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AT EF: B A= AAE 55 Al A A (real—time tidal volume
montoring device, TVD)E 7|3t o] & o] &3t HAHALE=S A o

A4 255 593, dEEFS 29 5 A=A ekt sl

A7 B AN FREAY dEE oldste] AAoR A3 FEYEE S4AY

= AA ZAE N AA AR Tl JIEEE] " Rl Ho AAE A4,

B RAYE gET 9 AFFeR AT F, dE2PS ANF TEF 44 A

% 420-490 ml= sttt A AY ¥ 2539 wash—out 7|7F= 7 H,
7z} e AE WAF(cross—over)dto] TRA] AlE#EOlds WHERERo] X3Sl
Primary outcome tixv¥ A3 7He] 7F A3 rixt & A $F°] dvl&
z}lo] (the difference in the proportion of optimal ventilation per person

between the control and TVD groups) % 274 3}%it}.
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1. AANZ 325F A ZAA /I (Development of a

real—time tidal volume monitoring device, TVD)

ATl e AN S5 Al AR AAAQD AAR A EE Fig.
1, 29 #o. HAA A2¥ls ZH-3F=  controller= Arduino Board (UNO,
Arduino, Italy) & AF&3F1aL, On—off ~9121¢ 9 V ¥lE|2] (9 V battery holder
with switch, Adafruit, New York, NY, USA)7} power source® AF&% AT}
oAl 7] highly sensitive sensor(H1—-H6, WSH138—XPCN1, Winson
Semiconductor Corp., Hsinchu, Taiwan)oll4 Hall—effectE A5ty 1
analogue output®] Arduino Board?] analogue input pin®. & HE¥A A3
a1, 7} Hall—effect sensor(H1-H6)% VDDs(Voltage Drain, power supply
pin), GNDs(GrouND pin), signal pine Arduino Boardel #4d3s}A X3}
259t (Fig. 3). Arduino Board® source codes= supplemental data®l] A
A&}t Hall—effect datas™ specific numerical equatione E3f A 43 &
sHFo g FX3tEo] #A9  display part(Monochrome OLED 128%64,

Adafruit) ol ZEAIEA 3R F. Flowmeter part?} Hall—effect sensor, Arduino

rlr

Alo] 2

rir

Board, ®lEl#], on—off ~%% % display partE i1
computer—aided design(CAD) software(SolidWorks, Dassault Systemes,
Paris, France)E& ©|g3}o] t]x}elsllal, 3 dimensional(3D) printer (ProJet
3500, 3D systems, Rock Hill, SC, USA)$} ultraviolet(UV) curing plastic

(VisiJet M3 Crystal, 3D systems)2 ©]-83&}o] = z+a}9i ).



Flowmeter part Controller part

Round Magnet Hall Sensors
.\ o OV Battery
m
H6

Ardumo Board

On-Off Switch

(Controller)
Compression
Spring
\ Display
Hall Effect

Fig. 1. System overview of the real—time tidal volume monitoring device

(TVD) (1)



Hall Sensors

Controller Part
Flowmeter Part

- Hi
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- mH
- s
- Hi
Compression Spring

On-Off Switch

Fig. 2. Components of the real—time tidal volume monitoring device (TVD)
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w @ \f
H1 snpo .
o @ ® & @
N/ 710 12 WDC Input USE-B
/..—_\ Port to Computar 504
VDD .
GND .
H2 Gno .
. 10 refarence GND .
Dut .
s A . Reset Digital Pin 13 .
oD . . 3.3 V Output Digitzl Pin 12 .
H3 cuo . . 5 W Output Digital Pin 11 .
out . . Ground Digital Pin 10 .=
/-'—\ . Ground Cigital Ping . =
VDD . i :
Input Voltage Digital Ping
H4 cno . : e X
Analog Pin 0 Digital Pin7
out . (i ; “'. cs
i J Analog Pin 1 Digital Ping
a . -—w. RST
-. Analog Pin 2 Digital Fin 5 .
Voo ==
. s 1 nfc
analog Pin 3 Digital Pin 4
HS ano . &
. e CLK
= Analog Pin 4 Cigital Pin3
out . I i
— . . Datz
/—_\ Analog Fin 5 Digital pin 2z
vin
Voo . Digital Pin 1 . .
3.3
Hib Gro . Digital Pino . .
* ® -

Fig. 3. Circuit of the controller part in the real—time tidal volume

monitoring device (TVD)



Flowmeter part¥® A (main  body)® €&  AX (round magnet,
HXNN—-8-3, diameter: 8 mm; length: 3 mm; material: neodymium;
MISUMI, Tokyo, Japan), 2~3% (customized spring, outer diameter: 8 mm;
free length: 35 mm; wire diameter: 0.3 mm; material: stainless steel) ¥ &

A #19 (main body cover)® T Xt} (Fig. 4).



Closed Air passes through air inlet

Air Inlet |

Air Pathway

| Air Pathway |,

Main Body

Main Body Cover

Compression Spring |

Air Qutlet Air Qutlet

Fig. 4. The position of the round magnet in the flowmeter part (1)
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3717} air inletS B3t flowmeter part®] A2 Sojed 43 zA o] 3o
i HH 9 flowmeter part WH-A & o]HA air pathway”’} @Al =311, air
outlete &3kl 37|17} 717] &5 whAUZHA fu. 3717 324 g wE A
9] restoring force wWEo] 93 Aol AP YXE EolrFal air inletS=
AA3 A Hop, EA 9 7 AW E epoxy glue (Locktite Epoxy Instant Mix
5 minutes, Locktite, Thief River Falls, MN, USA)& W&ttt oA 79
Hall—effect sensort flowmeter®} controller part AFo]oll LA s 717 02 HjX]
STt (Fig. 2). Air trapping ¥ $AZHE 9 F3F+= air £+ secretion®] F¢

S 9] 93ted air outletd W H-o one—way check valve®E F718 07 X

ak3ltt (Fig. 5).
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Outlet to patients

m [nlet from bag-valve

Flowmeter part

Display part

Additional One-way  Controller part
check valve

Additional One-way
check valve

Flowmeter part |

Inlet from bag-valve

| Display part |

Controller part

Fig. 5. The real—time tidal volume monitoring device (TVD) prototype
used for wvalidation and manikin simulation (A) and TVD prototype
connected between the bag—valve and the endotracheal tube (B). An
additional one—way check valve was connected to the distal part of the air
outlet could prevent air trapping in the patient and backflow of air or

secretion from the patient to the device (B) (1).
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2 A oAM= Hall-effect sensorell o3 #AA == 48 X2 $A9 air
pathway®] total open time°] gt JRE o]gsto] AA A3 aFFS Arlst
o™, Arduino Board?® universal serial bus port2} laptop computerE A2
3oy Hall—effect sensor® A2 7]% 5, calibration equations FE3}3 T},
w3l Hall-effect sensorel] <& A EH= A7149  Al7] (magnetization
intensity) % % hardware wiring statusel ©h3 71=& 3l Arduino

program, version 1.7. % % library (Adafruit SSD1306 and Adafruit GFX,

Adafruit) & AFE-3F T

2. A=x°] ¥A (Device calibration)

AAZ 35 A A BA (calibration) & 53 22 @AIZ Al 3T
WA non—conducting plastic sticke ©]€3te] 948 A4S 1 mmolA 5 mm7}t
A1 mm A S E translationalstAl #2025 stqlvh. o] S opAl & wl
B %, Z} Hall—effect sensor(H1-H6) A A" A3 A 27142 A71€]
Fat ks ARtstlvr Aol ARgE A AA Fde] 54 Tl H18 H2¢A
o] ZHgko]l e =ololAl saturate¥ o] ©] F Hall—effect sensorelA 2 Fh
Alelskelal, veAl H3, H4, H5, H6IM 9 =4S calibratione] ARE-sk3ith
Th5 9 2 air pathway? total open times AAZFOZE 7|E31 T o] Ao+
6712] Hall—effect sensorolA 2 Z43t 5 74 lineardt W3S H <ol H32 ©9]
HE ARgsltt (Fig. 6). A UHF2 FY5+ air flow volume©] tfjst
calibration equation< H39] linear interpolation equation< air pathway2]

total open timel 2 ZAE3le] AT (Fig. 6). o]83r A4S Eslo] dojz

-13 - A | ‘*i 1_l|



calibration equationS A A air flow? volume¥ vlwdle] (Fx19 7|5 H7},
device validation H# #%) FF2A O =Z conversion equatione T3+Htt (Fig.

6-9).

- 14 - ; xﬂ "‘! 1_'.]'| '{fllr Tl



500 s . ;

-=#¢-- H3 Data
400¢ —— Linear ||
30

v=-7564"x + 3843 ]

Intensity of magnetization
(Gauss)

200
100}
" 2 3 3 5
Moving distance of magnet
()

Fig. 6. Calibration equations of tidal volumes of the real—time tidal volume
monitoring device (TVD). The calibration equation of tidal volumes of the

Hall—effect sensor 3 (H3) (1).
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= 2 | -4~ HiDaa |
2 y=-7.32%2 - 6.03'x + 422 96 | —— Quadratic
E I31 é é ; 5
=

= Moving distance of magnet
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Fig. 7. Calibration equations of tidal volumes of the real—time tidal volume
monitoring device (TVD). The calibration equation of tidal volumes of the

Hall—effect sensor 4 (H4) (1).
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500 ' ’ '
dﬂux‘“\\;

300 k

200} -

100 | ~%-HSData |
y =-537"x + 5.74"x + 426 49| — Quadratic

i 2 3 4 5

Intensity of magnetization
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Moving distance of magnet
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Fig. 8. Calibration equations of tidal volumes of the real—time tidal volume
monitoring device (TVD). The calibration equation of tidal volumes of the

Hall—effect sensor 5 (H5) (1).
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Fig. 9. Calibration equations of tidal volumes of the real—time tidal volume
monitoring device (TVD). The calibration equation of tidal volumes of the

Hall—effect sensor 6 (H6) (1).
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3. AX9 715 H7} (Device validation)

B ATl e Az FES

e

d AAE A¥3ZE 57 (GE Datex—Ohmeda
S/5 Aespire Anesthesia Machine, GE Healthcare, Buckinghamshire, UK) ]
AZd, AFFTE7]E volume—controlled mode (frequency of 10 minute !, I:E
ratio of 1:5) 2 A4 ¥ AFZTF7M HAAH AFH= 43 55 AARTE

TEF AN AN SHHE 43 25

o
=
K
of
o
&
=
!
gl
o,
N
-~
o
i
ats
)
1S

FFEZS 200, 300, 400, 500, and 600 mlZ A%, 2+ I FEF T 2534,

T 1253 A3 AXZF s 7HA

=

o
R
©
C o
ok
foi
ol
N
oL
(o

difference—ratios in tidal volumes, < (tidal volume of TVD — tidal volume

of mechanical ventilator) / tidal volume of mechanical ventilator k= AAFSH

ik,

4. w7 AlEH o] (Manikin simulation)

A ade AlEYA T AN 5% A FX Y FEdS Brke] flske]
229 waF w7 AJEd o] A (randomized, cross—over, manikin—simulation
study) & AlgstAdnt. 2 A= @47] AA(Fortaleza, Brazil, 2013) ¢l ¢l As}H
of Al a, AMadistuoldos/Aedstuy Y SJstdTaeldo9dsE &
¢t IRB %<1 (IRB number, H-1605-085-762) ©o]Fol Alast3irt. Atel] 7}

3t RE FAVPRFE)Al written  informed consent®E  TF8FIth. Primary

outcome< tZ7¥ AL 7o ZF Ay HUA o A 559 HlE 29| (the

19 - 2] 8-



difference in the proportion of optimal ventilation per person between the
control and TVD groups)©|tt. A4 S & (optimal ventilation) S U3 T&%
6-7 ml/kge 70 kg A4 vHiIF S 7IEow A& wf 420-490 mlE % 2)5kal
th 71E ATE QoW AN F 49 TEF WES 2598 WA g

Aow wauxof glom (21, 31, 32), A a5 A A5 Fdt 44 =

sizex 72 73 7THO=E AALE AT (power of 0.8, significance level of 0.05).
Secondary outcome<> x4 AT 19 AsE, AY 35, d5Fo ¢

z}o] (the differences in the numbers of hypoventilation, optimal ventilation,
and hyperventilation events between the control and TVD groups)® 273}
it

4me] gRS AR U 1099 IRTEAE TIT F 1499 It

il AEEeld AnaAEed Felstdth 13 AFAN BAAES FA9=

T AN BFF PA FH IS se] wM-wn AFEEFS UAFES 8
Aot (Fig. 10). F2¢] v A (randomization) & A2tisny - st 152 Al
(Medical Research Collaborating Center of Seoul National University
Hospital (2016-0110))°l °l=, F3(swded Ao vs. 5734 2, 4

E5 F2$H (stratified 2, 4 block randomization method)S &3ho] Al &3}3]

o

. 2779 wash—out period %o Zz+3 A FES WA (cross—over)ste] 2

i)

= A&gspdtt (Fig. 1D).

b

Wi
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cardiovascular life support, ACLS) %2 A|gsAct ws Ugols= A
CPR and ECC guidelinesollA #lAet= AAe s Fol tish &= a3l
t}. o]F, whil# (Resusci Anne® QCPR-D 176—01250, Leardal Medical,

Stavanger, Norway)°l| 7]3% A#S Aldgsrsla, AAF

ol

F A A=
1500 ml €8¢ w—wu (Ambu® Silicone Resuscitator, Ambu, Ballerup,

Denmark) ¢ 7] W& (endotracheal tube) Alole]l A3 & (Fig. 5), =il

AEAOlE AaNES ARt & Ak Wown A3s

oo
o
12

Ak

& v A WEZE Thol= sfel] vl e Zo] 5 cm, #9 £X% 1003

2 FF e st 4 A g 2% B 29 1039 BESE F 20

39 d¥aEFe Adsin. A FrHAe] 5 4H = (compression rate),

5 4 Zo](depth) % ¥ EF ZH4 (ventilation interval)<> SimPad

- 21 - &1



Fig. 10. Randomized, cross—over, manikin—simulation study comparing the
control group, in which participants provided bag—valve ventilation to a
manikin without tidal volume feedback (The participants could not see the
display part of the real—time tidal volume monitoring device.) (A), and the
TVD group, in which participants provided bag—valve ventilation to a
manikin under real—time tidal volume feedback with the TVD (The

participants could see the display part of TVD.) (B).
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Fig. 11.

Protocol

of randomized,

Wash-out period (2 weeks)

1st trial
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Group A

Control group
@=7)

Group B

\  TVD group
m=7)

Group B

Control group
m=7)

Cross-over

Group A

\ TVD group
=7

Cross—over,

manikin—simulation study

comparing the control group and the real—time tidal volume monitoring

device (TVD) group (1).
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5. A% £4

7b o] A3 WS vlwel= Mann—Whitney U test, X2 test ¥ Fisher s

exact test® AFEsISith. P gto] 0.05 m|wkel A FAFSZ F2o3k oul7t gl

o
>
ofo
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X
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flr

= Jor ddsiglon, foaE ddde F5H74
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AT A3

& Aol o] H+f (the mean value of the differences in tidal volumes between
the TVD and mechanical ventilator)<> 1.02 * 0.15 ml= S U F 125
7Nl &7 3k (the difference—ratios in tidal volumes between the TVD and
mechanical ventilator) %, 12271(97.6%)7F @2 WS * 1.5% o], 1257

(100%) 7} @2 MY £ 2.5%, oJ= =A%}t (Fig. 13).
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Fig. 12. Validation data.

300

400

500

Tidal volume of MV (ml)

Values of tidal volumes of the real—time tidal

volume monitoring device (TVD) and a mechanical ventilator (MV) (1).
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Fig. 13. Validation data. The difference—ratios in tidal volumes, defined as
(tidal volume of TVD - tidal volume of MV) / tidal volume of MYV,

between the TVD and MV (1).
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2. AA %59 H|E& (Proportion of optimal ventilation per

person)

W
o
o

D, 13 49, 24 49 BE R S5, FR g go] 2 ABEF 1o

I

& T Ze] Apol= wEEA kTt (Table 2).

12 Ay 221 A 7ol b & A4 59 vlES AdddelA dx
ol vla =4 485Ut (p = 0.001 and 0.001, respectively) (Table 3,
Fig. 14 and 15). 12 3l 22 A& 93 e wel 274 3 & A4 259 A

& A AYToA iz vlE] =4 SHEAY (p < 0.001) (Table 3, Fig.

2 FAA g AEF W& 2 AP AFTAA DRI v A =

AE At (p = 0.004) (Table 3).
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Table 1. Randomized participants’ characteristics (1)

Group A (n = 7) Group B (n = 7) P

EP (n = 2) EMT (n =5 Total (n =7 EP (n=2) EMT (n=5 Total (n =7)

Male gender N (%) 2 (100.0) 3 (60.0) 5 (71.4) 1 (50.0) 3 (60.0) 4 (57.1) 0.500
Age (years) Mean + SD 33.0 £+ 14 29.2 £ 5.5 30.3 + 49 350 £ 28 268 £ 3.6 29.1 £ 51 0.710°
Median 33.0 217.0 32.0 35.0 25.0 217.0

(range) (32.0-34.0) (24.0-36.0) (24.0-36.0) (33.0-37.0)  (24.0-33.0) (24.0-37.0)

Abbreviations: EP, Emergency Physician; EMT, Emergency Medical Technician; SD, standard deviation
P—values comparing the total of group A and B

bP—values calculated by Mann—Whitney U test

- 29 - A =Tj @



Table 2. Results of manikin simulation (1)

Compression rate, compression depth, and ventilation interval between groups during manikin simulation

1st trial (n = 7/group) 2nd trial (n = 7/group) Total (n = 14)

Control TVD Control TVD Control TVD

Group A Group B Ve Group B Group A Ve P
Compression Mean = SD 999 £ 04 999 + 04 1.000 997 £+ 05 997 £ 05 1.000 998 + 04 998 = 04 1.000
rate

) 100.0 100.0 100.0 100.0 100.0 100.0

(/minutes)

(99.0-100.0)  (99.0-100.0) (99.0-100.0)  (99.0-100.0) (99.0-100.0)  (99.0-100.0)
Compression Mean £ SD 52 = 06 54 £ 0.8 0.620 52 £ 0.6 50 £ 06 1.000 52 = 06 52 £ 0.7 0.769
depth
(em) 5.3 5.0 5.0 5.0 5.0 5.0

(45-6.1) (4.3-6.3) (4.6-6.1) (4.0-5.6) (45-6.1) (4.0-6.3)
Ventilation Mean £ SD 6.0 = 0.1 6.0 £ 0.0 0.620 6.2 £ 0.1 6.1 £ 0.1 0209 6.1 £ 0.1 6.1 £ 0.1 0.285
Interval

6.1 6.0 6.2 6.1 6.1 6.1
(seconds)

(6.0-6.2) (6.0-6.1) (6.0-6.3) (6.1-6.3) (6.0-6.3) (6.0-6.3)

Abbreviations: TVD, real—time tidal volume monitoring device; SD, standard deviation

P—values calculated by Mann—Whitney U test
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Table 3. Results of manikin simulation (1)

Proportion of hypoventilation, optimal ventilation, and hyperventilation per person

1st trial (n = 7/group) 2nd trial (n = 7/group) Total (n = 14)
Control TVD Control TVD Control TVD
Group A Group B P Group B Group A P P
Proportion/person (%)
Hypo- Mean £ SD 364 + 446 86 £ 128 0.456 50.0 £ 31.8 50 = 5.0 0.004> 432 + 379 68 + 95 0.014°
. Median 10.0 5.0 55.0 5.0 50.0 5.0
ventilation
(range) (0.0-100.0) (0.0-35.0) (5.0-95.0) (0.0-15.0) (0.0-100.0)  (0.0-35.0)
Optimal- Mean £ SD 279 + 253 786 + 13.1 0.001> 357 £ 21.1 90.0 + 82 0.001> 31.8 + 228 843 + 12.1 <0.001°
o Median 20.0 70.0 40.0 90.0 375 875
ventilation
(range) (0.0-65.0) (65.0-100.0) (5.0-60.0) (75.0-100.0) (0.0-65.0) (65.0-100.0)
Hyper- Mean £+ SD 35.7 £ 394 129 + 129 0.456 143 + 137 50 £ 76 0209 250 =304 89 £ 110 0.194
oo Median 35.0 10.0 10.0 0.0 125 5.0
ventilation
(range) (0.0-95.0) (0.0-30.0) (0.0-35.0) (0.0-20.0) (0.0-95.0) (0.0-30.0)

Abbreviations: TVD, real—time tidal volume monitoring device; SD, standard deviation

4 P—values calculated by Mann—Whitney U test

b P—values < 0.05 between the control and TVD groups
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Control (group A) TVD (group B)

1st trial

Fig. 14. Proportion of optimal ventilation per person. Comparison between
the control group (group A, n = 7 participants), in which participants
provided bag—valve ventilation to a manikin without tidal volume feedback,
and the real—time tidal volume monitoring device (TVD) group (group B, n
= 7 participants), in which participants provided bag—valve ventilation to a
manikin under real—time tidal volume feedback with the TVD in the first
trial (1).

The plots are presented as the median(quartiles, ranges).
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=
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Fig. 15. Proportion of optimal ventilation per person. Comparison between

the control group (group B, n = 7) and the real—time tidal

monitoring device (TVD) group (group A, n = 7) in the second trial (1).

The plots are presented as the median(quartiles, ranges).
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P<0.001
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Fig. 16. Proportion of optimal ventilation per person. Comparison between
the control group (groups A and B, n = 14) and the real—time tidal
volume monitoring device (TVD) group (groups B and A, n = 14) in the

first and second trials (1).

The plots are presented as the median(quartiles, ranges).
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3. =& 339 ®IX (Distribution of hypoventilation,

optimal ventilation, and hyperventilation)

AANZE TE A ARG ARES 12 Aol thEd oiv], AETe A4 2

]
it

o

il

SR, ASE B Ha5Fe SgE gdaAzleon (WET vs.
At = 39/140 vs. 110/140 of optimal ventilation, 51/140 vs. 12/140 of
hypoventilation, and 50/140 vs. 18/140 of hyperventilation, respectively, p
< 0.001) (Fig. 17), old& Axe= npx7iAZ 221 A oA s #2E0T (dx
T vs., AdATL = 50/140 vs. 126/140 of optimal ventilation, 70/140 wvs.
7/140 of hypoventilation, and 20/140 vs. 7/140 of hyperventilation,
respectively, p < 0.001) (Fig. 18). T3 1A} 2 23} AHS T3 AioA =

AN 25 A AA Y ARGl T iR, AETY] A4 =

oo
1o
ol
N
it
o\

= 89/280 vs. 236/280 of optimal ventilation, 121/280 vs. 19/280 of
hypoventilation, and 70/280 vs. 25/280 of hyperventilation, respectively, p

< 0.001) (Fig. 19).
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P <0.001
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=)

Z

Control (group A) TVD (group B)

1st trial

Fig. 17. Distribution of hypoventilation, optimal ventilation, and
hyperventilation. Comparison between the control group (group A, n = 140

ventilations) and the real—time tidal volume monitoring device (TVD)

group (group B, n = 140 ventilations) in the first trial (1).
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P<0.001
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40
20

0 n=l .
TVD (group A)  Control (group B)

B Hyperventilation
B Optimal ventilation

O Hypoventilation

Number of ventilation

2nd trial

Fig. 18. Distribution of hypoventilation, optimal ventilation, and
hyperventilation. Comparison between the control group (group B, n =

140) and the TVD group (group A, n = 140) in the second trial (1).
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P<0.001

300
250

200 +—

B Hyperventilation

150 +—— B Optimal ventilation

100 O Hypoventilation

Number of ventilation

n=121

50

Control TVD
Ist & 2nd trials

Fig. 19. Distribution of hypoventilation, optimal ventilation, and
hyperventilation. Comparison between the control group (groups A and B,
n = 280) and the real—time tidal volume monitoring device (TVD) group

(groups B and A, n = 280) in the first and second trials (1).
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i

zelA A48 5 AEEe g 12 AP vlal] 2xF AdoA F7tst
A3 (12 A3 vs. 22 23 = 39/140 vs. 50/140 of optimal ventilation and
51/140 vs. 70/140 of hypoventilation, respectively), #3529 3= 23 2
gold 12 A dwl, Fasdn Az AF vs. 23 A9 = 50/140 vs.
20/140) (p < 0.001) (Fig. 20). AdrelA AR x5 Sl 14 Al ¥
3 2aF AelA Fkskala (1A A3 vs. 22 A3 = 110/140 vs. 126/140),
AsE 2 #3559 slgs 22 AdelA 12 A o], A (1 AF
vs. 22F A3 = 12/140 vs. 7/140 of hypoventilation and 18/140 vs. 7/140

of hyperventilation, respectively) (p = 0.027) (Fig. 21).
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P <0.001
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Fig. 20. Distribution of hypoventilation, optimal ventilation, and

hyperventilation. Comparison between the first trial (group A, n = 140)

and the second trial (group B, n = 140) in the control groups (1).
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P=0.027

160
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120 -
100

- B Hyperventilation

@ Optimal ventilation
O Hypoventilation

Number of ventilation

200 =

TVD (group B) TVD (group A)

1st vs. 2nd trial

Fig. 21. Distribution of hypoventilation, optimal ventilation, and
hyperventilation. Comparison between the first trial (group B, n = 140)
and the second trial (group A, n = 140) in the real—time tidal volume

monitoring device (TVD) groups (1).
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4, 35352 B]& (Proportion of hyperventilation)

AANT ZEFF A FA G ARES 1A ARelA diza dib], Ao #eE
o HlE&ES HAAFH L (ET vs, A¥T = 35.7% vs. 12.9%, p < 0.001)
(Fig. 22), 22} AeMZ dxv o], A8 As5F &S AAA7AT ()
Z vs. A8 = 14.3% vs. 5.0%, p = 0.009) (Fig. 23). w3 12} A3} 2
A ARE T A AAZ TEFF A FH Q] ARgo] dlzd ], A
oA o F vES AAANE ¢ F AT (HER2T ovs. AT =
25.0% vs. 8.9%, p < 0.001) (Fig. 24).

=

F

d

o AP BFelA 2aF Aol seFe] wiEe] 13 Ag v, i

o
mlo
o

ol (12 Ad vs. 23 A& = 35.7% vs. 14.3%, p < 0.001

and 12.9% vs. 5.0%, p = 0.021, respectively) (Fig. 25 and 26).
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P<0.001
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Control (group A) TVD (group B)
1st trial

B Hyperventilation

B Hypo & optimal
ventilation

Fig. 22. Proportion of hyperventilation. Comparison between the control

group (group A, n = 140 ventilations) and the real—time tidal volume

monitoring device (TVD) group (group B, n = 140 ventilations) in the first

trial (1).
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£ =0.009
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g 0
2 60% - B Hyperventilation
2,
E 40% - B Hypo & optimal

ventilation
20% -
0% - : '

TVD (group A) Control (group B)
2nd trial

Fig. 23. Proportion of hyperventilation. Comparison between the control

group (group B, n = 140) and the real—time tidal volume monitoring

device (TVD) group (group A, n = 140) in the second trial (1).
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P <0.001

100% -
80% -
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g 60% - B Hyperventilation
B i
£ 40% B Hypo & optimal
ventilation
20% -
0% -
Control TVD
1st & 2nd trial

Fig. 24. Proportion of hyperventilation. Comparison between the control
group (groups A and B, n = 280) and the real—time tidal volume

monitoring device (TVD) group (groups B and A, n = 280) in the first

and second trials (1).
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P <0.001

100%
80% -+
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= 60% g = = E | mHyperventilation
% 0/
g 40% —— | | OHypo & optimal
ventilation
0% -

Control (group A) Control (group B)
Ist vs. 2nd trial

Fig. 25. Proportion of hyperventilation. Comparison between the first trial
(group A, n = 140) and the second trial (group B, n = 140) in the control

groups(1).
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Fig. 26. Proportion of hyperventilation. Comparison between the first trial

(group B, n = 140) and the second trial (group A, n = 140) in the

real—time tidal volume monitoring device (TVD) groups (1).
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Rl

B AT AN BEY 1A FHNE Anstel vk AlEdeld A4
%2 Beto] 1 HEAS FASAT AL TEFE BAG] AF 7
A= ol W Abgol Welslok sta, PEE AAF TEF WA 9@ F=uo] b

1€ el Adlades T EEEHS AAs] fd 2O 7HA g Ee] A4

o] ¢t} (24). Thoracic impedance pneumography+ 2% 7] &<He] ¥

1o

A714 A3 W3} (trans—thoracic electrical impedance variation) & ©]83slo] 7t

ARoR ¥ &4 W}t dIsFFES S8k 717]oltt (24, 33, 34). 1=

thoracic impedance pneumographys 2% EoJAo] "Hojx1u ALl E T F
ghutol] o]3)] bl mo] S5l wel S AU JEFS v drhe

SHAIZF Slok (24, 35). B3k F5 tHbe)l 9%t impedance variance 2 A ¥4

oz

-~

= 5 ¥4 U 27 Wl i ®mAgo] Hashy] wite] ARt R S A
Als7]ell= ol dwol ok (24, 36).

Pneumotachometer= A2 HEZFAZ A9 S5 W o e 435

ok

FS 7 AT Qv FHo] Ak (24). 18y o] X &= facial maskE
o] g3l JAFTES A= FxPolAl= AFESHY] o]Hu= Zlo] wo|t} (24).
Hot wire anemometrys 94 A (heat transfer)o] FTWHES EZ¥ Y=

(surrounding) fluid®] 4% (velocity) 2} ##Ho] Q&5 o] &3ty ARV} S &5

ol

7] 9] minute  flow rates® SA3s= 7]7]olth (37). 194y
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pneumotachometer®} vFZH7FA| 2 hot wire anemometry A 713 AF#o] o]
N FAF o] glo A= AFGo] ofHoh= @o] Ut (24).

Turbine flowmeter 9IA] &% 7HA] ZAA 2 Aty o] 11 (24), - AFoA]

I

% 25+ turbine flowmeter?] ¥ E o] &3t &= /LS A|=3T 18Y
pilot A&A turbine flowmeterE ©|&3lo] 3] 5 SHS A L3I

W turbine flowmeter? 27l (impeller) 7} $A& A% & A4 ujFo] A2 k9

TEFE =He 71 9, WolE turbine flowmetere] whEo] A& 7lH -
NS ol &t AL ¥ SFFE AASE e w0l FmobAu Aol 7t
A= TFFel F W ¢ M SFF ATl EAg sdoe] 6-10x 7 A
Euo] A% A3 SFF] FHo] Erbssithe SAZE AT wEpb #

Toll-+=  variable area flowmeter?] ¥2]2 contactless magnetic
measurement mechanism= ©] &3t A2 FAXE stA HAo 2 FA+=
oA st E8]4 HFH Qlo] air flowol 2JsF €3 #41°] constant area change$}

Hall-effect sensorE ©]gato] =42 913 W3tE A8k, 43 = FF A%

Tl e AAD 35 A A A3 2EEE AL AR

facial maskE ol&sh= SASCARE AHEo]l Thesith A A9

one—way check valveE H23}o] air trappings 9Wstal AZHEH 772

X
)
£y
i
Y
b
re
o
X
1o
o

N
o
o

=012+ air® backflow} secretions &
2 Qe vl AlEdel A AuladE F AN EFF A AAE o

g3l Moy QFEFS APFAS W AY 5FY W&ol R Frhsa

&

s gel mgol Aase sAgdnh e AN 5FF 44 4A9 gL A
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Supplemental data. Source codes of the Arduino

real—time tidal volume monitoring device (TVD)

#include <SPIL.h>

#include <Wire.h>

#include <Adafruit_GFX.h>
#include <Adafruit_SSD1306.h>

#define OLED_MOSI 9
#define OLED_CLK 10
#define OLED_DC 11
#define OLED_CS 12
#define OLED_RESET 13

Adafruit_SSD1306 display (OLED_MOSI, OLED_CLK,

OLED_RESET, OLED_CS);

#define NUMFLAKES 10
#define XPOS 0

#define YPOS 1

#define DELTAY 2

void setup()  {
display.begin (SSD1306_DISPLAYON);
display.clearDisplay ();
Serial.begin(9600);

const int analogInPin3 = A3;
int sensorValue3 = 0;
double a=0;

double b=0;

double c=0;
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int flag=0;
double bValue;

void loop() {

int aValue =analogRead (analogInPin3) +10;

if (aValue<438){
if (flag>15)
{
a=0;
flag=0;

c=979772652.1-2109520% (aValue);

bValue= (5*sqrt(10*c) —87305)/52738;

a=a+bValue;

¥

else{
flag=flag+1;
b=0;

}

if (@>5 [l a==5){

b=-0.0020097*a*a+3.8955*a+49.981—20;

}

else if (a>0.3 || a==0.3 || a<bH){
b=—0.0020097*a*a+3.8955%*a;

}

else

{
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Serial.print (aValue);
Serial.print ("Wt");
Serial.print (bValue);
Serial.print ("Wt");

Serial.print(a);

Serial.print ("Wt");

Serial.print (b);
Serial.print ("Wt");

Serial.println () ;

display.setTextSize (2);
display.setTextColor (WHITE);
display.setCursor (30,40);
display.println(b);
display.display O;
display.clearDisplay O;

delay (2);
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Abstract
Development of a Real—time Tidal Volume Monitoring
Device to Guide Optimal Ventilation during

Cardiopulmonary Resuscitation

Kyoung Min You
Dept. of Medicine, Biomedical Engineering Major
The Graduate School

Seoul National University

Purpose: The purpose of this study is to develop a real—time tidal volume
monitoring device (TVD) and investigate whether the real—time tidal
volume feedback using TVD increases optimal ventilation and decreases
hyperventilation during manikin—simulated cardiopulmonary resuscitation

(CPR).

Methods: In the present study, a new TVD was developed, which
estimated tidal volume in real time using a magnetic flowmeter. The device
was validated with a mechanical ventilator with a volume—controlled mode
in various tidal volumes. A randomized, cross—over, manikin—simulation
study was then conducted to evaluate the clinical feasibility of the TVD, in
which 14 participants were randomly divided into a control (without tidal
volume feedback, n = 7) and a TVD groups (with real—time tidal volume

feedback, n = 7). The optimal ventilation was defined as 420—490 ml of
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tidal volumes for 70 kg adult manikin. After 2 weeks of the wash—out
period, the simulation was repeated via the cross—over of the participants.
The primary outcome was the difference in the proportion of optimal

ventilation per person between the control and TVD groups.

Result: In the wvalidation study, among 125 values of the difference—ratios
in tidal volumes between the mechanical ventilator and TVD, 122(97.6%)
and 125(100%) of the difference—ratios in tidal volumes between the two
devices were within £ 15% and = 2.5%, respectively. During
manikin—simulated CPR, TVD use increased the proportion of optimal
ventilation per person. Its median values(range) of the control group and
the TVD group were 37.5%(0.0—-65.0) and 87.5%(65.0—100.0),
respectively, p < 0.001). TVD use also decreased hyperventilation. The
proportions of hyperventilation in the control group and the TVD group

were 25.0% vs. 8.9%, respectively (p < 0.001).

Conclusion: Real—time tidal volume feedback using the newly developed
TVD guided rescuers to provide optimal ventilation and to avoid

hyperventilation during manikin—simulated CPR.

Keywords : Cardiopulmonary resuscitation; Tidal volume; Flowmeters;
Optimal ventilation; Hyperventilation
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