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Physiological effects of low-level inhalation exposure to carbon dioxide in
workplace environments
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We evaluated effects of inhalation of carbon dioxide with 2500 ppm or less
on cognitive and physiological functions. In our study, an experimental chamber automatically
controlling the upper limit of the carbon dioxide concentration was developed, and cognitive
function evaluation tests and biosignal measurement such as heart rate, heart rate variability, and
respiratory rate were carried out using the experimental chamber. To analyze the biosignal time
series, we developed methods such as long-term cross-correlation analysis of cardiopulmonary
interactions and direction-dependent fractal analysis of two-dimensional time series. In our
experiments in which the carbon dioxide concentration level was set to 1500 ppm and 2500 ppm,
chan?es in heart rate variability characteristics were observed depending on the concentration
level. In our study, there were large individual differences in the physiological effects of carbon
dioxide concentration.
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1. WHEBRGE SO 5

FENO FRLRFEREN ERT 2 &, WEHICIRE, B, e EOIERNEND Z LAk
BRIICEI DIV CTW D, Z07=®, BREfAZ BN E LT mbRERE % 1500 ppm LL FIZfRD
ZERHEREI TS, L L, EREOSEN (BESCHBEOHENEZET) Tk 2000 ppm %
BB Z D FEREPFE SN TS ETF, - (2009); Z&A S (2011); *5 F (2011)]. &51C
Bt O [Satish et al. (2012); Allen et al.  (2016); Allen et al. (2018); Zhang et al. (2017)] Ci%, &
WREE S X5 1000 ppm FREECTh o T, RAEEEE CHIWT ) - eE) OIRTFRAEL 57 L,
TRMLIRFEOHEEDN BRI TS,

FENO “AGIRFIRED 1000 ppm ZH X T EHT 5 &, RPRESCIRGNIET D L b T
WAL T, MO ZEMUREF N CATAREIC e o TR Y, TEMLIKFERE & TR
FHA 2 Z &R TE D, PEEEIL, MRIPERA N2 RFOMERE T, “BLRFBRENE
121500 ppm AR D Z & AffERd L. WA THSZ 3 2UER B 13305 T 700 ppm F2EE &
TIRTT 5. Zokx, ZOFAEN, IRGPHERL, ERT-ZD L LIERICRDEEXD
2, ZOFRNS ZBLRFBIREOHMNCE D00, [RIBOKRTRE, TOMOBERIZLS LD
DERTZEEFRESTIERWV. flziE, BEEA T, “BERFBEOKTLL L, BEODE
DI, & b OREOPEME~R < BT 5720, “LRERE LIRKOEBREZRTZ LN
HIC D, 61T, ZEEIRFBIRE ST DIEZMEICRERBAZERNH DL Z &6, SHTEEL<
THERTHD. I TIE, EPAND 800 ppm & 2 HIREIKIZINT, vy 7 BT 1 ThE
BERE & PRIXN DIER N BAT H Z LA, < OEFEFWE THE STV 25 [Seppénen et al.
(1999)] (7272 L, IRBERICB TS v 7 BT ¢ U ZIEBERIC DWW T, oG mE & Ol
AIBEBICLDEEBOWEENG VN EEZ LN TWD)., — 5T, BIEOIBELE LOFFAEE X
5000 ppm TH 5. ZDOZ L, TORBITENIET 25 @E TIE, 2780 OERERE TR
R HEEERITOND E V) FHEEKML TN D.

kDX 51z, BNO ZBACRBRE EFIC XD EE~DORBIZ O TR, BEEN S 5 AHE
PERENDS, ZDOREBEOTEMIIH2IIEH LN > T,

2. MHEDOBEM
AWFEO HIIZLL N CTH S -
(1) ZER(E BT IS S AEBEIEE 2 7 ISR LA 5 2 & T, ZBbRFRENER
BBelz 5 2 A B0 % FHRIZT 5.
(2) BN ELIKRFIRE 2 ABHIE ATEE e R T v N — &% - TS
(3) ZEMLIRFIRE O EHBRIERER X OVAEMRG BRHEIC 5 2 2 B ARG 5.
AWFFETIE, T ETEBIIIOE RN AN EE T b o 7R o "R K O AR
BERE~ OB AL AT 2 T ikmE BT 5.

3. WDk

(1) AARME St O J7 ik OB %
RREEIFARE, JEHT U A7 & OAEMRIE BRERFIOEMEVEICIER Lic, RERFIMNTIE A BRFE S
% WERSIENTIE OSSR AR 2 i35 & L b, BRI GIZ R L, 128 L7-RR5
fiEMTIE O A2 R~

(2) EAN b RFEIRE Z B BYEIE FTRE e R T v o X —DR%
ENO _BLIRFRREE YOO HMICE ST, MKEZHIE L, SN0 bk



FRE 2 —EICHE 5. CERERFREIDNA T, ERXIROHIE S ATREIC L, KIEZEL
WERICGE A DB ERATE DL O1ICT 5.

(3) PR AR LD FRARERE R K OVERE S HREIC 52 2 B O R
ATECHY T 2 EBRM T ¥ N —&iEH L, ENO ZFRLRKFRRE OEW S RAERE, B X
O, ARG BHRIEIC G 2 D5 B A7 5.

4. WFZERR
(1) AEME ST O HiETm OB %
Savitzky-Golay 7 « /L & % I\ T2 FEE & g R 41 0D 1= IRg AT AH FLFH B AR AT

BR S AT DZH BN D RIFRFRRE TIX, /NT— 27 S VR DA B S e Bl3 5 B4
P |ESNTEBY, ZOLIRBRETUPLE LIFEND. ARV TEIISh D Uf
DO EORERE LT, DIEOMEN) XLDD 6 T LK TLBEIMN D LS. LPEEHTIE, Y
— AR NVEFED A — U » TR OEAD, Mk, REOFE, T A7 IZHET 52 &
DEEINTEY, BERLAAM A= —L L TH#IN TS, LB T, A7 —U 74
BOREORWHEEIZIE, BRNICHERERERND D.

A, —ZEORSRINIZT T2, ZEERRIIBOM BRI b RFEFMMAEN AL Z &
DEESIND LIRS TWD. ZOYHE, ZEERRIIOM AR 0 A AT FVE
FEICRENRIROBANRHAOND. 22 TlE, 2085 RIS BV A4 R HAHAARR & FEY, —
L ERFRINORHETH 5 RRFH A CAHB & XA 5.

EREBRFERINCAOND K95 RIFEFHE AT DRRINDO A r— 1 v ZHEOHEEIZB )
TiE, FRRINCEENDIHODR Ly R OBRENBETH D, 2D, ZOX 57 b
vORRRGE, MRS & ITERIR R R — Y A ER T R B DT, BRIE T DA
— U U THRBOHEICERELZRIITNOTHD. 20, 27— v 7IEROHEE (X7
— VU E LT, BEIMARIEER Ly FOREEREZ G, ML v FERELZBEMRAT

(Detrended Fluctuation Analysis : DFA) B &L b Lo RiRZE H S BT (Detrending
Moving Average Analysis : DMA) & Wo 72 FERIES WO L5122 Tna. FRbH 0
EATIEL, RFEMMEEMABEOHEEIC IR I, T, L NEREMEAAHEB T

(Detrended Cross Correlation Analysis : DCCA), B @& b L > REREAR AR BT

(Detrending Moving-average Cross-correlation Analysis : DMCA) & FEEN TV 5.

ZNE T, DMASSDMCAIZ W CIE, Wiener-Khintchine® EHL D L 9 7o 3550072 Faufb 13+
IIVTHESE L TRV, F 2T, AFFETIE, DMAR L ODMCADE I 2 /s L, WA
TeHOOE#HEZR L. 22 TIEET, Py FREBEZ S ERWITEL LTI X AT 4 —
7 f#87 (Random walk analysis) BX W7 v x5 Z AU 4 — 7 fi#Hr (Cross random walk
analysis) ZE AL, Ok EZ b L7z, Z ok S 7-#k A%, DMAR L O'DMCA
EEHEATEY, —BESNZHEERICE S EDMAL L UODMCAOK PR Z T L. Zhb
DRz, LLTFOfwmLE LHR LT ¢
Nakata A, Kaneko M, Shigematsu T, Nakae S, Evans N, Taki C, Kimura T, Kiyono K (2019).
Generalized theory for detrending moving-average cross-correlation analysis: A practical

guide. Chaos, Solitons & Fractals: X, 3, 100022.

DA BAE I A 6 41 5 5 RF#TAE AL A BT
RN A AR RIERE A RN 95 ik & LT, DA B O B EAEIRIEIE CH D & E I
(high frequency, HF : 0.15-0.40 Hz) 3 X OY&JE#  (low frequency, LF : 0.04-0.15 Hz) Hrim
NU—RNIE A S TE 7. HFFRIIRER & [F U 7-2 BIAS) (190.25 Ha) 2 &4, £O



NU— 1, KEMREIZEARITENIC L > TEIZBEN SN TWD. LR > T, HFEXT — (3l
IR A AR RRIE B OFERE & L CIER SN T& 72, —, LF&IE, Mayeri & LCHb 5
R £ HR 8D & [F13 L 7l o IC B L TS LFRB T —1%, ARBARRE B & F 22 i 85 B
DO EKMT 5 EEZ LTS, LvL, LFFEAT — & ARG E) & OB DT
TR ERNRERZH Y, TOMRIITEBERLETH S, ZNAE T, DIZEENIXT 5 MERAH)
RUIRIMEZB OFLEL, 2, HF R K OLFFEIC R 6 5 A A ER LTEE
flisivTE7z. LaL, MERAER L OBRMELE ), MHERIOZEEIR Th L5 0MEB O 1UED
D5 ENEZDEICONTE, IS THRY. £22T, AFETIE, ZOREHIELT.

AW ORER, MM & DAENCER Li25E, DI E/ERIZS W CRRFRIHE B 3@
DOERNT R B2 Do 7o, Z O3 FAL, A BAEH 23 EITERARIRIC L > TEFH I TV D03,
FPREC Ko TIEEM SN TONRNWZ L 2RI L TWD . 2R bR %, LT O E LHAR
L7z
Nakata A, Kaneko M, Taki C, Evans N, Shigematsu T, Kimura T, Kiyono K (2021).
Assessment of long-range cross-correlations in cardiorespiratory and cardiovascular
interactions. Philosophical Transactions of the Royal Society A, 379(2212), 20200249.
FeWkA: =7 7 7 2 Vg

PR 7 & OBERERHN 2 FIREIC T 2 7 O B ENE /e E ORIt LD P & X AR5 0
EEFTICHRE L2, ZoREE, 2RcEDOIE—FEE T2 2 LT, BEFICEEND
KB R D 2T 52 &N TED. 22T, £E40% 2 FmoEhEnT, Bies7 5
7 Z AT B ORTEEBPIFIET D EIEL, TNLHOERTHH2 WoruENBHI SIS 2
EEMUE LT, TOREDS &, BRENT2 RITCHENS, D2 MER L, TEE~&
DT HZENTEDLZ L EHFHITR L. S6IT, ZOHEZSAFREOEOBEFEDO ST~ &
IS L7z, Zh b Oz, IFomCe L L7z
Seleznov I, Popov A, Kikuchi K, Kolosova E, Kolomiiets B, Nakata A, Kiyono K (2020).
Detection of oriented fractal scaling components in anisotropic two-dimensional trajectories.
Scientific Reports, 10(1), 1-11.

(2) EN _IALIRBIRE %2 BB TR 2 KB 7 v N — DB

FENO _FRILRBIRE L I NOHRONLIERICESE, K[ ELHIH L, ENO __#RRE
IREEZ —EICHIE CE D FEREAME L7, bR FBIREICIZ T, ENXUROHNE S "THEIC
L, KIBZEERERICEZ DRELRANATEDLLOIT L.

(3) ZFEALIRFIRE ER-MRIRE R L ORGSR G 2 5 O

RITTECRI%E LI B T v v N —% W T, BN O LR R EE OE O SRR, B KUY,
ARG B REIC 5 2 5 B Z B L=, 2 2 Ci, ENTEMERFREZ, 1500ppm, 2500 ppm
WICRE LTSGR OEEER L L ORT (ZEOMDOKMEDOT —ZIZO0TIE, 5% S IO &1T
9). THOREE R (23.7x 1.75%) NEBRICSMM U, 72k, AREBRITRBOR T KPR A T
FHERIOE FEXSRE LM EESORREE 2 THEM L.

WHBERET A R E LT, AMN—T B T—-TU—FK-TAK, BLY, NHZ LY VR
ERWE. AM—T T — - TU—F T ANMNL, GERTUFELARDIOEMEAEDE, X
FOREW, 50T, ADOELLPEZELIEIRT L7 AN THD. #lxiX, F6ETHRB 72
XF Thr) OBAEE2D B2 Thl)). ARZ LY Ui, 2ok LEZ
10T BN, IR IT S HFPE LB TH IS H T SR80 MAT . KOG
i (F¥ER), 1m0 REEOEOMS LREND, HBRE ORe i & MR T8 O FF#
EARATINC T 5.

ARG B OFHTIE, DAL, DARAES), KO, FERRE 2 L. DA OV T,



SDNN,

RMSSD, LENRU—,

HF U —72 EO— 72 D A hieiE &

MR L7, E£72, L

W & PR ZEB O AN 2 = b — L2 AR, 36 KO, RWRFRAR ELFA BEARAT 2 VN CREAf L 72

T8 DOHEEBIEOIHRERTIE, A M—T - HTF— - U—R- TRk, BLO®, WHZ L
U URAEIZOVW T, 1500ppm & 2500 ppm d ~FRALIGSRIREEREL T, AEEIIAL O oT7
(#1).
K1 AM—=T - NT— - U—=F T X ORER
condition  trial time Reverse Stroop index Stroop index 1 digit addition response time
trial 1 14:00-14:10 0.054 £ 0.077 0.156 £ 0.051 1026.426 £ 307.262
1500ppm  trial 2 16:00-16:10 0.10 £ 0.068 0.151 +£0.131 1212.970 4 245.128
trial 3 16:20-16:30 0.072 £ 0.085 0.148 £ 0.055 1128.367 £ 249.268
trial 1 14:00-14:10 0.044 £ 0.069 0.141 £0.103 1171.177 4+ 180.100
2500ppm  trial 2 16:00-16:10 0.077 £0.051 0.111 £0.054 1059.886 £ 138.291
trial 3 16:20-16:30 0.060 £ 0.062 0.075 £0.073 981.808 £ 157.697
DMEBERICOVTY, TAOVPIEICHBRIIR LN LinL, BARDOT =4

(CHEHT S L,

Wole., ZDOZ &b, ZRUIRFE DR G| B#EE DB DN T
KEWAHEMES IR ST,

AHFIED FEBRTIE, #BREICILEmT 2 FHRRE & LT, RAERE O ARG SRl
FRERAET R ON Do T,
DL | B ia DIEZNE 2 5N C & 5 ATREMEAS RIR S 47z,

DR (M1

1) <0, MR &L E B OF AAERICEEE 72E W L S5 6
X, EA L OREMEDE )

RS

Ly

UL, ARBFFETHWIZARZRREE LG LT, iRbR#
TReEP A UPSHRONBRIE A 1)) ko

, V=T T

AR 2 LT, B AR PR ISETRE T H D DT, AW TR b IR

et D —

WAL B SR B 5. 00 R B R T Al
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