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ABSTRACT

Because exercise alters both cardiac and vascular dynamics, the impact of aortic
impedance on left ventricular ejection is likely to vary depending on the mode of
exercise and an individual activity level. Aortic impedance, which represents the
opposition to pulsatile blood flow, is a key determinant of left ventricular afterload
and plays an important role in ventricular-arterial coupling. In this study, we aimed to
investigate the influence of aortic impedance on left ventricular dynamics under two
conditions: the acute effects of different exercise modes (Study 1) and the chronic

adaptations observed in endurance-trained athletes (Study 2), In Study 1, we assessed
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the relationship between aortic impedance and indices of left ventricular mechanical
dynamic during rhythmic handgrip and dynamic cycling exercises. Handgrip exercise
led to a selective increase in the pulsatile components of aortic impedance, particularly
the characteristic impedance, which corresponds to aortic wall distensability. These
changes were significantly associated with increases in myocardial oxygen demand and
mechanical energy output of the left ventricle. In contrast, cycling exercise decreased
aortic impedance across a wider frequency range, including both characteristic and low-
frequency harmonics. However, these changes showed no clear association with left
ventricular mechanical dynamic indices, suggesting that different exercise modalities
may influence ventricular-arterial interaction through distinct mechanisms. In Study
2, endurance-trained athletes exhibited chronically lower pulsatile aortic impedance
at rest, which was associated with lower myocardial oxygen demand. However, no
distinct features were found in mechanical energy indices. Together, these findings
suggest that the effects of aortic impedance on ventricular-arterial coupling are
modulated by both acute exercise mode and long-term exercise habits. Understanding
these interactions may provide physiological insights for individualized exercise

prescriptions aimed at optimizing cardiovascular efficiency.
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7 (Philips Medical Systems, Amsterdam, The
Netherlands) % i\ CEHBIIZAENT S L, AT
KEWRO MFLPRETEANER S 7z, EATRBEIIRO 1L
EESR Y IO~ 7 =F 2 — FE§ELI2BWT
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L7oh 7 2B s, FREIRIILE # 5e8k L 72
%, B ZZIERMIE DT O L OV E CHREIE
SN, 200 M0 F FORKEL Tk 2 LT
WAL U7z, RIS 3 & OV LRI i
JEAETEIE S, —#AbfRERI %% Vv C 128 Hz
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W%H (LVEDV - ESV) & L7z, BRIEE (ejection
fraction, EF) (X, DL FOF X Y RD 72 - EF (%)
= (LVEDV — ESV) /LVEDV X 100.
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IEHMEZ W72 & % Ao 72728, Mann-Whitney U
test & V72, HARIEH OMBIENTIZIZE TV >~
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ML Ny BTy TR R E O IR
P, TFEE24 £ 45%, 1692 9.7 cm,
R H 633 +17.1 kg, HA%EIE% (BMI) 219 =45
kg/m> Th o7z, WREIIXREBIN KT v
THEBEEEREL, KIBT—YIIHFEL G0

MATEHE O RIE, TIIWCR LA B
(Brachial) - KBk (Aortic) JWUHFEHAME ( systolic
BP), LIRMIMAE (Aortic diastolic BP), “FI4I+
(Aortic MAP) (3N K277 » 7 BB 2 BHE |2
inL7z, L2 LREGHEOREN 28R TH 514
KIgH (Augmentation index) I ¥EJIMEM] I & &
o7,

=1 TIE, EEFREALS R L7z, IR AR
(EDV) iENn> K70 v 7B TF35 mLOb
e R L, PUERHER (ESV) (221bid
7o 72 AR AR (BF) 13358 L TV e o 72,

%% (Heart rate) & 1A & (Stroke volume)
MEHZFE WML 72720, L4 M= (Cardiac
output) b HE B AR L7z, — i KM AT
(TPR) \ZZALIZ R 2p o 72,

Tr SRR AV F — IR (5= 1) 14 Stroke
work & Potential energy D AN K7 v 7
SR TR L 7278, Fr sS04 L F — 2405
# (LV mechanical efficiency energy) 2 & 72 %
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KEWRA ~ =52 ADMAMHIEN—FE=v 7 A
DEMREMENEH 2RO E1-20OHR/N—
EZ 7 ATIE GRS ER 2 M EIT L 72
(WA E) RETH 7278, HE3HRN—FE=7
ATINY BTy TEEERA OV 2% B
ZRL, BIELRIEOEATVRO NI 72721,
EHELLE2NHEIHRN—FE =7 ADM THEL
FOMEAE U7z, 428 (Modulus) DZAL (F1
(A) bN—F=v 7 ZOFEREEHENEH %32

% 1 Change in cardiovascular parameters during rhythmic handgrip (RHG) exercise

Rest RHG

N (female) 19 (7)
(95%CI) (95%CI) LMM
Mean (Lower-Upper) Mean (Lower-Upper) p-values

Blood pressure measurements
Heart rate beats/min 63 (59-68) 75 (70-80) <0.001
Brachial systolic BP mmHg 112 (107-117) 127 (122-132) <0.001
Brachial pulse pressure mmHg 42 (39-46) 43 (39-47) 0.591
Aortic systolic BP mmHg 97 (92-102) 113 (108-117) <0.001
Aortic pulse pressure mmHg 27 (25-29) 27 (25-29) 0.565
Aortic diastolic BP mmHg 70 (66-75) 85 (81-90) <0.001
Aortic MAP mmHg 81 (76-85) 98 (93-102) <0.001
Augmentation index % 1.39 (-4.29-7.08) 5.88 (0.20-11.57) 0.060
Left ventricular measurements

EDV mL 103 (92-114) 108 (97-119) 0.001
ESV mL 46 (40-52) 48 (41-54) 0.170
EF % 55.9 (53.3-58.5) 56.7 (54.0-59.3) 0.292
Stroke volume mL 57 (51-63) 61 (55-66) 0.007
Cardiac output L/min 3.56 (3.18-3.93) 4.49 (4.12-4.86) <0.001
TPR mmHg/L/min  23.37 (21.13-25.61) 22.46 (20.22-24.70)  0.262
Stroke work J 0.770 (0.681-0.858) 0.925 (0.837-1.014)  <0.001
Potential energy J 0.577 (0.484-0.671) 0.684 (0.591-0.778)  <0.001
LV mechanical efficiency % 57.8 (55.6-59.9) 58.0 (55.9-60.2) 0.688

These data were demonstrated as estimated mean and 95% confidence interval. Bold p-values presented < 0.050. BP: blood
pressure, EDV: end-diastolic volume, EF: ejection fraction, ESV: end-systolic volume, MAP: mean arterial pressure, TPR:

total peripheral resistance
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B Ny F7Yy TEBEOREIRA ¥ €= 5> 2 L OHRRETE
(A) WIN—FEZ v 7 AZBITHRBIRA > =5 > 2, (B) FilhA v E—= 5> 2, (C) BRFFMIREL (D) FEA ¥ ¥ =5 v A LUk
RFEEOBMRERT. (A-C) 2B 2 H XL, RNy M7y 7TEERZRT. (A) O] 3FENE CHERHHEZESRD S
N2 eamy. (B C) OMils LIV DLH RSN B 7Y v TlBREOZ{L 2Ry .

D7z FALHETHRN—FE= Y 7 ATNY KT
V) BB O J A E IV Modulus 25260 5
Nz, GO BN I/ NRIZ 7 BRI A V¥ —
oA (Ze, A1 (B)) &> F7) vy B2
AR 2.

EEMEFREORBETH 5 FHikFEMiEE
(Tension time index) (&/N> K71 v 7 EBRF |2
AHEZHEmMLZ (1 (C)).

B D= v AL ERIAVE—FEL O
BRI 2 PO e AH B o0 AT CREAT L 72828, HI
{ ¥ =% A%, Stroke work (rmm (18) = 0.46,
95% CI [0.024, 0.751], p = 0.04), Potential energy
(rem (18) =0.59, 95% CI [0.201, 0.819], p = 0.006)
3 & O Tension time index (rmm (18) =0.51, 95% CI
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[0.089, 0.778], p = 0.021, K1 (D)) & IEDHBIAS
;B b7, —Ji, TPRIZ Stroke work (rpy (18)
=-0.20,95% CI [-0.59,0.267],p = 0.401), Potential
energy (rmm (18) =-0.03,95% CI [-0.469, 0.415], p =
0.889) B X UNTension time index (ry (18) = 0.16,
95% CI [-0.307, 0.56], p = 0.509) & FABIRE AR 1L 7
Pz

2.1 RE BHEEE

HIZHLES) S 197 B A& L 72hs, Ll
B L OEE RO S THEDRE T E 2o 728
D314, EEFO AIMEATE T & %o 72870
5%, KREMRIMLG & ML QR ERMAHS TV 72
BRVBHEE LTz, IS ZBRILL MR, 2



90
Fp18%, EBHFR 13 B OIMATE RIS X VAR
BRIEEN SO N 2B, KBRS v E-F
AL, BRI 122 0%EHEEZ HWT
RN 24T > 72, AFREIC BT D REEHRTIE, RE
IEE 7V & By, RIR(EAH SE LB AR AE Y 72
PR S IO W T o7z, FERIL, e
B LW EHXMETRL.

H s HLEE) R O MATEIREOZLIZR 2R LT
WL B OREIIRIIGED], SRR, SPIImT
FREIZHN L 72, Augmentation index (XK & < i
BPLTVRDLEH BRI NLIPIEEDENRE
{, HERELEIRLRP -7

EDVEB X UESVIZEL 6 b AEICHIL 7.
EF (X3 IME A7 & 4172, Heart rate & Stroke
volume @ [ J5 @ 1 2 7 ¥4 /il @ 45 K, Cardiac
outputid BB L Z 2/ Mz /R L7z, TPRIZET
L7

H i 8 B R O /8 AR T A OV F — (T,

Storoke work & Potential energy @ i 5 & H i
LM ARR® H 7z, L2 L, LV mechanical
efficiency |ZZAbIZ & o 72

HEzHEH RO KBRS > ¥ — 5~ 2D
3, N—FZ v 7 AOTEMREMENEH D
723, LA R JE P S R B D 2 13 7% 0 o 7z
Modulus (345 7-8 D& W FHIS 721 T, A5 1-2
HR/N— & = 7 Z O JE AT b B iR g S H)
DHBEEIENA Y E—=F v A%Rk L (K2
(A)). L2 L, ZcTid HIERELES) R OALT A
LB bk iro7z (B2 (B)).

—77, H¥EHEB)EF O Tension time index 134
ZlzHEmL 7 (M2 (C)).

LR D HERHEE) 12 L 5 Ze D2 ALIL Stroke
work (ryy (11) =-0.43, 95% CI [-0.793, 0.158], p =
0.142), Potential energy (rym (11) =-0.54, 95% CI
[-0.84, 0.019], p = 0.058), Tension time index (rpy
(12) =-0.37,95% CI [-0.75, 0.205], p = 0.199, X 2

3 2 Change in cardiovascular parameters during cycling around heart rate 100 beats/min

Rest Cycling

N (female) 19 (7)
(95%CI) (95%CI) LMM
Mean (Lower-Upper) Mean (Lower-Upper) p-values

Blood pressure measurements *
Brachial systolic BP mmHg 112 (108-117) 122 (117-128) 0.006
Brachial pulse pressure mmHg 44 (38-50) 47 (41-53) 0.235
Aortic systolic BP mmHg 96 (93-99) 106 (102-109) <0.001
Aortic pulse pressure mmHg 27 (24-31) 27 (23-31) 0.818
Aortic diastolic BP mmHg 69 (66-72) 79 (75-82) <0.001
Aortic MAP mmHg 79 (77-82) 91 (88-94) <0.001
Augmentation index % -1.2 (-9.7-74) -8.2 (-18.3-1.8) 0.205
Left ventricular measurements *

Heart rate beats/min 63 (57-69) 94 (88-100) <0.001
EDV mL 101 (88-115) 122 (109-135) <0.001
ESV mL 43 (35-51) 50 (42-57) 0.006
EF % 58 (55-61) 60 (57-63) 0.058
Stroke volume mL 59 (52-65) 72 (66-79) <0.001
Cardiac output L/min 3.69 (3.15-4.24) 6.70 (6.16-7.25)  <0.001
TPR mmHg/L/min ~ 22.33 (20.28-24.37) 14.38 (12.27-16.49)  <0.001
Stroke work J 0.800 (0.708-0.893) 0.969 (0.870-1.067)  <0.001
Potential energy J 0.574 (0.466-0.682) 0.704 (0.589-0.820) 0.007
LV mechanical efficiency % 59.0 (56.0-62.0) 59.1 (55.8-62.5) 0.927

These data were demonstrated as estimated mean and 95% confidence interval. Bold p-values presented < 0.050. BP: blood
pressure, EDV: end-diastolic volume, EF: ejection fraction, ESV: end-systolic volume, MAP: mean arterial pressure, TPR:
total peripheral resistance, * : Hemodynamic data were available for 19 participants at rest and for 14 participants during
cycling exercise (blood pressure waveforms could not be obtained in 5 participants during cycling). +: Data from all 19

participants were available for both rest and cycling conditions.
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% 3 Cardiovascular parameters in Athlete and Sedentary group

Athlete Sedentary
Mean = SD Mean = SD p-values

N 15 16

Blood pressure measurements
Aortic systolic BP mmHg 947 997 0.051
Aortic pulse pressure mmHg 31£5 30£5 0.686
Diastolic BP mmHg 64£7 69+7 0.023
Mean arterial pressure mmHg 73£6 80=7 0.009
Augmentation index % -13=10 -1+8 <0.001
Heart rate* beats/min 48+4 58*9 0.001
Stroke volume* mL 95+21 80=10 0.022
Cardiac output* L/min 453+0.81 461+0.58 0.748

Left ventricular measurements
Tension time index mmHg-ms 1399 =137 1733 =254 <0.001
Stroke work " J 1.05%0.08 1.08=0.12 1.000
Potential energy T J 0.70+0.21 0.78+0.11 0.428
LV mechanical efficiency l % 60.63 +6.88 58.23 +2.65 0.713

Left ventricular afterload
TPR* mmHg/L/min 16.80+3.92 17.53+1.83 0.509
Zc dyne-s/cm® 76.1+19.0 915+194 0.035

These data were demonstrated as estimated mean and 95% confidence interval. *: Data calculated from aortic blood flow
rate of phase-contrast MRI due to the small number of people on cardiac CINE images. Bold p-values presented < 0.050. BP:

blood pressure, TPR: total peripheral resistance, Zc: characteristic impedance,

T:Because of suboptimal image quality, the

number of participants included in the analysis was limited (Athlete group: 6, Sedentary group: 10).
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