
  

 

Abstract — Obstructive sleep apnea/hypopnea Syndrome 

(OSAHS) is the most common form of Sleep Disordered 

Breathing (SDB) and it is estimated to affect approximately 

15% of US adult population. In this paper, we report on the 

results of in vivo experiments of an ultrasonic device for the 

non-invasive detection of obstructive sleep apnea/hypopnea 

(OSAH).  A description of the ultrasonic system used is 

presented, followed by the results of a full night sleep study.  

The findings show a significant difference in the spectral 

features extracted from the received ultrasonic waveform 

during apneic breathing, compared to the hyperventilation that 

follows.  Therefore, the findings indicate the feasibility of 

developing an ultrasonic detection device for low cost diagnosis 

of SDB. 

I. INTRODUCTION 

BSTRUCTIVE Sleep Apnea/Hypopnea Syndrome 

(OSAHS) is a sleep disorder, characterized by 

repetitive pharyngeal collapse.  It has been recently reported 

that prevalence of untreated sleep apnea is approximately 

15% of the United States adult population [1], heightening 

the necessity for more wide spread screening. Patients 

diagnosed with OSAHS have high incidence of obesity, and 

exhibit an increased risk of hypertension, stroke, and 

depression.  An association between OSAHS and high 

morbidity and mortality due to cardiovascular and 

cerebrovascular causes has been established [1-4].   

Obstructive apneas consist of complete occlusion of the 

airway at the pharynx, causing a cessation of airflow for ten 

seconds or more with continuing respiratory effort despite 

the occlusion.  Hypopnea is manifested by a decrease of 

50% or more in the airflow for ten seconds or more, due to 

the narrowing of the airway at the pharynx [5].  An average 

of five events or more in an hour of sleep is considered 

clinically significant, and therefore worthy of medical 

intervention.  This average measurement is called the 
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Apnea/Hypopnea Index (AHI) [4]. 

Nocturnal polysomnography (NPSG) performed in 

accredited sleep laboratories is the gold standard for 

diagnosis of OSAHS.  However, due to the cost of such test 

and lack of sleep laboratories in all areas, low cost, yet 

reliable methods for diagnosis of SDB are highly desired.  

The current methods that have been developed for diagnosis 

and large-scale screening for SDB have focused on markers 

of physiological responses associated with events of airway 

occlusion, such as sympathoexcitatory or cardiovascular 

reactions.  

There are several advantages in using ultrasonic in 

detecting OSAHS: it is safe (non-ionizing radiation, no 

contrast agent), non-invasive, low cost, and portable [6].  We 

have reported in [7] and [8] the results of in vitro and in vivo 

characterization of ultrasonic sensors for the detection of 

occlusion in an upper airway, and have presented 

preliminary results on temporal features extracted from the 

ultrasonic waves.  

In this paper, we report preliminary results of an in vivo 

study for the detection of airway occlusion during 

apnea/hypopnea events using the spectral features of the 

ultrasonic waves. The experiment, design, protocol, 

inclusion and exclusion criteria are presented, followed by 

the signal post process and statistical analysis.   

II. METHODOLOGY 

A. Ultrasonic Sensor Array Design and Fabrication 

The design, fabrication, and in vivo characterization of the 

sensor arrays used in this study were reported in [8]. The 

design of the transducers followed an optimization process. 

 

  While the design focused on maximizing the transmitted 

and received energy through the neck, it needed to allow full 

night study without interrupting the patient’s sleep. 

Constraints for the transducer design included the 

heterogeneity of the neck anatomical media, the neck 

curvature, and the location of the site of the occlusion [8]. 

Fig. 1 illustrates the ultrasonic sensors used in this study. 

 

In order to achieve maximum acoustic energy penetration 

through the neck, a low frequency and large surface area 

transducer is ideal [9]. However, low frequency transducers 

are usually bulky (f < 1MHz). Hence, An array of seven 

low-Q disk piezoelectric, with a central frequency of 3MHz 
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was chosen for this design, and a radius of a = 5mm.  The 

thickness of the PZT crystal is 0.58mm, for f=3MHz. The 

divergence half angle, θR, is 3.5° [8-9]. This is the angle that 

the main lobe is enclosed in. The smaller this angle is, the 

higher the transducer’s directivity [9]. 

 

 
Fig. 1. The ultrasonic sensor arrays constructed for this research. Both (a) 

receiver and (b) transmitter arrays were constructed using PZT-5A 

piezoelectric material with brass backing. The arrays were housed in silicon 

rubber for handling and placement on the patient’s neck during sleep 

studies. 

 

The design considerations for the receiver transducers are 

similar to those for the transmitter [8].  However, in order to 

achieve maximum reception, these transducers need to be 

designed with a wider beam width to allow for normal and 

oblique incidence of the received ultrasonic waveform, to 

account for the curvature of the neck.  Small size elements 

are desirable for this purpose. In order to meet these design 

requirements, rectangular transducers were designed with 

width W = 4mm, and height H = 10mm. The divergence half 

angle, φR, is found to be 2.7° along the H-axis. The 

divergence half angle along the W-axis, θR, is found to be 

6.8° [8, 9].  

B. Sensor Array Placement  

The site of occlusion of the airway during obstructive sleep 

apnea events differs slightly, with intra- and inter-subject 

variations However, most studies, irrespective of the 

technique used to localize the occlusion, indicate that the 

main site of occlusion is the oropharynx, sometimes with 

extension to the laryngopharynx [10].  Figure 2 shows the 

actual placement of the sensors on a patient’s neck prior to 

the start of the sleep study.   

The sensor arrays, housed in silicon rubber, were placed on 

the patient’s neck, just below the ear lobe, and behind the 

jawbone. The skin-transducer interface acoustic mismatch is 

reduced using water-based Aquasonic 100 Gel (Parker Labs, 

Inc., Fairfield, NJ, USA).  The transmitter and receiver 

arrays are placed opposite of each other on the patient’s 

neck.  Surgical tape was used to keep the silicon rubber in 

place. 

C. Full Night Sleep Study 

To test the ultrasonic transducer assembly for in vivo 

detection of airway occlusion during apnea, a protocol for 

full night sleep study at an accredit sleep lab was submitted 

to and approved by the local IRB committee [8]. The 

protocol calls for recruitment of patients previously 

diagnosed with SDB, but do not have other underlying 

neurological or physiological abnormalities, for a full night 

sleep (6-8 hours) at an accredited sleep lab (Sleep 

Consultants, Inc., Fort Worth, TX). A consent form was 

provided and signed by the volunteers. The patients 

underwent full NSPG, in simultaneously with the ultrasonic 

transducers placed on the patient’s neck. The transducers are 

placed along the length of the neck below the earlobe and 

just behind the mandibular joint.  The area covered by the 

transducers on either side of the neck is about 2.5cm×8.0cm. 

 

 

 
Fig. 2. This image illustrates the placement of the ultrasonic sensor array on 

the patient’s neck just before the sleep study is conducted. A group of 

tandem physiological measurements is taken during the study to test and 

validate the feasibility of the design. 

 

The data acquisition system used for the ultrasound 

experimental setup is described in [7-8].  The transmitters 

were simultaneously pulsed at 10 Pulse Repetition 

Frequency (PRF=10) using OmniScan
®
 iX UT (Olympus 

NDT, Quebec, Canada).  The transmitted and received 

signals from both transducer assemblies are acquired using 

Data Acquisition (DAQ) system (National Instruments NI 

PXI-5105, Austin, TX, USA) running at 30×10
6
 Samples/s, 

12-bits/Sample [8].   

At the end of the study, a certified sleep expert, blind to 

the aims of this study, scored the NPSG data according to 

Rechtschaffen & Kales standard. The severity of SDB was 

measured using the apnea-hypopnea index (AHI).  

D.  Post Processing 

Each second, there are 10 received pulses.  The received 

signal is summed for each second into one waveform.  This 

PZT-5A, 3MHz (~0.6mm thickness), Brass backing 
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waveform is then filtered using a Kaiser Window band-pass 

FIR filter (fL=0.15MHz, fH=3.5MHz, N=100, β=0.05) and 

rectified [11]. The peaks of the resultant signal are detected, 

and an envelope of the peaks is estimated using a cubic 

spline. 

E. Waveform Envelope Feature Extraction 

We calculated the spectral density of the envelope, and 

found that there are differences in the spectral distribution 

between respiratory event (RE) and hyperventilation 

breathing (HV).  These differences are more evident in 

certain frequency bands than others. To quantify these 

differences, we integrated the area under the spectra in two 

frequency bands that appeared to have high variation in the 

spectral distribution between HV and RE. 

1. The first band is a low frequency band and extends 

from 10-230 kHz. We define this band as the Very 

Low Frequency Envelope Spectral Band (VLSB). 

2.  Low Frequency Spectral Band (LSB) 

A second band that appeared to have high variation in 

the spectral distribution between HV and RE is 230-

487 kHz, and we define this band as Low Frequency 

Envelope Spectral Band (LSB).  

3. High Frequency Spectral Band (HSB) 

A third band that appeared to have high variation in the 

spectral distribution between HV and RE is 487-770 

kHz, and we define this band as the High Frequency 

Envelope Spectral Band (HSB). 

4. Very High Frequency Spectral Band (VHSB) 

A fourth band that appeared to have high variation in 

the spectral distribution between HV and RE is 0.77-

1.22 MHz, and we define this band as the Very High 

Frequency Envelope Spectral Band (VHSB).  Figure 

5.11 shows an illustration of these bands. 

 

 
Fig. 3. An illustration of the method used to calculate the four Frequency 
Spectral Bands (VLSB, LSB, HSB, and VHSB).  The power spectral 

density (PSD) of the envelope of the rectified signal is found using the 
Welch method (Hamming window, length = 500 points, 50% overlap).  The 

LFSB is equal to the integration of the area under the curve between 10-

230kHz, the LSB is equal to the integration of the area under the curve 
between 230-470kHz, the HSB is equal to the integration of the area under 

the curve between 470-770kHz whereas the HFSB is equal to the area under 

the curve between 0.77-1.22MHz.  The x-axis is the frequency (0-3MHz), 
and the y-axis is in dB. 

  

F. Respiratory Event Epoch Clipping 

Each respiratory event (RE), whether it is apnea or 

hypopnea, is followed by a period of hyperventilation (HV). 

The aim is to quantify the changes in the received signal 

between RE and HV, using the spectral features extracted 

above.  Each RE that is followed by 10 seconds of HV is 

clipped and considered for analysis.  

The average spectral features for each RE can be 

calculated, and are denoted
RE

nVLSB ,
 , 

RE

nLS B ,
  

RE

nHSB ,
 and

RE

nVHSB ,
 , 

respectively.  The average spectral features for each HV that 

follows each RE can be calculated, and are denoted
HV

nVLSB ,
 , 

HV

nLS B ,
  

HV

nHSB ,
 and

HV

nVHSB ,
 , respectively.  Notice that n denotes 

the index of the clipped epoch 1 ≤ n ≤ q where q is the total 

number of epochs used in the analysis.    

G. Recruited Patient Demographics 

One male volunteer was recruited (49 years old, BMI = 

34.9 kg/m
2
, AHI = 86.3).  Duration of sleep study was 7 

hours.  There were q=369 epochs that met the criteria 

described above.  From those, 197 were apnea events, and 

172 hypopnea events. AHI).  

H. Statistical Analysis 

The ratio of the average of peaks in the HV period to the 

average of peaks in the RE for each epoch was calculated; 

that is, the ratio  

RVLSB,n=
HV

nVLSB ,
 /

RE

nVLSB ,
                (1) 

is found, where RVLSB denotes Ratio of the spectral power 

between the respiratory event and the hyperventilation that 

follows it, calculated in the very low spectral band, defined 

in Section II.E. Similarly, three other ratios can be calculated 

for the remaining three features, as follows:  

RLSB,n=
HV

nLS B ,
 /

RE

nLS B ,
                (2) 

RHSB,n=
HV

nHSB ,
 /

RE

nHSB ,
                (3) 

RVHSB,n=
HV

nVHSB ,
 /

RE

nVHSB ,
               (4) 

The 95% confidence interval (CI) is calculated using the t-

distribution as follows [12]: 
CI

featureR = featureR ±(t0.05,q×σfeature/√q)        (5) 

where featureR is the mean of four features calculated in Eqs. 

(1) - (4); σfeature is the standard deviation of these features; q 

is the number of epochs used (q=197 for apnea, q=172 for 

hypopnea, and q=369 for both combined); and t0.05,q is the 

two-tail critical  t-value for a 95% confidence interval and q 

degrees of freedom (df).  It is about 1.97 for the q values 

listed above. 

III. RESULTS 

The confidence interval for the epochs containing apnea, 

hypopnea, and the combination of both are plotted in Figure 

4.  
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Notice that if the confidence interval does not include 1, it 

indicates that there is a significant difference between the 

average feature values between RE compared to the 

subsequent HV.  

 
Fig. 4. The t-distribution 95%-Confidence Interval plots of the VLSB, LSB, 

HSB, VHSB for apnea and hypopnea epochs, and the combination of both 

epoch groups. HV/RE denotes the mean ratio of the average said feature 

between hyperventilation (HV) and the superseding respiratory event (RE).  

IV. DISCUSSION 

In this in vivo feasibility study for the use of ultrasonic 

pulses to detect the closure of the upper airway during 

apneic breathing, the ultrasonic transducer design followed a 

set of anatomical and practical considerations for overnight 

ultrasonic data acquisition.  

Studying the epochs recorded using the ultrasonic 

transducers during the full night sleep study; we notice that 

spectral features extracted from these records show 

significant difference in the higher three frequency bands, 

namely LSB, HSB, and VHSB, while the VLSB does not 

show any change in the spectral energy when considering 

both apneic and hyponeic events combined. 

Studying Fig. 4, and keeping in mind that these results are 

for the ratio of HV/RE, the results indicate higher spectral 

energy passing through the neck of the patient during apneic 

events compared to the energy levels during the 

hyperventilation period that follows.  We can hypothesis the 

reason for such reduction in the HV/RE ration is that the 

occlusion of the airway during OSAH episodes reduces the 

acoustic energy loss in the ultrasonic beam pathway, due to 

the contact of the airway walls, and reduction of amount of 

air in the airway at the level of the ultrasonic beam.     

V. CONCLUSION 

This paper presented the spectral feature analysis of the in 

vivo study that the employs ultrasonic sensing for the non-

invasive detection of airway narrowing and occlusion.  

Using skin-mounted ultrasound transducer elements, an 

examination of the possibility of distinguishing apneic 

breathing from normal breathing was performed using 

epochs collected from one SDB volunteer.  While the results 

presented here are preliminary, the use of ultrasound 

detection of airway occlusion events may offer a simple, 

cost effective, and specific screening tool for OSAHS 

breathing pattern.   
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