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Sleep Indices and Sleep Stage Estimation Method by Unconstrained Bio-signal
Measurement

Yosuke Kurmara,” Kajiro WATANABE,” Hiroshi TANAKA,**

Abstract Sleeping has a significant role in refreshing the brain and body from fatigue. Due to the aging, how-
ever, obtaining the sleep of high quality gradually becomes difficult. In Japan, which now faces the problem of ag-
ing society, it is important to promote the maintenance and enhancement of the health by securing the sleep of
high quality. For that end, unconstrained monitoring of sleeping conditions on a daily basis is expected to be
helpful. In this study, comb filters were applied to bio-signal obtained by pneumatic method to extract with high
accuracy the heartbeats and the body movements, which then were used to define an index that shows the con-
dition of a REM sleep and another that shows the depth of a sleep. Also determined was a function used for obtain-
ing the incidence ratio and the standard deviation of the extracted elements for each sleep stage. The function
was determined for each age-group. Using these indices and the functions, an algorithm to surmise the sleeping
stage of a subject was proposed. The mean rate of agreement between sleep stage categorized into 6 sleep stages
or 5 sleep stages or 3 sleep stages determined by the proposed method and that by the R-K method, the world

standard method, were 51.6%, 56.2% and 77.5%. Mean of kappa statistics were 0.29, 0.39 and 0.48, respectively.

Keywords : unconstrained bio-measurement, heartbeat, sleep stage, REM stage, Non-REM stage.
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Fig. 1 Unstrained and non-invasive bio-measurement by the pneumatic method.
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Fig. 2 Bio-signal measured by pneumatic method.
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Fig. 3 Frequency characteristics of comb filters.
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Fig. 4 Heartbeat cycle estimation by comb filter group.

T4 NVE % P3MEAHNCHRS, 1FHOL LT 1 V51t
L2 T=0.66 s TH 1, ¥ — 7 R 151 Hz DK
L2 %729, 90 [l/min OARPEICILIRT 2. [FERIC 78 7
HoOL L7 4 v, &M T=143s THY, ¥—7
JEWE0Z 0.7 Hz OEERE L 22 5 728, 42 [8]/min DIRIEIC
HIRT 5. 150 oM T, Thosol LT«
V7 DT FERE B O RREX 60AL/T? & 72 D, 90 [8]/min @ &
% 1.35 [al/min, 42 [A/min ® & % 029 [Al/min & 7= 5. {it
5T, ZORMOL LT 4 v & #iZ, 42 [B/min~90
[8] /min O §EPH T35 5585 0.82 [8]/min DRI % H/N—T
5. BlEZTuWE2ZO LET 4 V& BEIZIEFIZA
HL, ZRZFRDOL LB T 4 V%55 DOHT 4.0 OIRIE
KT 5. ZOPRTROIBIFPKE WV 40 2L L7
CLBT7 4 vy QLR T2 0 E LCiEET 5.
RIZ, ZOMRME LCHEg SN0 2R TS L
K (3) DHTT e O IIRPEIE 55 % JHEE S, IR E 72 &
DR EHIESEL. XD, KBOKESE2HET S
TENTEL.

4. B R & &

41 REM EERRZ 458D (T 551

MR (P2) oW THETT 5. R(2)nL L7 4 vy
% T REM [EHRICEI§ 23658 &2 3% 3 5. REM HEHR
i,

(1) Non-REM 1 B X OB BL72 9k % 7% 7.

(2) FNVFW, ACY FVEOFAHEIMET T 5.

(3) PLEIFHOLERIEEITHET 5.

(4) ZEIRERESHHILT 5.

(5) BR¥A%L, PPREL L, U XAAHANE %



SRIRFAE A BEMR AR & MEMRE: B 4k e (219)

5. F, MEPLEATS.
(6) WADHA, 3 90~100 min O JEI T REM [
BT 5.
(7) REM HEIROFIEIABY 2L T 5.
DF 7 Fo (2, 14].

R-K #:Cl, REM [EHREERE O¥I5E 1%, Fi(1)~(4)12
R XD I, HAE, IREGEBICEH LTwah. A
Tld, ZREHRORE & Y F (5) O [REM BRI (2.0
D) ZLBABANC L] ZEIEHT 5.

BERAEERT k0 1 min O F— 2 ORI 30s DF— % 4 (1),
(2, e (3) -,y (N/2) # X4 DL L7 4 V& BIZATIT
5. ZOLEOWI] 40 OWEATRK L 2D, LHIE M
LB SN D LM% T &9 4. WIS, BRI E O
#E30sDF—% y(N2+1), ys N/2+2), yu (N/2+3) -+,
ye (NIRRT LT, RIE 2O AR E 2572 E T2 &
T4, INH XY, ORI kO 1 min (2B 50
EBRPOLHEOENITI601/ T +TH) THZ N5, [F
PO % k=1,2,..., Ts TIT\, itk q BT — 5 TEH)
L, REM MEMROIRE % 23 451E

1 q
RSI(k)sz60|1/7;c1+i_1/7;c24ri| (4)
“

ZRDDH. ZOFREEEZ REM RO (5) X, REM [
MREE ISR & 2o fli & FED.
4-2 ¥, Non-REM EERZ 458D 216
fiHE (P3) (oW ThHET 5. X(2), R(3)p LM
TANEY ZHNT, BIROESICHTLIREL EFRT 5.
Non-REM HEHR I,
(1) MEMROZFESICHHIL, TV & PEOFEESHEDE
h.
(2) MEIREZRS Non-REM 2 TlX, A Y ¥ FILIEAFAT
5.
(3) HELREED SIEIRAEEL 2 51200, KREHOKE

SAVNEL ), FBAEMEND R 5.
(4) MEIRASEL % 51220 T, IRMEBAMEL 2 5.
(5) Non-REM 1%, Non-REM 3, 4 % 7-1%, REM [t
S, RELAKRBH 2> THATLZ LD 5.
DY =R [2, 14].

REM [ER D5 & RIS RE T XORE 2 5, F#
(3) DUFE THEIRANR 2251201, KREOKE SH/NE
K7, FEHEIVRLRA] L0, EROES OFFE
REFT L. DHEIGEWE R TOR (3) D LI
T ANE QW) (D)X, IRERS %S, KBk Lo
o a2 IR S 4. BERRER K I2BWT, ZoloFY
RIEZ P &35, ROIEIRTIIABOEFELZ {,
P REWVICAR D, BOIERTIZ/NSWHEICR S, &
HHIET LAV, BEARLHEBE F/-3ERICL )R
b, TOECEIRENT L0, BEHEFREICBT 51
CH Iy OO FIIREE P E L, PP TP % E D
P/PY s RdD D, Fiz, PeIREIND DH L BVWGE
Tid, KESELL, KREPNIZLEAELRWIRETL b0
WCEALT 5. COREICEARELEALZMHE 2 AKR, D
IhRBALZIKRT 5720, Pr/Pe OxEERD, HERD
RS R IRE

SDI(k)z%logz(i—’l}) (5)

L35, ZOWBIIRVIERO & NS EERD, &<

LBICONTRERMEEL .

5. HEEREXBEDHEE

5-1 ERBIDBEIREYRE D HIRE

IR (P4) IZDOWTHEST 5. BEREOFEEME AL
72l &, TOERIIBIT D AR R O30 72 35
&, BHRAEN SN BBERET 5. ZOBKIES
Z K [15-18] @ 3 1% ~92 i% £ TP 306 A\ D 5 HEHREL B O

x£1 RX(6), R(7) DIREB X OPERE

Table 1 Coefficient and determination coefficient of eq. (6) and eq. (7).

Coeffici Determination
Equation Sleep octlicient coefficient
stage
4 c3 c2 1 co R?
Wake —307x10°6 6.02x10* —323%1072 599X107! - 1.70x10° 093
REM 3.36x1076 —-6.89x10°1 455%1072 —1.19x10° 350%10 0.88
Eq.(6) NR1 —4.20x107°7 1.17x10°4 —-861x107° 3.12x10°1 582x10°1 0.82
NR2 2.82%x10°6 —-6.00x10°* 346x10°2 —4.06x10"1 4.77%10 0.65
NR3 437x10°8 215X107° —592x1073 3271071 1.57x10 051
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NR3 —494%x1077 8.00x107° —469%1073 1.54x107! 477x1071 0.56
NR4 1.66x10°6 —260x1074 1.07 %1072 —530x1072 3.36x10° 0.50
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Table 2 Comparison with heart rate error by comb filter and
heart rate error by FFT.

Error [bpm]
Subject Age Trial

Comb filter FFT
It 517 5.51
A 2 2nd 397 4.30
1st 10.72 13.00
B 2 2nd 22.67 22.96
1st 2.78 291
C 23 2nd 2.64 275
3rd 2.55 10.29
1st 2.54 276
2nd 547 5.89
D 22 3rd 3.03 357
4th 3.18 3.35
1st 2.88 3.68
E 18 2nd 2.59 2.69
1st 4.99 457
F 2 2nd 5.74 5.40
G 23 Ist 492 4.62
H 23 1st 4.24 542
I 22 1st 7.72 897
1st 549 5.72
J 2 2nd 4.74 7.16
Mean 22.1 — 5.40 6.28
S.D. 1.8 — 454 477
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Fig. 10 RSI, percent of delta wave, percent of spindle wave
and number of REMs each minute.
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Table 3 Sleep stage agreement and kappa statistics between proposal method and R-K method.

Wake, REM, Wake, REM, Wake, REM,
Subject Trial i Tf” ] Non-REM 1, 2, 3, 4 Non-REM 1, 2, 3/4 Non-REM
i Agreement[%] Kappa Agreement[%] Kappa Agreement[%] Kappa

A 1st 466 494 0.30 53.7 0.39 75.1 0.46
2nd 425 57.2 0.33 63.8 0.51 875 0.67

B 1st 551 494 0.20 54.8 0.32 78.0 0.43
2nd 569 475 0.32 534 0.35 71.0 0.51

1st 437 54.2 0.29 60.4 041 77.6 0.47

C 2nd 358 483 0.23 54.8 0.39 715 0.49
3rd 537 52.1 0.25 587 0.38 795 0.46

1st 545 51.9 0.23 60.2 0.37 74.9 0.42

D 2nd 434 55.5 0.29 61.8 0.44 81.8 0.48
3rd 402 64.7 0.37 66.9 0.39 85.1 0.57

4t 509 50.5 0.32 54.4 0.37 80.8 0.45

E 1st 377 53.3 0.33 64.2 041 80.9 0.56
2nd 247 41.3 0.27 47.0 0.34 77.3 0.40

F 1st 483 50.7 0.29 54.7 0.38 704 0.44
2nd 448 50.0 0.20 56.5 0.28 78.6 0.42

G 1st 441 52.2 0.22 37.6 0.34 59.9 0.37
H 1st 464 46.6 0.36 52.2 0.39 776 0.48
1 1st 496 488 0.27 54.2 0.37 74.6 0.42
1st 404 54.7 0.35 579 0.46 80.0 0.51

J 2nd 387 54.5 0.37 579 0.47 87.1 0.60
Mean 449 51.6 0.29 56.2 0.39 775 0.48

S. D. 75 4.6 0.05 6.3 0.05 6.2 0.07
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