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Abstract: Although many studies have analyzed the relationship between electrodermal activity (EDA) and sleep
stages, a practical method for detecting sleep stage using EDA has not been suggested. The aim of this study was
to develop an algorithm for real-time automatic detection of deep sleep using the EDA signal. Simultaneously with
overnight polysomnography (PSG), continuous measurement of skin conductance on the fingers was performed for
ten subjects. The morphometric characteristics in the fluctuations of EDA signal were employed to establish the
quantitative criteria for determining deep sleep. The 30-sec epoch-by-epoch comparison between the deep sleep
detected by our method and that reported from PSG exhibited an average sensitivity of 74.6%, an average specificity
of 98.0%, and an average accuracy of 96.1%. This study may address the growing need for a reliable and simple mea-
sure for identifying sleep stage without a PSG.
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Fig. 1. Attachment of electrodes and a wireless transmitter
module for measuring electrodermal activity on the fingers.

205



206

o)
-z
-,
N,

i)

A
o
op
o
>
>
N
EN)
fo
4
re
k)
i
il o]
£l
ic)
N
1o
=
3

[
o

??z

LS - olRAl - HES - uapy

26.04

%)
=
©

(@) & 26.02f
o
<
a
w

60— —————~
2110 2120 2130 2140 2150 2160

)
Q
K4
(%)
=

(b) 2
®
2
8 -0.02_> B . . & . 1

2110 2120 2130 2140 2150 2160
Time (sec)

8 2. 95A4712E Az W 92 452 9l 2L =30)yE
285k o] o A]. 3nS/Z o] =gk gro] kAL Fo]o]
—2nS/z o|5}9] gho] ¥ E= A-9-((b), 7 AD), ol th-&-== 1
A7 4150 Moz 5a((a), ¥ UE)o| A 23,
Fig. 2. An illustration of electrodermal activity (EDA) signal
peak detection process using the derivative. The peaks in
the EDA signal ((a), hollow squares) were determined based
on the derivative value > 3 nS/sec followed by the value < -2
nS/sec ((b), bold lines).

iy

A W RA71EE 4159 AR 2 (pre-processing) T
HR2A718E AE W gA(peak) HE HA= F4E
AA SR el W olRel A= Aol YuE A WHItE
e 2k AR ok agat J5-S AlASH
53 9 Hd72E Also 0.4 Hzol A

g (low-pass filter)E Z83st &, 1 HzZ 15F &
SH(down-sampling) k= Zlo] A2 Aol sfedztct.
229 oHA7)eE 2150 12} E3k4(derivative)E ¢
3nS/% o]4ye] gl ~2nS/% ol3he] gro] P4Ho R
L 98 BgonN URAsRE Aue B4
el (pattern)S Telg 92 AFo] SaHolth. 1
olfgt WA HE & HolF= Aot 3
Py Sl gk 202 283 60 ol w=2] 7)
7R ol 2078 o]kl & = IS AP

e Lo rlo
S~

o &
%

4>

(g

ofy

J

A

-

k=)

o
g

ob ol 12 N

_\_.
Ol
o)

I}

o o o H

L FIF

it G > B fE ool
S
(@]

02 A% 2 92 04 Aol Bel 204 AL
SA5& Ao 2ol 2AR @l sk A
QaB|EE 302 virh AR 602 o ARE HA)

74 5 wRslers Asel Hewglon, g 24

2 W A AARE 602 o WHE| 302 o A7k 54

3 ke Qe 4w Frtom BeklEs sk 19 3

o o3t BAL EAT wAE(flow chart)olt. e

zomue Xz 2w Auo] s 9 A2 T oF 20

w 2 7 oF 108 olYels AL Sulo]

o,
Jo 2
1o

4>

ne)
fu ofn

the Aol 278 dlel A2lE F7H L

o
st

Collect EDA signals acquired
from t—60 to t (sec)

'

Apply a low-pass filter

'

Apply down-sampling

i

Calculate first derivative

Count the number of values > 3 (nS/sec)
followed by a value < —2 (nS/sec) and

input the number into N

o Yes

From t—60 to t—30 (sec) is
a deep sleep epoch

From t—60 to t—30 (sec) is
a non-deep sleep epoch

T2 3. AARE 28 S 1k A daele] SAE.
Fig. 3. Flow chart of the real-time deep sleep epoch detection
algorithm.

Hgatolet. 2, dlole] BE A% o] 208 Beto] o
She 7703 dlole 5 F& oA 108 Fkl sjdohe
T dae|ES Bl A o e R Hx =Y
SeehE HEHomE 2E 4w o] ohd Ao® Wk
st
4. A =24

o+ v B4 (mean comparison analysis)S =3
TR % S e Qg gl A4 23 Y R
STEATES A I 1 {FYREE ApolE Hol= AAIE
Aok AR W s T e} ) 2AR

N daelEe] AyA e Br7hE BHom daes
CoBRE Ao AEH 302 9o He FH 3t
3} R RYE BT 48 S0 g7k KIS B
3 W7 (sensitivity), E9o|XZ(specificity), FAA&=

(positive predictive value, PPV), 24 o= (negative
predictive value, NPV), AS+ = (accuracy), 23l 7}a-A14
(Cohen’s kappa coefficient)?} 72 7F=2 AT 3
12 38 AR Sce ofs) et Aoz 7lojE

.

A5 otH e s HAR FAFERe oA Feteet
T B 2 @99 A2 e AN AR 1 A
Zboll gt #2 o=l AJhe) wideof sl gt gk
wrhdd A2 e BaE g Ajole] Y% (agreement)E
27| $J3] EH=-UER =1 (Bland-Altman plot)S 18
noith BAE-OEY SRS § 2490 BRg X, §
ZAzko] 2lo|5 Y& & slo] T1g|= AP = (scatter plot)
of sigsiH ol& s F A Aol AAH AP



Journal of Biomedical Engineering Research 36: 206-210 (2015)

N,
MN
o
U
u)
oM
2~
|o
fru
5]
He
i,
o =
30,
tlo
>~
4
A
ol
=
>
s
=2

gt 95% AlZ|Eto] QG (zero)ys e

71§19 QA Qe Boh XI5
R
nE 27 BAL SPSS statistics software(v.21.0,

SPSS Inc., "]&Z)E A& 23P= Qi

(

T FEE-ATES LAl SAE A WA
& =W AL A3}, BT 255 A E T 2|47} 53)/A7F
oje] ghog AL whakA AA| $xlo] FPstgct.
A7 HgAEe] dAHSAHSH FR Y W A WS
Aol ib s REHAETTE A 2o& Uy E 1
of gofstgith. FLE-ALE AE AYstals F 2 A

3 Hol= W4 glSithMann-

3% 4 U F A5E GRA7|BE Ase] A o
22 Ag3) 2 U TS AFE PHS LA
2 BojFi dAolch. BAE doje AT K F 4

B 1. 97 g5 QS s AR w 40 el W
Table 1. Anthropometric and sleep parameters of study
subjects.

Normal subject SAHS patient

group group
Number of subjects 5 5
Age (years) 25.6 +£2.7 26.0+3.4
BMI (kg/m?) 22.8+1.3 23.2+1.5
AHI (events/h) 1.5+1.4 13.2 +4.5%
TRT (min) 467.7+34.2 470.8 £29.0
SE (%) 88.7+5.0 88.0 6.7
TDS (min) 35.9+27.9 31.8+31.2
%DS (%) 8.4+6.6 80+7.7

SAHS, sleep apnea-hypopnea syndrome; BMI, body mass
index; AHI, apnea-hypopnea index; TRT, total recording
time; SE, sleep efficiency; TDS, time in deep sleep; %DS,
percentage of time in deep sleep to total sleep time.

Data are presented as mean + SD.

* indicates P < 0.05 (Mann-Whitney U test).
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Fig. 4. An illustration of deep sleep epoch detection process.
(a) electrodermal activity (EDA) signal, (b) derivative of
EDA signal, (c) number of peaks in EDA signal, (d) deep
sleep (DS) epoch detection result, (¢) DS epoch detection
result after applying exceptions elimination, (f) DS epochs
reported from polysomnography.
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Table 2. Deep sleep epoch detection performance. =& 34 43

Normal SAHS patient

. P-value
subject group group

Sensitivity (%) 73.8+9.7 75.4+7.6 0.69
Specificity (%) 98.5+1.5 97.6+£2.0 0.55
PPV (%) 81.3+5.6 79.5+9.6 1.00
NPV (%) 98.0+1.8 97.1+2.1 0.55
Accuracy (%) 96.8+2.4 95.3+3.5 0.69
Cohen's kappa ) 75, 604 0.74+0.10 1.00

coefficient

SAHS, sleep apnea-hypopnea syndrome; PPV, positive pr-
edictive value; NPV, negative predictive value.

Data are presented as mean = SD.

P-value was calculated using a Mann-Whitney U test.
Cohen’s kappa coefficient ranging from 0.61 to 0.80 indicates
substantial agreement.

Table 3. Time in deep sleep and percentage of time in deep
sleep to total sleep time estimation results.

Normal subject SAHS patient

P-value
group group
Absolute error
in TDS (min) 6.2+3.8 6.3+3.8 1.00
Absolute error 154009 16410 0.69

in %DS (%)

SAHS, sleep apnea-hypopnea syndrome; TDS, time in deep
sleep; %DS, percentage of time in deep sleep to total sleep
time.

Data are presented as mean + SD.

P-value was calculated using a Mann-Whitney U test.
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