Development of a novel system based on the
simultaneous measurement of physiological
variables for safer driving and general daily
healthcare
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Development of a Novel System Based on the Simultaneous Measurement
of Physiological Variables for Safer Driving and General Daily Healthcare
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Abstract The long term goal of our research is to develop an in-car health screening instrument, based on a
novel approach for physiological measurement, in order to contribute to much-needed efforts aimed at achieving
safer driving. We describe here a feasibility study in which a system was constructed to derive cardiac indices
non-invasively and simultaneously using a finger cuff. Specifically, the instrument measures blood pressure (BP),
pulse rate (PR), normalized pulse volume (NPV) reflecting alpha-adrenergic sympathetic activity, and finger-
artery elasticity index (FEI). The instrument’'s measurement process has two phases: firstly, cuff pressure is
maintained at 30 mmHg to measure the NPV and PR; secondly, whilst applying a gradual change in counter-
pressure, the BP and FEI are measured by application of the volume-oscillometric method. We tested a prototype
instrument in 5 healthy male and female volunteers (age 21, 22, 36, 37, 49 years) during two weeks day-to-day
living, including a 33-hour period of total sleep deprivation as physiological challenge. The results indicated that
with sleep deprivation there appear to be relatively large physiological changes. In conclusion, the prototype
system we have developed has allowed the periodic collection of physiological data in a convenient and
expeditious way without any failure, demonstrating the possibility to detect an adverse effect on health. Further
investigations will be needed in a larger group of subjects with a variety of real environmental conditions.

Keywords : blood pressure, finger elasticity index, pulse rate, normalized pulse volume, sleep deprivation.
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EEE RO B s 2 Lk, lFE ik &
WO B, EHICHAORFEHE VI BN D, BlE
DOFBEMAEE L MR- TRAMBWEE IS T - T &
FHENS.

FTTC, AWFETIE, fEkE CICHE SN CE IR E
AREHIEAT 2 B a L, #i7aa ik ox, HEHIEL D
Hh, RENZEZBOWTHABICHHTE LY AT L (K
METEANARZ ) ==V TV AT A EGHK) OR%E
AAD. HEOIOCEARMRILEZ IR L L - ARIRE)NE
12& % ‘I (blood pressure; BP) #Flll”[3, 4], # D%
FRARBY IO < IREIIR M AT #E (A= volume
elastic modulus; VEM) #Hll"[5], %7z BP & VEM D[l
REEH > 2 7 2 OB%E [6], TRARFBARHMEE 2 ML
— B THENIRKDZZa 7 FLFY AAEEEOMB)
PRARMAE b — X AL GIRAMEGE) % )Wes 5 “Hi
L BEFENRPE (normalized pulse volume; NPV) &Hilll” [7],
B 5IZ VEM %5k S 87 “RE RIS %R (finger
elasticity index; FEI) 1" [8-10112B8 L C, FIHIK: EERE
filii %o AL PRFRHE & L C OB I DWW T LT & 72,
AFFETIX, TRHDOMERRIZEDE, ANV 7 ) —
VT VAT ARFBEOE—EREE LT, FRCEHIE P2
MENTEY, HoLBIMEREWO) R 7725 —k
LCHEELEMNS X—%Th LT (BP), ki
(pulse rate; PR), I45EuRE (NPV), Z L CIEIIRILE
SRR (FED 04382y —7y M 2D, Zhboo
TE [F4E] 26 [FKR] 2> [FHERRH : 60 & LA
WCHUSWRERH 7= T a by A TR L, FREL NV
DFEHFEREIR I T ORI 27572, £72, B
SR HEIREEDSHE & 72 o 7251 FERIBEIC N D B A
E) hOFMBE AT 72O THE T 5.

2. BECERRTE

2-1 HEREOBE

B 1LICHMEL Y AT 2 ORREE (A) &Z207 0y
7K (B) ZR7. FHR (A) CRT LIS, AETR
TARMLICERETELRIED T V87 M ikal (268W
x 78H; (37H2) X 184D mm) & ->THBH, () E@H
HEAEEE Y LY, B HEw), () 77F =
I—%—, (iii) FesuBEE (LUF, shlle=v b Lug),
B (iv) BHIZRIR - filfE (vostro1200, Dell Inc.) (LA
T, PC &lg) 265, FHllz=y PO HERIZTF
FEAHEATE S &9 IR (035 X 54H mm) 272> TH
0, ZOHROERH 7B L LT, &fIEHEs
4 #+ — K (LED:SMCS810, Epitex Inc., #+:810nm) &
74 M4 F—F (PD:BPW34FAS, OSRAM GmbH) #°
ML CTHAAEFNTVWS (K104 EBR). 72, F
fREIAT 2 & Hfil X OPEIE A 712Xk - T
HINBEHEE 2o THY, LB Y OME IR

B L) ICREINTWS., B, K70 by 47
i, /A X (AR oFAZEICHBINICRES S
BREZ A LT ewns, fNEBD A7 7 WIS & #7872
TCHRHBEOMAZICIETE D LI L (RN E
TOWERE OIRIEHHE KL 55~63 mm TH 5 7%, 4
TRHITTEE). F72, ARREIEFRHON LY 4 7 THh 575,
FERIICHENANOFEEZ FA S, BRI - HEHE
M) O/NEYLDSIRETHY, bta—~<Y - f ¥ =T
AR A7) #H%, BI2E HANFRIL PSR ER AT
TV THREICRETHZIELEZEIT VA,

FHE, FREZHAL, PCHIASOa~ Y FREEICE
DBIMEE N, —EH TEICTRELERRDE (NPV) &
RFE. (PR) MEAATDONDL. ZDtk, TOREIN
IE EBRfEF TH 7E% LA S8, 2 ONE#E THEIR
Bk A iMmE (BP) FHll & fe@h IR MR % (FED &t
WA TbNIE, TAL50EFHIIIE, PCANIEE L > Hh
LONBAEREE T OMEIEKK D (PGa) & Ut 5
(PGw), LU YT DS5DH TE (P) DHEETIHE
fFa&h, VT7IVI A ATEEIR, ZLTERENOF
JEHENZ IO S MEAE, FEIESDEA S, MRV FIRS
% (LabVIEW 2009, National Instruments Corp.).

B1 (B) 2R3 &2, §Hll2=v  TIZ LED % 300
Hz @78V ZERICE VBB L, ZhiSHIind 2E55% 7
) 7 v 7 (Pre-amp) T HIWE %, Hdk a7, 15 o 84 06 &
(DC-amp), %I IE# (AC-amp: J& 9% 45 1~20 Hz
(=3dB)) i LT, PGa & PG MY AT, ZDL
EAVEDERR LB O IIICE Y, PD I EE NS4}
B GBEE NS, B, PGi, PGax, WU P,
EEEC12bit, 7Y ¥ 7P 300 Hz O 5T~
A 7u7uatyy (MPU) @ AD ZHEIZAT SN
LED @OBRE) SV AR LCTT 4 ¥4 VAL, MPU I
WhirENL., ZO%, VI T THICNLT 4 IVTRL
BEfiv, F—= 8% 1/3 1Ml % v 7Y v 7Rk
¥:100Hz D5 & LT, USBZALTPCAREENS.

2-2 EHAIEIE

KA T s, HEORE L V2 TR SILE
(SBP/MBP/DBP), Ml #1 %t (PR), #& # 1t & 1 Ik #%
(NPV), Z L CIREIRIME#HVERE (FED % [FKEH L
I LRMRZBDTH L. DT ICENZNOFHNEH % L
I 5.

BP oFHIEII, ARHRENE(3, 4] T, FHr R
IIE L 2555 B EiEE L v 1 X ) BRIRIE PG %71
WL, FOBNY — 2 SkEILE (systolic blood
pressure; SBP, mmHg) K OVFIIIF (mean blood press-
ure; MBP, mmHg) #FHl453dDTH5. 4B, HRERE
o FHIE B E KM (diastolic blood pressure;
DBP, mmHg) 5N R 0wz, I 2 CEARIRIEER
4,11, 12112 %), DFoXz < DBP Z 5 L 7.
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Control Unit

15 inch Laptop PC

Serial Command
(Start, Pressure limit)
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Measuring Unit

268W X 78H; (78H,) X 184D mm

USB-powered

Ll

[e2]
i ~
Serial DATA A |} -Signal processor ! -~
» (PGdc, PGac, Pe, Error) ' -Actuator H j:‘}',’
<X e rmmmcegmmemm————- c
| |
Notes: BP; blood pressure, PR; pulse rate, D=184
NPV; normalized pulse volume, FEI; finger elasticity index v
MPU
Light intensity adjustment LED |:77"""""" :
< g v ad) iD/A(1): :
LED driver Timing of light emission CLK1 | Feszz222, :
< PWM(1) :
Timing of eliminating ambient light CLK2 EPWM(Z)E -
4 PD R
N I PG PGdc [ :
i |: Sensor i P Pre-am P~ Detector > wo/ g :
et am
aE ; PR ».| AC-amp PGac_ | : :
| Boosoooasocionooad Light eliminating | 1 -1 AD : :
: Cuff controller BPF=1~20Hz H : :
Pressure sensor :
Pc :
Amp P~ Level converter > :
. PUMP |======" :
Air-pump | | GPIO :
Pump adjustment |*-------4
Electropneumatic | Electropneumatic | VD DA2 :
converter i controller N i / ! ( ) :
1 AEY AT 208K (A) E7ay 7#IX (B)

Fig.1 Outline of a prototype system (A), and schematic block diagram of the measuring unit (B).

DBP = (MBP — a, - SBP)/(1 — a») (1)

1
H v =T ac
ML, a=rz [ PGub)dt

BB, o IBERIRIEED PG (1) ORI R T, N
DFIETH Y, MBP REMED PG (1) ZFIH L7
[11, 12].

—7, NPV OFHMEBEIZ, MAFIMNTE— B4t T Tk
BHEMIRIE PGuc & PGac DIIZX > TROSBNL[7]. &
NEARLREWB AR EDA ML AARIZHIRICET 5 o
7 N L) AAEBEOMBINRRIME b — X A2 (BCR&Ah
FRGEY) 2 SURICIL T 23R L Shd. RV AT AICE
WU, TIREEIRR SR S, BRI R AT EZER &
%% 7% 7HF Po= 30 = 2mmHg ®— &5 F T 10 # &

WL, ZoWMMOEYEE NPV AFRMEE L2[7]. &b,
PR (= 60/l MBI T, bpm) (& NPV Gl o P
fiE& L7z

NPV = PGu/PGac = (2)

F 72, FEL OFHIEHEIE, MAFREE A L 7R (RRRE
J+: transmural pressure; Po= MBP — P.) (2§52~
7547 v A$# (compliance index: CI = NPV/ (SBP
- DBP))[8,9, BlojmEMomE & & LT(3)XicLh
Ko S5N5[8-10]. AU MEIFERA OIREIRIIET DO %
T AIRELE SNB.

FEI = 8(InCI) /5(Py)

2-3 EBRAHE

LB RO, AV AT LATHED
n7- 445%% (BP, PR, NPV, FEI) ZhZFoHllZEE b M

- (3)
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OTEETH LY, ZIL0OREDNLBEWITHH LT
SB[ @b GREFFMBIOER) ] & L
TOFHiDIIR S BETH A S . I OB RIS
B AIBENE SR OWIEIE & 37528, ATl 3 ME
VAT AP L CEOTMRE 21To 72, $hbb,
ZIMEICABOHFEEGEZ %> TH Hv, ZoHRFIC
33 RE I O WTHR & A A S & TRFEIRE 2 BRI ICIRE L,
COLEREREICL > THRONTAZBDPZALT 2 H L
I RMERRT B LI, RAIEEE QBRI Z £ H Y
& L7 T iiER % LT OB TIT - 72,

S EBROSNHE L, SRKFEEFMHEERED
HKBEA %, T EBRE R E 2, o Es
WA v L7 EEIR A %L 5% (Sub. A:21 %, Sub. B:
22 #%, Sub. C:36 %, Sub. D:37 %, Sub. E:49 %) T
ol R4~ A BMD 122 hZzh, 202
kg/m? 193 kg/m? 213kg/m? 215kg/m? 20.8 kg/m’
TH Y, Sub. C LAMIFERLEZ TH - 72

Pei 0 BRI X R 25 CITR 7z &R K H AR
FHFZERE 3 AR 3A624 ICHERL S NHIRY I 2L —F &
[14-16] 2 L7z, ME&T AT A0, HERFE O A fi
ATAO LERE L7z (RIWEEHIE T, AA%E 4,
5EEMIRDOMNOIET L EHIRETH 225, KEBRTIIA
FAELIBTER. 72, 2L LT Y 73RE)
i EF (HEM907, + 210 ¥~ )V A7 7 (FR): AAMI
(Association for the Advancement of Medical Instrumen-
tation) HLiE O H B I 51 I8 K5 EBAE (SP10) HEHL)
DML, ZiIEEEEOLEMICERE Lz OF LT

Day 4-5 - sleep deprivation

). e, FHlla=y bEEOREALE 2 LN
W72 &9 I L TR & 475 72,

FEERFYA Vo BRI, RSB ERNA A T T
DhWwTFH AL e L T4bh, 5BETOBMEITIX
TOHBICHE S CHHARAEEE R > TH B W, EH, #,
i, OB RYA I v 7Tl 247 - 72,

AL, 5% Sub. A~Sub. D ® 4 %12 L CTid ik 4
HH2 S5 HHIZ2 T 33 R oW I X % FEERAYA- A
ATo7z. T “ABA FHA VT LHEMLZIOTH
5. ABA 7HA v LiL, AAZRITDEVWR—A T4
(AD) EFEBRMAAZIT) AAN (B) OFEMICT] v
T, HUOR=2Z254 VH (A2) 2EMT 2 HETH 5.
B, N=2AF 4 EMBMEROR HRERER <, A
() OB BIMEDITEI XY — 2 LA XY MIELT
GEEH(17-21] OB IRABR D T LA S ZICLTRI2 D X )
VA L 7.

PESME « SAEREE IS & 2 PR & i OB X B I
WAEE, S\ TRELHHIRE TH 5 2 [ @IS X [ %
RECTH o 3 MEM (FrErEi 3 afE) L, 2o¥Eiiz
BANCEME LTHEH L. 2B, Zo@EGXETIESMm
BHRAT R EF LB\ B3 A WPk e MRk 2 SEA TH W
WERIRRE &R L7222, 23], 72, ZOBMET, IRA
OGO FBREX BN T 1 7 X7 —)v (visual
analog scale; VAS) [24] THll%E L 7z.

3. & R

& N s s ¢ L

@ & L F P & FE &

— e o | e | o]

Day1l Day2 (( £9:001 12:00! 15:00} 18:00; 21:00
L 1 1 | - 1 Il L 1 Il 1 S| — 1 1 1
M A )) A A A A A
[ Meas: 2~3 times/day | | Meas: BL | Meas Meas Meas Meas
@ J
X N x & b(?’b& & X %Sba}

@ F T F

T OO L L e
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[ ] | 1 L L ] L 1 ] 1 L | - 1 1 L
A A A A A
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$ s 5
3 & > & & & & 3
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L K O >

9:00 12000 115:00; 118:00; (( Day 13 Day 14
1 1 L L 1 L L 1 E L 1 L L L 1 1 1

A A A A J)
Meas Meas Meas Meas [ Meas: 2~3 times/day |

2 33EFHITIRA A 2 ECEELERRABD Y £ 47— T

Fig. 2 Time table of performance test including of 33-h sleep deprivation.
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Pc,mmHg: Step1l i Step 2
160 o
140 -
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100 1 MBP: 91
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.
-

I AN
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SEP

e

PGac
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Sub.A, 21 yrs, male
3 ARVAT AKX BEEBIEH. P TR 7 EHETT,
PG WEAERE G HEIRB G, PGa: CEEFE 5280
1555, NPV: JEHEAL ARG IR IE
Fig.3 Typical recordings of applied pressure (P.), photo-

plethysmographic pulsation signal (PG.c & PGa.), and
beat-by-beat NPV obtained in a healthy subject.

KO NPV N6 Tdh 5. Step 1 TIZ 30 mmHg
DIMESE—ELRIETY 7V 4 LI NPV 2 HE SR,
Step 2 Tix P. @ #Im O£ & &5 mmHg/s) 124w
PGao DIRMIIAFEA WML, RAIRIES (point of max-
imum amplitude; MAP) % #% T {4 2& & (systolic end
point; SEP: SEP 25ANBHIE 22 55613 MAP @ 1/10 LT & 7
B M REILHE25] & LTz) ~BATT B BB R 22X
F—raMLTEY, KRy 25 L0WEHE ) (KL Tw»
HZENH B, 7B, Step 2 Tix 30 mmHg 2 5 WHLE
i 150 mmHg ¥ T—ZEA B CTHME S5 %%, SEP 2%
HENho2061%, miRloOFREF + 30 mmHg OF N
JEASG F A Step 3~NEBATL CHEFHWE LA, FEL I
JEEHI TS T (3) sic ko wWCiiE X, PC M -
WHERDFREN L, NS OFHIBEY SRERFRE T
OFFNFIHIZRETD 60 BLNTH - 72,

43RS AT LA THLNZ 4 161E, JEI7 K - RAUE
VAS i, K OTH C SRR R o H #2421 th o #2254k
DRERBITH 2. 75 The, RYATLAEFMLTHE
AOAMIBEOZANBLZTCVWDLI DML, B,
NPV (375 4i % IEBAL T 5 -0 10 B % i L 72

(IANPV) TREN TV, R, HEI7RIRA VAS s
K&LRoTWRRA Vb (BlZIE, 5HHEH3MHA, 12H
H2MmH) TBP & [uNPV O LEDRHEFETH L W
Mo, BETTIE, MRS BWIHH ST b i
KA 7IREPAC X HIMEM & AR L 2 MEMORZE (-
Wi —A:) O+ SD. &R G X 1257 —% =
625 7 — %) THIT S &, SBP 28 -54 = 7.0 mmHg,
MBP #*—25 + 90 mmHg, DBP #*—1.1 * 97 mmHg T
Ho 7.

4. & =

AZEDBIIX, EHSDOZIV—TTHIEL T 7200
RIS RN (3,4, 6,7, 9, 10] Bl A L, Ze4nifiin
B RS TE MBI BANNVAA T ) == 7
VATFLERMET A ETH oz, TDD, THRISHF
W D MR EHI S 2 B 72 H R IRE L, Thie BH
{bL7z7a b &4 TR Lz, WIS, BEEHEE LTH
FTRED &9 2O Fhi ikl (Bl 2 & & H 3 AR T osHl
FER) ATV, ZOBIEFM b T o7z, T ORE, WfEE
DICERIEY A7 A EEEL, 60 BBLLNT, MEEBRROKBAE
K351 T % BP (SBP/MBP/DBP) [26-28], /L:Mi% &0
BIETH S PR, ZOBEHE KT HEMEROBETDH S
NPV, & L CHIBIIRILE O X OI{EETH % FEI % [H]
PRI 2 2 e T &7z 72, WIIRFEBROK R TIZFEMY
T AR IT IS U2 A BB O B B % ffE R L 7.

RBHERICERET 5 & ) im0 RER, 728 2E
CERERTE — JRHR D IRTE, BUEIRGE, BRRE-mA ML
AIREE, Z L CHBEBER CTHE L 2o »> T 2 #EIRE L

BRI THRAR XA, ARERBIOF—5 Ty b
X3 MOFHNOFEHEE R L TWBEA, 1RO
DONT X (EHEOERRNEZD LGRS 2Kk
FT B0, UTOIHIICERFMLZ. T4bb,
T 3MEFMOBRERFLEEZFH L, € OEERZEDF
¥+ SD. #&irilE (n = 625) THM$T S L, MBP
7331 = 12mmHg, PR %317 = 08bpm, NPV #%%0.13
£ 009, FEI 025 + 013 Tho72. 512, The
NOEDOFIHME % &t THIET % &, MBP %83
mmHg, PR #% 72bpm, NPV %347, FEI 2837 T®
D, L7zdoT, ZHFIE MBP = (3.1/83) x 100 =
37% &7, [k PR = 24%, NPV = 28%, FEI
=68%& 7% o 72. FELIZMLIBEE X b & L2 ERI LK
MREDPo727%, THTEESIOLEERET (PG,
PG,), MEME (SBP, MBP), L U"#4 7 & (P) % &
H, TNEFNOFHHGRAPERE L2 2K E % 2
S5Nb. LHL, BREOETRIISBHHETHD, 1
BOARDEHUNTH > THRELMBEICII L O RVWEE
Zbihb,
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33-h sleep deprivation
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100 1 * 0 oo+ - MBP

/ o e S o o, P — oy T N, ‘.

(m m Hg) 20 ¢ \'\\./. A\ .,-.,/'-.0'\.\ \// ~— . ::c--\ . .\././' \.»'\./..‘.\'./ ]~ DBP

i " : :

7 8 9 10 11 12 13 14 Day

90
PR 0 “\ﬁV/X//A%&r_g/ﬂy/k/ax/w“/f\\//L—J‘
70
(bpm) 60

7 8 9 10 11 12 13 14 Day

In NPV -4.0
(unitless)  -5.0

FEI 6.0
(unitless)

VAS_Fatigue 90

7 8 9 10 11 12 13 14 ' Day

VAS_Sleepiness 0

7 8 9 10 11 12 13 14 Day

Self-reported

7 8 9 10 11 12 13 14 Day

9
6
Sleep Time 3
0 . . . . . . . . . . . .

7 8 9 10 11 12 13 14 ' Day

4 RY AT A X2 HEENTOFHNSEBGH K5
Fig. 4 Results of physiological indices (SBP/MBP/DBP, PR, [zNPV, FEI) measured by the present system,
the VAS of fatigue and sleepiness, and the self-reported sleep time during day-to-day living in one

participant.

Eh, B OAMKIERD> S HE L FETRAL LD & T
HIEIIREA TH 5 [14-16,29-36]. Lo L, X OLE%R
I RO LR B 72012, HEIAH$ 535
NZei] % ARIERISF ORI & LT, E8iERd 2 [ OfEEIR
BEF v 7 LE)ETHRAII L. ORI
HTIEHBH, TLTHAMLRZET Y AIZZL WS, Lk
MO TRROZERGPILICHMT A2 E2 005, S5
2, EEAMRNEZ LS LTS DAL, S
WA BEHICRE T O RVWEEZLNLDT, RV AT A
DELZLRBETHERIEVEEZ L. T4abb, FHIEA
DI S T B I R AU EHIE (37 L H 12, #
¥ LED #FIH$ 5 2 & T B b IS < X
LRV D L. X D, WEHEA QPR % FIH
FTAHZET, MBHE 773 ViEE aLAFO—)b

i, RO T V3 —)ViREEZ: &b T & RN D
5[38-41]. L2L, IThH0%E Wz € =t
ezt Lchy, SHoMEImMfFEIhG. %
Lo ERE SRR Y OBEYED 1%, Rkt E A L2 7
VI — VIREE RIS b BRR . RoE Tl [HRAZZ 5 5
nNhw] LI T a7V N4 =gy —
0y 7 HEEEIFIEN LSO EEN ST TETED,
FHYHEITIIBEIC Z O FE D EA TV A [42]. TR
H A% 7P 43I TH B, L0 i %ReH
HMdEIN w5, R ZoMh 7 )V a— VgD
K AT LD 1818 L L TEOFHIEA 2 okt 2 & 28
TENE, RIEERBERICDEMTELLEEZONS
[44].

Ky AT HiE, FzilfllEfs e L, SBP/MBP/DBP,
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PR, NPV, FEI % [l D MIERICEHIT 5 Hika g%
L, #hx Bt L/-7a by (4 T2 L 310
W o—EH 7HEICL B NPV, RO PREHASHTY
Z0H%, h7EMELTVYEZOBRETERIEIEICL S
BP #Hll, RO FEIFHUA TN S. KERIPL, 20—
WOFHI Y — 27 = 0 A WFRE D IZEB L2 2 EAVREN
7. BP BFMNCEI L Tk, —#WIZix A 7 IRE) i o JFUH
45012 & ) ERECRRIIS NG 2 L% ws, THERTIET
LEHIDSHRETH B, HFIC, RETHRE LA FIRIEHE
TORMIRI LN X 25T L CIREIEE A TH
0, BIR~OH T — 7 VB D EELEE O IICE S
B 22 A DR STV B O TREHS, 4, 11, 46-49] % B
BNz, RIEBRTIE, ZEFTICH 7IREBEICE 2 1
M D FEREEH L 7228, BB & AR 0fF 213 SBP T —54
+ 70 mmHg, MBP T -25 + 90 mmHg, DBP T -11
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