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A Low Frequency Oscillation in Pulmonary Circulation and its Dynamic Relation
to the Low Frequency Oscillation of Systemic Circulation . Power Spectrum and Phase
Estimation by Autoregressive Algorithm and Cross Spectral Analysis

Myung Kul Yum, M.D,, Nam Su Kim, M.D.
Department of Pediatric Cardiology, Hanyang University, College of Medicine, Seoul, Korea

Background . Low frequency oscillation of systemic artery pressure was known as the marker
of sympathetic modulation. Recently the low frequency oscillation of pulmonay artery pressure
in pulmonary hypertensive patient was reported. But no further study about its quantitative
relationship and phasic coupling between the low frequency oscillation of pulmonary artery
pressure and systemic artery pressure. Power spectral analysis with autoregressive algorithm
and cross spectral analysis are powerful tool for investigating these relationship.

Method . Analog signals of simultaneous measured left pulmonary and femoral artery pres-
sure in thirty one patients with ventricular septal defect were digitized and stored. After modeling
each time series with autoregressive algorithm, power spectral density function was obtained
by calculating the frequency response function of each model, and then low frequency power
was computed. Cross spectral density function provided squared coherence and phase spectrum.
Phase between the low frequency oscillation of the two signal was measured from the phase
spectrum when the squared coherence is above 0.5.

Results . The advantage of using autoregressive model was that the power spectral density
function was continous and sharp spectral peak was usually found. In patients with Rp/Rs<{0.25,
the low frquency power of pulmonary artery pressure(12+ 12) was significantly smaller than
that of the systemic artery pressure(144+ 242). In patients with Rp/Rs=0.25, there was no
significant difference between the low frequency power of pulmonary artery pressure(384+ 461)
and that of the systemic artery pressure(752+ 1241). In patients with Rp/Rs=0.25, it was more
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probable that low frequency oscillation of pulmonary and systemic artery pressure was timely
coherent(sqaured coherence>0.5) than in patient with Rp/Rs<{0.25. And their phase difference

was 0~196 radian.

Conclusion : Autoregressive algorithm is a more powerful tool for spectral analysis than

the method of conventional spectrum estimation. When pulmonary vascular resistance remains

low, the low frequency oscillation of pulmonary artery pressure was negligible compared to

systemic artery pressure. But as pulmonary vascular resistance elevates, the low frequency power

of pulmonary artery pressure is much the same as that of systemic artery pressure, and there

is a explicit time relationship that pulmonary artery pressure leads the systemic artery pressure

about 0~3 seconds in the low frequency range.

KEY WORDS : Pulmonary hypertension + Low frequency oscillation - Autoregressive model.
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tion) 9] ¥1=7} F7tdthe Aot o] 3A F7td
FNANELE g EFY BN BAHD Yo,
g9%52 3% 28 pulmonary hypertension) o]
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A7) HATAAF/AAFAAF(Rp/Rs) Y] 2]
AHdHo 2 v Ao Hol FHEAAAE
AN @A A vh@7b 2 a8 gto] HAEE A

FoAFo] A3 o)l BHAAY St AHG
A ATE SHEASG. 2% GE F4 o] pLFPE
27k 718 ¢EANE ANFALY] AFHAF
(low frequency oscillation of systemic artery pres-
sure . aLFO) 3 o] 9 A thE7}. ol F7HA] #A oA
Mg 0o AR Z7]d A vEoln ERMe
Alabel i Bl Aol RA, 2719 vl oj g
d7e AFHY(dassical) P2 & HY2y
E¥ Ux§4(power spectral density function :
PSDF)o o &3ted orlde WPHez rix
2HE /MR A F o] AF A MY 22 PSDFE

CSDF&

TF387] Y8 F84(window function) S A}-&-314
ofdtm] Wlw A F7)zte] A5yt Wade = o ¥
o2 T3 PSDF] o] (variance) 7} Athe @Yol
Atk HI= oy TAHE B F3
dqre AsE s¥3oz ¥l (modeling) ¥
3] 714 PSDFE T3t Wie] Bol 8=
Atk #3%H 2HPYPF 217]3 A (autoregres-
sive algorithm : AR)°] 7}% dg] o]z oo,
webA B EUtAs oA o]d WYo g PSDFE F
godd o ¥ gAY A ving &
F9& Aoz A€, 5 pLFOS pLFOIHY
Aztel o vlae of FYe] Eiug u Qivh
oA FAB Aol A3 2AHED YT F4(cross
spectral density function | CSDF)& T3t Fuj4d)
9 33T (cross correlation in same frequency
band)# Az £ JAAE AXFA) g2}y of
W& 0] 831 pLFO} aLFOZHe] A3 4 & A%}
e A43AE 78 5 Ug Aen .

b & A7 AR EA3 L A5y HAF
wote] N5 E ARCE R¥ST 71X PSDFL
T8 pLFOS alFO® A7|E HludL EA
o]§-3le] pLFO%} aLFO Alo]o] 334 #S
T3o 2 A pLFOT aLFOZte] 93ty 435 A7 (dy-
namic relationship) & %olR 1A} Fe},

19933 69 KE] 19941 6 Y Atolo] A3 Etmy ¢
Aote sty NAFAAEF oz Achigd

— 654 —



1Al 5] 154 Atol9] 31 9] Ao @8 ez
AT ZE FAEdAe Ardte 2 HERE Y
g3 2% dges o e FFHEE
olFE Al7In, MW FJE W A T3l &
ATE Y3}

1. g2 MEXHe|

B E #8A+ ketamine Img/kgZ FAuIHAN F
A=AEE Agste A28 9 FHH B & (Cordis
NIH catheter 5, 6, 7) Fs|F9 o] YIA]71 2 FAd
18 gauge medicwtZ FZ& UiEHFAS HAAEHA F
YAt )= FH 9] ¢HH & Saham disposable pres-
sure transducer?} ¢ FE7]Q VR 12/16, V2203
(Howneywell, USA)E& %39 A7z E FFA
t}. §Aldl ECG, respiration monitor(Kontron AS,
USA)E o] &3t fxe] Jize 3&& #&F.
87t £A0)A Fe AL AT FH] HA 5
Fold #e et HEFHAY, £F VT ¢
AAEE FFFEA Z d2o e FH D (ana-
log ou) 2 F¥ AL F3o HHAFUL(o]3t #H
D), dEFHL(eld HAFHWP Y oz
AZE &Ylo} o] F o2 YAd WH7(PCL-
718 analog to digital converter, Taiwan) 9] ©]gE|9]
ddgd.

2. S YA}

o]gA opdga AEE W T A 3F
F, ALFEE 7S EY. A8E B FA] F4
Y, dEERS Xt AR AR FEE B
AE}EE 73 Qp/Qs, Rp/RsE A AH3c} §ate
F2 AEAAY/ANEYAY v &(Rp/Rs)©] 0.25
o] 43} 0.25 ol3te] B2 Z4Z vpyo HlwstY .

3. OX|e MExE|

ol tX g A EHE o] 271X o
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Bl 92 ol 53} " e} (Butterworth bandpass filter) &
AA 0.03 Hz"| T3 1Hzo] 9] F&(noise) & AA
A F e F A B ske 27] F%E (damping) ©]
ol A A4 (stationay state)7} € 102 ¥ §H

&2 ofo] A (aliasing) o] FAHA @v HA FaQl
2 Hz2 oAl HEAE Y (subsampling) 39 °ol&
A AFE fdz AZATG. AAIGA] #AE
Adtes 5 23603 ojojlo.n 2 Autef o %
AFL 0.03~1HzAololE A T3 A kot
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MYABEA2H S Fahe AL 2P ASE 2
g3lste Wy, A3 APAEHA2EE FI=
e Atz ded 2 F M el 2ole
ARl 93 AP 9o A AAFE wlk) 9
239l HEAe e AAFAIANE y(k) 222
APABEA 2] FABAE

P

Y(K) = Y a(i) *y(k—1i) +w(k)
i=1
2 738t g Az A A st AFAEN
N2 242 pot p7l el 24 (parameter)d a(i) &
T3he Aotk o] AL A5y RS AT FA
A9 2 A (model identification), 282 B3
4 (parameter estimation), X9 T (diagnostic
checking) 9] 3GAI2 o]FojA g 2r °]& Box-Jen-
kins ¥ F3g¥olgl dio). a3 o] & AHEtd
e 2ok A4 REAEgA e vA HEY £
ANFAL 259 FEA7)F BT (sampled auto-
correlation function), EE3E2}7]14 784 (samp-
led partial autocorrelation function) 5] A 2z}
AgoA FaHR R qEEARES M FAHHA
A4 pE 2R3 EA B FHDAE JaA A
Aoz Aed ple B4 & a(1),a(2),a(8)a
(p) & FA3e Aot wef HFHUet e AAUF
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HAANE7} pat A71YARY S Wy O FHAE
yetdd A4 HEdet v UGN ERES v
G A2 AHEE BDAFY Del=2 (y—y)
e Hadste 2AFH2AF 33N (conditional
least squares estimation method)& ©]€3}a a(1),
a(2)-, a(p)& FATG. AA 2yPJddAe F
AGAZ 5 F8A Za}(residual error =¢) &
EAHA dEE 2Y S FAse Aoz g r)2
7}8 (basic assumption)& Ztx}Eo] WAL 37
(white noise i)rocess) olojof gttt Zlojt}. 1¥u R
F3E 2ol AAERE AFHE FHFAA
e THEFH 22 MAEe 548 sHAokgt @
Aape Bt 0 7Heh @ BA e ¥4k s
7t @ AAEY A7 3B FAY £AL HF
Zroforgitt, 25 2 AP Jde FAE9
AN 3AgrE ol gdtd 259 HAZE (white
noise) 4 F-& AEF o2 SR} vhef AAE
o] o] BEAL &3] god AN YA Ay
GAZ A Bopt AN2E AFE FEa, 259
F3, A RYPAGE 3o o] EA ZE H7tA
WEHTH AR(p)Y E¥HTEo] A o] AR(p)
A&de] Fah4hg§H4 (frequency response func-
tion)& F3d 23] utZ PSDF P()7} H W th&-3}
Ze Aoz dojzd.
P
P(H) =AY | 1- 2 a(i) * exp(—jonfi) | 2
i=1

A7 AMe 439 EA4H(variance), pt Z4, a(i)
T idA 258 YEd. o] PSDFY FHFAAES
0.0391 4 0.12k0] & M3 3te] pLFO, aLFOS] 7S
Tag. =g AAE AR Zze AT
471§ 7.

5. S, HAHAI| ABAHESY

ASUts HAGYRY FReUE g
2 ARolE T 98 HEaAEGRAL o
&3 ge &MY FTYEL o &HAT,

Ry (0 =E((x(k) = my) *(y(k+1) —=my))
= A (0 + (D)

Sux(D) = Ap(D) +jy (D)

K2 = | 55D 1 ¥5,(f) + 5,()

Ow(D =tan™ ! (y (/A1)

9ol Zled #rEd B4R 2 rle g
2o x(k) D HEAAE, y(k)  AANFAGAE,
m, D x(K) ¢ BF, myy(k)9 T, Ru() @ x(k)}
y(k) 9o A5 FE 284 (cross covariance function),
Ax(D) DR (D] $FFEE, v, (D) I RR(DY 718
FRE, S, () | 33 2HE D4 (cross spectral fun-
ction) 2 Ry, ()& F & ol & (Furier transformation)
AL Y, Ap(D) D 3ZAHEIRSFFT AFRE
02 M(0E FAABEANY B 28, vu(D :
FE2HAELFF F HFREOZ vy, (0 FE 4
HBAD F5e 28, 5,0 [y Fg2dEY
Yedr, (D) 1 x( 9 FP2HEHI 4, K2,
B y( 9 x(k) ¢ AFY#F4(squared coherence
function), ¢y (f) @ AFAHAE D (phase spectral
function).

o|FA AFURFSr AYSHEDYSFE 7

+ HA AFLBFFAM AFs € 3EFF 5
FAAA AFLHe] 0501 HE HFALT HA
FAGE I FoAFEdM M2 gudes o
ATk BGh o FA SJuigle AHdo] glod
AREHAEL AN I FaF M Y4AE T3
ol & ThA] A2 2 st H et AF 0 e
SEFHFAFO Aoty FAA B duiy =4
AFd WteAE ALgd.

9o} e 29 EPE ML F 2 DADisp signal proce-
ssing packageE °]&3t%lth

FAEA) BFEFPe o4 HEAFLAYE
AHE R, abe] HAREAAY Y HAS AT XE
RHES (Portmantoe) A F HAL 7oA F A}
(chi squre test) & AHERTH £ HFAL oY
e AFsed nele vae 449 vt A
EXE 3A &7 BEd ¥ 2FHA Wilcoxon
sign rank testZ AHR-3t} o] AL EF SASE
ol &3t th.

4 7}

1RH e A7) AN 29
ELQUSFY Aol [ nAAY Wyes 2HEY
Qe F48 AR AV ANEer AH9EY
A d4E 238 AL vasd B9 Fig 13 2ok
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Fig. 1. The two power spectral density function(PSDF) from same data. The left-side one was estimated
by conventional method and the right-side one was calculated from autoregressive algorithm. As it
is clearly seen, PSDF from the latter method was continuous and peaks of PSDF are detected correctly.

Z1HARYLR YxdFE FAT Aot HAH
o2 ¢ FUAR] nHAA Y=Y 7 Ho] o]
A3 (discrete) Q] ¥HH ZA7|BAWYPLE 7 29
EYUs¥oe duydy 453 21P=E Yehh
At B nAAL=FE7E SN EFHE &
HELYH S o o Aol gnle FHIAE
¢ e B AANARGEeR 2 HFE T
ARz ouQu(fukstd ZFAGHA A o]u]
A3 AR & Azenz) sy EHG 2HE
YA M (spectral peak) & & F AN
AEFFH HEAALY Fold ©E HAFHLH
AT}t AFu g SFAF WA @A
g AT AR o] 2HEL DL 5o
A AdE AFg5Fd99 39 Table 1] 895
ot RAA HE7F 7o BE ZFA+gY
A9 HFHAAFRAFH AAFALAFHAE
o] 2718 M HEE &3 2ot O Qp/Qs<2.09]
73$- pLFOT 130+ 311, aLFO7} 857+ 768 2 pLFOO]
alOFOR T W QA Zgtom(p<0.05) FAF 9
B &2 0.41+0.650 0t ¥ AN AEF AF A
Fol AAde HE&LE pLFOONA 4+183%H3
aLFOol A 151 15% 2 9 r|glE 3}l & B Y oH(p<0.
05). @ Qp/Qs =2.0¢] 7% pLFO7} 82+ 44, aLFO9)

111+ 842 pLFO7} aLFORT} An| QA Fgten 1
H]&o] 0.31£0.230)ch E8 AANFTFE 542
%ol A= v &L pLFOANAM 1+1% QI aLFO
ANA 4+2%22 Au|dE Zo]lE BYTY (p<0.05).
EX AEBAF] A7)0 ©}E pLFOH alLFOS =2
718 Bla s R g3 2ok % Rp/Rs<0.259) 3%
pLFO°] 12+12, aLFO°] 1442422 pLFO7}
aLFOR T} ouiglAl &Agten(p<0.005) FAF9
H]£0] 0.22+0.200] Tk E3 AXNAEF AF 92
%ol AA = ¥ &S pLFO7} 1+1% P aLFO7}t
8+ 10%2 9nle AolE EAH(p<0.005). @
Rp/Rs=0.25¢] 7% pLFO7} 384+ 461, aLFO7} 752
+ 12412 pLFO7} aLFOS} ¥l @& o]z} glgler
AAAET AFHAFo] A s}E ¥ &L pLFO7}
12+£20% 931 aLFO7} 23+ 17% 2 x}ol7b Qiqith
Fig. 29 #3& Rp/Rs7} 0.5 W kel #F<t
3 At PSDFo| T} HF kel PSDFY A 0.
1Hzo|ghe] B3 Z pLFOE Jugle AE2 21
alFO} M3 = #4 A& ¢ + Utk Fig2y
222 Rp/Rs7H 0.56019W B=ke] PSDFOIL}. Fig.
28] #&= @A3 dz2A HeAt PSDFY 0.1
Hzr| T A2 Q1 pLFO°] A §e dREE A4
83 alFO$} A9 Hlxsditke A& & JelFa
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Table 1. Clinical profile and spectral data according to Qp/Qs and Rp/Rs. Values are listed as mean one

standard deviation(range)

Qp/Qs Rp/Rs
<20 =20 <0.25 =0.25

No 22 9 8 23
Age(month) 67+ 56(1~180) 69+ 63(12~168) 75160 46 44(1~108)
Pmean(mmHg) 21+ 16(8~74)** 34+ 17(10~62)** 20+ 12(8~62)** 42+ 17(21~69)
Amean(mmHg) 851 23(41~125) 72+ 23(46~116) 841 93(46~125) 71+ 23(41~99)
Qp/Qs 136+ 0.40(1.0~1.88) 32210.11(220~444) 192+ 1.16(1.0~444) 141£067(1.15~223)
Rp/Rs 022+0.18(0.08~0.87)  0.16+0.11(0.03~038)  0.14+005(0.03~024) 0421 023(0.25~0.87)
pLFO 1301 311(3~1111)* 32+ 44(2~129)* 12+ 12(2~55)** 884+ 461(9~1111)
pTo 4598+ 4145(525~21219)* 6961+ 5567(86~16614) 3520+ 4614(525~16615)** 6869+ 6878(1830~21219)
alFO 357+ 769(19~3276) 111+ 84(17~208) 1441 242(17~1058) 752+ 1241(68~3276)
aTo 2400+ 2676(179~10855) 3215+ 1636(645~5361) 2191+ 1520(179~5361) 3844+ 4160(428~0855)
pLFO/PTO(%) 41 13(0~54)* 1£1(0~4)* 11 1(0~4)** 12+ 20(0~54)
alFO/ATO (%) 15+ 15(1~47) 4+ 2(1~6) 81 10(1~40) 28+ 17(2~47)
pLFO/aLFO 041£066(001~274)  031£029(001~067)  022+020(001~067) 088+ 1.03(0.14~2.74)
pTO/aTO 394+ 591(0.65~26.38) 225+ 1.59(021~4.81)  3.81+587(021~2638) 266+ 2.44(0.65~7.38)

Pmean : mean pulmonary artery pressure ; Amean : mean systemic artery pressure 3 pLFO ! low frequency
oscillation of pulmonary artery pressure ; pTO ! total oscillation of pulmonary artery pressure 3 aLFO : low
frequency oscillation of systemic arterty pressure ; aTO . total oscillaton of systemic artery pressure.

*p<<0.05 **<(0.005 : significance of difference between the variables of pulmonary and sytemic artery pressure.
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Fig. 2. Two examples of the power spectral density functions(PSDF) of pulmonary artery(straight line) and
systemic artery(dashed line). The left hand side shows PSDF in one whose Rp/Rs is 0.15. In low
frequency range(0.03~0.1Hz), note much smaller power in pulmonary artery pressure than in systemic
artery. The right hand side shows PSDF in one whose Rp/Rs is 0.56. In contrast to the previous,
the low frequency oscillation is much larger than the previous that no significant difference was found
between the power of the two.
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Fig. 3. Simultaneous plot of the squared coherence function and the phase spectral density function between
pulmonary and systemic artery pressure in one patient. Note the coherence is below 0.5 in low frequency

range.
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Fig. 4. In contrast to Fig. 3, the coherence, in the low frequericy range, of the other patient is above 0.5(0.66~0.
87). The phase difference ranges from 1.88 to 1.92 radian.
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Table 2. Squared coherence, phase and Rp/Rs in
patients with coherence>>0.5.

Squared coherence Phase(rad) Rp/Rs
0.55~0.69 —0.21~—0.28 0.15
0.68~0.72 ~0.26~—0.30 0.20
0.51~0.89 -0.29~-0.30 0.17
0.62~0.81 0 0.43
0.78~0.92 0.16~ 0.70 0.28
0.52~0.79 0.18~ 0.51 0.16
0.71~0.89 128~ 1.67 0.51
0.66~0.87 1.88~ 1.92 0.56
0.55~0.74 1.89~ 1.96 0.87

At

pLFOS} aLFOS] B33 @ s 12 Y43ato] @ AF 5
FGA HFALH A EHt] CSDFE o] 83t

AFABYFE 2 J42AEYS THAY &

R o7} Fig. 3% Fig. 4o YER Qo Fig. 32
0.1HzU| o] A Fd oA AlFUdo] 0.50]32
AFgg oA dugle 43 de] gl AL W
ehdich AA 319 &4 F 224 old FHE
2Ad Fig. 48 AFFFHeAM Agdao] 0.5
A & FRelM Y AFLATFS 1 WY JF=
AEHS 2 H94F2 Qlvh. o] 2P X E 0.1HzY
Tre] AR gel A AF LRl 0.66~0.870]8 1
w o] ¢14e oF 1.88~1.92radS! A& & F AUtk AA
319 F 999 &7t ol FA AFHAFHAAM AF
Aol .50t AFA#Ee] 05013 98-S
Rp/Rs®] 712 U¥o] MR A Rp/Rs<0.25%1
g2} 233 33, Rp/Rs=0.25¢) 2} 8 F sHO 2
Rp/Rs=0.25¢1 B} M A FLdHo] 0.501°34 75
Aol Eth(p<0.01). 53] Rp/Rs>0.25%0 729
A4S AR 4950] %9 d(positive phase) &2
I ¥YE 0.16~1.96 radiano]Ax 19 FHA
(zero phase) 22 0 radian®] 21tH(Table 2).
| ot

EA7E 58 ¢ #AND AL 2AHA P Y
PSDFe] H|&] ARE o] &3t PSDFE T3le 2B
A%A QY 59 FHE Jepf =2 PSDFY] E4to]
Ho] pSDFY] WS 41 BH3 & & Yo &
Aze) F71E A3 ¢ FUAE Holth E o]FA

2
X

AZE BYJAAN d& 25, F 8 4l
FHAD a(D@E°] A" A A gu & 7HA 1L S
Ao FZolg. B2 ¥ 47N d3E R
FA AW olfe @3] PSDFE A& Ao o
ol o] 289 2} (order) ¢t R4 (parameter) ]
ol" A Hu & ZEAE A3 7A€ &t
gty @A7A dFEHA R HE5AG ALAF
WAAFRAF] A F7I9 Y A R 2
el Ao ule] AT Fo2 A7) sHojobd
Roltt. ol AHE YAAT dAE ANREH o
Ae $A4 nHFHQ PPl v Y 2FFHE
8 Be Azl AAgEe Aotk & g AR
AFFE 58 AFE 431 HIAFLAEE
ol g3l BFE 2R o] & o] &3t AA A8
skl ZAE T8 oo WAF AR AFE 23
a3 grek 182 E3E Ag HE A AFsta
e HEFHQd FAPLe g AE aTsAEd.
A olgd whHoZ PSDFE FAE AT/ U
o 2 A7 A A Box-Jenkin®] R TEHUHE
243 o3t A 2 BFE AP RiE YA
T 2 A7 1Hzo T A2 S ¥ Z e
of 4 FoXH TFFHFAHE Utk o] JEL
F7)4o] Z3ta o] R¥s}sted Y At ¥
olAE AL BJh FAMME olFA F740l
Je AZE 2¥3) sted e AAA7) 3 A (seaso-
nal autoregressive model)?5& 2t w2ty I F
5 F7140] R AERA A5 E 2Y3}st7] YA
o] ¥ylo] v AY F UL AL

pLFOS AU A7]e AYFHY A7|de F&
874 aLFO Bt} 2luj QA Zo} alFO9] 41% (Qp/
Qs<2.0) EE 31%(Qp/Qs=2.0)vie] AZHAt.
pLFOY] AAAFo] 3t v &= HEFF 279
£ F#38A, alFORYE AT ol G ¥ ¥
o] pLFOS} aLFO A 7]9] Zo] & YEM & o] f7t
g7 gede 9u g Ztet. vl pLFOS) aLFOE
HE{AGFe] 1A wtet & AojE XY F ¥
Ao 34 Wl &3t 2 (Rp/Rs<0.25)
pLFOE aLFOXR T} & u| gl Al Zto} 22% ] EAR ot
AY BRG] F7tH e (Rp/Rs=0.25) A€
pLFO9] Z71¢} aLFO9] A 7|9 Aol7t flojRtke=
Folt}. pLFOZ} AAMAFF AXde vgx A
W v7tA2 HYAA o] Frtse Ao
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AAFATH A7t QMG oH Fee deg
pLFO7} aLFO¢] 2.74v 0] 338 A2 & B4%
AAt. & HPAAY F7he pLFO9] F7HE 7t
A ¢} pLFO9] A 717} aLFO S} H]d] A thel= Aolth
ol@7 aLFO9 A7%} H&HAE AL AAFAY
o] W3} o= 2 FAV AT A3 A A
o] 718 B4} F7HHA G A S E v RA
FF AN FAL, AAFAG] AFHANFE FAH
o2 gnigle Aolg Kol ¥st7] dFolt.
24 pLFOY] F7t= HAY#H9] ojd wWsle] o
7] Boke HE @A I@EE 53] HIAAT
H3le] o3 dAE Aojgte FFHE ZAY.
pLFOS] A 7] - & o33} 7] S A= AA aLFOY
WA 718 & ol s of & Aot YutA 0 2 aLFOY
v e 22 F9 2% 2 (autoregulation) 'V EE
ok Eo] WE 5EA 9 =9 o] (feedback)'V
ol 9% Aozl o] AANHAAG. 1Y
HZ T2 7R E 9 A AFske Aol .
T2 gL AFHNFL AN, 8- (ba-
roreceptor) ¢ T4 A (afferent) Q1 W] F 417, A%
Ae WALEE, AN (efferen) ] ZZAZA, a
&4, 281 v G2 A7) (effector) BH
FEZ9 Wzlz dAde SAHY 712 (nega-
tive feedback loop)9} 1 E#7| EAH 2] B
YHEAY & 3 AA] e AFHUI5IIH
(low pass filter with a delay)o] o8] Fy = A
ojth. 293 P& & -FAHY Y EFEA
o] AFHNF "Lzl el pLFO7} HAF
e Ae vz ANEAA Y v &3A gFEA 7
E4ge RAE gnididt. FARE HERA N 2
7t d2AE 2 AUdG. AEAGST LA
AL LA 2197 2Rl Az LAt
AL o ASAGFEA7 AT HFALGL
3 Aoli FAe HEHo §3d of HEFAE
FEAIE AoIHO. 18y o] TR gEA 9
28 540 43 ¢A UA @71 dEd o]
AFEA e AYAY FAVE ANELGH LA
e BAAY HAASAHHH o712 HUEA o}
Ul = gelne 2 HAeA] £ N
(open loop) 2 HeAe ¢ FUth 23y H7]A
27FA ] FEorE Atge] AU AAE aLFOE
U 3] 44t P (stroke volume)©] 2o} H21¥<to] 7}

A% o F73IATHD el N e AFFUE B A7
AR 2 pLFOE HEUY & HEBAY] &8
FE Z7hgde o)l EXe HFAY =&
A BRG] AANEYG £ AN s YA H
pLFO$} aLFO 719 Apo|7t glojxitte Aol
alFO7} 333 o2 Ao zHese ngA
AVAEE Yehdgd?) dA¥go] 7aE o
ARARNZE F7Hste o] Aol AFHAFY F
72 Jeidde R FAFez ot 4. 1
U HEUge 38 HEUAYe FTUE o
pLFO7} S7Hde A& & & AN 4]
slojodt Az oJRAL HY A AP U w3
A7e] FEHE AS5de] d27] gt F A
Ao zel NFANAAY Fol FItHE AL

I

o FEo] ZrlHe AL HPA Fg121de)y)

29 Aot} F aLFOY A7/ AR ANANAEE
Uebdga!D Aagegte] A4Y dx ANFH
g€ ol= Az wAHol FE3n e AL
ojujo] i ¥ FHFHgo] FFY W HEHole =
ZARol ZEA gettn F5E FUth wHd
HEtel F7HE de avF AR JAPHo A
AEHAE AP FE] S aLFO7t F7t
AT HEAet F34 Sr&As A% A FE
gt HE oo wFANAZFEol S A FE3to
23 pLFO% aLFO7} H]&dj A Aoz 4% &
At @etA aLForr WA AA ) AEste n7t
VA=Y AUFar]E wggad pLFo9 3
7= HERA O ALete A BNZ =] YA
718 gt A4 F90v gaiA o F ¥
#AY AFHAFE vadte AL F AA &
43 APAANZEE FFHoz ¥ Hug
FAE A #o

T3 HYAAYF] F7ME B ANEAA S H
A 25 L8 T 2 FH 2y
Y A5 ES o FIRAE AME ARFHeR
A FHsA AT BE7 T opUH 22 A7t
A5 7?7 ohE P AAE A A BE
UZFol A5& wg7t? oA i g& Faxd
EFENE 53 & 5+ Atk HAERAGo] ¥ F
A A pLFO# aLFOE H3F Z34ddo] it
o] A& pLFO$} aLFO7} of® UA 3 AJHA FHol
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Az BRHEA vede AE 9nged o|Ae
FAg Az gupsd A FAGo] e FAo A
AF oA 2 7 2] g Folcth v Ao
E%d $AA pLFOS} aLFO7} AZHAY#-& 7}
A3 AFE 7hsAol Bk olw 1 $de] tiA
F93E Zede AL AF5Ygel 94 AFaA
& AR oujoln) 1 we] 47 0~1.96
radian °| 2= AL TeF AF N FY FAFE 0.1
Hz2t 8& o o] & Atz 848HE 0 32
oul7} gk Felth. & pLFO7F alFORTH 374
0~3% A vehdthes Aot getA gHeF pLFO7}
HEAg& Ao o AFIL 7HFEE o] R Y
guje o 2L #HHe] teE Aot HFH
ol A3HAUS AFgAYF L&A H2 LA
Fa AAFUgF gAY} Fdol A e EAY
28 YA Adrt A5Gl FEdHUA F
3ZE 0~1.96 radiand JFE Ze FYS F
719] ¢FEAuAE AREga & FYo. o] A
e HEHgr A AAsAsktsEA 9
, HEAAA L, d¥FE, 2RI AT A
2EAFHYGIY B QY Ao] FoE HAHEY
AL Aotk HA HAFH ¢F4A 27 F 4
A AR EFE] Y& "W7hA 9 AlZEE 100~300ms'?
LaFgAT Ao HxHAYYIY FEL 52
Fol] AlRate] 15500 Hale] T3t o] AIZA] Ao
AFHRANEFL BEoJUE Aoz FHAJAG. 2
A7 A3} pLFOS} aLFOZH 0~3%37te) A7 A&
dgk 22 AFHQ 0.1 HzQ ZAFoA Add A
Zolnz HE# AT uF N s 2
AN7HA DL el o] 0.1Hz 9 AFHAF o] AAY
il 23o] B Aol HAER] 3 HEY
oA WA Y2t Aojluz dA WAz XA
o2 AyE & gtk & B Aol o 14
g3t o] A Tl AF R vEld AolA] 2L
Fogulel AIZERAL ofd Aotk wEhx Ze
AF gyl 0~3x e A AL HEAH A
g &9 uhgA| 7t zpojo] ALt of W
oA AZE AT o] HEAA G} HAE
A 2g3leH 225 AI7He] Aol MR E
A F= o

=

oy Ay p
> o el

r

2oz AEYULd AAFAL 215 E Box Je-
nkin®] WHE o839 AREY 75& d0g 1

PSDFE T3ld FAQA WHoz T3 ARG
A8 FFE 7Y #UL 53 pSDFE T
FAE FHol Ak 28y FAAHE qngle
Box Jenkins®] E¥& 737 Y e B A7)
285 @do] gt aLFOZt AAYAA A 27}
3l DFAATZEE el Ao S8AY
€ A% vt 2 ¢oF pLFO: H¥#AA ] 2§
e AZAZIRZEE Yuigdd £ d7EAY
H¥ @A FGFo] FFHAANME pLFOE aLFOS 7]
Hoh @A ouglA FHn HPFAFo] FUHE
73 % pLFOE @A 3] F7}3l aLFO & 2719} Aol 7}
oA AH e g go] A9E £ . &
A4 A A8 APRAFNZEE ANEH
o] AR Z= Y AA3] o HPAA Yo
FNE5E IRAR N E F74sta A3 AAY
#ol Fg3te AFANANZESG 3ol7} glojA 7]
g E2d ook AP AAYo] T3t HeHe A
A uo 34 0~3% G AF405E e
o] AL otvl HPH FL3te ABAAEATY &
F7} AAEARG 0~32 HA vEytr dEY A
olt}.

A7HH :

AAFAYAFRAFE AN FAAG- LA &
BH G2 ALHAAE 7MW AFo5HYHY] B
214 EAo) o) HA3Y oA Arle ANER
Ao ZF43e AFAFNZEE depdt e g8 A]
Atk HZ HEAnHGo] e FAME HFH
AAFHFAF] ROHAAT B AT 2o Bol
o] &5 7] Al&3 AAZHAYE o] &F AHEHEHY
g A AHELGEMTY L o] 4319 #HFHY
AFaAEHS AAFHYAFHAF Atol9] 2719
@l A7HE S AFstaatsit.

-

AAFAZAE] =318 Lot BAE Ao
FHo g HE FHte] FA ol d2INZE H
AWM EAIA Box-JenkinsH-& ©]&3td FAZ 9
AAN ARG L T3 o) R FoyEHE T3
W ggadedUcgyrt Gt o] oA HF
3359 9(0.03~0.1Hz) o] VA & T3] AFHL
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I AAEFNG AFHAF 2718 ARG =
FAEY A3 AHELFFE T3t o7]dA
Fhagrs A32HELGLE Foo AF
FHolA AFLHo] 05013 Aol AG2HE
geFoX A& Tate o] & Aoz 49
#2E FZ Rp/Rs(0.25, =0.259 2728 o

.—>£‘,_°..¥_

Hl W gk},

A 1}

AAYAYRE ol &3ty 7¢ FY2dedUc
FE A5Ho2 7% Ad%e 27 A5HU 4%
HE Jelileon 338 38atn 4A #e FAs
Zgol AUt} Rp/Rs<0.25¢) Fzboll A H 5 H <A
FHAFL 12+ 12, AAFAGAFRAFTL 144%

2422 AAF9to] JullA Zrh ¥ Rp/Rs=20.
25¢1 Ezpol A HFUAAF A FL 384+ 461, A
AWML AFR AL 752+ 12412 FHF Aol
ol 7t glold Ax = ﬁl%““%ﬂ%ﬁrﬂ%ﬂ A=

AL Aokth Rp/Rs=0.25¢) Apol A w5 2 F 1}
78%—# AN FUGAF A F ALol o] AlF o] 0.5
ol 7t5Aol Bgtor 1 A% e 0~1.96
radian®] ¥ At

q4 B:
Al 287 271 AT AAFARHE l%
g Aol A AHELDYLHSFE 7+ =

AL et AZBAZo] A HEAY Zi%
AEL 371 AN FALAF R AT 2Ho]7F §
AL AFHYAFHAFo] ANFALAFHIF
Bt} 0~3% WA AFHuUint. ole HEAAFol
AAE B¢ HE8dA N F&3e n@AE N A=}
F7hete AAEAA S Aot w@N A= W=
g A718 XY Aer 3T ?—AE-D% ‘@L Aol
Hgste nAAdde As £E 2R
ANEHARG 0~32 F= ‘3;“1*1 %%‘ Aol
Rane

= A 2

of ol YAAA B3 B
A4Thst o) shej st Ao}uhetaa
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