propagation. In some embodi-
ments, some transducers produce both.

[0063] Each transducer has an inherent beam pattern, i.e.,
the produced or detected ultrasound wave varies in intensity
in different directions due to constructive and destructive
interference from ultrasound emanating from or impinging
on different portions of the transducer. In some embodiments,
in a well-known process called beamforming, multiple trans-
ducers can be operated together to control the timing and
location of constructive and destructive interference to form a
beam of different width and direction from that of a single
transducer. Thus, the beam may be composed and steered
under direct computer control. The primary beams 314,
whether inherent or beam-formed, of the corresponding
transducers 312 of array 310a are depicted in FIG. 3.

[0064] When ultrasound transmitters are disposed to intro-
duce one or more ultrasound beams into a medium, the ultra-
sound may be subsequently reflected, scattered, transmitted
and refracted, depending upon the acoustic properties of that
medium, such as density and speed of sound. The reflected,
scattered, transmitted and refracted ultrasound is then
detected by the ultrasound detectors. An image is composed
based on the detected sound.

Jul. 30, 2015

[0065] For example, using reflective mode ultrasound
imaging, the array 310a of transceiver transducers (that both
emit ultrasound and detect it) is operated so that an ultrasound
pulse is projected along each beam 314 into a medium. Due to
boundaries between materials with different acoustic proper-
ties in the medium, or individual scatterers therein, as the
pulse encounters such boundaries or scatterers, a portion of
the energy is returned within the beam in the opposite direc-
tion, eventually reaching the transducer (or phased transduc-
ers) where the energy is detected. When the returned energy is
plotted as a greyscale against the time of the return, a line of
greyscale pixels (also called a scan line) for an image is
produced. Depending on the temporal resolution of the detec-
tor, this temporal trace can include several hundred to several
thousand pixel values. By repeating the process for the next
beam, the next line of grayscale pixels can be produced; and,
an image can be produced which is composed of the set of all
such scan lines. The temporal trace of the returns can be
associated with different distances into the medium along the
beam based on a known or estimated average speed of ultra-
sound over that distance. In embodiments described below,
each scan line includes 2400 pixels and corresponds to about
600 pixels per inch (for a scan line of about 4 inches, or about
10 cm).

[0066] In order to reduce the effect of scattering from one
beam into another beam, the array is often operated so that
ultrasound pulses are projected along each beam produced by
the array in sequence, one beam after the other, with time
between pulses sufficient to allow all returns of interest from
the medium along one beam. For imaging of human tissue
(sound speed about 1500 meters per second) to depths of
about 10 centimeters, the time between pulses is on the order
of 1 microsecond (us, 1 ps=10~° seconds). Thus data to sup-
port an image composed of 2400 scan lines can be acquired in
less than 0.01 seconds. Multiple images providing different
cross sections of the tissue are then collected by moving (e.g.,
sliding or pointing) the ultrasound transducer 1D array, or
including one or more other ultrasound transducer 1D arrays
that are offset in a perpendicular dimension to produce a
two-dimensional (2-D) array. Thus, in some embodiments,
the ultrasound transducer array comprises a two dimensional
array. Even if each beam is pulsed sequentially, about 200
images can be collected in about 2 seconds.

[0067] Many conventional ultrasound reflective mode
probes are composed of a single fixed transducer composed of
a monolithic ultrasound-emitting crystal that must be moved
in a direction of interest (e.g. along a line) in order to sweep a
beam over an area that is being physically examined. A typi-
cal example is a probe used in fetal sonography, wherein a
probe is physically moved over the maternal abdomen. In
contrast, the phased array (PA) reflective mode probe consists
of small individual ultrasonic transducers, each of which can
be pulsed independently, as depicted above as ultrasound
transducer array 310a. A PA probe offers a further advantage
in that the design may be constructed of solid-state compo-
nents only, eliminating noise associated with moving parts for
acquisition, decreasing power requirements and an increase
in data being generated, and improving the sensitivity of each
scan.

[0068] Inembodiments using transmissive mode, the pulse
output along a beam is detected by a transducer array on an
opposite side of a medium, e.g., by array 3104, at atime delay
based on the average speed of sound through the medium. The
detected signal can be affected by refraction if there are sound
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speed variations in the medium causing different or multiple
transducers to detect the pulse. With transmission and refrac-
tion detections, it is possible to create an image of sound
speed variations, and thus material changes, in the medium
using any known techniques of computed tomography.

[0069] For various embodiments, the ultrasound transducer
array 310a, or 3104 or both, is configured to detect an airway
391 among subject tissues 390, which together comprise the
medium to be imaged. An important consideration during
acquisition of these images pertains to the quality of images
due to presence of multiple layers of tissues. In addition, the
tissue interfaces at each level demonstrate different acoustic
properties, some of which are extremely dense sonographi-
cally, e.g. bone. This has been circumvented by the use of a
transducer array spread over a large surface area and focus-
ing/steering of the wavefront using beam forming. There
exists an application of this technology for focused intracra-
nial ultrasound, and the potential for development of com-
pletely non-invasive ultrasonic scalpels in neurosurgery
(Clement 2000).

[0070] At least two types of transducer are suitable for
various embodiments. Conventionally, contact transducers
use a thin layer of gel or other types of impedance matching
material to drive ultrasound waves into a medium of variable
acoustic properties (anisotropy). However, over the last
decade, there has been an increased interest in non-contact
ultrasound (NCU) that does not need an intervening layer of
a medium with low acoustic impedance. These offer the
advantage of ease of use and more comfort for the subject.
NCU arrays utilize electromagnetic acoustic transducers
(EMAT) that rely on generation of a sound signal in a target
material adjacent to the probe but not in contact with the
probe. Each EMAT element is composed of an electric coil
driven with an alternating current (AC) electric signal at
ultrasonic frequency, typically in the range from 20 kHz to 10
MHz. The electric signal generated could be modulated in any
fashion, e.g. a continuous wave, a spike pulse, or a tone-burst
signal. The electric coil with AC current also generates an AC
magnetic field. When the target material is close to the EMAT,
ultrasonic waves are generated in the target material through
the interaction of the two fields.

[0071] In various embodiments, not all the tissue in the
subject is imaged, only tissues in the vicinity of the airway.
Thus a reflective mode ultrasound transducer array that
extends along one full side of image area 350 encounters
more different tissues and materials, including materials out-
side the subject, than are needed for assessing whether an
airway 391 is open or obstructed. Thus for each image
obtained from each ultrasound transducer array 3104, a sub-
set of pixels in a region of interest (ROT) 352 is defined such
that the ROI 352 encompasses the airway. This can be done
manually or automatically based on landmarks in the image,
such as the spine and the teeth and trachea and the high
reflectance from the back of the airway, which are readily
recognizable. The landmarks and the ROI are expected to
vary as one follows the airway through the body. As described
in more detail below, different images are grouped into dif-
ferent anatomical domains such as retropalatal, retrolingual,
hypopharyngeal and mid-tracheal. However, for a transducer
array fixed with respect to the subject, the anatomical domain
and the ROI can be defined once and then used for all subse-
quent images from that transducer array.
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2.1 Method Overview

[0072] FIG. 41s a flow diagram that illustrates an example
method 400 for automatic ultrasound imaging of a subject for
determination of location of an obstruction that could con-
tribute to obstructive sleep apnea (OSA), according to an
embodiment. Although steps are depicted in FIG. 4, and in
subsequent flowcharts F1G. 5A and F1G. 5B, as integral steps
in a particular order for purposes of illustration, in other
embodiments, one or more steps, or portions thereof, are
performed in a different order, or overlapping in time, in
series or in parallel, or are omitted, or one or more additional
steps are added, or the method is changed in some combina-
tion of ways.

[0073] In step 401, an ultrasound transducer array 212 is
provided, such as array 310q, and is configured to produce
first data (e.g., reflection or transmission temporal profiles
along each of multiple beams formed by the array) for a high
resolution image (e.g., with a range from about 0.1 to about
2.0 millimeters (mm) of organic tissue at depths into the tissue
from about 2 to about 6 cm in each of multiple cross sections
(also called slices), e.g., by pointing or sliding or with a 2-D
array. Transducer frequencies of 1 to 10 MHz provide an axial
resolution from about 0.15 mm to about 1.50 mm. In images,
this ranges from about 50 dots per inch (dpi) and above
(corresponding to 20 pixels/cm and above). Above about 600
dpi, disadvantages include increase sensor noise and
increased demands for storage of data. In experimental
embodiments, described in more detail below, the airway is at
least 3 cm deep. It is advantageous to achieve a depth of
penetration of about 5 cm to include the anterior spine. A
transducer frequency of about 7 MHz and below is advanta-
geous for providing optimal resolution at the deepest tissues
in the region of interest (ROI).

[0074] In step 403, a sensor set 222 is provided, and is
configured to measure second data (e.g., blood oxygen satu-
ration, chest movement, breathing sound, among others, or
some combination) sensitive to obstructive sleep apnea
(OSA) events in a subject.

[0075] 1In step 405, communication channels 230 are pro-
vided between a computer system 240 and both the ultra-
sound transceiver array 212 and the sensor set 222, either
directly or indirectly through command modules 214, 224,
respectively.

[0076] Instep 407, the computer system 240, including any
terminal provided with the transducer array 212, is config-
ured, either by software or special purpose circuitry or some
combination, to perform several functions. Those functions
include operating the array to obtain one or more images
during normal breathing; detect an OSA event based on sec-
ond data communicated from the sensor set; in response to
detecting the OSA event, cause the ultrasound transceiver
array to collect data during the event; and present ultrasound
images that indicate location of obstruction in one or more of
the multiple cross sections, including storing one or more
such images.

[0077] Instep 411, the ultrasound transceiver array 212 is
placed adjacent to a subject 290 in a position to produce
images corresponding to cross sections (slices) of a subject
airway from retropalatal to mid tracheal anatomical domains.
For example, the ultrasound imaging device 210 (also called
anultrasound probe)is removably attached to the subject with
an attachment structure 216 that keeps the array 212 near to,
or in contact with, the skin of the subject 290. In some
embodiments, step 411 includes operating the transducer
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array to collect first data for one or more images that represent
corresponding cross-sections in one or more anatomical
domains during normal breathing or normal (non OSA event)
sleep.

[0078] Instep 413, the sensor set 222 in placed in position
to detect an OSA event in the subject 290. For example, a
pulse oximeter is placed on a finger of the subject, and a
microphone is placed on the head of the subject. In some
embodiments, one or more sensors is configured to automati-
cally alarm, which alarm can be used as a triggering event. For
example, some telemetric pulse oximetry probes automati-
cally send an alarm when oxygen saturation falls below a set
threshold, such as 90% SpO,.

[0079] Instep 415, the computer system 240 is operated to
present one or more images that indicate a location of an
obstruction in the subject, including storing one or more
images as image data 252, based on the first data. In some
embodiments, the computer system 240 also automatically
indicates one or more images, or one or more sub-images
(portions of the images), where an obstruction is likely to be
indicated.

[0080] 1Instep 417, the subject is treated based on the loca-
tion of an obstruction in an image of the one or more images
presented or stored in step 417. For example, if no obstruction
is indicated, the patient is treated for a syndrome other than
OSA. If an obstruction is identified and located, then a surgi-
cal procedure is performed on the subject, e.g., to biopsy or
remove a foreign object, if any, or to introduce an object or
remove tissue to prevent obstruction at that location by indig-
enous tissues. In some embodiments, the location of the
obstruction is not automatically determined by the computer
system; and, a human analyst uses the images presented by
the computer system in step 415, and the human analyst
determines the location of an obstruction, if any.

[0081] Instep419,itisdetermined whether there is another
subject to examine. If not, then the method ends. Otherwise,
control passes back to step 411 to place the transducer array
on the next subject, and perform the following steps.

[0082] FIG. 5A and FIG. 5B are flow diagrams that illus-
trates example methods for automatic determination of loca-
tion of an obstruction in ultrasound images, according to an
embodiment. F1G. 5A illustrates an example method 500 for
initial operation of the transducer array, including steps 501
through 523. Method 500 is an example embodiment of a
portion of step 411 for initial placement of the transducer
array on the subject, of the method 400 of FIG. 4.

[0083] 1In step 501, each portion of the ultrasound trans-
ducer array is associated with alocation in the subject and one
of two or more anatomical domains, such as the retropalatal
domain, retrolingual domain, hypopharyngeal domain and
mid-trachea domain, the latter where the trachea is evident in
an image below the hypopharyngeal domain. For example,
transducers 312a through 3124 are associated with the airway
391 on one cross section of the subject, e.g., a slice perpen-
dicular to the neck at the location of the array 310a, and the
corresponding anatomical domain, e.g., the hypopharyngeal
domain. After spatial tagging (co-registration), the acoustic
impedances are monitored during obstructed cycles, as
described below.

[0084] In some embodiments, step 501 includes defining
the region of interest (ROI) for each cross section. In embodi-
ments that use the spine as a landmark for the ROI, it is noted
that a signal is completely attenuated as it reaches the inter-
face in the posterior aspect of the spine. As the spine and
tissues behind it (including muscle and ligaments) are rela-
tively thick, the point of maximum attenuation defines the
posterior limit of the ROI. The anterior limit of the ROI is
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advantageously defined by reflectance properties of the air-
tissue interface in an unobstructed airway. Similarly, trans-
ducers placed on the lateral aspect of the neck also depend on
ultrasound reflection across tissue-air interface where the
wave fronts are incident laterally. In a normal unobstructed
airway, this represents the air-tissue interface defined by
maximal changes in acoustic impedances. As the cervical
spine has a bony component all the way to the base of the
skull, this determines how far vertically images are conve-
niently obtained. This also applies to the transducer capturing
images from placement just at the level of the sterno-clavicu-
lar joint (transition from neck to chest) as the angled wave-
front will be scattered by the chest wall.

[0085] In step 503, the next ultrasound image is obtained.
Any method may be used to obtain the next ultrasound image.
For example, in various embodiments, the first data is
obtained from the transducer array 212 or the imaging com-
mand module 214 or both, and the data is transformed into
image data by the controller/analysis module 250, or the
image itself is obtained from the imaging command module
214 that determines the image, or the image is retrieved from
data storage device 245 where it was stored by the imaging
command module 214 or the controller/analysis module 250.
[0086] Step 503 includes associating the next image with
the corresponding cross-section location and the associated
anatomical domain. In the illustrated embodiment, step 503
includes extracting the pixels of the sub-image in the region of
interest (ROI) that is known to encompass the airway on the
corresponding cross section as a result of step 501.

[0087] In the illustrated embodiment, during step 503, the
image is also associated with a portion of the respiratory
cycle, e.g., such as inhale portion or exhale portion, or sub-
portions therein. Any method may be used to associate the
image with a portion of the respiratory cycle. For example, in
various embodiments, the image is associated with time and a
separate data file is created recording data responsive to
breathing phenomena versus time, such as a temporal record-
ing of breathing sounds or airflow at the nose or mouth or both
of the subject. In other embodiments, theimage is collected in
response to an automatic or manual trigger based on the
respiratory cycle, e.g., at start of inhale and end of inhale, as
determined, for example, using airflow sensors and chest
movement sensors.

[0088] In step 505, a histogram of pixel count for each
interval of pixel intensity (e.g., grayscale value) levels (called
hereinafter a pixel intensity histogram, or simply intensity
histogram) is determined in the ROI sub-image. See FIG.
124, described below for an example intensity histogram
1216 in a ROI sub-mage during normal breathing. In the
presence of an open airway, there is a bright return from the
back of the airway (i.e., the side of the airway farthest from
the transmitting transducer) due to the relatively large differ-
ence between the acoustic properties of the air in the airway
and of the tissue at the back of the airway. Thus the histogram
shows a wide range of intensity values. In some embodi-
ments, the histogram is normalized so that a maximum value
(e.g., 255 corresponding to an eight bit binary number) cor-
responds to the maximum intensity observed in the ROI for
the corresponding cross-section during all normal breathing
images of the same cross section. Such bright returns ae
lacking in cross-sections in which the airway is obstructed, as
described in more detail below with reference to FIG. 8A and
FIG. 9A.

[0089] InstepS507,athreshold pixelintensity valueis deter-
mined that characterizes the intensity at the airway tissue
interface at the back of the airway. In an illustrated embodi-
ment, this threshold is selected as a value two standard devia-
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tions above the mean intensity value. See F1G.12A, described
below for an example mean value 1217 of the intensity his-
togram 1216.

[0090] Instep 509, candidate sets of contiguous pixels that
exceed the threshold are determined. Contiguous pixels that
exceed the threshold are pixels that are adjacent and above the
threshold. A candidate set of contiguous pixels that exceed
the threshold is constructed, for example, by added to the set
any pixel that exceeds the threshold and is adjacent to a pixel
already in the set, starting from an initial pair of contiguous
pixels. There are often multiple candidate sets of contiguous
pixels in a ROL. For each candidate set, a property of the set is
determined, such as the total number of pixels, total area (e.g.,
total number of pixels times the area associated with each
pixel), maximum extent (difference between largest pixel row
or column and smallest pixel row or column, or some com-
bination, such as a Euclidean distance between the smallest
row and column to the largest row and column), maximum
intensity, average intensity per pixel in the set, integrated
intensity, major and minor axis lengths of smallest enclosing
oval, a center of intensity (e.g., anintensity weighted center of
the set), a first or higher moment of intensity distribution,
among others, alone or in some combination.

[0091] In step 511, the candidate set, and its value of the
property, is not used in further analysis, if a size of the can-
didate set is less than a threshold size (e.g., a length of the
candidate contiguous set is less than 1 ¢cm). Each remaining
set 1s called a selected set of contiguous pixels above the
threshold, or simply a selected set.

[0092] Instep 513, astatistic (such as the sum or mean) of
all the selected sets in the ROl is determined. In an illustrated
example, the total area of the selected sets is determined. In
step 515, the statistic is accumulated over the same transducer
portion determined in step 501, for multiple images selected
at different times, such as during different portions of the
respiratory cycle. For example, the current value of the sta-
tistic is stored with data indicating the subject, the current
date, the transducer portion, the ROI, and the portion of the
respiratory cycle.

[0093] Instep517,itis determined whether there is another
image to be collected during normal breathing, e.g., at a
different transducer portion or different cross-section or dif-
ferent portion of the respiratory cycle. If so, control passes
back to step 503 and following steps. If not, then control
passes to step 521.

[0094] In step 521, principal component analysis is pet-
formed on the accumulated statistics to characterize normal
conditions. Any known principal component analysis can be
used. For example, a mean and standard deviation is deter-
mined for each cross-section ROl or anatomical domain. Inan
illustrated embodiment, a scatter plot of the statistic (e.g.,
total area of selected sets of contiguous pixels that exceed the
threshold) against time for all cross-sections in each anatomi-
cal domain is used to define principal components of the
variability in that anatomical domain. In some embodiments
that do not perform automated identification of obstruction
location, step 521 is omitted.

[0095] Instep 523, cluster analysis of the principal compo-
nents is performed to characterize any similarities or differ-
ences in normal respiration among the different anatomical
domains. Any known cluster analysis can be used. In some
embodiments, the signal-to-noise ratio (SNR) is examined
first by attachment of an anecdotal probe and the analysis unit
completes a first pass scan and ensures good SNR. Alterna-
tively, this scan determines the ratio of the variance of a
proposed index of measurement (e.g. airway diameter, estab-
lished by acoustic properties alone) at a given set of coordi-
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nates and the mean of the same measurement over a number
of trials of respiration taken over discrete time windows. A
Fano Factor, FF, is determined in some embodiments, as
given by Equation 1.

FF=0/1 )

Where o is sample variance and 1 is sample mean. High Fano
Factor implies high variability and low reliability; low Fano
Factor indicates the opposite. If a probe array shows high
Fano Factor, it is adjusted for better performance or swapped
for another probe of alternate geometric design. These steps
are also applicable when it is desired to image a fixed obstruc-
tion in more detail. FF in such an instance would be less than
zero. In some embodiments, the property is airway diameters
measured as a function of distance from a fixed point such as
the mandible, in three different axes. In these embodiments, a
trainable classifier is used that predicts the identity of a par-
ticular location in the three axes after subjecting itto a ‘train-
ing period’ wherein the classifier learns the variability of
different levels of airway diameter with normal breathing, as
identified by the pulse oximeter. In some embodiments that
do not perform automated identification of obstruction loca-
tion, step 523 is omitted.

[0096] FIG. 5B illustrates an example method 550 includ-
ing steps 551 through 573 for operation of the transducer
array, in response to detecting an OSA event. Thus, method
550 is an example embodiment of step 415 of the method 400
of FIG 4.

[0097] In step 551, the next ultrasound image is obtained
during the OSA event. Any method may be used to obtain the
next ultrasound image, as described above for step 503. Step
551 includes associating the next image with the correspond-
ing cross-section location and the associated anatomical
domain. In the illustrated embodiment, step 551 includes
extracting the pixels of the sub-image in the region of interest
(ROJ) that is known to encompass the airway on the corre-
sponding cross section as a result of step 501.

[0098] In step 553, a histogram of pixel count for each
interval of pixel intensity is determined in the ROI sub-image.
In some embodiments, the histogram is normalized so that a
maximum value (e.g., 255 corresponding to an eight bit
binary number) corresponds to the maximum intensity
observed in the ROI for the corresponding cross-section dut-
ing all normal breathing images of the same cross section, as
defined above for step 505. Because bright returns are lacking
in cross-sections in which the airway is obstructed, the histo-
gram is shifted to lower values for at least one cross-section
during an OSA event. See FIG. 12B, described below, for an
example histogram of an ROI encompassing an obstructed
airway when a histogram is normalized to the maximum
intensity during normal breathing, as described here.

[0099] Instep 555, candidate sets of contiguous pixels that
exceed the threshold defined in step 507 of the method 500 of
FIG. 5A are determined. There are expected to be fewer
candidate sets of contiguous pixels in a ROl encompassing an
obstructed airway. For each candidate set, the value of the
property of the set is determined, as described above for step
509 of method 500 in FIG. 5A .

[0100] Instep557,asinstep 511 of the method 500 in FIG.
5A, the candidate set, and its value of the property, is not used
in further analysis, if a size of the candidate set is less than a
threshold size (e.g., alength of the candidate contiguous set is
less than 1 cm).

[0101] Instep 559, the statistic (such as the sum or mean) of
all the selected (non-discarded) sets in the ROl is determined,
as described above for step 513 of method 500 in FIG. 5A. For
example the total area of the selected sets is determined.
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[0102] 1In step 561, the value of the statistic on the current
image is compared to the values of the same statistic accu-
mulated over the same transducer portion during normal
breathing as described above for step 515 of method 500 in
FIG. 5A.

[0103] In step 563, itis determined whether the difference
between the current value and the mean of the distribution of
values for normal breathing is outside the normal range, e.g.,
the probability of being from the same distribution of values
1s less than about 5%. If so, then control passes to step 565. If
not, then control passes to step 567.

[0104] Instep 565, the ROI of the current image is marked
as indicating a candidate obstruction. For example, the ROI is
stored as ultrasound image data 252 along with data indicat-
ing a candidate obstruction, data indicating the cross section
corresponding to the image from which the ROI was selected,
data indicating the time, the date and the subject. In some
embodiments, a more comprehensive analysis can be made
available offline or be printed to be provided in the same
format as a polysomnography record. Control then passes to
step 567.

[0105] Instep567,itis determined whether there is another
image to be collected during the same OSA event, e.g., at a
different transducer portion or different cross-section. If so,
control passes back to step 551 and following steps. If not,
then control passes to step 571.

[0106] In step 571, it is determined whether there are a
sufficient number of OS A events for each ROI to statistically
characterize the variability and select among the candidate
ROIs automatically with some statistical confidence. For
example, it is determined whether a dozen or more events
have occurred over the course of several days or a week or
longer. If so, then control passes to step 573 to perform an
automated analysis. If not, then control passes to step 551, or
the process ends. In some embodiments that do not perform
automated analysis or selection among candidate ROI, step
571 is omitted.

[0107] In step 573, cluster analysis of principal compo-
nents is performed over multiple OSA events to characterize
most probable location and ROI for intervention to mitigate
obstruction to reduce or eliminate future OSA events. For
example, the candidate ROI, or candidate ROI cluster, with
principal component coefficients outside of all clusters asso-
ciated with normal breathing and the farthest from any such
cluster would be considered as the ROI most likely to encom-
pass the worst obstruction. In some embodiments, using air-
way diameters in three axes as the property, the classifier
examines the variability in airway diameter to determine if it
lies outside the variability during normal breathing.

[0108] In some embodiments, the automated detection
scores a ‘hit” when a region of the airway/neck demonstrates
variability that is an outlier to the normal distribution of
variance of neck airway cross-sectional sizes during unob-
structed breathing. Once this location is determined, the
transducer array is operated to complete a second order scan
wherein the array obtains scans of the area of obstruction at a
much higher resolution; and the analysis is repeated.

[0109] In some embodiments, a method to determine sen-
sitivity, specificity, receiver operating characteristics, or false
discovery rate, or some combination, is incorporated to assess
accuracy of detection. For example, in some of these embodi-
ments, based on regularized methods of regression analysis,
the threshold for detection is altered for enhanced sensitivity.
[0110] After step 573, the process ends. In some embodi-
ments that do not perform automated analysis or selection
among candidate RO, step 573 is omitted; and, the process
simply ends.
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[0111] Thus is presented a novel device and system and
method that enables the localization of a site of obstruction in
patients with OS A using ultrasound technology. Some advan-
tages are listed here. (a) The system and method are conve-
nient. The test may be conducted entirely at home with pres-
ervation of natural sleep structure. (b) The system and method
are non-invasive. The appliance is limited to skin surface
application, with no probes inserted into the airway. (¢) The
system and method are inexpensive. The device itself utilizes
ultrasound imaging technology with use of disposable and/or
reusable supplies. (d) The system and method are safe. They
do not use harmful radiation modes and they have little to no
moving parts. (e) The system and method are retestable and
reliable. The device may be deployed continuously over sev-
eral nights for acquisition of data, increasing the sensitivity
and specificity of diagnosis. (f) The system and method are
amenable to remote acquisition and control. By linking via
internet, the proposed system is suitable for remote back up of
data with complete control by the test administrator remotely.

3. EXAMPLE EMBODIMENTS

[0112] Various example embodiments are describe in this
section, including simulated embodiments with 2D trans-
ducer array, and experimental embodiments conducted with a
cadaver as a subject using a rotating 1D transducer array.

3.1 Rotating 1D Transducer Array Without Beamforming

[0113] FIG. 6isablock diagram that illustrates an example
rotating 1D array 622 of ultrasound transducers used to
acquire multiple 2D ultrasound images, as used according to
some embodiments. The array 622 is depicted in side view
looking along the axis of rotation so that the angular rotation
is in direction 623. The rotating 1D array 622 is housed in an
ultrasound imaging device 620, which can be held in place to
simulate a device strapped to the throat of the subject 690.
Although depicted for purposes of illustration, the subject
690 is not part of the device 620.

[0114] In one orientation, the 1D array 622 produces a 2D
image along a cross section perpendicular to the view of FIG.
6 along a top side 631 of trapezoidal region 630. In a different
orientation, the 1D array 622 produces a 2D image along a
cross section perpendicular to the view of FIG. 6 along a
bottom side 632 of trapezoidal region 630. In between these
twoimages, multiple 2D images are produced along interven-
ing cross sections. Note that the cross sections are not parallel
in this embodiment, but yet sample the airway from the ret-
ropalatal domain 122, through the retrolingual domain 132
and the hypopharyngeal domain 142 to the mid-tracheal
domain 652.

[0115] To study the automated identification of an ROI
encompassing an obstruction, the ultrasound imaging device
620 was used in an experimental embodiment in which the
subject was a cadaver. The cadaver was surgically altered to
allow tissue collapse to be induced. Soft tissue collapse was
induced by application of sustained negative pressure (-5 cm
of water) via a reversed tracheostomy tube. This negative
pressure just exceeds the mean critical pharyngeal closing
pressures in humans.

[0116] FIG. 7A through FIG. 7C are labeled photographs
that illustrate example regions of interest of images that rep-
resent three cross sections of an airway of a subject based on
data collected from the rotating 1D array of ultrasound trans-
ducers, according to some embodiments. The imaging device
is in a relative direction toward the bottom of each ROI; and,
the cadaver airway was left open for all three ROIL. FIG. 7A
illustrates an example retropalatal ROI 720 that includes air-
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way 729 as a dark area between tissues with reflective returns
indicated by the light pixels. FIG. 7B illustrates an example
retrolingual ROI 730 that includes airway 739 as a dark area
between tissues with reflective returns indicated by the light
pixels. FIG. 7C illustrates an example mid trachea ROI 740
that includes airway 749 as a dark area between tissues with
reflective returns indicated by the light pixel, including a
distinctive bright return from the curved front (anterior)por-
tion of the airway.

[0117] FIG. 8A through FIG. 7F are labeled photographs
thatillustrate example regions of interest (ROI) of images that
represent six cross sections for an unobstructed airway of a
subject based on data collected from the rotating 1D array of
ultrasound transducers, according to some embodiments.
These ROI are from images representing cross sections of the
cadaver with an open airway. In the presence of an air column
in the upper airway, images acquired by the transducer con-
tain a consistent bright stripe highlighted by dashed ovals
821, 822, 823, 824, 825 and 826 in the 6 panels of ultrasound
image ROIs in FIG. 8A through FIG. 8F, respectively. These
bright stripes represent increased acoustic impedance at the
boundary between the airway and the tissues in back of the
airway.

[0118] Subsequent to application of negative pressure, the
bright stripe disappears in spatially aligned images as shown
in FIG. 9A through FIG. 9F. FIG. 9A through FIG. 9F are
labeled photographs that illustrate example regions of interest
of images that represent the same six cross sections for an
obstructed airway of the same subject based on data collected
from the rotating 1D array of ultrasound transducers, accord-
ing to some embodiments.

[0119] FIG. 10A through FIG. 10C are the labeled photo-
graphs of FIG. 7A through FIG. 7C with the high intensity
contiguous reflections from the back of the airway indicated
within ovals 1010, 10105 and 1010c, respectively, according
to some embodiments. These bright areas are captured as
example selected sets of contiguous pixels during normal
breathing according to the method of FIG. SA.

[0120] Such edges can discern the air-tissue interface from
the rest of the image. FIG. 11A and FIG. 11B are labeled
photographs that illustrate example ROIs of images that rep-
resent the same cross-sections for an unobstructed airway and
an obstructed airway, respectively, of the same subject,
according to some embodiments. The edge is apparent in FIG.
11A in one slice in an unobstructed cadaver as enclosed by
oval 1110q. In a similarly oriented slice FIG. 11B in the same
cadaver under obstructed conditions, application of the same
algorithm shows relative diminution of the air-tissue interface
enclosed by oval 11105.

[0121] FIG. 12A and FIG. 12B are graphs 1210 and 1220
that illustrate example histograms 1216 and1226, respec-
tively, of pixel intensities for the images of FIG. 11A and FIG.
11B, respectively, according to some embodiments. The hori-
zontal axis 1212 indicates normalized intensity, and the ver-
tical axis indicates pixel count. Normalized intensity is rela-
tive to maximum intensity during normal breathing, e.g., in
ROI of FIG. 11 A and histogram 1210 of FIG. 12A. The mean
1217 of the distribution of the normal histogram 1216 is also
plotted over the obstructed histogram 1226 for reference. In
this embodiment, FIG. 12A has the corresponding peak to the
far right. The threshold (mean) in the first image is applied to
the second only to demonstrate that most pixels in FIG. 12B
fall below the mean ofthe 12A. For purposes of classification,
in the example embodiment, the image is considered
obstructed (i.e., to depict an obstructed airway) only when
295% of the pixels fall below this mean. In some embodi-
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ments, this threshold is dynamically changed in a graphical
user interface to assess sensitivity/false discovery rate.

[0122] Over 150 cross sectional images were obtained from
each of four cadaver subjects. The method 500 of FIG. 5A,
using the property of the total area of contiguous pixels that
exceed the threshold in selected sets, was applied to each
cadaver while the cadaver was maintained with an open air-
way to determine the total area in each ROI of contiguous
pixels that exceed the threshold for selected sets. It was found
that this area depended significantly on anatomical domain.
FIG. 13 is a graph that illustrates example dependence on the
anatomical domain of the measured area of high intensity
contiguous pixels in the region of interest, respectively,
according to some embodiments. The horizontal axis indi-
cates anatomical domain, where 1 indicates the retropalatal
domain, 2 indicates the retrolingual domain, and 3 indicates
the hypopharyngeal domain. The vertical axis indicates the
total measured area of selected sets of contiguous pixels that
exceed the threshold of two standard deviations above the
mean intensity in each ROI in square centimeters (cm?).
Points 1316a indicate that the areas per ROl are about 0.2 to
about 0.1 cm? in the retropalatal domain, much less than the
total areas per ROI of about 0.2 to about 0.5 cm® in the
retrolingual domain indicated by points 13165. Points 1316¢
indicate that the areas per ROI are about 0.55 to about 0.8 cm?
in the hypopharyngeal domain, significantly more than the
total areas per ROI in the retrolingual domain indicated by
points 13164. This is justification for separating these analy-
ses by anatomical domain in some embodiments.

[0123] FIG. 14A through FIG. 14D are graphs that illus-
trates example dependence of the averaged measured area of
high intensity contiguous pixels in a region of interest (ROI)
for unobstructed and obstructed airways for four different
subjects, according to some embodiments. The horizontal
axis 1412 indicates whether the average was for an obstructed
or unobstructed airway. The vertical axis 1414 indicates the
total area of selected sets of contiguous high intensity pixels
per ROI in square centimeters (cm?). The different subjects
are represented by different graphs 1410, 1420, 1430, 1440.
For each subject, the range of areas is plotted for both unob-
structed airways 1416, 1426, 1436 and 1446, respectively,
and obstructed airways 1417, 1427, 1437 and 1447, respec-
tively. The whiskers show+3 standard deviation (SD) and
hence the far outliers are discarded. The box spans 25-75%
interquartile range of the data. The notches correspond to the
means of the data. As expected, the areas of high intensity
contiguous pixels per ROI are significantly smaller for the
obstructed airways than for the open airways.

[0124] FIG. 15A through FIG. 15D are graphs that illus-
trates example dependence of the individual measured area of
high intensity contiguous pixels in a region of interest (ROI)
for unobstructed and obstructed airways for four different
subjects, according to some embodiments. The horizontal
axis 1512 indicates the total area of selected sets of contigu-
ous high intensity pixels per ROl in square centimeters (cm?).
The vertical axes 1514 indicate the fraction of 150 slices at or
below that value. The different subjects are represented by
different graphs 1510, 1520, 1530, 1540. For each subject, the
cumulative distribution of areas is plotted for both unob-
structed airways on traces 1516, 1526, 1536 and 1546,
respectively, and for obstructed airways on traces 1517, 1527,
1537 and 1547, respectively. As expected, the areas of high
intensity contiguous pixels per ROI is significantly smaller
for the obstructed airways than for the open airways as each
obstructed curve lies significantly below the unobstructed
curve.
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2.2 Curved 2-D Transducer Array Without Beamforming

[0125] FIG.16A is a block diagram that illustrates example
2D array 1612 of ultrasound transducers for simulations of an
automated obstruction location method, according to some
embodiments. The algorithm shown in FIG. 5 is applied to
images obtained by an n x n array of transducers. Each trans-
ducer obtains signals from a scan line with a given spatial
location (vertical and horizontal coordinates) along a beam.
The symbol n refers to the number of the tagged transducer
element.

[0126] FIG. 16B is a set of graphs 1650 that illustrates
example properties of each transducer measurement as a
function oftime during one respiratory cycle fortwo anatomi-
cal regions, according to some embodiments. The ultrasound-
based ROI information from the airway is separated by a
mathematical classifier that is trained to identify the site of
obstruction based on maximal variance of a set parameter
(e.g. luminal diameter measured by ultrasound, where lumi-
nal diameter refers to the diameter of high intensity contigu-
ous pixels in a ROI) associated with each respiratory cycle.
Once this is identified, FIG. 16C is a graph 1660 that illus-
trates example properties of each transducer measurement as
a function of time during one respiratory cycle, according to
some embodiments. Planes of separation are drawn between
distinct anatomic boundaries that may demonstrate different
degrees of collapse when negative pressure is applied in the
absence of air flow, as may be observed in obstructive sleep
apnea.

[0127] FIG. 17 is a block diagram that illustrates an
example curved two dimensional array 1710 that follows a
curvature of an attachment structure 1716 when the attach-
ment structure is removably fitted around a neck of the sub-
ject, according to some embodiments. The individual ultra-
sound transducers 1712 are affixed to the removable
attachment structure 1716. Thus, FIG. 17 illustrates a circum-
ferential scanner assembly 1700 that holds the transducers. In
some embodiments, the assembly 1700 is held within an
expandable, elasticated and tubular fabric (e.g. Dacron) with
radial and linear reinforcements as attachment structure
1716. These reinforcements prevent the proximal-to-distal
and lateral migration of the assembly 1700.

3.3 Curved 2D Transducer Array with Beamforming

[0128] FIG. 18 is a block diagram that illustrates an
example curved ultrasound wavefront 1820 determined by
beamforming over a curved 1D array 1810 of transducers
1812, according to some embodiments. Thus, FIG. 18 illus-
trates application of a phased array probe in a 2-dimensional
configuration, capable of generating multiple wavefront that
can scan a large area of interest, and an arrangement of a
phased array probe system circumferentially around a sche-
matic of the human neck in which each individual probe is
capable of generating its own wavefront in a subject 1890.

3.2 Alternative Transducer Shapes and Arrays

[0129] FIG. 19A through FIG. 19C are block diagrams that
illustrate example transducer arrays, according to some
embodiments. Such custom-fitting probe designs improve the
resolution of the scanner. FIG. 19A depicts a linear 1D ultra-
sound transducer array 1910 made up of individual linear
ultrasound transducers 1912. Such a linear array performing
a 2D scan only may be the default mode for some embodi-
ments. FIG. 198 depicts a 2D ultrasound transducer array
1920 made up of individual spot ultrasound transducers 1922.
FIG. 19C depicts a2D ultrasound transducer array 1930 made
up of individual circular ultrasound transducers 1932. Such
additional probe designs are anticipated to be useful for
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improving the spatial resolution of the scanner, minimizing
the artifacts, or improving the signal-to-noise ratio (SNR), or
some combination.

4. Computational Hardware Overview

[0130] FIG. 20 is a block diagram that illustrates a com-
puter system 2000 upon which an embodiment of the inven-
tion may be implemented. Computer system 2000 includes a
communication mechanism such as a bus 2010 for passing
information between other internal and external components
of the computer system 2000. Information is represented as
physical signals of a measurable phenomenon, typically elec-
tric voltages, but including, in other embodiments, such phe-
nomena as magnetic, electromaguetic, pressure, chemical,
molecular atomic and quantum interactions. For example,
north and south magnetic fields, or a zero and non-zero elec-
tric voltage, represent two states (0, 1) of a binary digit (bit).).
Other phenomena can represent digits of a higher base. A
superposition of multiple simultaneous quantum states
before measurement represents a quantum bit (qubit). A
sequence of one or more digits constitutes digital data that is
used to represent a number or code for a character. In some
embodiments, information called analog data is represented
by a near continuum of measurable values within a particular
range. Computer system 2000, or a portion thereof, consti-
tutes a means for performing one or more steps of one or more
methods described herein.

[0131] A sequence of binary digits constitutes digital data
that is used to represent a number or code for a character. A
bus 2010 includes many parallel conductors of information so
that information is transferred quickly among devices
coupled to the bus 2010. One or more processors 2002 for
processing information are coupled with the bus 2010. A
processor 2002 performs a set of operations on information.
The set of operations include bringing information in from
the bus 2010 and placing information on the bus 2010. The set
of operations also typically include comparing two or more
units of information, shifting positions of units of informa-
tion, and combining two or more units of information, such as
by addition or multiplication. A sequence of operations to be
executed by the processor 2002 constitutes computer instruc-
tions.

[0132] Computer system 2000 also includes a memory
2004 coupled to bus 2010. The memory 2004, such as a
random access memory (RAM) or other dynamic storage
device, stores information including computer instructions.
Dynamic memory allows information stored therein to be
changed by the computer system 2000. RAM allows a unit of
information stored at a location called a memory address to be
stored and retrieved independently of information at neigh-
boring addresses. The memory 2004 is also used by the pro-
cessor 2002 to store temporary values during execution of
computer instructions. The computer system 2000 also
includes a read only memory (ROM) 2006 or other static
storage device coupled to the bus 2010 for storing static
information, including instructions, thatis not changed by the
computer system 2000. Also coupled to bus 2010 is a non-
volatile (persistent) storage device 2008, such as a magnetic
disk or optical disk, for storing information, including
instructions, that persists even when the computer system
2000 is turned off or otherwise loses power.

[0133] Information, including instructions, is provided to
the bus 2010 for use by the processor from an external input
device 2012, such as a keyboard containing alphanumeric
keys operated by a human user, or a sensor. A sensor detects
conditions in its vicinity and transforms those detections into
signals compatible with the signals used to represent infor-
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mation in computer system 2000. Other external devices
coupled to bus 2010, used primarily for interacting with
humans, include a display device 2014, such as a cathode ray
tube (CRT) or a liquid crystal display (LCD), for presenting
images, and a pointing device 2016, such as a mouse or a
trackball or cursor direction keys, for controlling a position of
a small cursor image presented on the display 2014 and issu-
ing commands associated with graphical elements presented
on the display 2014.

[0134] Intheillustrated embodiment, special purpose hard-
ware, such as an application specific integrated circuit (IC)
2020, is coupled to bus 2010. The special purpose hardware is
configured to perform operations not performed by processor
2002 quickly enough for special purposes. Examples of appli-
cation specific ICs include graphics accelerator cards for
generating images for display 2014, cryptographic boards for
encrypting and decrypting messages sent over a network,
speech recognition, and interfaces to special external devices,
such as robotic arms and medical scanning equipment that
repeatedly perform some complex sequence of operations
that are more efficiently implemented in hardware.

[0135] Computer system 2000 also includes one or more
instances of a communications interface 2070 coupled to bus
2010. Communication interface 2070 provides a two-way
communication coupling to a variety of external devices that
operate with their own processors, such as printers, scanners
and external disks. In general the coupling is with a network
link 2078 that is connected to a local network 2080 to which
a variety of external devices with their own processors are
connected. For example, communication interface 2070 may
be a parallel port or a serial port or a universal serial bus
(USB) port on a personal computer. In some embodiments,
communications interface 2070 is an integrated services digi-
tal network (ISDN) card or a digital subscriber line (DSL)
card or a telephone modem that provides an information
communication connection to a corresponding type of tele-
phoneline. In some embodiments, acommunication interface
2070 is a cable modem that converts signals on bus 2010 into
signals for a communication connection over a coaxial cable
or into optical signals for a communication connection over a
fiber optic cable. As another example, communications inter-
face 2070 may be a local area network (LAN) card to provide
a data communication connection to acompatible LAN, such
as Ethernet. Wireless links may also be implemented. Carrier
waves, such as acoustic waves and electromagnetic waves,
including radio, optical and infrared waves travel through
space without wires or cables. Signals include man-made
variations in amplitude, frequency, phase, polarization or
other physical properties of carrier waves. For wireless links,
the communications interface 2070 sends and receives elec-
trical, acoustic or electromagnetic signals, including infrared
and optical signals, that carry information streams, such as
digital data.

[0136] The term computer-readable medium is used herein
to refer to any medium that participates in providing infor-
mation to processor 2002, including instructions for execu-
tion. Such a medium may take many forms, including, but not
limited to, non-volatile media, volatile media and transmis-
sion media. Non-volatile media include, for example, optical
or magnetic disks, such as storage device 2008. Volatile
media include, for example, dynamic memory 2004. Trans-
mission media include, for example, coaxial cables, copper
wire, fiber optic cables, and waves that travel through space
without wires or cables, such as acoustic waves and electro-
magnetic waves, including radio, optical and infrared waves.
The term computer-readable storage mediumis used herein to
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refer to any medium that participates in providing informa-
tion to processor 2002, except for transmission media.
[0137] Common forms of computer-readable media
include, for example, a floppy disk, a flexible disk, a hard
disk, a magnetic tape, or any other magnetic medium, a com-
pactdisk ROM (CD-ROM), a digital video disk (DVD) or any
other optical medium, punch cards, paper tape, or any other
physical medium with patterns of holes, a RAM, a program-
mable ROM (PROM), an erasable PROM (EPROM), a
FLASH-EPROM, or any other memory chip or cartridge, a
carrier wave, or any other medium from which a computer
can read. The term non-transitory computer-readable storage
medium is used herein to refer to any medium that partici-
pates in providing information to processor 2002, except for
carrier waves and other signals.

[0138] Logic encoded in one or more tangible media
includes one or both of processor instructions on a computer-
readable storage media and special purpose hardware, such as
ASIC 2020.

[0139] Network link 2078 typically provides information
communication through one or more networks to other
devices that use or process the information. For example,
network link 2078 may provide a connection through local
network 2080 to a host computer 2082 or to equipment 2084
operated by an Internet Service Provider (ISP). ISP equip-
ment 2084 in turn provides data communication services
through the public, world-wide packet-switching communi-
cation network of networks now commonly referred to as the
Internet 2090. A computer called a server 2092 connected to
the Internet provides a service in response to information
received over the Internet. For example, server 2092 provides
information representing video data for presentation at dis-
play 2014.

[0140] The invention is related to the use of computer sys-
tem 2000 for implementing the techniques described herein.
According to one embodiment of the invention, those tech-
niques are performed by computer system 2000 in response to
processor 2002 executing one or more sequences of one or
more instructions contained in memory 2004. Such instruc-
tions, also called software and program code, may be read
into memory 2004 from another computer-readable medium
such as storage device 2008. Execution of the sequences of
instructions contained in memory 2004 causes processor
2002 to perform the method steps described herein. In alter-
native embodiments, hardware, such as application specific
integrated circuit 2020, may be used in place of or in combi-
nation with software to implement the invention. Thus,
embodiments of the invention are not limited to any specific
combination of hardware and software.

[0141] The signals transmitted over network link 2078 and
other networks through communications interface 2070,
carry information to and from computer system 2000. Com-
puter system 2000 can send and receive information, includ-
ing program code, through the networks 2080, 2090 among
others, through network link 2078 and communications intet-
face 2070. In an example using the Internet 2090, a server
2092 transmits program code for a particular application,
requested by a message sent from computer 2000, through
Internet 2090, ISP equipment 2084, local network 2080 and
communications interface 2070. The received code may be
executed by processor 2002 as it is received, or may be stored
in storage device 2008 or other non-volatile storage for later
execution, or both. In this manner, computer system 2000
may obtain application program code in the form of a signal
on a carrier wave,

[0142] Various forms of computer readable media may be
involved in carrying one or more sequence of instructions or
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data or both to processor 2002 for execution. For example,
instructions and data may initially be carried on a magnetic
disk of a remote computer such as host 2082. The remote
computer loads the instructions and data into its dynamic
memory and sends the instructions and data over a telephone
line using a modem. A modem local to the computer system
2000 receives the instructions and data on a telephone line
and uses an infra-red transmitter to convert the instructions
and data to a signal on an infra-red a carrier wave serving as
the network link 2078. An infrared detector serving as com-
munications interface 2070 receives the instructions and data
carried in the infrared signal and places information repre-
senting the instructions and data onto bus 2010. Bus 2010
carries the information to memory 2004 from which proces-
sor 2002 retrieves and executes the instructions using some of
the data sent with the instructions. The instructions and data
received in memory 2004 may optionally be stored on storage
device 2008, either before or after execution by the processor
2002.

[0143] FIG. 21 illustrates a chip set 2100 upon which an
embodiment of the invention may be implemented. Chip set
2100 is programmed to perform one or more steps of a
method described herein and includes, for instance, the pro-
cessor and memory components described with respect to
FIG. 20 incorporated in one or more physical packages (e.g.,
chips). By way of example, a physical package includes an
arrangement of one or more materials, components, and/or
wires on a structural assembly (e.g., a baseboard) to provide
one or more characteristics such as physical strength, conser-
vation of size, and/or limitation of electrical interaction. It is
contemplated that in certain embodiments the chip set can be
implemented in a single chip. Chip set 2100, or a portion
thereof, constitutes a means for performing one or more steps
of a method described herein.

[0144] In one embodiment, the chip set 2100 includes a
communication mechanism such as a bus 2101 for passing
information among the components of the chip set 2100. A
processor 2103 has connectivity to the bus 2101 to execute
instructions and process information stored in, for example, a
memory 2105. The processor 2103 may include one or more
processing cores with each core configured to perform inde-
pendently. A multi-core processor enables multiprocessing
within a single physical package. Examples of a multi-core
processor include two, four, eight, or greater numbers of
processing cores. Alternatively or in addition, the processor
2103 may include one or more microprocessors configured in
tandem via the bus 2101 to enable independent execution of
instructions, pipelining, and multithreading. The processor
2103 may also be accompanied with one or more specialized
components to perform certain processing functions and
tasks such as one or more digital signal processors (DSP)
2107, or one or more application-specific integrated circuits
(ASIC) 2109. A DSP 2107 typically is configured to process
real-world signals (e.g., sound) in real time independently of
the processor 2103. Similarly, an ASIC 2109 can be config-
ured to performed specialized functions not easily performed
by a general purposed processor. Other specialized compo-
nents to aid in performing the inventive functions described
herein include one or more field programmable gate arrays
(FPGA) (not shown), one or more controllers (not shown), or
one or more other special-purpose computer chips.

[0145] The processor 2103 and accompanying components
have connectivity to the memory 2105 via the bus 2101. The
memory 2105 includes both dynamic memory (e.g., RAM,
magnetic disk, writable optical disk, etc.) and static memory
(e.g., ROM, CD-ROM, etc.) for storing executable instruc-
tions that when executed perform one or more steps of a
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method described herein. The memory 2105 also stores the
data associated with or generated by the execution of one or
more steps of the methods described herein.

5. Alternatives, Variations and Modifications

[0146] In the foregoing specification, the invention has
been described with reference to specific embodiments
thereof. It will, however, be evident that various modifica-
tions and changes may be made thereto without departing
from the broader spirit and scope of the invention. The speci-
fication and drawings are, accordingly, to be regarded in an
illustrative rather than a restrictive sense. Throughout this
specification and the claims, unless the context requires oth-
erwise, the word “comprise” and its variations, such as “com-
prises” and “comprising,” will be understood to imply the
inclusion of a stated item, element or step or group of items,
elements or steps but not the exclusion of any other item,
element or step or group of items, elements or steps. Further-
more, the indefinite article “a” or “an” is meant to indicate one
or more of the item, element or step modified by the article. As
used herein, unless otherwise clear from the context, a value
is “about” another value if it is within a factor of two (twice or
half) of the other value. While example ranges are given,
unless otherwise clear from the context, any contained ranges
are also intended in various embodiments. Thus a range from
0 to 10 includes the range 1 to 4 in some embodiments.
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What is claimed is:
1. A method comprising:

placing an ultrasound transducer array such that the ultra-
sound transducer array is adjacent to a neck of a subject,
wherein the transducer array is configured, upon receipt
of a signal, to obtain first data that supports a plurality of
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ultrasound images representing a corresponding plural-
ity of cross sections of an airway in the neck of the
subject;

receiving automatically on a processor second data from an
apnea event sensor set configured to collect automati-
cally the second data, wherein the second data is sensi-
tive to an apnea event in the subject;

automatically detecting on the processor an apnea event
based on the second data; and, in response to detecting
the apnea event,

automatically sending, to the ultrasound transducer
array, the signal that causes the ultrasound transducer
array to obtain the first data, and

automatically causing image data based on the first data
to be stored in a computer-readable medium.

2. A method as recited in claim 1, further comprising auto-
matically determining a location of an obstruction in an air-
way of the subject based on the first data.

3. A method as recited in claim 1, wherein the apnea sensor
set includes one or more sensors from a group comprising a
blood oxygen saturation sensor and a chest movement sensor
and a microphone.

4. A method as recited in claim 1, wherein the ultrasound
transducer array is removably attached to the subject by an
attachment structure.

5. A method as recited in claim 1, wherein the ultrasound
transducer array comprises a rotating one dimensional array.

6. A method as recited in claim 1, wherein the ultrasound
transducer array comprises a two dimensional array.

7. A method as recited in claim 1, wherein the ultrasound
transducer array comprises a curved two dimensional array
that follows a curvature of an attachment structure when the
attachment structure is removably fitted around a neck of the
subject.

8. A computer-readable medium carrying one or more
sequences of instructions, wherein execution of the one or
more sequences of instructions by one or more processors
causes the one or more processors to perform the steps of:

establishing communications with an ultrasound trans-
ducer array adjacent to a neck of a subject, wherein the
transducer array is configured, upon receipt of a signal,
to obtain first data that supports a plurality of ultrasound
images representing a corresponding plurality of cross
sections of an airway of the subject;

establishing communications with an apnea event sensor
set configured to collect automatically second data sen-
sitive to an apnea event in the subject;

receiving the second data;
detecting an apnea event based on the second data; and
in response to detecting the apnea event,

sending, to the ultrasound transducer array, the signal
that causes the ultrasound transducer array to obtain
the first data, and

storing image data based on the first data in a second
computer-readable medium.

9. A system comprising:

an ultrasound transducer array configured, when disposed
adjacent to a neck of a subject, to obtain first data upon
receipt of a signal, wherein the first data supports a
plurality of ultrasound images representing a corre-
sponding plurality of cross sections of an airway of the
subject;
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an apnea event sensor set configured to collect automati-
cally second data sensitive to an apnea event in the
subject

at least one processor; and

at least one computer-readable medium including one or

more sequences of instructions,

the at least one memory and the one or more sequences of

instructions configured to, with the at least one proces-
sor, cause the system to perform at least the following,
establish communications with the ultrasound trans-
ducer array; establish communications with the apnea
event sensor set; receive the second data;
detect an apnea event based on the second data; and
in response to detecting the apnea event,
cause the signal that causes the ultrasound transducer
array to obtain the first data to be sent to the ultra-
sound transducer array, and
cause image data based on the first data to be stored in
a second computer-readable medium.
10. A method comprising:
automatically receiving a first plurality of ultrasound
images representing a corresponding plurality of cross
sections of an airway in a neck of a subject obtained by
an ultrasound transducer array directed toward the sub-
ject when the subject has an open airway;
automatically associating each image in the first plurality
of images with a corresponding subset of transducers in
the ultrasound transducer array and a location of the
corresponding cross section in the subject;

determining a region of interest comprising a subset of

pixels of each image of the first plurality of ultrasound
images, wherein each region of interest encompasses the
open airway for each corresponding subset of transduc-
ers;

automatically determining a first value of a statistic of pixel

intensities for each region of interest;

automatically receiving a second plurality of ultrasound

images representing the corresponding plurality of cross
sections of the airway in the neck of the subject obtained
by the ultrasound transducer array directed toward the
subject when the subject has an obstructive sleep apnea
event;

automatically determining a second value of the statistic of

pixel intensities for each subset of pixels in the second
plurality of images that correspond to each region of
interest of each image of the first plurality of ultrasound
images;

automatically determining whether the second value is sig-

nificantly different from the first value for region of
interest associated with a particular subset of transduc-
ers; and

if it 1s determined that the second value is significantly

different, then automatically determining that the region
of interest associated with the particular subset of trans-
ducers corresponds to a location of an obstruction in the
subject during the obstructive sleep apnea event.

11. A method as recited in claim 10, wherein the statistic is
an area of contiguous pixels having an intensity above a
threshold intensity value in the corresponding region of inter-
est.

12. A method as recited in claim 10, wherein the contigu-
ous pixels above the threshold value have an lateral extent
greater than about two centimeters.

13. A method as recited in claim 10, wherein the threshold
intensity value is at least one standard deviation above a mean
intensity value for the corresponding region of interest in the
first plurality of ultrasound images.
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14. A method as recited in claim 13, wherein the threshold
intensity value is at about three standard deviations above the
mean intensity value.

15. A computer-readable medium carrying one or more
sequences of instructions, wherein execution of the one or
more sequences of instructions by one or more processors
causes the one or more processors to perform the steps of:

receiving a first plurality of ultrasound images representing
a corresponding plurality of cross sections of an airway
in a neck of a subject obtained by an ultrasound trans-
ducer array directed toward the subject when the subject
has an open airway;

associating each image in the first plurality of images with
a corresponding subset of transducers in the ultrasound
transducer array and a location of the corresponding
cross section in the subject;

determining a region of interest comprising a subset of
pixels of each image of the first plurality of ultrasound
images, wherein each region of interest encompasses the
open airway for each corresponding subset of transduc-
ers;

determining a first value of astatistic of pixel intensities for
each region of interest;

receiving a second plurality of ultrasound images repre-
senting the corresponding plurality of cross sections of
the airway in the neck of the subject obtained by the
ultrasound transducer array directed toward the subject
when the subject has an obstructive sleep apnea event;

determining a second value of the statistic of pixel inten-
sities for each subset of pixels in the second plurality of
images that correspond to each region of interest of each
image of the first plurality of ultrasound images;

determining whether the second value is significantly dif-
ferent from the first value for region of interest associ-
ated with a particular subset of transducers; and

if it is determined that the second value is significantly
different, then determining that the region of interest
associated with the particular subset of transducers cor-
responds to a location of an obstruction in the subject
during the obstructive sleep apnea event.
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16. A system comprising;
at least one processor; and
at least one computer-readable medium including one or
more sequences of instructions, the at least one memory
and the one or more sequences of instructions config-
ured to, with
the at least one processor, cause the system to perform at
least the following,
receive a first plurality of ultrasound images represent-
ing a corresponding plurality of cross sections of an
airway in a neck of a subject obtained by an ultra-
sound transducer array directed toward the subject
when the subject has an open airway;
associate each image in the first plurality of images with
a corresponding subset of transducers in the ultra-
sound transducer array and a location of the corre-
sponding cross section in the subject;
determine a region of interest comprising a subset of
pixels of each image of the first plurality ofultrasound
images, wherein each region of interest encompasses
the open airway for each corresponding subset of
transducers;
determine a first value of a statistic of pixel intensities
for each region of interest;
receive a second plurality of ultrasound images repre-
senting the corresponding plurality of cross sections
of the airway in the neck of the subject obtained by the
ultrasound transducer array directed toward the sub-
ject when the subject has an obstructive sleep apnea
event;
determine a second value of the statistic of pixel inten-
sities for each subset of pixels in the second plurality
of images that correspond to each region of interest of
each image of the first plurality of ultrasound images;
determine whether the second value is significantly dif-
ferent from the first value for a particular region of
interest associated with a corresponding particular
subset of transducers; and
if it is determined that the second value is significantly
different, then determine that the particular region of
interest associated with the particular subset of trans-
ducers corresponds to a location of an obstruction in
the subject during the obstructive sleep apnea event.

L S S T



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)
S 3T H (B FIR) A (F)

FRI& B A

RHA

IPCH &

CPCH %S

L5
H AT SO
S\EREERR

BEG®)

RTHEOSAHIBEREEESYNERIEBFREERES , HERK
FHESHEBENREXFSMNEFEGNE —HE , MRS M BEFERK
RN RAIPEW AN S MERE. FAER LA BRE L
&, ZWREFEHAERBANKEN B RENKRPNFREFE4
BRNE_HE. ETE-_RREELER LAIRNIFREEEH.
TR FARNBFREGEEN , ESRADREIEFREERET
ZESEEEFRESRMIREE - HENES. ETE-HENERK
BEEHFRHETEN RS R,

BFEENVEESERFREFEEE

US20150209001A1

US14/608859

DEXKRZBROEDR

DEZMNBRNEKRZFE

DEXMNBROEKRZ

WOLF JEFFREY S
ISAIAH AMAL

WOLF, JEFFREY S.
ISAIAH, AMAL

patsnap

2015-07-30

2015-01-29

A61B8/08 A61B8/00 A61B5/00 A61B5/113 A61B7/00 A61B8/14 A61B5/145

A61B8/085 A61B8/145 A61B8/543 A61B8/4227 A61B8/4461 A61B5/4818 A61B8/56 A61B8/5223
A61B5/14542 A61B5/113 A61B7/003 A61B8/4494 A61B8/0858 A61B8/15

61/932845 2014-01-29 US

usS9883847

Espacenet USPTO

200

IMAGING
COMMAND

: COMIMUNICATION
CHANNELS
230

, Hep

MODULE 214 1) TRASOUND
TRANSDUGER
ARRAY 212

A’ITACHMENTJ

ULTRASCUND
IMAGING
DEVICE

210

STRUCTURE SUBJECT 280

APNEA EVENT

: AP\NEA
memmasememameme-a3 | SENSORSET| SENSING
202 BEVIGE
SENSOR SET J/ 220

PROCESSING
SYSTEM
242

COMMAND
MODULE 224

COMPUTING
SYSTEM

: ANALYSIS
- MODULE 250
STORAGE
DEVICE
245 B
ULTRASOUND IMAGE

CONTROLLER/ 240

DATA 252


https://share-analytics.zhihuiya.com/view/c483fde0-a66b-4b77-a70e-96f55e16abd3
https://worldwide.espacenet.com/patent/search/family/053677943/publication/US2015209001A1?q=US2015209001A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220150209001%22.PGNR.&OS=DN/20150209001&RS=DN/20150209001

