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Abstract

Purpose Whether blood volume (BV) primarily determines the synchronous nature of the myocardium remains unknown.
This study determined the impact of standard blood withdrawal on left ventricular mechanical dyssynchrony (LVMD) in
women.

Methods Transthoracic speckle-tracking echocardiography and central hemodynamic measurements were performed at rest
and during moderate- to high-intensity exercise in healthy women (n =24, age=53.6 + 16.3 year). LVMD was determined
via the time to peak standard deviation (TPSD) of longitudinal and transverse strain and strain rates (LSR, TSR). Measure-
ments were repeated within a week period immediately after a 10% reduction of BV.

Results With intact BV, all individuals presented cardiac structure and function variables within normative values of the
study population. Blood withdrawal decreased BV (5.3 +0.7 L) by 0.5+0.1 L. Resting left ventricular (LV) end-diastolic
volume (— 8%, P=0.040) and passive filling (— 16%, P=0.001) were reduced after blood withdrawal. No effect of blood
withdrawal was observed for any measure of LVMD at rest (P >0.225). During exercise at a fixed submaximal workload
(100 W), LVMD of myocardial longitudinal strain (LS TPSD) was increased after blood withdrawal (36%, P=0.047). At
peak effort, blood withdrawal led to increased LVMD of myocardial transverse strain rate (TSR TPSD) (31%, P=0.002). The
effect of blood withdrawal on TSR TPSD at peak effort was associated with LV concentric remodeling (r=0.59, P=0.003).
Conclusion Marked impairments in the mechanical synchrony of the myocardium are elicited by moderate blood withdrawal
in healthy women during moderate and high intensity exercise.

Keywords Cardiac mechanical dyssynchrony - Left ventricular hypertrophy - Blood volume - Phlebotomy - Stress cardiac
imaging - Female sex

Introduction

The dependence of heart function on the filling of the cir-
culatory system, i.e., blood volume (BV), has been experi-
mentally established for over a century (Diaz-Canestro
04 David Montero et al. 2021a; Patterson and Starling 1914; Diaz-Canestro

dvmb@hku.hk and Montero 2022a; Covell et al. 1966). At the organ level,
the reduction in cardiac filling and preload induced even by
moderate blood withdrawal (— 10%) results in lower myo-
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et al. 2021a). In this regard, the cardiac wall phenotype is
presumed to be unaltered, at least in the short term, by
changes in BV, albeit overall measures of left ventricular
(LV) mechanics are known to be modulated by LV filling
(Williams et al. 2016). Likewise, subtle measurements have
provided indirect evidence of large effects of LV filling on
LV mechanical dyssynchrony (LVMD) (Kim et al. 2011).
Importantly, the mechanical synchrony among myocardial
fibers modulates the efficiency of cardiac contraction/relaxa-
tion and strongly predicts cardiac maladaptations such as LV
concentric hypertrophy along with cardiovascular mortal-
ity (Shah and Solomon 2016; Biering-Sorensen et al. 2017;
Modin et al. 2018; Santos et al. 2014; Morris et al. 2012;
Phan et al. 2010). Yet, to date, whether BV primarily deter-
mines LVMD remains to be elucidated. The answer to this
question is particularly relevant in the female population,
since women are prone LV concentric remodeling and body-
size adjusted hypovolemia relative to men (Diaz-Canestro
and Montero 2020; Diaz-Canestro et al. 2021b; Regitz-
Zagrosek and Kararigas 2017).

This study aimed to experimentally determine the impact
of blood withdrawal on the mechanical synchronous nature
of the myocardium in healthy women throughout the adult
lifespan. Measurements were performed at rest as well as
during moderate to high intensity exercise, in order to mag-
nify potential effects of BV on LVMD in the progression
towards the limits of myocardial work capacity. An exercise,
rather than pharmacological, stress model was chosen for its
greater physiological relevance and established major effects
on myocardial mechanics (Tan et al. 2013; Williams et al.
2016). We hypothesized that moderate blood withdrawal
would increase LVMD in women, an effect that would be
augmented with increasing myocardial work. Central hemo-
dynamic variables were concomitantly assessed to obtain
an integrative view of the circulatory consequences of BV-
dependent changes in LVMD.

Methods
Study participants

Twenty-four healthy adult female individuals (23-77 year)
were recruited via electronic and printed advertisements on
community notice boards in the city of Calgary. Moderate-
to-vigorous physical activity (MVPA) levels were assessed
as previously detailed (Montero et al. 2016). Inclusion cri-
teria comprised healthy status according to clinical ques-
tionnaires and resting cardiac and hemodynamic screening,
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absence of current medical symptoms or medication limit-
ing exercise testing, and no history of cardiac, pulmonary
or neuromuscular diseases. The majority of women were
postmenopausal (n=17), the remaining ones reported to
present normal menstruation (n=7). Only individuals with
complete cardiac strain analyses at all assessment points, as
detailed in the “Measurements” section, were included. The
study was approved by the Conjoint Health Research Eth-
ics Board (REB18-1654) of the University of Calgary and
conducted in accordance with the declaration of Helsinki.
All participants provided informed oral and written consents
before starting the measurements.

Study design

Participants were required to report to our laboratory on two
occasions. Time of day of testing sessions was kept con-
sistent for each participant with a minimum of 48 h and a
maximum of 7 days between the first (baseline) and second
(phlebotomy) sessions. All individuals were instructed to
avoid strenuous exercise, alcohol and caffeine 24 h prior to
testing as well as to maintain their usual baseline activity
and daily dietary habits throughout the study period. In the
phlebotomy session, measurements were performed imme-
diately after the withdrawal of 10% of BV on an individual
basis via a 20 G venflon (BD, USA) placed in the median
cubital vein. All measurements were performed after a 5-h
fasting period in a quiet room with controlled temperature
between 22 and 23 °C.

Measurements

Blood volume (BV), red blood cell volume (RBCV), plasma
volume (PV) Intravascular volumes were determined using
the classic carbon monoxide (CO) rebreathing technique
integrated in a semi-automated system with a very low
typical error of measurement (TE <1.2%) as previously
described in detail (Montero et al. 2015, 2017; Siebenmann
et al. 2017). In brief, following 20 min of supine rest, 2 ml of
blood (baseline) was sampled from the participant’s median
cubital vein via a 20-G venflon (BD, USA) and analysed
immediately in duplicate for percent carboxyhemoglobin
(%HbCO), hemoglobin (Hb) concentration and hematocrit
(Hct) (ABL80, Radiometer, Denmark). Then, they breathed
100% O, for 4 min to flush the nitrogen from the airways.
After closing the O, input, a bolus of 1.5 ml/kg of 99.997%
chemically pure CO (CO N47, Air Liquide, France) was
administrated into the breathing circuit. The participants
rebreathed this gas mixture for 10 min. An additional 2 ml
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blood sample was obtained and analysed in duplicate as
aforementioned. The change in %HbCO is used to calculate
circulating hemoglobin mass (Hb,,,), taking into account
the amount of CO that remains in the rebreathing circuit at
the end of the procedure. BV, total red blood cell volume
(RBCV) and plasma volume (PV) were determined from
Hb, ... Hb concentration and Hct (Montero et al. 2015,
2017; Siebenmann et al. 2017).

Stress echocardiography and central hemodynamics Two-
dimensional (2D) apical cine-loops were recorded via high-
resolution ultrasound (Mindray Medical M9, USA) at supine
rest, during predetermined levels of incremental exercise
relative to peak heart rate (HR ;) (80 and 100% HR ;)
and at a fixed submaximal absolute workload (100 W).
Exercise measurements were performed in a supine cycle
ergometer designed to facilitate the precision of echocar-
diography and hemodynamic measurements as well as the
attainment of peak aerobic capacity in the recommended
duration (7—10 min) via 10-30 W increments (Astorino et al.
2004), as previously detailed (Diaz-Canestro et al. 2021b,
c). Following the American Society of Echocardiography
and the European Association of Cardiovascular Imaging
recommendations, cardiac chamber quantification was com-
pleted offline using the modified Simpson method (biplane
method of disks) by tracing the endocardial border of the
LV at end-diastole and end-systole at a target frame rate of
30 Hz (range 25-40 Hz) (Lang et al. 2015; Pellikka et al.
2007). Diastolic function was assessed via transmitral inflow
velocities determined by pulsed-wave Doppler, with the
sample volume placed between the mitral leaflet tips. The
peak inflow velocities during early (E) and late (A) diastole
were assessed, and the E/A velocity ratio was calculated.
Myocardial tissue e’ and a’ velocities were measured via
tissue Doppler imaging, and the E/e’ ratio was calculated.
The recommended Cube algorithm was used to estimate left
ventricular mass (LV,..=0.8 (1.04 [(interventricular sep-
tum thickness at diastole (IVSd)+ LV internal diameter at
diastole (LVIDd) + LV posterior wall thickness at diastole
(LVPWd))> —LVIDd’]) +0.6) (Lang et al. 2015). Left ven-
tricular relative wall thickness (LVRWT), an index of LV
concentric hypertrophy, was determined according to the
formula: LVRWT =2 X LVPWd/LVIDd. In addition, systolic
arterial blood pressure (SBP), diastolic arterial blood pres-
sure (DBP) and mean arterial blood pressure (MAP) were
continuously assessed non-invasively via the volume-clamp
method and finger plethysmography adjusted to the heart
level (Finometer PRO, Finapres Medical Systems, Nether-
lands), with data exported into a pre-established acquisition
software (Labchart 7, AD Instruments, UK). SV was cal-
culated as left ventricular end-diastolic volume (LVEDV)

minus left ventricular end-systolic volume (LVESV), while
the product of SV and HR provided cardiac output (Q). Total
peripheral resistance (TPR) was determined as the ratio of
MBP and Q. Finally, the rate pressure product (RPP), an
index of myocardial work and oxygen (O,) consumption,
was calculated via the product of SBP and HR. Myocardial
O, consumption was not directly measured due to its inva-
sive nature. The reproducibility of key echocardiographic
and hemodynamic measurements (intraobserver coefficient
of variation (CV)) during exercise in our laboratory is < 6%
for LV volumes and <3% for blood pressures.
Speckle-tracking strain analysis and left ventricular
mechanical dyssynchrony (LVMD) Myocardial speed, lon-
gitudinal (LS) and transverse strains (TS) were analyzed
offline via speckle tracking echocardiography in the stand-
ard apical 4-chamber (A4C) view with dedicated software
(UltraView, Mindray Medical, USA). The longitudinal
mechanical plane (henceforth referred to ‘axis’ according
to the customary use in the field) spans from the base to the
apex of the myocardium, while the transverse mechanical
axis entails the shortest distance from the inner to the outer
layer of the myocardium. Automated ECG-guided imaging
was performed in all LV myocardial A4C segments (basal
anterolateral, basal inferoseptal, mid anterolateral, mid
inferoseptal, apical lateral, apical septal, apex). LVMD was
assessed via the dispersion (standard deviation) of the time
to peak (TPSD) of LS (%) and TS (%), and their respective
strain rates (s~') (LSR, TSR) (Haugaa et al. 2012). Among
available methods to quantify LVMD, TPSD of LV longitu-
dinal and transverse axes has demonstrated superior prog-
nostic power in prior clinical studies (Haugaa et al. 2010;
Lim et al. 2008; Miyazaki et al. 2008; Modin et al. 2018).
Raw strain data were not analyzed due to the known frame
rate-dependency (Rosner et al. 2015). The nil influence of
frame rate on TPSD variables has been confirmed in our
laboratory (Supplemental Fig. 1). All analyses were per-
formed by a researcher blinded to participant characteristics
and group assignment. The quality of speckle tracking analy-
ses was verified at all assessment points (rest, 100 W, 80 and
100% HR,x) (1-5 scale) and participants presenting with
low quality or missing cine-loops were excluded from the
study. Reproducibility of TPSD variables was determined
using the Bland—Altman method and expressed as mean
bias and SD (Biering-Sorensen et al. 2017; Bland and Alt-
man 1986). From duplicate analyses (n=20), the mean bias
for intraobserver reproducibility was 4.0 +25.4, 7.1 +38.1,
3.6+31.2 and 4.9+30.7 ms for LS TPSD, LSR TPSD, TS
TPSD and TSR TPSD at rest, respectively. Corresponding
mean bias values for intraobserver reproducibility at the
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«Fig. 1 Rate pressure product (RPP) at rest and during exercise before
and after blood withdrawal. Data are reported as meanz+SEM.
*P <0.05 compared with before blood withdrawal. The magnitude of
blood withdrawal was fixed (10%) for all individuals. Measurements
during exercise were performed at a given absolute workload (100 W)
and at relative intensities (80 and 100% of HRpeak). HR, heart rate;
HRPeak, peak heart rate; RPP, rate pressure product; SBP, systolic
blood pressure

peak exercise intensity were 9.0+ 18.1,4.3+22.4, 6.6 +22.1
and 1.1+20.8 ms.

Table 1 Baseline characteristics

Age (yrs) 53.6+16.3
Height (cm) 166.5+6.8
Weight (kg) 622+8.6
BSA (m?) 1.69+0.13
MAP (mm Hg) 97.1+18.7
TPR (dyn s cm™) 2593 +784
HR (bpm) 59.2+73
Hb (gdL™h) 13.0+0.7
MVPA (hr wk™) 59+2.8
VO, (mL min™" kg™') 34.4+7.8
Resting cardiac structure/function

RA (mL) 30.4+9.3
RV EDA (cm?) 18.1+3.8
RV ESA (cm?) 82+2.5
LA (mL m™?) 40.8+19.7
LVEDV (mL) 74.8+16.2
LVESV (mL) 20.9+7.7
LVEF (%) 72.3+7.9
SV (mL) 54.0+12.5
LV, (@) 118.8+23.7
LVRWT 0.49+0.11
Mitral E (cm s7) 68.7+14.7
Mitral A (cm s~} 62.6+15.0
Mitral E/A ratio 1.15+0.36
Myocardial e’ (cm s 1) 119429
Myocardial a’ (cm s~}) 10.5+2.8
E/e’ ratio 6.1+£2.0

Data are expressed as mean +SD
*P <0.05 compared with pre

BSA, body surface area; HR, heart rate; LA, left atria; LVEDV, left
ventricular end-diastolic volume; LVEF, left ventricular ejection frac-
tion; LV, ..., left ventricular mass; LVRWT, left ventricular relative
wall thickness; MAP, mean arterial blood pressure; Mitral E/A ratio,
ratio of peak blood flow velocity in early diastole (E wave) to peak
blood flow velocity in late diastole due to atrial contraction (A wave);
Mpyocardial e’, tissue myocardial velocity in early diastole; E/e’ ratio,
ratio of peak blood flow velocity to tissue myocardial velocity in early
diastole; MVPA, moderate-to-vigorous physical activity; RA, right
atria; RV EDA, right ventricular end-diastolic area; RV ESA, right
ventricular end-systolic area; SV, stroke volume; VO,,,,. peak oxy-
gen consumption

Statistical analysis

Statistical analysis was performed using SPSS 26.0 (SPSS,
USA). Data were tested for normal distribution with the Kol-
mogorov—Smirnov test and for homogeneity of variances
with the Levene’s test. The effect of blood withdrawal on
cardiac and hemodynamic variables was assessed via paired
sample ¢ tests. The relationship of phlebotomy-induced
changes (2nd visit-phlebotomy minus Ist visit-baseline val-
ues) in LVMD (ALVMD) with cardiac function, structure
and hemodynamics at rest and during exercise was evaluated
using linear regression analyses and the determination of the
Pearson’s correlation coefficient (r). Likewise, the potential
influence of age on ALVMD was assessed via linear regres-
sion analyses and r. All data are reported as mean (& SD)
unless otherwise stated. A two-tailed P-value less than 0.05
was considered significant.

Results
Baseline characteristics

Main characteristics of the study participants are shown
in Table 1. All individuals were non-smokers, non-obese
(body mass index =22.4 +2.5 kg m~2) and moderately active
(MVPA=5.9+2.8 h wk™!). Hormone replacement therapy
(HRT) was used by a minority of participants (n=3) and did
not affect the results of the study. Resting cardiac structure
and function closely concurred with normative echocardi-
ography data according to age and sex (Kou et al. 2014;
Patel et al. 2021). The established 10% blood withdrawal
reduced baseline BV (5.3+0.7 L) by 0.5+0.1 L, including
decreases of 0.3 and 0.2 1in PV and RBCYV, respectively.
Baseline Hb concentration (13.1+0.8 vs. 13.1+09 g dL !,
P=0.533) and Hct (40.1+2.3 vs. 39.9+2.6%, P=0.416)
were not affected by blood withdrawal. In contrast, blood
withdrawal induced decrements in resting LVEDV (— 8%,
P =0.040) and LV passive filling (— 16% in mitral E wave
and — 13% in myocardial e’, P <0.001).

Rate pressure product (RPP), cardiac volumes
and output (Q)

Figure 1 presents HR, SBP and RPP before and after blood
withdrawal. Heart rate at a fixed submaximal absolute work-
load (100 W) was increased by blood withdrawal (121417
vs. 13021 bpm, P=0.009). At high relative exercise inten-
sities (80 and 100% HR ), blood withdrawal led to decre-
ments in SBP and RPP (— 12 to — 15%, P<0.021). With
respect to cardiac volumes, blood withdrawal did not alter
LV volumes and Q at the fixed moderate submaximal work-
load (P >0.067), but did decrease LVEDV, SV and Q (- 11
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Fig.2 Longitudinal left ventric-
ular mechanical dyssynchrony
(LVMD) at rest and during
exercise before and after blood
withdrawal. Data are reported
as mean + SEM. *P <0.05 com-
pared with before blood with-
drawal. The magnitude of blood
withdrawal was fixed (10%) for
all individuals. Measurements
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and 100% HR ).

Left ventricular mechanical dyssynchrony (LVMD)

LVMD in the longitudinal and transverse axes before
and after blood withdrawal is displayed in Figs. 2 and 3,
respectively. At rest, blood withdrawal did not alter any
measure of LVMD (P >0.225). During exercise at the
fixed moderate submaximal workload (100 W), LVMD of
myocardial strain in the longitudinal axis was increased
(+36%) after blood withdrawal (LS TPSD: 36.2 +24.9 vs.
49.1+£23.2 ms, P=0.047). At peak effort (100% HR ) in
the transverse axis, blood withdrawal augmented (+31%)
LVMD of myocardial strain rate (TSR TPSD: 45.9+15.0
vs. 60.3+24.3 ms, P=0.002).
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Regression analyses

The relationship between the effects (A, delta change)
induced by blood withdrawal on LVMD, cardiac and hemo-
dynamic variables was determined via linear regression
analyses. At rest, no relationship was found (P >0.070).
At the fixed moderate submaximal workload (100 W),
ALS TPSD was negatively associated with hemodynamic
variables such as ASBP (r=- 0.64, P=0.006), AMAP
(r=-0.66, P=0.004) and ARPP (r=—- 0.53, P=0.031),
while ATS TPSD was negatively associated with ASV
(r=- 0.44, P=0.046). At a relative exercise intensity
(80% HR ,c,), ALSR TPSD was positively associated with
ALVEF (r=0.54, P=0.010) and negatively associated
with ALVESV (r=- 0.63, P=0.002). Moreover, ATSR
TPSD was negatively associated with LV (r=—0.48,

mass
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Fig.3 Transverse left ventricu-
lar mechanical dyssynchrony
(LVMD) at rest and during
exercise before and after blood
withdrawal. Data are reported
as mean + SEM. *P < (.05 com-
pared with before blood with-
drawal. The magnitude of blood
withdrawal was fixed (10%) for
all individuals. Measurements
during exercise were performed
at a given absolute workload
(100 W) and at relative intensi-
ties (80 and 100% of HR ;).
The transverse mechanical axis
entails the shortest distance
from the inner to the outer layer 0-
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P=0.023). At peak effort, ATS TPSD was positively associ-
ated with ALVEDV (r=0.43, P=0.034) and ASV (r=0.47,
P=0.021), while ATSR TPSD was positively associated
with LVPWd (r=0.62, P=0.001) and LVRWT (r=0.59,
P=0.003). Finally, ALVMD variables were not associated
with age at rest (P> 0.157) nor during exercise (P >0.121).

Discussion

This study determined the influence of blood withdrawal
(10%) on the synchronous properties of the myocardium,
represented by LV mechanical dyssynchrony (LVMD), at
rest and during exercise-induced stress in healthy women.
The main findings are: (i) blood withdrawal reduces cardiac
filling but do not alter LVMD in resting conditions; (ii) dur-
ing moderate and high intensity exercise, large impairments
of LVMD are elicited by blood withdrawal; (iii) the effects
of blood withdrawal on LVMD at peak effort are directly

associated with a LV concentric remodeling pattern. These
findings denote the intrinsic relationship between BV, car-
diac filling and structure, and the mechanical synchrony of
myocardial fibers in women with a cardiovascular system not
altered by disease. Potential sex-specific implications will be
discussed in relation to pathophysiological alterations and
treatment of cardiac mechanical synchrony.

The human heart at rest is endowed with large functional
reserves underlain by redundant mechanisms, which serve to
cope with eventual stressors. With increasing cardiac work
demands and/or preload alterations, these reserves become
progressively exhausted (Diaz-Canestro and Montero 2022a;
Diaz-Canestro et al. 2021a; Williams et al. 2016). It is then,
at the limits of cardiac capacity, where existing differences
between individuals are readily manifest (Diaz-Canestro
et al. 2021b; Williams et al. 2016). In this regard, sex dif-
ferences in broad rotational mechanics of the LV emerge
at the highest tolerable levels of lower body negative pres-
sure, when cardiac filling, as represented by LVEDV, is
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critically reduced (< — 25%) (Williams et al. 2016). With
a lower magnitude of LVEDV reduction, minimal diver-
gences are present in overall LV mechanics (torsion, twist)
between sexes (Williams et al. 2016). At the myocardial wall
level, the present study substantiates no alteration in rest-
ing LVMD in the presence of moderate decrements in LV
passive filling and LVEDV (> — 16%) induced by standard
blood withdrawal (10%, ~ 530 ml). Such functional and vol-
umetric changes fall within the normal range of resting LV
and BV drifts, which may be acutely elicited by blood dona-
tion or common surgical procedures, throughout the healthy
adult lifespan (Asch et al. 2019; Miyoshi et al. 2020; Patel
et al. 2021; Diaz-Canestro and Montero 2022b). Of note, age
did not influence the study outcomes according to regression
analyses, although larger studies are needed to confirm this
result. Until further evidence is available, it can be surmised
that the reserve to maintain the mechanical synchrony of the
myocardium is not compromised in adult women in resting
conditions, at least in the acute time frame. The deleterious
impact of blood withdrawal acutely emerges with increasing
myocardial work demands and will be developed hereunder.

Myocardial work can be augmented ~ 5-fold from rest
to peak effort in healthy young men (Brink-Elfegoun et al.
2007). A 4-fold increase in RPP, an established index of
myocardial work, was observed in our female population
with intact BV at peak effort (Fig. 1). At a moderate abso-
lute workload (100 W), HR was further increased by blood
withdrawal (compared with intact BV), as expected from
increased relative intensity at a given absolute workload due
to decreased exercise capacity, while RPP was increased
(approximately by threefold) and not affected by blood
withdrawal. Notwithstanding, such a moderate workload
increased the mechanical dyssynchrony of myocardial strain
after blood withdrawal in the LV longitudinal axis (+ 36%)
(Fig. 2). Therefore, blood withdrawal markedly impaired
LVMD during cycling at 100 W, which to place it in a more
familiar context is equivalent to brisk walking (~ 6 km/hr)
in our study population (Bransford and Howley 1977; Pentz
et al. 2021; Sims et al. 2018). At high exercise intensities, a
small decrease in HR ., was induced by blood withdrawal,
possibly explained by the Bezold-Jarisch reflex, i.e., reduced
preload leading to excessive ‘distortion’ of the myocardium
at peak effort being sensed by ventricular mechanoreceptors
in a negative feedback loop resulting in bradycardia (Crystal
and Salem 2012). The fourfold increase in RPP at peak effort
with intact BV was partly attenuated after blood withdrawal
(= 13 to — 15%), yet LVMD was augmented. Specifically,
the mechanical dyssynchrony of myocardial strain rate at
100% HR .,y in the transverse axis was augmented follow-
ing blood withdrawal (+31%) (Fig. 3). The transverse axis
refers to the horizontal dimension of the LV wall in the A4C
view, which is equivalent to the radial axis in the parasternal
short-axis view. As the ventricle contracts, the myocardium
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thickens in the transverse and radial axes. According to the
present results, with reduced cardiac filling, secondary to
blood withdrawal, the synchrony and thereby the efficiency
of peak myocardial thickening is largely affected in women.
Importantly, the strain derived from myocardial thicken-
ing is superior to that linked with myocardial shortening
(reflected by longitudinal strain) in predicting ejection frac-
tion and hard clinical outcomes after cardiac (ventricular)
resynchronization therapy (CRT) (Delgado et al. 2008;
Suffoletto et al. 2006; Tanaka et al. 2010). In this regard,
accumulating evidence indicates that CRT induces larger
mortality reductions in women than men (Cheng et al. 2014;
Xu et al. 2012; Zusterzeel et al. 2015). Furthermore, women
on CRT reach greater improvements than men in functional
exercise capacity (Xu et al. 2012). Collectively considered,
the female’s heart may be prone to develop ventricular dys-
synchrony, such that even moderate changes in ventricular
filling elicited by standard blood withdrawal lead to nota-
ble increments in LVMD with increasing myocardial work
above resting conditions.

The frailness of myocardial synchrony in women may
be partly related to sex-specific structural dimorphisms.
The female heart is susceptible to a certain maladaptation
involving thicker (hypertrophied) LV walls with unchanged
internal dimensions, known as LV concentric remodeling
(Regitz-Zagrosek and Kararigas 2017). Despite LV struc-
tural variables fell within normal values in the present
healthy cohort, the effect of blood withdrawal on the trans-
verse myocardial strain rate at peak effort was directly asso-
ciated with relative LV wall thickness (LVRWT), a variable
reflecting the degree of LV concentric remodeling (Biton
et al. 2016). Such type of remodeling frequently results
from chronically elevated total peripheral vascular resist-
ance (TPR) and blood pressure, which obliges the heart to
generate higher intraventricular pressures to eject blood, i.e.,
in order to overcome the afterload. Healthy normotensive
women may still be exposed, throughout the lifespan, to
increased afterload since the cross-sectional area of large
and medium-size arteries is consistently smaller (— 10 to
— 20%) compared with men, even when adjusted by body
size and LV, (Mao et al. 2008; Sandgren et al. 1999; van
der Heijden-Spek et al. 2000; Hiteshi et al. 2014). Hence,
the smaller heart of women must generate a great amount of
contractile force (blood pressure) per unit of blood flow than
men as the reduced arterial diameter of the former exponen-
tially increases the resistance to flow, thereby overloading
the female heart. Indeed, recent evidence indicates that TPR,
from moderate to high intensity exercise, is largely aug-
mented (+50%) in women relative to men, which approxi-
mately corresponds to the predicted effect of sex differences
in arterial diameter (Diaz-Canestro et al. 2021b). Ultimately,
LV concentric elicits alterations in myocardial architecture
as well as histology, including increased fibrous tissue and



European Journal of Applied Physiology (2024) 124:1227-1237

1235

myocardial fiber disarray (Maillet et al. 2013). The altered
alignment of myocardial fibers derived from LV concentric
remodeling may reasonably lead to impaired mechanical
synchrony, as it has been previously suggested (Santos et al.
2014). This may be linked with the observation that CRT
reverses LV concentric remodeling, and plausibly LVMD,
to a higher extent in women than men (Cheng et al. 2014).
Ultimately, large impairments in the mechanical synchrony
of myocardial fibers in women may entail an intrinsic struc-
tural basis.

Limitations We selected healthy individuals (women) in
order to limit the influence of disease-related confounding
factors. Further studies, including both women and men, will
elucidate the extrapolation of the present findings to par-
ticular clinical conditions, particularly those associated with
acute and chronic hypovolemia (Raj and Robertson 2007), in
a sex-specific manner. Alternative, less invasive methods to
decrease cardiac preload include lower body negative pres-
sure and nitrate or diuretic administration, although they all
involve certain unspecific cardiovascular effects that should
be controlled. Second, the investigators that performed the
analyses, but not the study participants, were blinded to the
experimental condition. Provided that a blinded interven-
tion for phlebotomy could be successfully implemented, the
intensity of exercise stimuli is not considered to be altered by
an hypothetical nocebo effect when measurements are per-
formed at established physiological benchmarks (American
Thoracic and American College of Chest 2003). Finally, a
low number of individuals (n = 3) reported the use of HRT.
We did not observe different results in these individuals
(as well as in the whole group of postmenopausal women),
concurring with previous evidence indicating no effect of
HRT on cardiovascular function during exercise in our study
population (Kirwan et al. 2004).

Practical implications

This present study demonstrates the relationship of BV
with the mechanical synchrony of the myocardium in
women in the absence of underlying pathophysiological
alterations. Specifically, a standard (10%) blood with-
drawal induces marked (> 30%) impairments of LVMD in
the longitudinal and transverse axes during moderate and
high hemodynamic stress. Moreover, the effect of blood
withdrawal on LVMD is partly a function of the geometric
pattern of the LV, being magnified with higher degree of
concentric remodeling. The propensity towards such type
of cardiac remodeling in the female population underlines
the potential major role of altered BV in deeply ingrained
ventricular abnormalities with strong prognostic impact.
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