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E 5 : Multisensor catheter |2 & % 15 FlO_EATKBIIRAFE —EALOIE (P) & itk (V) O [FIEEEH 2
5 water-hammer {2 (W-H %) 1250 < RBIIRIBATAR IR EEFTHI (AO-PW V) OEHEME A ER D 2 15
A (AO-PWV2) & O ILE D HARET L 7z WUHERIHI O PV B HI51 22 < ked T BAT 22 4 T2R8
FAAR S, AO-PWVI(6.3£1.2 m/s) & AO-PWV2(6.7+1.3 m/s) 12 b BAF M (r=0.93) % 780
720 2NV ONERTRE (1 ) IC B B E L EOFHRZE T P-V B OBIEMEIL R,

P-V loop DA X (AO-PWVI) IZKEVIRILIRIHE D LA & & b 128K L, W-H FEZRATIR IR
MDA TZ L, 10GIHED AO-PWVI Lo @B FHIINIC & BRR LA Z5hllk e 22 0155 2 &

%Eﬁgﬂ L7,
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PR 9 EE (PW V) IZBI AR OB % 7R 3 B AREE AL o> A
BIFEODE D TH Do 7272, PWV EDEGRAIZEE
L ER A FFO O Th 2 KEARICES 572
B, KEIRFBHTO PWV EAEHIIT & AUZZ ORI
fEIEEY, Z2C, J4F water-hammer R SH L7
KEFIRIEHTIZ BV 2 BRYEHEEE (LT AO-PW VI L)
FHIORA (LT W-H 5 EBE ) A ThIL T 549, 72
72 W-H O BERIS I IE, B (Pb) D B2 3B
T, WGHEDHIITRBIIRN P-V OISR D"
L) W-H AL DFER SN 72 SN D LB D %o
% ZC, multisensor catheter” |2 & % AT RERPIIF—EB
RO P) & (V) OFEFREFHIA S, F 3 IHHH O
Pb & P-VH OMIETE % MGE L, K\ T2 sEH vk
(foot-to-foot method) TIEHAL72 AO-PWV2 (FERD 2 1
FHIE L DB % PWVET, LI AO-PWV2 LIt
) HE DS, REOBEEEHE L7,
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MRETE

REIIRIZFHE D4 WIEF ML 15 5] (Table 1) % HF
FERHRE LTz, d, AWIFRIIMATHENZ &0 TSR A
YTA—LN - arery bESN, MEERERICE
I B MEEZ B ORBRZ ST TThNI2b DO TH 4,

Ui 7 — T VER AR Z multisensor catheter(VPC-
684A, Millar #1)7% FATKRBIIRMIIEAL, 3 H—E
FLZ B BT (P) Lk (V) ORIEEHI 21T o 7274, cath-
eter Z L MOES TATRBIIRE Crl&3kE, o P %5t
WL7zo

IMHEETAARIL Narcomatic-RT500 (Narco #1:482) % v,
FL#kIX BIOPAC Systems MP-100WS (2L 17572,

F9 2 HTRLER L 2 KREMIRIE WA B 23D o T
RS S OEM R EE TORZE S, WE RO cathe-
ter OF | SR EPEAEL ) AO-PWV2 23ROz, 2B, 1O
ML 2 K ETEORNOE — 7 5L Lz, Bt
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Table 1 Clinical characteristics of the study subjects

Patient (n) 15
Age (years) 54£19
Male 8
Female 7

Aortic pressure (mmHg)

Maximum 12319
Minimum 59+11
Mean 8517

Patient diagnoses

Chest pain syndrome

Pulmonary disease 3
Arrhythmia 3

HOR G L L7z 2 SOEHEIZILGER - R-R BEANT

EFE—DWIEEHEY, 5042555 N72EHIED T

%A% AO-PWV2 lllsEfE & L7z,

1. W-H EIZE D < AO-PWVI DEIERZE
water-hammer (1) TRENS LHIZ, KEMRIZES

MBI (= G - VIS (Pb) D 7% W4T Tlali

EEPIZIBIL, PWV IZBRHBIL CTZEILT 5,

P=p - PWV Voo ()
ZZT,
p ML (1.05 glem?)
L72055C, RO EDSBEMRIUEIIZIE P &
VIEIEEARE R L, KBRS O IR %% FE (AO-
PWVDIZK(2) LW KkDBZ EDTE S,

AO—PWVlz(Pm/Vm)/p <2>
Z 2T,
Pm : Fll AT KEYIRIE (dyne/cm®)
Vm : Pm & A —FHARRRALIC 3317 2 FEill AT RENIRIAN
i (cm/s)

ZZC, FIFIZRT Westerhof D (3)YH5 2 ms 15
VIR (Po) 2 B L 720

Pb(t):]/z[Pm(t) — pPWVVm(t)] (3)

(3)FRD PWV IZIZFEM AO-PWV2 flix Hv, HHS
7z Pb(t) 1L 9 _C mmHg CTFRR L7z

R, Pb DB IR O P & VIEDRS 20
1 &kEYFEZ & Pearson's coefficient Z 3K, 1 kAT D
& (Pm/Vm) £ ) AO-PWVI1 ZH L7z, FRio#E%
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ZNEIGESE S DTV, 2Ol % R4/
AO-PWVIHlIlsEfE L L7z SHIZ1HITIE, BAEEC
valsalva B 21T\, Bfif & ZORiHBO &I E L%
RLERL 7 B, FEEEIEIEA S0 Pb ORI B LUK
TSI 9N T, BIOPAC Systems MP100WS fi##T 3 A
T L E T 572,
2. HEETEAONIE

‘o7 —51d, P+ BHERZETIRL, PL
V OFIZHEIEIHE O 1 IR X D155 1172 Pearson's
coefficient A SME L 720 PWVI & PWV2 OHMIEFIX
Student-t HEIZ LY, fERER 001 Kiiix FE & L7

s R

HAGI TSN 7213IF [ — 0 R-R BIFEZ 7R EATK
R & TATRENIR CRrodk L 7 LB EE(FE) B LOE
D 2 R ET (FFE) % Fig. 11R L7zo JRIE DR
(AT, =AT) EAT—TVOF &R EHEHEGBO cm) £
K7z ZDIEBID PWV2 EIL 6.8 m/s THo7zo TDIE
BID_EATREINRA CTRiSE L 723858 3 0410 ECG, £ (P)
EHLHE (V) B L OE LSS (Pb) # % Fig. 2 1R L7z,
Pb I3 KEMRERIE DS B E3) A CIEIZRA) T
Hbo WAk TRLUZIGHEIHIC P IZ#IET 200 %
PIAEZ MR L, F 0% Po 3B L CRBIIRIED Y —
ZRT TR E 20, DI L CIGHEIICE O
FAMECDICEL TWh, 3 XTOEBTHIN % <,
Fig. 2 L3Z[FERO Pb A2 BIZ S 7z, Fig. 2 12
TR L7zt 3 L AD T — i M (P-V loop) % Fig. 3 12
SR L7260 Loop D FAMLUEDIGEE D T, LEHE &b
|2 Toop (ZFUEEHENY (=D HIITHEITL T %, BEHA)
WMo PV TN BIIIHIE (Fig. 3 —iF) TH 4. Fig.3
D 3.LAE T S NZER I (P 2MEME % R L 72560
WARREIE) @ 20 msec I2BI1F 5 P-V B 1 &kEVREI2IE
r=0.9982 D15 T B LR AL, ZOEEH
SHEIL SN2 PWVI I 6.5 m/s Th o720

TR CTFLSE L 72 valsalva IR phase 4 [ZB1T 5
L 8D EATKEIRII V & Pb B LU P DIIZE
1t% Fig. 4 1Z/R U720 “BA Ok E & HIZKEFIT W
FILHWHENZRL, PO, KREMREKEDOZS
AT AT P IR BIAN 2 ARITHRARME (L) 2R LT
V5, Fig. 5122 Osiifit 8 (LAD P-V loop &7~ L7225,
B P-V id WSRO IF I T, SRR MIE o
Y= 27 255\ (P-V loop 72 T OFLiEASEV ) loop (T LB
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- Figure 1 A representative recording of a phasic
o //' \ pressure waveform (Pm) in the proximal aorta (left)
2 // \\\ 100 and descending aorta (right) in the lower panel and
§ / B the second time derivative of pressure (dp/dt®) in the
g = i o . ] T 70 middle panel. A T;and A T,: time from the peak
S 200msec. ™mHS - of the R wave in the ECG to the first peak of the dp/
< (proximal aorta) (descending aorta) de? curve.
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: i oo Figure 2 Representative example of a
iy /"A\ . (""\H. - Y oo . multisensor catheter recording in a patient
\g ,,‘J—/ e . N/’ “-\\ " S / \‘*\ | S in Fig. 1. Displayed from the top: ECG,
> - - . v “i::) proximal aortic flow velocity (Vm), com-

oo puter-derived aortic reflected pressure (Pb),
s ks wowe  and measured pulmonary pressure (Pm). It

/ \ % \\ b % can be seen that during early systole (between
~“é‘~ 4 \\\\ ) \\\\ o the dashed lines), the reflections (Pb) are
oo e T Mo near the minimum (arrow).
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o Figure 3 Proximal aortic pressure (Pm)
fome and velocity (Vm) loops from the wave-
,;f\} oo forms shown in Fig. 2. The slope of the
-------- : : initial part of the first loop indicates a wave
/ boooo speed of 6.5 m/s, and the solid arrow
mmHg indicates the slope of the linear portion of the
i leo.0oo0 loop in early systole. The dashed line
oo oo O Vv oo oo . oo indicates the direction of the loop in late
m
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Figure 4 Transient response of ECG,
aortic flow velocity (Vm), computer-
= ' derived aortic backward pressure (Pb),
E v and aortic pressure (Pm) during phase
. 3500 g T — E 00 wow 4 of the Valsalva maneuver in one
subject.
140.000
120.000
100.000 £
€ Figure5 Proximal aortic pressure
Q. (Pm) and velocity (Vm) loops (PV-
%0 Joops) during the Valsalva maneuver
from the waveforms shown in Fig. 4.
The initial part of the first loop, indi-
- - cating a wave speed of 6.1 m/s (solid
: | arrow), became steeper in association
; mmHg with the increase in diastolic pressure
in phase 4, resulting in a wave speed of
B0 1005 (2 10000 B0 2 Lnod L2d 000 7.6 m/s (thick solid arrow) at the last
Vvm cm/s

WO T DEEN A TH Do ek (m) EiR/(—)
DIEZ % 7RF P-V loop DIEHE L5572 PWVI il
ZNEN61m/s & 7.6 mis THo72,

15 FEFITIHE5172 AO-PWVI & AO-PWV2 D4l
IXENZIN 62412 mfs, 6.7£1.3 m/s T, P& VO 1 KA
J7F D Pearson's coefficient (X113 099 LI E% IR
L. ERHAIH o P-v B30 T BT 2 SR R 4
BICHERE S 720

ISHEBIO PWVL & PWV2 filix 70y L THLN:
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(8th) P-V loop.

BRI % Fig. 6 178 L720 MIZRIICIE y=0.95x+0.68,
1=0.94 O T BT 7 1E OB (p<0.001) % 72572,

z =

FEPERIED IR Cd 2 RBIIROK Z 2% &2 Windkessel
BRAZ & YRR ORERE & IRIT D8 BE 8% Bl ¢
AR S 221, s DIV d KENRD
HYEIZ X A7, IERIB)IROPIELS 2T > DL %
L72HTWEIRFEILICE D NS OBEREIXE T § 5, =
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Figure 6 Relationship between AO-PWV1 (derived from the
water-hammer formula) and AO-PWV2 (measured using the
conventional two-point method). Data from 15 subjects are
plotted. The x-axis shows AO-PWV1, and the y-axis shows
AO-PWV2, in m/s. The regression line is y=0.95x+0.68, and
the goodness of fit, r, is 0.93.

CCEIRTE LD &IOSV LA TB & 72w, —#%IC
BRI LREZE 2 508, “BIIROM S, §2bbiik
(arteriosclerosis)” & ‘WKL (atherosclerosis)” 2N [A &
NETH LA, MHITER - 7IFRETH L & DD
FTUHETH D, WIRMALIRZ 137 70— AR &
LR Ui T80 ) A7 WT-ThH Y, B
WS CT IC K ) BN A S W e Ch %o —
J, BIROW S NEZOET O EERRETONR, &
SIZIZOABEFEOFERE 205, FOWNMERZINIE
EHEL G KIIIROTE S OFFIZ I3 D DRSS
HDLH, mHTS PWV DS IR L L TR <ERIRIS
XN TWAEY, lH PWV X2 Btk TRkosh s
B, EACKENR AO-PW V2 ORI % JEZ A T-E CIE
TRIZATH Z Lid & AXHEATEIAI O B 5 KEIR TILHEET
BHhbo LIchoT, FEBEORK TR S MATTREZ:
KEVIRAE He s RAYRHPEENIR O 2 f 1 CRHM & 7= SHE)
Bk — KBRBIAR (cfPWV), EREEHAR — £ EBHAR (baPW V)
%0 PWV2 7S AO-PWV O E L THWLILTW
B0 F-7 BIRIGEAL RS T T AT Y D HLE AR
0, PWV AL % 5572 DI RBIIR 22 & Dbt
BIRICBES N L0 RIEOMEBIIRIZHILLT T 2 F > Db
PN 2, Z D PWV HIEBINREEIS <04 T i A 72
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EOWEYA T OEEL BT L7290, BEIZIE
cfPWV %> baPWV SEI I RENARDH IO IERE 2 FEE Tl 72
W2, PWV LIAHZ D distensibility, stiffness index(B),
compliance %D S F SF 4 “KEVIRGHM" 2 7R TT7ED D
DY, WIS FOBNILEME B EE L, BIRE
LT LBBIRARTWIFETIE 2V, L2his
T, KEIRFBATO AO-PWVI A352I T & UL Z DR
H BRI TRV

W-H U2 &% AO-PWVI 5HIEED BT &R
I2B1T % P-V MO BT B RO A SR K Th
B, FIT, TR BB b MTEIIR & 5 5
REOFZU AR BREL, I EOBEE MR T AL
MTEY, FLTC, e MREIIRTS W P-v 1
ORI £ “AO-PWVI & AO-PWV2 D BLIT 72 A1
P AIARIFFEC X Y FRE SN Tz Fede HIEFH CHM
S/ AO-PWV2 & AO-PW VI H[ T BT AHRI
DFETEIL AO-PWV FHHlTE L LT W-H EDF ML
RTREL L E 2TV, RIFZETIE AO-PWVI H 7S
AO-PWV2 % £ T F A A A DINIZAY, AU
FOWMEMMOELMLIZbDLE DN S, AO-
PWVI1 23 FATKBIIRBITO PWV HZ 7R T DI L,
AO-PWV2 flild EATKBIHRA & HIETREIAR £ T 2 2R
DOFHPWVIE % KB % 720, AO-PWVI & AO-
PWV2 I MRE o T L, FBROMETIE, HAFEH
DIEH AO-PWV2 il 5~8 m/s B2 TH V2 Wi
b4 D AO-PWVI B LU AO-PW V2 D F-IGMEI25T
Vo B MRBIRICBU ZJEPT PWV HOECTIE, KiE
BEZOPWVHIIEIMT 22 L8 HMb N TV 2,
Latham 512X 5% 6 DOFE Lo —%Foh 7o~/
A— & CREEEHI S 7z AT RENRD S I REIR £ <
? 10 cm 0D AO-PWV2 HILEANIZ LA E L, ARWFgE
OFHIFEFR(AO-PWVI<AO-PWV2) & b L { = LT
%%, F7z, PWV EIFIEHRINMEO B & & S8y
LIEDHONTHENY, FEE valsalva BFTERCIE, $ER
WIMEDE N P-V loop 13 BRI loop DIEE, F7%
HEH AO-PWVIITKREDo72, F72, MATEIRED L <
5% Valsalva BEES S PR P-v B ORI
PREFFENIzZ LB DAL L)1, W-H 1% R
FTIUIAEENR % & O 1O O RBIIREEOZAL S 7
SIEHITE, b MEO 2 mEHIETIIRE LN
W-H DR E A s L Bbii s>,

=

RZICAREOHRIGAIZOEH L THIZV, W-H i
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12& B AO-PW VI OFEHIZIEKEIRAF— B0 (K
RO W REZEML) & s o RISV EE 22 B 3
TEZOHMIZE D IR ENERRALIE MRIOATH
D, RN AO-PWVI FHUDIRAI DA D 2002 4F
ICMRIFETZR ENTWAEY, 7272, MRIIZ X5 AO-
PWVI FHAIZ I A MHA S S BFERTIE LV, 22T,

BWICEDME T v F o FEE T IHEERHAGD
F7-FERIC BT B PW VI EHIIO A ABUIEER IR T
THENTWEY, 7272 “KEIIRG#ED gold-standard” 13
HETH AO-PWVI OIFREIYFERNCH D L\ oTE
Vo HAIYIZIE, EEEECTIUL, BEWRNT v F S
ZFN & B EAT RE IR I R 22 AL o RIS BIAE T 7%
FERE CRERIGHI T BE R Be b IC D B0 TNEBTHW R TS
T flAEbEIL, SR AO-PWVI OIFREIFT
WD FER EFEFIREZ1E 3T, TR MFEH 4
FrL72v

&

EATREIIRN BRI 0 P-v B2 X AT BN E D ZE (L

2O SNBSS HFAEL, W-HEIZK

BRI O T 72 BEIR AL & 72 0 155 Z & H5HERR
SNz,

8
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Validity of the Water Hammer Formula for Determining Regional Aortic Pulse
Wave Velocity: Comparison of One-point and Two-point Measurements Using a
Multisensor Catheter

Shizuo Hanya

Takarazuka University of Medical and Health Care, Hyogo, Japan

Key words: multisensor catheter, water-hammer formula, regional pulse wave velocity of the proximal aorta, aortic elasticity,

aortic arterial wave reflection

Aortic pulse wave velocity was derived using two methods in 15 normotensive subjects: 1) the conventional two-point
method (AO-PWV2) and 2) a one-point method (AO-PW V1) in which the pressure-velocity loop (P-V loop) was analyzed
based on the water hammer formula using simultaneous measurements of flow velocity (Vm) and pressure (Pm) at the
same site in the proximal aorta using a multisensor catheter. AO-PW V1 was calculated from the slope of the linear regres-
sion line between Pm and Vm where wave reflection (Pb) was at a minimum in early systole in the P-V loop using the
water hammer formula, PW V1= (Pm/Vm)/p, where p is the blood density. AO-PWV2 was calculated using the conven-
tional two-point measurement method as the distance/traveling time of the wave between 2 sites for measuring P in the
proximal aorta. Beat-to-beat alterations of AO-PW V1 in relationship to aortic pressure and linearity of the initial part of
the P-V loop during a Valsalva maneuver were also assessed in one subject.

The initial part of the loop became steeper in association with the beat-to-beat increase in diastolic pressure in phase 4
during the Valsalva maneuver. The linearity of the initial part of the P-V loop was maintained consistently during the
maneuver. Flow velocity vs. pressure in the proximal aorta was highly linear during early systole, with Pearson’s coeffi-
cients ranging from 0.9954 to 0.9998. The average values of AO-PWVI1 and AO-PWV2 were 6.3+1.2 and 6.7+1.3 m/s,
respectively. The regression line of AO- PW V1 on AO-PWV2 was y=0.95x+0.68 (r=0.93, p<0.001).

The W-H method (one-point method) clinically provided reliable and conventional beat-to-beat determinations of aor-

tic regional pulse wave velocity. (J Jpn Coll Angiol, 2011, 51: 215-221)
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