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Real-Time 3D Magnetic Resonance Imaging of the
Pharyngeal Airway in Sleep Apnea

Yoon-Chul Kim,** R. Marc Lebel, 't Ziyue Wu,? Sally L. Davidson Ward,® Michael

C.K. Khoo,? and Krishna S. Nayak'

Purpose: To investigate the feasibility of real-time 3D magnetic
resonance imaging (MRI) with simultaneous recording of physio-
logical signals for identifying sites of airway obstruction during
natural sleep in pediatric patients with sleep-disordered breathing.
Methods: Experiments were performed using a three-dimen-
sional Fourier transformation (3DFT) gradient echo sequence
with prospective undersampling based on golden-angle radial
spokes, and L1-norm regularized iterative self-consistent par-
allel imaging (L1-SPIRIT) reconstruction. This technique was
demonstrated in three healthy adult volunteers and five pediat-
ric patients with sleep-disordered breathing. External airway
occlusion was used to induce partial collapse of the upper air-
way on inspiration and test the effectiveness of the proposed
imaging method. Apneic events were identified using informa-
tion available from synchronized recording of mask pressure
and respiratory effort.

Results: Acceptable image quality was obtained in seven of
eight subjects. Temporary airway collapse induced via inspira-
tory loading was successfully imaged in all three volunteers,
with average airway volume reductions of 63.3%, 52.5%, and
33.7%. Central apneic events and associated airway narrow-
ing/closure were identified in two pediatric patients. During
central apneic events, airway obstruction was observed in the
retropalatal region in one pediatric patient.

Conclusion: Real-time 3D MRI of the pharyngeal airway with
synchronized recording of physiological signals is feasible and
may provide valuable information about the sites and nature of
airway narrowing/collapse during natural sleep. Magn Reson
Med 71:1501-1510, 2014. © 2013 Wiley Periodicals, Inc.
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Obstructive sleep apnea (OSA) is the most common type
of sleep apnea and is characterized by repetitive epi-
sodes of airflow cessation during sleep as a result of the
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collapse of the pharyngeal airway (1). The prevalence of
OSA syndrome has been estimated at 2% of the general
population of children (2), 13—66% of obese children (3),
and 4-9% of adults (2). Airway collapse during sleep is
caused by a combination of anatomical and functional
factors. Anatomical factors include inherently narrow
upper airway resulting from 1) enlarged adenoids or ton-
sils, 2) a large soft palate, and 3) a large tongue. Func-
tional factors include decrease in the activation of
pharyngeal dilator muscles with sleep onset. Obesity
contributes to a narrow airway and airway collapsibility
(4), and the prevalence of obesity is on the rise. Despite
breathing efforts, airway obstruction results in no gas
exchange leading to oxygen desaturation and frequent
arousals during sleep.

Pathologic central sleep apnea (CSA) is relatively rare
when compared with OSA and is characterized by
absent respiratory effort as well as airflow cessation dur-
ing sleep, accompanied by arousal and/or hypoxemia.
Airway narrowing and/or closure occur during CSA (5).
CSAs have been reported in obese children and adoles-
cents with sleep-disordered breathing (3). Complex sleep
apnea is a combination of OSA and CSA, and patients
with complex sleep apnea exhibit CSAs even during a
continuous positive airway pressure treatment of airway
obstruction (6).

Knowledge of obstruction sites with an imaging tool
has been of great interest to researchers because direct
inspection of the airway may facilitate treatment planning
and may have the potential to improve treatment outcome
(7-9). Imaging techniques including endoscopy, fluoros-
copy, computed tomography, and magnetic resonance
imaging (MRI) have been applied to subjects with OSA,
and each approach has its own unique limitations (10).

MRI is noninvasive, involves no ionizing radiation,
and has provided valuable insights into understanding
upper airway anatomy and function in patients with
OSA syndrome. In prior studies, static 3D MRI revealed
narrowed airway volume in patients with OSA when
compared with age-matched controls without OSA (11).
Respiratory-gated dynamic 2D (12) and 3D (13,14) MRI
have been proposed to measure the changes in the upper
airway caliber in relation to the respiratory cycle during
tidal breathing and compare them between subjects with
and without OSA syndrome. Real-time MRI (i.e., MRI
using an acquisition time per frame that is short relative
to the dynamic process of interest) has been used to
demonstrate airway collapse in OSA patients during
sleep with (15,16) and without sedation (17-19), but has
been limited to a 2D slice of axial or mid-sagittal orienta-
tion. Recently, Shin et al. (18,19) demonstrated visualiza-
tion of airway collapse in adult patients with OSA using
real-time interactive multislice MRI, in which slice
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FIG. 1. Experimental setup for the proposed sleep MRI. a: Placement of the devices on a subject. The tube-mask setup necessary for
the airway occlusion test is shown. Pressure from the mask port is transmitted via the thin transparent tube to a metallic pressure trans-
ducer which is approximately 8 m away from the scanner. Respiratory belts are placed around the subject’s chest and abdomen. Oxy-
gen saturation and heart rate are monitored using the MR compatible optical finger plethysmograph. b: The six-channel carotid coil on
a pediatric subject. In our experiments, the left and right side of the coil are each wrapped with a pillowcase to avoid a contact between

the coil and subject’s face.

prescriptions were made in axial, mid-sagittal, and coro-
nal slices.

The most common approach is 2D mid-sagittal MRI,
which provides only partial coverage of a narrowed
upper airway and is very sensitive to imperfect localiza-
tion and to patient head motion. Similarly, 2D axial MRI
can reveal temporal changes in airway cross-sectional
area, but it is easy to miss the actual site of collapse.
Real-time 3D MRI would be desirable, because it pro-
vides complete coverage of the airway and does not
require prior knowledge of the location of collapse. In
this work, we propose a real-time 3D MRI acquisition
using a novel temporal view order and a reconstruction
technique that provides high spatial and temporal reso-
lution with the combined use of parallel imaging and
constrained reconstruction. We demonstrate its effective-
ness in visualizing marked reduction of the pharyngeal
airway during inspiratory loading in volunteers and
identifying locations of airway narrowing and/or col-
lapse in pediatric subjects with sleep-disordered breath-
ing during natural sleep.

METHODS
Experimental Setup

Experiments were performed on a 3.0 Tesla scanner
(Signa Excite HDxt, GE Healthcare, Waukesha, WI) with
gradients capable of 40 mT/m amplitude and 150 T/m/s
slew rate. A body coil was used for radiofrequency (RF)
transmission and a six-channel carotid receiver coil (see
Fig. 1b) was used for signal reception.

Several physiological signals were monitored and
recorded during the MRI scan, as shown in Figure 1a.
An optical fingertip plethysmograph (Biopac Inc., Goleta,
CA) was used to measure heart rate and oxygen

saturation. A respiratory transducer (Biopac Inc., Goleta,
CA) and the scanner’s built-in respiratory bellows (GE
Healthcare, Waukesha, WI) were used to measure respi-
ratory effort. A facial mask (Hans Rudolph Inc., Kansas
City, MO) was used for measurement of airway pressure
and for airway occlusion test. The airway pressure from
the mask port was transmitted to a Validyne pressure
transducer (Validyne Engineering Inc., Northridge, CA)
and converted to voltage. Pressure calibration was per-
formed to convert voltage back to pressure. The tube-
mask setup (see Fig. 1a) was used for airway occlusion
test. The scan operator was able to initiate an airway
occlusion from the MRI console room, by pressing a but-
ton that initiated inflation of the balloon leading to
blocking of the air passage. This airway occlusion setup
was based on a prior work by Colrain et al. (20). Occlu-
sions of this type can lead to substantial narrowing of
the upper airway during inspiration (21).

Imaging Methods

Real-time 3D acquisition was based on the use of a 3DFT
gradient echo sequence, with a 6 cm excitation slab
thickness, flip angle of 5°, and matrix size of 100 x 80 x
40. The k, and k, phase encodes were along anterior—
posterior (A—P) and right-left (R-L) directions, respec-
tively. The imaging pulse sequence was continuous with
short (2 min) and long (14—18 min) scan durations. Imag-
ing parameters for the short scan were as follows: field
of view (FOV) = 16.0 x 12.8 x 6.4 cm®, spatial resolu-
tion = 1.6 x 1.6 x 1.6 mm?, pulse repetition time (TR) =
3.88 ms, and echo time (TE) = 1.74 ms. Imaging parame-
ters for the long scan were as follows: FOV = 20.0 x
16.0 x 8.0 cm® (or 18.0 x 14.4 x 7.2 cm?), spatial resolu-
tion = 2.0 x 2.0 x 2.0 mm?® (or 1.8 x 1.8 x 1.8 mm®), TR
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FIG. 2. Cartesian golden-angle sampling scheme used in this work. a: Sampling grid with a circular footprint and temporal ordering of
radial half spokes. Only 13 spokes are shown for illustration. The number at the end of each spoke represents a temporal order. Each
radial spoke is incremented by the golden angle (=360 /1.618). Note that the spatial resolution in k, is the same as that in k,, but the
FOV in k, is twice as large as the FOV in k,. b: Samples (red dots) chosen along the spokes. Each sample along a given radial spoke
was mapped onto its nearest neighboring location in the Cartesian (k,, k) grid. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

= 6.02 ms, and TE = 1.72 ms. TR was lengthened for the
long scan because we empirically determined that scan-
ning with the 6.02 ms TR produced perceptually lower
acoustic noise than that with the shorter TR and thus
subjects would be more likely to fall asleep. We adopted
a golden-angle radial spokes view ordering (22) in (k,
k,) space similar to the work by Doneva et al. (23). In
our case, as sample spacing along k;, was twice as dense
as that along k,, more samples along a radial spoke ori-
ented toward the k; axis were acquired than along a ra-
dial spoke oriented toward the k, axis (see Fig. 2b).

Image reconstruction was based on SPIRIiT (24) and
was performed using MATLAB (The Mathworks, South
Natick, MA). We retrospectively chose temporal resolu-
tions of 388 ms for the short scan and 602 ms for the
long scan. Both the temporal resolutions were deter-
mined by binning raw data from 100 consecutive TR
periods into every frame. Real-time movies of 3D airway
dynamics were generated using an L1-SPIRiT reconstruc-
tion algorithm proposed by Lebel et al. (25). Figure 3
shows the schematic of our reconstruction method. L1-
norm regularization (26) promoted wavelet and finite dif-
ference sparsity along all spatial and temporal dimen-
sions.  Regularization = parameters = were  chosen
empirically and kept constant for all datasets. We con-
sidered 30 consecutive frames for 4D L1-SPIRIT (see Fig.
3) and continued to reconstruct the next 30 frames, and
so on. This blockwise approach was taken in order to
reduce memory requirements. Image reconstruction was
performed on a workstation of which specs were 2.93
GHz/12-core CPU (Intel Xeon X5670, cache size = 12288
KB) and 48 GB RAM. The L1-SPIRiT image reconstruc-
tion took approximately 19 s/frame when the iteration
number was 40.

Mask pressure, heart rate, oxygen saturation, respira-
tory effort from the respiratory transducer, and MRI RF
unblank signals were all monitored and recorded with a
sample rate of 25 ms on a WinDAQ software (DATAQ
Instruments Inc., Akron, OH). Displacement of the abdo-
men from the respiratory bellows was monitored in the
MRI console, and the signal was recorded only in the
presence of MRI scanning and with a sample rate of 25
ms. The synchronization of MRI video and relevant
physiological signals was made based on the onset of the
RF unblank signal, which is available from the WinDAQ
software.

Measurement of Airway Volume Dynamics

From reconstructed 4D dataset, we performed image seg-
mentation and obtained a time series of pharyngeal air-
way volume. The airway coverage we chose for airway
segmentation was from the level of the hard palate to the
level of the epiglottis. The segmentation algorithm was a
modified version of region growing, which is based on
seeded region growing (27) and is available from http://
www.mathworks.com. In our implementation, the seg-
mentation was performed slice-by-slice in a semiauto-
matic manner. In a given axial slice, seed points were
manually selected in the airway region of interest (ROI)
from an initial image frame, and the same seed points
were used in the next image frames. If the intensity on
any seed point was greater than a certain threshold, the
seed point was identified as the soft tissue and was not
included in the region growing process. Volumetric seg-
mentation results were obtained after stacking the seg-
mented axial slices. Airway volume measurement at
each time frame was performed by the multiplication of
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FIG. 3. A schematic of the proposed data sampling and image reconstruction. Golden-angle radial spokes sampling in (k, k,) space is
shown in the top block. In the sampling, each frame has 100 (k,k,) samples along 3, 4, or 5 radial spokes, and each frame shows dis-
continuity in some spokes which is connected when considering samples from previous or next frames. The composite samples contain
fully sampled low-resolution data that are used for the kernel calibration in L1-SPIRIT. L1-SPIRIT reconstruction results in time-resolved
3D volume of the pharyngeal airway as indicated in the bottom block. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

the number of segmented voxels by voxel volume (e.g.,
1.6 x 1.6 x 1.6 mm® for the short scan).

Normal Volunteers

Three adult volunteers (3M, 25-35 years old) partici-
pated in the study. They reported that they had no sleep
disorders and no excessive daytime sleepiness. Informed
consent was obtained according to the University of
Southern California (USC) Institutional Review Board.
All subjects were informed of the airway occlusion task
prior to the study.

Pediatric Patients

We recruited adolescents with a history of snoring dur-
ing nocturnal sleep. More specifically, patient selection
was based on the presence of obesity (BMI percentile >
90% for age and gender) with an age range from 13 to 17
years. The presence of sleep-disordered breathing was
documented by overnight polysomnography performed
at the Children’s Hospital Los Angeles (CHLA). Subjects
were excluded if they had metallic dental bracing or any
ferromagnetic materials that would hamper the image
quality. Informed consent from the parents and assent
from the subject were obtained according to the CHLA
and USC Institutional Review Boards. Five pediatric
patients (2M/3F, 13—15 years old) participated in the
study and were informed of the airway occlusion task
prior to the study.

MRI experiments on the pediatric patients were per-
formed during the nighttime between 9 pm and 1 am.
Sleep and wakefulness were determined based on the
heart rate, mask pressure, oxygen saturation, and respira-
tory signals by our experienced pediatric pulmonologists.
A central apneic event was defined to be the absence of
abdominal motion as well as zero mask pressure record-
ing, both lasting longer than the duration of two baseline
breaths, whereas an obstructive apneic event would be
characterized by a zero mask pressure recording lasting
longer than the duration of two breaths with continued re-
spiratory effort reflected in the abdominal motion sensor.

RESULTS

The proposed imaging method provided good image
quality with sharp depiction of air-tissue boundaries in
the entire pharyngeal airway with sub-second temporal
resolution (i.e., 2.6 fps for the short scan and 1.7 fps for
the long scan) in seven of the eight subjects. Data from
volunteer 2 revealed periodic motion of the soft palate
depending on the respiratory cycle during mouth breath-
ing. Data from patient 1 showed central sleep apneic
events and airway obstruction at the retropalatal region.
Data from patient 3 revealed airway obstructions in the
retropalatal and hypopharyngeal regions after a sigh
breath. Data from patient 5 revealed airway narrowing
during central sleep apneic events with periodic breath-
ing. Patient 2 signaled during the MRI that the procedure
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FIG. 4. The effect of regularization on temporal signal variation. In image frames of interest, a pediatric subject (patient 4) performed
tidal breathing with minimal motion. a,b: Mid-sagittal and two axial images are shown. a: No regularization (i.e., parallel imaging only).
b: Regularization with wavelets and finite difference sparsity in spatial and temporal dimensions (i.e., parallel imaging and constrained
reconstruction). Note that the images in (b) reveal more spatially smooth image intensity in the soft tissue than those in (a), while pre-
serving air-tissue boundaries. Three voxels were chosen in the retropalatal (slice 1) and retroglossal (slice 2) slices, and are indicated by
the dots and yellow arrowheads. c,d: Comparison of temporal signal changes in the chosen voxels (c) without regularization and (d)
with regularization. Note that signal fluctuations are observed in both cases, and the degree of fluctuation is reduced in the case of reg-

ularization (compare (c) and (d)).

was not tolerable due to the loud acoustic noise, and the
testing was immediately terminated. Data from patient 2
revealed severe motion artifact and was excluded from
subsequent analysis.

Temporal Signal Variation

Figure 4 shows an assessment of temporal variation in
signal intensity and demonstrates the effect of the L1-
norm regularization on temporal signal change in the air
and soft tissue. A pediatric subject performed tidal
breathing with minimal motion for the frames of interest
in Figure 4c,d. These frames were chosen to exclude tis-
sue motion as a primary contributing factor to temporal
signal variation. It is noted that the mid-sagittal and two
axial images obtained with the L1-norm regularized
image reconstruction (see Fig. 4b) reveal more spatially
smooth image intensity in the soft tissue than those
without regularization (see Fig. 4a), and they preserve
the depiction of high-contrast features such as air-tissue
boundaries. In comparing temporal signal changes
between no regularization (see Fig. 4c) and regularization
(see Fig. 4d), signal fluctuation is observed in both cases
and the degree of fluctuation is reduced in the case of
regularization for all three voxels of interest. The mean
and standard deviation of the soft-tissue (voxel 1) signal
time series at the retropalatal slice (slice 1 in Fig. 4) was
0.744 = 0.042 for the no regularization case and 0.766 *
0.028 for the regularization case. The mean and standard
deviation of the soft-tissue (voxel 2) signal time series at
the retroglossal slice (slice 2 in Fig. 4) was 0.510 * 0.033
for the no regularization case and 0.480 * 0.029 for the

regularization case. The mean and standard deviation of
the air (voxel 3) signal time series was 0.067 = 0.035 for
the no regularization case and 0.040 * 0.021 for the reg-
ularization case.

Volunteer Study

Pharyngeal airway narrowing during inspiratory loading
was visualized in all three normal volunteers. Airway
volume estimates corresponding to the plateaus of the
airway volume time series were averaged to obtain the
average airway volume on expiration (Vg). Airway vol-
ume estimates corresponding to the nadirs were averaged
to obtain the average airway volume on inspiratory load
(V11). Average airway volume reduction was computed to
be (Vg — Vi1)/ Vi x 100, and resulted in 63.3% (volunteer
1), 52.5% (volunteer 2), and 33.7% (volunteer 3).

Figure 5 shows results from volunteer 1 who showed
the most marked reduction of the pharyngeal airway dur-
ing inspiratory loading among the three volunteers. The
mask pressure recording in Figure 5a reveals that the
onset of inspiratory loading resulting from an external
airway occlusion is approximately 27 s. Figure 5b shows
a plot of pharyngeal airway volume with respect to time,
in which the airway volume reduction is significant dur-
ing inspiratory load. The plot of displacement in the ab-
domen in Figure 5c¢ indicates that tidal breathing is
disrupted around the onset of inspiratory loading. Figure
5d,e shows 2 sagittal and 22 contiguous axial views of
the airway at two individual time frames. Figure 5d
shows a patent airway in the expiratory phase in the ab-
sence of airway occlusion. Figure 5e shows a narrowed
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FIG. 5. Physiological signals and pharyngeal airway dynamics in an airway occlusion test on a healthy volunteer (volunteer 1). a: Mask
pressure recording, b: pharyngeal airway volume measurement, and c: respiratory effort in the abdomen. Note the correlation between
the mask pressure drop during inspiratory load and pharyngeal airway volume reduction. Representative axial and sagittal slices at (d)
time frame (indicated by blue dots in (a—c)) corresponding to an expiratory phase without inspiratory load and (e) time frame (indicated
by red dots in (a—c)) corresponding to an inspiratory phase during an external airway occlusion (onset of the occlusion indicated by red
arrowhead in (a)). Note the markedly narrowed cross-sectional airway at the retropalatal slice as indicated by the dashed arrow in (e).
The airway is more compliant laterally than along the anterior—posterior during inspiratory load (compare the solid arrows in (d) and (e)).
See also the Supporting Information movie 1. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

airway in the inspiratory phase in the presence of airway Patient Study

occlusion. The cross-sectional areas of the airway vary

more significantly during inspiratory loading than during Figure 6 shows a time series of pharyngeal airway vol-
tidal breathing (see the Supporting Information movie 1). ume, which is synchronous with the mask pressure and
The most narrowed airway site is observed in the retro- respiratory signal recordings in patient 5 with sleep-dis-
palatal region (see the dashed arrow in Fig. 5e). ordered breathing (15-year-old male, BMI = 32). Figure
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FIG. 6. Pharyngeal airway reduction during central apneic events in a pediatric patient (patient 5). a: A segmented pharyngeal airway
ROI (i.e., white color overlaid onto the images) is shown in midsagittal slice and retropalatal axial slice at a certain time frame from a
custom image inspection graphical user interface. b: A plot of pharyngeal airway volume (middle) is shown along with measured mask
pressure (top) and abdominal respiratory effort (bottom). A significant drop in pharyngeal airway volume is seen during central apneic
event (see the red dashed box). See also the Supporting Information movie 2. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

6a shows a segmented airway region (indicated by white
color) in mid-sagittal and retropalatal axial images at a
certain time frame. The red dashed lines in each image
indicate relative slice location with respect to each other.
Figure 6b indicates that there are two central apneic
events in which one occurs from 10 to 17 s and the other
occurs from 62 to 69 s. The most narrowed pharyngeal
airway occurs near the end of the central apneic event
(i.e., 68 s), and the airway volume is estimated to be
2324 mm®, 44% lower than the peak volume 4475 mm®.

Figure 7 shows results from the long-duration scan of
patient 1 with sleep-disordered breathing (14-year-old
female, BMI = 45). The first 140 s of the scan is shown
in Figure 7. Figure 7a,b shows central apneic events as
evidenced by zero mask pressure and no change in the
displacement of the abdomen (see black arrows). Note
that heart rate is periodic during the apneic events from
30 to 70 s (see Fig. 7c). At approximately 70 s, the exper-
imenter performed airway occlusion and there was the
large negative pressure recording on inspiration (see Fig.
7a). This inspiratory load led to the subject’s tidal
breathing as evidenced by the periodic nature of the
mask pressure recording and respiratory effort (see Fig.
7a,b, the pressure and respiratory effort plots in 80 to
140 s). The oxygen saturation nadir following the airway
occlusion, as indicated by the blue arrow in Figure 7d,
shows a 7—8% drop.

Figure 7e,f shows 2 sagittal slices and 24 contiguous
axial views of the pharyngeal airway at two individual
time frames. Figure 7e contains an airway obstruction
during central apneic event. Figure 7f contains a patent
airway during normal breathing. Airway collapse site is
observed in the retropalatal region as indicated by the
solid arrow in Figure 7e (compare it with the solid arrow

in Fig. 7f in which the airway is patent in the same slice
location). Note that the airway is patent at the level of
retroglossal slice (see the dashed arrow in Fig. 7e) and
the cross-sectional area is smaller during central apneic
event than during normal breathing (compare the dashed
arrows in Fig. 7e,f).

DISCUSSION

To our knowledge, we have produced the first dynamic
3D visualization of upper airway obstruction during nat-
ural sleep from real-time MRI data without respiratory
gating. This occurred during central apneic events in a
pediatric patient. The proposed method demonstrates
a way to identify airway obstruction sites by the use of a
real-time 3D MRI acquisition and simultaneously
acquired physiological signals. We utilized devices from
third-party vendors for the airway occlusion and physio-
logical signal recording. The MRI RF unblank signal,
which was recorded synchronously with physiological
signals on the same software, facilitated their synchroni-
zation with the MRI image frames.

In this work, the pulse sequence involved the use of
maximum gradient amplitude and slew rate for all gradi-
ent pulses. While most new high-performance scanners
can operate continuously at a high duty cycle, the major-
ity of existing scanners can experience gradient amplifier
overheating when using long and continuous scanning
approaches. In addition, the scans were loud, which neg-
atively affects patient comfort. For the long-duration con-
tinuous scan in this study, we increased TR to mitigate
acoustic noise as well as gradient heating. The choice of
TR for the long scan was empirical, and the side effect
was lowered temporal resolution. Real-time acquisition
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FIG. 7. Physiological signals and pharyngeal airway dynamics on a pediatric patient (patient 1) with sleep-disordered breathing. a: Mask
pressure recording, b: respiratory effort in the abdomen, c: heart rate, and d: oxygen saturation signals. Central apneic events are indi-
cated by the black arrows in (a) and (b), followed by an external airway occlusion (indicated by the red arrow head) lasting approxi-
mately 6 s. Oxygen desaturation is indicated by the blue arrow in (d). Representative axial and sagittal slices at (e) time frame (indicated
by blue dots in (a-d)) corresponding to central sleep apnea event and (f) time frame (indicated by red dots in (a-d)) corresponding to nor-
mal breathing. Note the airway obstruction at the retropalatal region as indicated by the solid arrow in (e). During central apnea, a signif-
icant narrowing in the airway is observed in the retroglossal slice (compare the dashed arrows in (e) and (f)). See also the Supporting
Information movie 3. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

for sleep MRI study may be improved with the develop-
ment of a systematic way to design pulse sequence based
on the constraints of the limits of sound pressure level
and gradient heating.

Although obstructive sleep apnea is the most common
type of sleep apnea, we have not yet observed any ob-
structive apneic events from the pediatric patients in our
MRI experiments. This may be due to the fact that the

subjects had light sleep in MRI environment or the con-
tinuous MRI scan time of 18 min was not sufficiently
long. MRI studies with larger number of OSA patients
and longer MRI scan per patient would be necessary to
observe obstructive events in pediatric patients. Given
that we have observed only cases of central apneic
events in our patient cohort, we would like to emphasize
that CSAs have been reported in 17% of obese children
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(3), suggesting a high prevalence of CSAs in obese chil-
dren. In case that the patient had high apnea-hypopnea
index from our overnight polysomnography study, we
attempted rescanning until we detected respiratory
events. Repeated on/off of the scanning may contribute
to patients’ discomfort. For future work, we plan to
increase the scan time while managing the gradient am-
plifier heating issue.

The image quality from the pediatric patients was in
general poorer than the image quality from the volun-
teers in this study, particularly in the hypopharyngeal
region. Although signal-to-noise ratio (SNR) measure-
ment is not rigorously defined for images obtained from
regularized reconstruction, we performed an SNR com-
parison between the patients and normal volunteers. The
SNR in the hypopharyngeal region was calculated by tak-
ing the ratio of mean signal intensity of an inferior por-
tion of the tongue to the standard deviation of airway
ROI in the mid-sagittal slice of a steady-state and
motion-free image frame obtained from the short-scan
protocol. The SNR had a range from 7.1 to 21.1 in the
pediatric patients, compared with a range from 10.4 to
43.4 in the normal adult volunteers. The lower SNR in
the inferior region of the pediatric airway may be attrib-
uted to the shorter neck length and the larger neck fat
thickness, due to obesity. In the pediatric subjects, it was
difficult to place the six-channel carotid coil close to the
pharyngeal airway.

The 4D L1-SPIRIT reconstruction performs kernel cali-
bration using fully sampled low-resolution data available
from adjacent temporal frames (e.g., 30 frames in our
case). When there is a rapid motion such as swallowing
and jaw movement within the temporal frames, resulting
reconstruction can suffer from image artifacts due to
motion. Other adjacent frames within the reconstruction
window, which are not supposed to undergo severe
motion, can also suffer from artifacts due to motion.
Adaptive selection of temporal window, based on the
knowledge of temporal interval corresponding to motion,
has the potential to improve overall image quality, and
its implementation remains as future work.

As in Figure 4, a large degree of temporal variation in
signal intensity is noted from image frames reconstructed
without regularization. Thermal noise contributes to the
temporal signal fluctuation. Another potential source of
temporal variation would be residual aliasing, which is
expected to vary in time given that the undersampling
pattern of the 3DFT golden-angle sampling varies at ev-
ery frame (see Fig. 3). The regularization related to tem-
poral sparsity enabled mitigation of the degree of
temporal signal variation. The regularization of the spa-
tial domain tended to smooth out either noise or low-
contrast features and to preserve high-contrast features
such as air-tissue boundaries. The regularization in both
spatial and temporal sparsity was effective in improving
the performance of the region growing segmentation of
the pharyngeal airway.

The proposed acquisition scheme adopts a golden-
angle radial spokes view order and therefore is well
suited to efficient data binning when considering respi-
ratory gated cine imaging during tidal breathing, which
Arens et al. and Wagshul et al. have demonstrated in
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their work (13,14). High temporal resolution respiratory-
gated cine data would potentially provide useful infor-
mation about change of the pharyngeal airway volume
depending on respiratory phase in pediatric patients
with sleep-disordered breathing.

The current acquisition setup does not allow for objec-
tive assessment of sleep state. Polysomnography methods
employ electroencephalogram (EEG) recordings for sleep
state assessment. We have found it difficult to use EEG
during sleep MRI, with subjects citing discomfort and
difficulty falling asleep inside the MRI scanner with EEG
electrodes on the scalp. It may be worthwhile to investi-
gate an alternative such as sleep staging with electroocu-
lar recording in which signals are from the electrodes
attached to the forehead only (28).

In this work, MRI data were acquired in real time, but
visualization of the pharyngeal airway dynamics was
demonstrated after an off-line image reconstruction.
Opportunities for future work include accelerating the
reconstruction (e.g., via parallelization (29)) and investi-
gating the feasibility of real-time interactive 3D imaging.

CONCLUSIONS

A novel real-time 3D MRI method is proposed that is ca-
pable of identifying sites of upper airway collapse during
sleep. The key features of the method are (1) high spatio-
temporal resolution using a 3DFT golden-angle radial
spokes view order and L1-SPIRiT reconstruction, (2) con-
tinuous MR scanning that is compatible with natural
sleep, and (3) synchronized recording of physiological
signals that are used to identify apneas and related
events. Initial results indicate that the method can iden-
tify airway collapse sites in 3D during natural sleep in
patients with CSA. We speculate that this technique
could have the potential to inform therapeutic choices
for sleep-disordered breathing, such as positive airway
pressure devices or surgery.
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