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Abstract. Fully simultaneous polysomnography (PSG) and electrical impedance tomography (EIT)
incorporated with partially synchronized computed tomography (CT) scan were used to investigate the
performance of EIT on the monitoring of obstructive sleep apnea (OSA) occurring on the upper airway.
The opening and closing of the upper airway will lead to different conductivity distribution which can
be visualized through the EIT images. In this study, two rings of 16 electrodes were attached on the
upper and lower transverse planes of airway, and the behavior of airway is extracted through the
independent component analysis (ICA) algorithm with the reference of airway flow obtained through
PSG due to the efficient synchronization. Refereed to the anatomical structures from CT scans, the
performance of the EIT in monitoring the sleep disorder will be validated and presented through the
reconstructed EIT images on both upper-layer and lower-layer.
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1. Introduction

Obstructive sleep apnea (OSA) is a common sleep disorder and characterized with reduced airflow
imputed to the complete or partial obstruction of upper airway [1,2,3]. Currently, polysomnography
(PSG) remains the gold standard for the diagnosis of OSA, and the average number of apnea and
hypopnea events per hour of sleep, apnea—hypopnea index (AHI), is widely used as a clinical scale to
diagnose the severity of OSA [3].

Electrical impedance tomography (EIT) is non-invasive and cost-effective medical technique
which visualizes the cross-sectional conductivity distribution of a transverse plane using the electrodes
attached on the body surface [5]. Since the abrupt closing of upper airway induces a sharp conductivity
change due to the insulating air, EIT enables the feasibility of promising long-term continuous
monitoring of sleep attributed to the advantages of radiation-free and low-cost.

Previous studies on OSA based on EIT technique exploited one ring of 16 electrodes to image the
closing and opening of upper airway without the validation from the anatomical CT scans. Furthermore,
the anatomical structure and physical states of upper airway at different traverse plane exhibit
discrepantly in CT scans, in this study, two rings of 16 electrodes were attached to the surface of
different transverse planes of upper airway. The goal of this study is to validate the performance of EIT
with respect to the feasibility to detect the apnea and hypopnea events occurring during sleep. With the
CT scans of upper layer and lower layer of upper airway during the sleep events, the performance of 2
rings of electrodes in characterizing the opening and closing of airway at different transverse planes
will also be investigated. To be concluded, a comparison between CT and EIT will be carried out
through linear regression method.
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2. Methods

2.1 Data acquisition
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Figure 1. Schematic setup of CT scanner and EIT/PSG recording system.

To achieve synchronicity among the three medical modalities of CT scanner and EIT/PSG
monitoring system, the schematic setup of CT scanner and EIT/PSG recording system was established
at the CT room as illustrated in Figure 1. PSG recordings were performed through the Compumedics
Sleep System (Somte, Compumedics, Melbourne, Australia) which incorporated the
Electroencephalography (EEG), nasal pressure and oronasal airflow (nasal cannula and oronasal
thermistor), thoracic and abdominal breathing movements (Respez Piezo-electric sensor, EPM systems,
Midlothian, VA, USA), and blood oxygen saturation SpO2. Likewise, the EIT measurements were
performed on KHU Mark2.5 system (IIRC, Korea) [6] using two rings of 16 equally distanced
electrodes which were placed upon the transverse plane covering the upper and lower airway
respectively. The measurements collected on the upper (1-16 channel) and lower layer (17-32 channel)
of electrodes were regulated through the switching system which allows a predefined selective
measurement on either upper layer or lower layer. To avoid the excessive exposure to X-ray radiation,
CT scans were only performed from the onset of the apnea during sleep. The Institutional Review
Board of Gyeongsang National University Hospital (IRB No. 2014-02-010) approved the study and all
the subjects gave their informed consents for participation in the current study.

2.2 Data analysis

As to the demonstration of EIT/PSG concordance, the initial step of the EIT/PSG data analysis was
the synchronization of both modality measurements due to the difference of machine time embedded
inside each modality. Once satisfied with the synchronization, we investigated the EIT/PSG/CT
agreement incorporating the following properties:

1. EIT-derived upper-layer conductivity “I', the lower-layer conductivity !, and corresponding
reconstructed images

In order to extract the components linked with the targeted physical variation of airways,
independent component analysis (ICA) [4] was implemented to each time-series of upper-layer

voltages and lower layer voltages [1,2]. Specifically, the components U computed via ICA can be
expressed as i
U— W 'wx
where X is the time-series of upper-layer or lower-layer measurements, W is an unmixing matrix,
ot . .. . .
and W is a modified mixing matrix [1,2,7]. Thereafter, the component related with upper or lower

airway variations can be automatically extracted from the total independent components U using the
feature extraction algorithm proposed in our previous works [1,2,7].

2. CT guided upper-layer and lower-layer scan images

In this study, we are interested in the region of airways where air is of uniform brightness of grey
level in CT images when the upper or lower airway is open. The anatomical area of airway is
calculated by applying the thresholding operation to extract the black region in CT scan as shown in
Figure 1 and the whole area of the transverse plane of upper and lower layer can be easily computed



through the edge-based segmentation. Thereafter, the area ratio between the airways and the transverse
plane of upper and lower layer is calculated which is used later for the comparison with EIT imaging.

3. PSG-produced nasal pressure, thermistor voltages, thorax, and abdomen movements, and apldy,

4. Comparison analysis between CT and EIT

The area of CT images with respect to each subject was obtained from the segmented airway, and
the area changes Af-t referring to moment when the airway was fully open were derived. Analogously,
the conductivity changes Aa referring to the same moment were calculated by the reconstructed images
from the EIT measurements which were acquired at the same time with CT scans. Thenceforth, the
strength of correlation between the EIT-guided conductivity changes As and CT-derived area changes
AAc+ was calculated by Pearson’s correlation coefficient, and the coefficient of determination R” was
also calculated to evaluate the degree of correlation between EIT and CT.

3. Results

3.1 Simultaneous EIT/PSG/CT

To demonstrate the congruence between the tdEIT images and the concomitant CT scans, in Figure
2, we display the EIT/PSG/CT recordings collected from two subjects when apnea took place. The
reference CT was taken during normal breath where the airways were open. Compared with the fully
closed upper airway, the lower airway is partially closed which leads to a relative smaller intensity of
conductivity change. The PSG response to the occlusion of airways is obviously visible from the flatten
curves of nasal pressure and thermistor.
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Figure 2. Simultaneous EIT/PSG/CT recordings displayed at the moment of apnea, hypopnea and normal breath
guided by PSG. The red dashed line in the middle indicates the moment when CT scan was taken.

3.2 Correlation between EIT and CT

The regional changes of conductivity on the upper airway and lower airway determined by EIT
were compared with the findings obtained by the reference CT technique. The correlation between the
conductivity changed determined by EIT and the area changed derived from CT scans is good as
described in Figure 3. Moreover, better correlation between the EIT and CT was found in the lower
airways.
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Figure 3. Correlation between EIT conductivity change Ao .., and area change AA,; of CT.

4. Discussion

In this study, we attached two rings of electrodes on the surface for the first time to monitor the
opening and closing of upper airway during sleep, and simultaneous PSG/EIG were applied to patients
undergoing the clinical diagnosis. Through the anatomical CT scans, the results have demonstrated the
feasibility of two rings EIT in identifying the apnea and hypopnea, and the linear agreement between
the area change of CT scans and conductivity changes of EIT presents the potential of EIT with 2 rings
of electrodes in real-time continuous monitoring during sleep. The aforementioned results are also
consistent with previous works where only one ring of 16 electrodes were used.

5. Conclusions

The fully simultaneous PSG/EIT monitoring incorporated with partial CT scans promise 1) two
rings EIT could detect the closing and opening of upper airway at different transverse planes, 2) EIT
could provide supplementary information in amazing the sleep quality.
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