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Summary

To obtain an index of left ventricular contractility, cardiac catheterization is necessary. In the
present study, we ascertained whether max(dP/dt) could be obtained noninvasively in vivo based on the
theoretical equation, max(dP/dt)= pcmax(du/dt), where p is the density of blood, c is the pulse wave
velocity of the aorta and max(du/dt) is the maximum acceleration of the aortic blood flow. This equa-
tion is based on the theory of pulse wave propagation, and was established in animal experiments.
We further attempted to clarify the clinical usefulness of pcmax(du/dt) by examining the effects of
afterload and preload on pcmax(du/dt).

Twenty-seven patients without stenosis of their aortic valves and left ventricular outflow tracts
were observed. During cardiac catheterization, we measured max(dP/dt) using a catheter-tip micro-
manometer, max (du/dt) using pulsed Doppler echocardiography and pulse wave velocity by simul-
taneously recording the femoral pulse wave and the carotid pulse wave. The measurements were
performed at rest, before and after an increase in contractility with dobutamine administration, an
increase in afterload with methoxamine administration and an increase in preload by leg elevation.

There was good linear correlation (Y=0.95X+7.51, r=0.84, p<0.0005) between max(dP/dt)[X]
and pcmax(du/dt)[Y] at rest. When the contractility was changed, pcmax(du/dt) reflected changing
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of max(dP/dt). Moreover, when the afterload and preload were increased, the changing pattern of
pcmax(du/dt) was similar to that of max(dP/dt). Max(du/dt), index of cardiac performance previously
proposed, showed a different changing pattern than max(dP/dt), indicating that max(du/dt) was
influenced substantially by loading conditions.

These results indicated that we can obtain max(dP/dt) noninvasively and reliably by measuring

pcmax(du/dt).
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Table 1. Subjects

N  Age(yrs)
Old myocardial infarction 16 55+10
Angina pectoris 10 58+ 6
Hypertrophic cardiomyopathy 1 63
(non-obstructive)
Total 27 56+ 9
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Fig. 1. Representative recording of the aortic flow, femoral pulse wave and carotid pulse

wave.

PCG =phonocardiogram; ECG =electrocardiogram.
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Fig. 2. Representative recordings of the aortic
flow (left), the tracing curve (upper right) and the
time-derivative curve (lower right).
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FEHMIL, chohbREGEERE D 2, D=
do+d3—dy & LTER®, 2T, RFESHLZH
BRI & KEBBIARBE O S BB Y ROBfZEL T
zhikL, C=D/t L LTk
ERRITBNT BRHEFOFHRE T, SbicS
Blic BT ERZIFEEZ, 6FlicksVwTHARE,
6 Flic BV THIAT 2 L & ¥ T RIROF % 1T

ol FEZIMEME & BARF, ThZh dobuta-
mine (2~4 pg/kg/min), methoxamine (1 mg/min)
BIRNFHERE T, WA THEEL leg eleva-
tion TELE ¥,

3. Max (du/dt) SHRIOBRIEDIKE

LSEOFERICKE LB RETLEELLND
max (du/dt) o EHRNCBIL, * O E—FME
ik B L EX bR S MBEEFO T e —7 D
FL—2iZOWT, ZOBEHRMEEZRFFL .

1) Intraobserver variability: — A OfR#E 23,
l— 0 KBk AAERERHE ISP & 2~ 4 5B
OREEE BT b L—=x LT max(du/dt) % &l
L, Z0BEHEMEICOVWTREL .
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1. Max (dP/dt) & pcmax (du/dt) DB§FFR

eEalg: R L Lie 27 fleploRgErcoEt
HEESR % Table 2 iz, max(dP/dt) & pcmax
(du/dt) %% Fig. 3 icR/ L. ME ORI
BuEHEERZE» bhiz (Y=095X4751, r=
0.84).

Dobutamine &7 : dobutamine SEEH{E D
HAEER% Table 3 (TRl LHEKCIAR
BREMIED R o7, MERZ 16.5+2.1kPa %
B 21.6+£53kPa ~FEICEA L, IRBEIGEHE
12 79+12m/s 55 8.6+1.3m/s ~, max (du/
dt) 3 22.5+59m/s? » 5 31.6+108m/s? ~F
Fiz i L. Max (dP/dt) 1x 190.5+34.1kPa/s
M 296.6+84.1kPa/s ~, pcmax(du/dt) i
182.8+27.4kPa/s » 5 280.3+73.4kPajs ~FE
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Table 2. Hemodynamic data at rest

Case No. Disease Heart rate MaxLVP Max(dP/dt) Max(du/dt) [ ocmax(du/dt)

(beats/min) (kPa) (kPa/s) (m/s?) (m/s) (kPa/s)

1 OMI 52 12.0 159.6 24.8 6.1 160.4
2 AP 75 20.0 232.8 20.8 10.7 235.2
3 OMI 63 17.3 186.2 17.9 9.3 176.5
4 AP 71 15.7 216.8 22.3 8.0 189.1
5 AP 69 18.4 226.1 28.3 7.0 210.0
6 AP 67 14.6 266.0 364 5.8 223.8
7 AP 84 21.3 239.4 32.0 6.9 234.0
8 OMI 78 17.3 215.0 23.7 9.1 228.6
9 OMI 58 16.5 206.2 28.6 7.3 221.3
10 AP 76 18.1 235.4 26.2 8.7 241.6
11 OMI 73 16.8 178.2 23.5 6.6 164.4
12 HCM 67 19.7 175.6 22.8 7.3 176.4
13 OMI 70 13.6 133.0 15.7 8.7 144.8
14 AP 67 13.0 150.6 24.1 5.8 148.1
15 OMI 73 19.4 210.1 28.2 6.1 182.3
16 OMI 74 18.0 155.6 22.6 6.4 153.3
17 AP 94 21.4 252.7 17.9 13.5 241.7
18 OMI 57 14.5 159.6 17.1 8.3 150.4
19 OMI 82 16.8 139.7 29.1 4.3 132.6
20 OMI 70 21.5 226.1 23.1 12.9 315.9
21 AP 65 20.2 192.9 22.4 8.6 204.2
22 OMI 82 16.1 172.9 19.0 8.4 169.2
23 OMI 74 18.6 162.4 21.0 7.3 162.5
24 OMI 65 14.4 185.5 23.8 6.5 164 .0
25 AP 50 21.3 239.4 24.9 8.9 234.9
26 OMI 73 20.0 172.9 24.1 6.1 155.8
27 OMI 58 14.9 137.0 21.7 6.6 151.8

OMI=o0ld myocardial infarction; AP=angina pectoris; HCM =hypertrophic cardiomyopathy; Max=maxi-
mum ; LVP=left ventricular pressure; u=Ileft ventricular ejection flow velocity; c=pulse wave velocity; p=

density of blood.

L 7-. Fig. 4 iz dobutamine &SGR T
o max (dP/dt) L pcmax (du/dt) O BFFEERL
72, WEEEE Y=XBEchoTHEmML .

Methoxamine A7l : methoxamine #5ji
#oERIEERE % Table 4 X Fig. 5 iR/ L
7. O 70+11bpm 5 60+13bpm ~
HZCETL, fE 15.7+1.7kPa 75 213+
09kPa ~HECER, IRECEEE T 69+
1.5m/s 725 85+1.7m/s ~HZFICHEINL 7223,

max (du/dt) iICFERLELIBO P oT. £E
EiERSFEE 1.3+04kPa 53 2.5+1.3kPa
~FEICER L. Max(dP/dt) 13 159.5+
18.8 kPa/s & 179.2+23.8 kPa/s ~, pcmax (du/
dt) 3 157.3+15.6kPa/s 7 180.0+26.4 kPa/s
~HRIEKRL.
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Fig. 3. Relationship between max(dP/dt) and
pcMax(du/dt) at rest.

There was good linear correlation between max-
(dP/dt) and pcmax(du/dt). The broken line indicates
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Fig. 4. Changes in max(dP;dt) and pcmax(du/
dt) before and after dobutamine infusion.

Both max(dP/dt) and pcmax(du/dt) changed along
the broken line (Y =X).

Y =X, and the upper and lower curves indicate upper
and lower confidence limits of 959%,.

e*=a patient who had atherosclerosis with calcifi-
cation localized in the abdominal aorta.

Table 3. Hemodynamic data before and after dobutamine infusion

Case No. Heart rate MaxLVP Max (dP/dt) Max (du/dt) c pcmax (du/dt)
(beats/min) (kPa) (kPa/s) (m/s?) (m/s) (kPa/s)

Cont. Load Cont. Load Cont. Load Cont. Load Cont. Load Cont. Load

3 63 56 17.3  20.2 186.2 292.6 17.9 20.7 9.3 10.5 176.5 230.4

71 56 15.7 19.4 216.8 412.3 22.3 41.8 8.0 8.6 189.1 381.0

9 58 59 16.5 21.5 206.2 259.4 28.6 33.6 7.3 7.5 221.3 266.9

13 70 66 13.6 16.5 133.0 186.2 15.7 20.1 8.7 9.3 144.8 198.1

15 73 125 19.4 30.6 210.1 332.5 28.2 42.0 6.1 7.3 182.3 325.0

Mean 67 72 16.5 21.6 190.5 296.6 22.5 31.6 7.9 8.6 182.8 280.3

+SD 6 30 2.1 5.3 34.1  84.1 5.9 10.8 1.2 1.3 27.4 73.4
p NS p<0.05 p<0.2 p<0.05 p<0.05 p<0.02

Cont.=control condition ; Load =loading condition ; SD =standard deviation ; NS=not significant. Other ab-
breviations as in Table 2.
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Table 4. Hemodynamic data before and after methoxamine infusion

Case No. Heart rate MaxLVP LVEDP  Max (dP/dt) Max (du/dt) c pcmax (du/dt)
(beats/min) (kPa) (kPa) (kPa/s) (m/s?) (m/s) (kPa/s)
Cont. Load Cont. Load Cont. Load Cont. Load Cont. Load Cont. Load Cont. Load
18 57 49 14.5 20.2 0.9 1.7 159.6 184.5 17.1 18.3 8.3 9.9 150.4 192.0
19 82 81 16.8 20.2 1.1 1.2 139.7 139.7 29.1 22.5 4.3 5.5 132.6 131.2
22 82 66 14.9 22.1 1.7 3.6 172.9 206.2 19.0 19.1 8.4 10.2 169.2 206.5
23 74 64 18.6 22.5 0.8 1.2 162.4 184.1 22.4 23.2 7.3 7.9 175.7 194.3
24 65 55 14.4 21.5 1.5 2.9 185.5 196.0 23.8 19.8 6.5 8.7 164.0 182.6
27 58 47 14.9 21.3 1.6 4.3 137.0 164.5 21.7 18.6 6.6 8.8 151.8 173.5
Mean 70 60 15.7 21.3 1.3 2.5 159.5 179.2 22.2 20.3 6.9 8.5 157.3 180.0
+SD 11 13 1.7 0.9 0.4 1.3 18.8 23.8 4.2 2.1 1.5 1.7 15.6 26.4
P p<0.01 p<0.01 p<0.01 p<0.05 NS p<0.01 p<0.05

LVEDP=left ventricular end-diastolic pressure.

Db ole. EEFRERHEF 1.8£05kPa 7
5 23+0.5kPa ~BF&Eic EH L, max (dP/dt) i
179.6 +34.5kPa/s » & 188.5+33.6kPajs ~HE
IR L7edd, pemax (du/dt) i3 FELREMEZ
BHbnedote.
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Loficix, mYWEME (Y=1.04X+082, r=
0.89, p<0.0005; Fig. 7 £) H@EDH LI T-.

2) Interobserver variability : observer 1 %
observer 2 r ofizix, BWIEHME (Y=0382X
+3.95, r=0.82, p<0.0005; Fig. 7 ) 25F» 5
iz,

= %

RSB DG > & max (dP/dt) = pemax (du/
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INEVWLDOTH Y, SEOFIEEMIC BT TE
RLBsBENLDLEXLNS. $213, BH

Other abbreviations as in Tables 2 and 3.
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Fig. 5. Hemodynamic data before and after methoxamine infusion.
The change in pcmax(du/dt) was nearly the same as in max(dP/dt).
PWV =pulse wave velocity. Other abbreviations as in Tables 2 and 4.

LRIp® BN, RET 5 EEOBIREICERE
HEIFARCIEE L ET L EALND. HE,
SEo e max (dP/dt) & pcmax (du/dt) @
ERKE S Rizs 14 (Fig. 3 o*fl, iR 20)
¥R, zoEFATER CT i<, B
EBRBIRICIRID L 7 REE g L BEO RIRILZ RO
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*ETBHLEXB.

S Lo 2 oA L LT, BRHMmMERK
IEEOHRR S 5. 46, KEIYRELAEERH M

— 984 —



KBRS f e K WEEE & /2% max (dP/dt)

Table 5. Hemodynamic data before and after leg elevation
Case No. LVEDP MaxLVP Max (dP/dt) Max (du/dt) c pcmax (du/dt)
(kPa) (kPa) (kPa/s) (m/s?) (m/s) (kPa/s)

Cont. Load Cont. Load Cont. Load Cont. Load Cont. Load Cont. Load
21 2.2 3.0 20.2 20.2 192.9 198.8 22.4 21.9 8.6 8.6 204.2 199.6
22 1.7 2.4 16.1 16.2 172.9 185.5 19.0 21.9 8.4 8.3 169.2 192.7
23 0.9 1.5 18.6 19.2 162.4 171.4 21.0 22.4 7.3 7.3 162.5 175.7
25 2.3 2.7 21.3  21.8  239.4 244.7 24.9 25.0 8.9 8.8 234.9 233.2
26 1.7 1.9 20.0 20.0 172.9 187.9 24.1  25.1 6.1 6.2 155.8 165.0
27 1.9 2.4 14.9 21.3 137.0 142.8 21.7  22.7 6.6 6.6 151.8 158.8
Mean 1.8 2.3 18.5 18.7 179.6 188.5 22.2  23.2 7.7 7.6 179.7 187.5
+SD 0.5 0.5 2.5 2.7 34.5 33.6 2.1 1.5 1.2 1.1 32.8 27.3

P p<0.01 NS p<0.01 NS NS NS

Abbreviations as in Tables 2, 3 and 4.

WORBFIZIZT VR« Ry T Ani-. K
BhAREE SR ERER H L o DISEEE o R flE, KBk
FRBERICGERShZY LB mbhTE Y,
L7ehHoT, THERDHEZDRIITEZET
MFDSLH LD 0 5 %& FAWRICERSE T 5 LEX D
5. —F, Fy77—Hick - T ifi#EE
FT AT, BERRR Sl T 2B R
SEREL, BiFiRiEEEs 85 kbic,
£DOREDe—Sy b T4 E—2HAVE. ZD
B, By bAT7RAEROBWT LI —EANS
L, BEL LTWBMIEDNSE S 23 Y #45 b —kE
2y b ERT, BRKRMEE L 23 25 RefEES 2
LEENTRVWAEEERDS. 22T, 7410 %4
—ix 200Hz e —hy 74V —%Hn5Z
L2k Y, TORMBEROEEETESTNEL
FT3X5CLi
TDEHZLT, SR Fy P55 TR
L& % Fv— 2 LT Rz max(du/
dt) o fEix, 4 [El4T - 7= intraobserver ¥ X
interobserver variability ORIER L Y, £H
WIZ+o2BHRED H 2 2 L ¥R S
ko X 5 iz, max(dP/dt) = pcmax (du/dt)
DOEFRAICES TR R F) T IEER B c max
(dP/dt) R BHEIIT, BrOBRZERVE

ZohB P, SEIOKET, &ETRD - pcmax
(du/dt) 13, ZEFEE, max(dP/dt) & B<—ZL,
& iz, dobutamine 5.z X 3 UNEEMOE(LIC
HLTLEHEBICRELT, B0 EL max
(dP/dt) R —F L. LikdoT, AEHR
I X DRI R FEE T max (dP/dt) sk
HWELZ LBRENT.

Max (du/dt) 39k WV EER Y FHiEE K
BT SR L L TRRB I AT W 3510, 4,
Noble &7 i3 4#EREER % F\ 72 ERT, max (du/
dt) x—@toLFHREfC X VBIL, vFaF
IvEEICIVEMLZ E, &bi, HIERY
REORBY T T olcz Lh b, ERINENE
DOHBLRIEETHBLMELR. LrL, 20
FHREVBRATOREL B ZT 5 2 LU,
SLICHIAMOEEBIZH LTL, My L-fEEL
F2Y B 2 ERHET s h, BfE, max
(du/dt) BT ZZIFEED 5 L+ 513 RIE
DHBHZEIWRERTWS.

£El, BxBLRFOFHABREEZ AV kT
{,, max (du/dt) {3 max (dP/dt) ¢ &HEF iz
2454, pcmax(du/dt) OPH L <, Z0OH
BAEE BV = L AR & hiz (Fig. 8).

EHiz, SRl a b a—nic X5 %ATEK
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WA, #HFHE, KHE, &F»

LVEDP Max(dP/dt)
(kPa) —%— (kPa/s), —¥—
3l / 2500 e
A
2 L
150
1001
S I E— S I —
BEFORE AFTER BEFORE AFTER
Max(du/dt) PWV peMax(du/dt)
(m/s?) —NS— (mvs) —NS— (kPa/s) —NS—
30 10 250F
*—9
E 200
8 L

20+ —e
— o 150r

6f o—*
10f 7 100}

L.l_—_—l— N SN E— LI—I—
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%:p<0.01

Fig. 6. Hemodynamic data before and after leg elevation.

Max(dP/dt) increased slightly with elevation of the left ventricular end-diastolic pressure, while
ocmax(du/dt) did not increase significantly. This discrepancy may be explained by the fact that the
increase in max(dP/dt) was small and within the range of measurement error of pcmax(du/dt).

Abbreviations as in Tables 2, 4 and 5.

BRziE, Wik~ X9 T max(dP/dy)
MNEEK LA, ZoZ{kic pcmax (du/dt) 3R
BRELTenicxt L, max (du/dt) &ML L
72%B) %>Rk L7z. Methoxamine 5.4 X 3% 4&
FiKRs (max LVP % 15.7+7kPa » 5 21.3+
0.9 kPa ~ -5, max (dP/dt) ¢ 159.5+18.8 kPa/s
i 179.2+238kPajs ~, ¥ 12.49% kL
7z. z» max(dP/dt) oBENHEKRIE, hFE

TOREE s, FCHAROHEK (EEER
KMEMN 1.3+04kPa 55 25+13kPa ~, 3E
¥ 87.0% EF) A LbolEXLLNRDN,
— methoxamine DL a ZTEREHIEIC X 5
EEHRIEE KPP PEEBL TS L LE
2bh3. FIAMSHEALEBA L LTI, %A
oK LT RESCHIAT X LR+ 5 2
L, AHIRASEIORFTCROER—Y VS IRE S
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KON AAED M FE R R IHEE & 2% max (dP/dt)

__ 40 | 40 |
% o
E <
o 30 F E o}
= N
ol
E 20 | % 20 |
2 2
i y=1.04x+0.82 e y=082x+395
= 10 b rul:iﬂusnos 10 F r=0.82
& peagus
1 1 1 1 1 1 1 i 1 1
0 10 20 30 40 50 [ 10 20 30 40 50
MEASUREMENT 1 (m/s2) OBSERVER 1 (m/s?)
Fig. 7. Intraobserver (left) and interobserver (right) variability of measurements of max
(du/dt).
The measurement of max(du/dt) was reproducible.
Do a Yy e — L E TR ok, RIE
I B AR I X 0 R IO
L4 L (70+11bpm % 60+£13bpm), = h i
° WMO—@BOMKELIb LIzt ENEILN
30 | 7.
% z » max(dP/dt) EF 2B L, max (du/dt)
E BB L 2 o 7o b O 0, NREEEBEER 6.9
= 20} +15m/s 76 85+ 1.7m/s ~¥hn LR,
'g pecmax (du/dt) 3 157.3+15.6kPa/s 75 180.0
-",-3 +26.4kPajs ~, ¥ 14.1% » max(dP/dt) &,
= BIFFUEBEMK L. 20z i, pcmax (du/
10 r y=0.05X+13.54 d e
r=04s t) i3 max(du/dt) LixRAR Y, BAROEE:
n=27 WRBE I HE CTHRIIE LT WA e, HBAR RS
FRERTFRNZLERLT WS, —7F, max
0 o0 200 900 (du/dt) 2 AR OHKIT & 5B &, Bic AR
) [T ) EREWHEZL Teie®,
Max(dP/d)  (ass) HRic 3 5 FRL B o Fn

Fig. 8. Relationship between max(dP/dt) and
max(du/dt) at rest.

Minimal significant correlation is observed be-

tween max(dP/dt) and max(du/dt).

BEREE RS RbokbD LEL bR

Wiz, T i X 2RiAMERE (E=HE
KEIES 1.8+05kPa »6 23+05kPa ~,
¥ 333% L&/, O IEB XUREESE
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WA, &M, KE 32

B3 {be, max (dP/dt) 13 179.6+34.5kPa/s
i 188.5+33.6kPajs ~FEICEK L. —F,
ocmax (du/dt) CIHEEABLIRDOhid -
7=. zhix, max (dP/dt) Ik o FRE S EHT
5.0% &, BAREARC SO W cEADRE (F
BT 124%) KHRTBETH i, Z0f
EofElix, Al 2R REcEsh 3 £BREE
HoMHEIC ZEhT Lol Exbhi.
F 7o, BATHEKEOEENLZMAR LR (FY
87%) ich~, TR ki X 328iAN LRI TES
33% 0 LRICE L E oo, BIAROREBNE
BH/hEVWE &h s max(du/dt) i3, AFFERICE
EhElbe RS hhozbnELLRE.
Ubo Xz, SEFL DT REHE»L
b, ZhETOHRE LR, max(du/dt) EIA
FBIUCBAROMEOEELZT 50T, I
WMEOE L T 31038, BB XIUBRATRTOWR
EBrRL2EACEREEZAECS Z EXBREH
fo. Zhizkt L pemax (du/dt) i3 ARHKEME S
BoT/hEL, HEEEZBIRBT25ETHS
CEBHLhER ST

£ #

JEISHBAYIC IR LS5 EEIVEEOEEE, B
EOFRV. £Z THFFETE, SR Ky 7
5 — % B TR T KB IREEAAHER H M5 o
BWEE B KME max (du/dt), BABHIREE & KERSBHARE
O [FWRFERER > B3R 7o KB AR % D IR 3 1518 2 B
¢, BIVMIBEEE 0 & FAWVT, IRIZEHEOHERH
5 i Hh 5 MR max (dP/dt) = pcmax (du/dt)
ST, EREREIC BT FEREAYIC max
(dP/dt) #BIEFT 52 & O ZYHIZHOWTHREL
fe. & HiT, pcmax(du/dt) icxbt B HAR, @i
AWMOEBIZOVWT LRFIIL, R VEERY
THREDIEE L LTIRE ShT v 5 max(du/dt)
Lxti LT, pcmax (du/dt) o EgRERRAE % B
LhicEALE LT

RIS 7 — F VREE HEIT L S BOE
B27HT, XKEBNRAS X OEEFHEKCHRENE

WER AT HEMRBRI L. Fik, »7—7
NREBITHIC, PF—FNVEREFNI VAT 2
—H#—% HwvwT max(dP/dt) ZFHRIL, R
N A Ky 75— icX b max(du/dt), BX
U c 2L, ETRHROHAEIT- 121,
dobutamine #&.iz X 2 InfEHE AR, methoxa-
mine HE5iC X 2 HARHKRE, ThKELicX?
BIATIEARREIC LRI L FRO R ITY, Th
Fhiz T max (dP/dt) & pcmax (du/dt) %
stHARET Lz

Z OFER, pcmax (du/dt) [Y] 1%, %k, #
F—F Lk Tk iz max (dP/dt) [X] L BL—
Lz (Y=095X+7.51, r=0.84, p<0.0005).
¥, IFEMEE MK EE-Bic b, max(dP/dt)
OEESBIC KRB LTz, &5ic, BARMBIV
HIARE(LE, pcmax (du/dt) i3 max (dP/dt) &
FERROEBERL, ATORELZTEH N2
LASrRE iz, —J, max(du/dt) | max (dP/dt)
LRRBoEHERL, AWMOPELRIZT
3T LRI .

PEnz Lh e, pcmax (du/dt) % EHIT 52
Lizky, EEEBIC BT max (dP/dt) 23k
B+ hEETRD B LBREETHD Z &
PR EhTe.
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