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Abstract

Left atrial (LA) function plays a pivotal role in cardiac performance by modulating left
ventricular (LV) function. Impairments in LV function are commonly reported during
hemodialysis (HD), but available data describing changes in LA function are limited. There is
growing evidence of the cardioprotective effect of intradialytic exercise (IDE) on LV
function, but studies analyzing its effect on LA function are scarce. Our aim was to evaluate
whether IDE can limit the severity of HD-induced impairment in LA myocardial function. In
this prospective, open-label, two-center randomized crossover trial, 56 stable individuals
receiving HD participated in 2 HD sessions in random order: standard HD and a session
incorporating 30 min of aerobic exercise. LA and LV global longitudinal strains (GLSs) were
obtained before and at peak stress of HD (i.e., 30 min before the HD ending). IDE totally
eradicated the decline in LA reservoir strain observed during HD (estimated difference: 3.1%,
95% confidence interval: 0.4/5.8, P = 0.02), whereas it did not affect the other components of
LA mechanics. A similar result favoring IDE intervention was also demonstrated on GLS
changes over the HD procedure (P < 0.001). Between-session differences of changes in GLS
and LA reservoir strain were correlated (r = -0.32, P = 0.03). The cardioprotective effect of
IDE disappeared in patients with LA enlargement (i.e., LA volume index >34 mL/m?). In
conclusion, even a short duration of IDE at moderate intensity is effective in preventing HD-
associated decline in LA reservoir function. Further research is needed to explore the long-
term benefits of IDE on LA function.NEW & NOTEWORTHY A single bout of
intradialytic exercise (IDE) at moderate intensity can prevent the hemodialysis-associated
decline in left atrial (LA) function. This was partially explained by the relative preservation of
left ventricular systolic function with IDE. Benefits of IDE on LA function were lost in
patients with LA dilation. Further studies are needed to explore the mechanisms behind IDE-
induced cardioprotection and evaluate the clinical impacts of the repetitive cardioprotective
effects of IDE on LA function.



INTRODUCTION

Chronic kidney disease is a progressive condition that affects >10% of the general population
worldwide, amount- ing to >800 million individuals (1). The prevalence and incidence of end-
stage kidney disease (ESKD) requiring dialysis is today increasing, with the majority of
patients undertaking hemodialysis (2). In patients with ESKD, mortality is increased by 10- to
20-fold compared with the general population (3). In particular, cardiovascular mortality
contributes to 40% of all-cause mortality (4).

Left atrial (LA) enlargement, abnormal left ventricular (LV) geometry and structure (e.g.,
fibrosis), and global systolic and diastolic dysfunction are well-documented in patients with
ESKD (5-9). A myriad of mechanisms including comorbidities (e.g., hypertension, diabetes,
and dyslipidemia) and factors related to ESKD itself (e.g., volume overloading, uremia, and
inflammation) can lead to these cardiac abnormalities (10). Despite hemodialysis being
critical to survival, it is associated with numerous side effects including some cardiac
complications (11). Intradialytic hypotension and disturbances in myocardial segmental
perfusion (12-14), leading to transient LV dysfunction (14), are well described. The LA
function plays a pivotal role in cardiac performance by modulating LV function. LA
contributes to LV filling by its reservoir (corresponding to the LV isovolumic contraction,
ejection, and isovolumic relaxation), conduit (passage of blood from the LA and pulmonary
veins to the LV during passive LV filling), and booster pump (atrial contraction during late
diastole encompassing active LV filling) function (15). Although the assessment of LA
function can be obtained noninvasively by conventional trans- thoracic two-dimensional (2-
D) phasic volumes and Doppler (both spectral and tissue) echocardiography, its detailed
quantification remains challenging and time consuming. Evaluation of LA strain derived from
2-D speckle tracking echocardiography is feasible and constitutes a robust approach for
assessment of LA mechanics. LA strain describes the deformation of the LA during the
cardiac cycle. It can be calculated as the peak systolic change in the segment length relative to
the length at the end diastole, and is represented as percentage (%). Compared with the
traditional parameters of LA function, strain parameters are relatively independent of
tethering effects, less load dependent, and more sensitive to subtle changes in myocardial
intrinsic  contractility/relaxation properties (16). In addition, strain parameters allow
evaluation of phasic atrial function throughout the cardiac cycle. However, there is limited
data describing the changes in LA strains during hemodialysis in patients with ESKD (17).

Repetitive episodes of ischemia during hemodialysis can push patients with ESKD to heart
failure (18). In this context, the development of strategies to preserve cardiac function during
hemodialysis is therefore crucial. Acute physical exercise has the exciting potential to be
cardioprotective in patients receiving hemodialysis. Indeed, very recent studies from our
laboratory (19) and others (20, 21) reported that intradialytic cycling attenuates the decline in
LV strain and decreases the occurrence of LV wall motion abnormalities when compared with



standard hemodialysis. Nevertheless, to the best of our knowledge, the cardioprotective
effects of IDE on LA function have never been investigated.

Accordingly, the aim of the present study was to evaluate whether intradialytic exercise (IDE)
can have a cardioprotective role, by limiting the severity of hemodialysis-induced impairment
in LA function.

METHODS

Study Design and Participants

The chronic intradialytic exercise: a cardioprotective role (EX-CHRODIAL) trial was a
prospective, open-label, randomized trial incorporating an acute phase (i.e., acute IDE) per-
formed in two hemodialysis units in France. It aimed to investigate the effect of acute IDE on
LV and LA myocardial mechanics over the course of hemodialysis. A comprehensive analysis
of the LV mechanics has already been published (19), and the present study is focusing on the
LA mechanics. The ethics committee East Il (clinicaltrials.gov NCT04697459) approved this
study. All participants provided written informed consent. Adults, aged 20-79 yr, with no
regular exercise outside of dialysis, and no exposure to IDE before the study (<6 mo),
undertaking maintenance hemodialysis for >3 mo, were eligible to participate. Exclusion
criteria were poor echogenicity, contraindication to exercise, orthopedic complications, severe
heart (ischemic, valvular, etc.) vascular or respiratory diseases, ejection fraction (EF) <45%,
body mass index >35 kg-m2, and pregnancy. Figure 1A shows a flow chart of patient
enrollment. Fifty-six patients were included in the final analysis. Participants were assessed
under two different conditions: a standard hemodialysis (HD) and a session incorporating 30
min of constant aerobic exercise (HDEX). In this manner, participants served as their own
controls. The order of the sessions was randomized via computer. Exercise was performed on
a specially adapted calibrated cycle ergometer (OxyCycle 3—PhysioMed) fixed to each
patient’s bed. The study design is presented in Fig. 1B. During HDEX, the patients performed
30 min of continuous cycling (50-70 rpm) at moderate intensity (11-14 on the 6-20 Borg
Rating of Perceived Exertion Scale), as already prescribed in previous studies to evaluate the
effects of intradialytic exercise on LV function (20, 21). The intervention started 30 min after
hemodialysis onset. Echocardiography was performed twice during each study session:
immediately before hemo- dialysis (T0) and at peak stress of hemodialysis (i.e., 30 min before
hemodialysis ending, Tpeak). Blood pressure (BP) and cardiac output were collected at TO
and every 30 min through- out dialysis. For consistency and to avoid the effects of inter-
hemodialysis fluid accumulation, HD and HDEX were performed 1 wk apart the same day of
the week.



Clinical Examination and Dialysis Settings

Blood samples were collected at TO (Table 1). All patients were dialyzing three sessions
weekly. Treatment times ranged from 4 to 4.5 h. Hemodialysis treatment details are
summarized for each session in Table 2.

Echocardiography

Data acquisition.

Transthoracic echocardiography was performed using a Vivid Q system (GE Healthcare,
Horten, Norway) with a 3.5-MHz transducer. Cine loops in parasternal long axis and apical
four-, two-, and three-chamber views were recorded. Images were analyzed in cine loops
triggered by the QRS complex and saved for blinded offline analysis, which was performed
using dedicated software (EchoPAC 204TM, GE Healthcare, Chicago).

Two-dimensional and tissue Doppler echocardiography analysis.

Standard acquisitions were recorded before the first session in accordance with the guidelines
from American Society of Echocardiography (22). LV internal diameters and wall thick-
nesses were measured from the parasternal long axis view. LV mass was calculated by the
Devereux formula and indexed to body surface area. LV volumes and LV EF were measured
using the Simpson biplane method. End-diastolic volumes were obtained as preload index.
LV diastolic function was assessed using early (E) and atrial (A) transmitral flow velocities,
recorded in apical four-chamber view. Myocardial systolic (s0), early diastolic (e0), and atrial
(a0) velocities were measured with a color-coded Doppler Tissue Imaging at the mitral
annular level in apical four-chamber view. Peak e0 (i.e., average recorded on the LV septal
and lateral wall) and the E/ e0 ratio was used as indexes of LV relaxation and filling pressure,
respectively (23). Three separate LA volumes (i.e., maxi- mal, LAVmax; precontraction,
LAVpreA; minimal, LAVmin) were calculated using the Simpson biplane method. LAVmax
was indexed to body surface area [left atrial volume index (LAVI)]. LA total emptying
volume (LAVmax LAVmin), LA total emptying fraction [(LAVmax LAVmin)/LAVmax]
100, LA passive emptying volume (LAVmax LAVpreA), LA passive emptying fraction



[(LAVmax LAVpreA)/LAVmax] 100, LA active emptying volume (LAVpreA LAVmin),
and LA active emptying fraction [(LAVpreA LAVmin/LAVpreA] 100 were calculated.

2-D strain analysis.

Analysis of LV linear strains was conducted as previously
described in our laboratory (19, 24). Global longitudinal strain (GLS) was calculated in an 18-
segment model from the apical four-, two-, and three-chamber views. LA longitudinal strains
were assessed and averaged from apical four- and two-chamber views. LA reservoir, conduit,
and contraction functions were estimated with ventricular end diastole as the time reference to
define the zero baseline for LA strain curves according to recommendations (25).

Hemodynamics.

We measured aortic blood flow velocity in the ascending aorta with a 2.0-MHz continuous-
wave Doppler transducer (Pedof P2D CW; GE Vingmed Ultrasound) placed at the
suprasternal notch to assess stroke volume and cardiac output as previously described (26).
Brachial BP was measured using an automated BP cuff integrated into the dialysis
unit on the non-access arm.

Outcomes

The primary outcome of the present study was the changes from TO to Tpeak in the LA
reservoir strain. Secondary outcomes included changes in all other speckle-tracking
echocardiographic-derived parameters and standard echocardiographic and central
hemodynamic variables.
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Statistical Analysis

Statistical analysis was performed using IBM SPSS statistics V. 26.0 (IBM, Armonk, NY).
Values are expressed as means + SD. Statistical significance was defined as P value <0.05.
The present experiment is part of a seminal study looking at the effect of IDE on GLS
changes during hemodialysis, data about minimum sample size are presented else- where
(19). All analyses regarding the effect of IDE were based on the intention-to-treat principle.
The primary and secondary outcomes were analyzed using a linear mixed- effects model, with
condition (i.e., HD vs. HDEX) and time (TO and Tpeak) as fixed effects and a random effect
for patients. For subgroup analysis, the same analysis method was used adding the group as
fixed effect. Post hoc analyses were also conducted with LA reservoir strain at TO or its delta
change from TO to Tpeak in standard HD as covariate. Pearson correlations were used to
investigate the association between changes from TO to Tpeak in LA myocardial function
with LA and LV echocardiographic parameters and biological and clinical data



Table 1. Clinical charactornistics

T‘Jerrmyapuc charactenstics
Age, yr 63113
Gender, n {makefemale) 4016
Dy weight, log T+ 158
Body mass indes, kg/m™ 256+ 4.4
Dialysis vintage, years ESERT
Bilogical data
Hemaglabin, gM00 mi noE22
Calcium, mmmoliL 23x04
Potassium, mmeii 459+08
Sodium, mmolL [ae 2
Creatinine, pmodL TAT + 262
Crreaciive profein ultrasensitive, mogfiL 651 A5 6
Linga, mimodL 2449
Comorbidities, (%)
Diabetes 10 {18)
Hypeiension (55
Coronary arlery disease L hul]
Heart tailure 200
Hyperpanatiyroidism 8 (14}
Peripheral viascular disease G
Chironic kidney disease etiology, n (%)
Glomenilar nephiitis 10 (1)
immunoglobulin A nephropathny 4{A
Hypernensive nephropativ n2m
Dinbetic nephropatty & (1)
Congenital 204
Indaterminate & (1)
Other 33 (29
Medication, m (%)
Antiglelel 102
Anticoaguiants 20
Nitrates 102
Statins 0 {18y
Diuretics jefwci]
Anti-arrtnythmic 39
Calcium channe biockers T3y
E-Blockers 18 (32)
Ergthirapoledin aH
Corticostennids 3
—_Thyrasine 1)
Table 2. Hemodiolysis porometers
HID HIDEX P Wl
Weight. kg
Prediakysic T N7 57+ M8 087
Posidinbysis T+ LT FA0 a4 0ES
LNbrafiltration wolume, L 266+ 0.M 263+ 090 oA
Duration, min pcr il e R 1 0.95
Fillration rate, mLmin 354t AT 358+ 24 E T
KLV 150+ 027 152 + 032 063

HI, hemodialysis; TIDNEX, hemodialysis incorporating 30 min of
comnstant aerohic cxencise, *P < 0V pre- vs. postdiabysis.

RESULTS

Baseline Characteristics and HD Parameters As previously reported (19), the trial recruited
from December 2020 to February 2022. A total of 200 people receiving hemodialysis were
screened and 147 individuals were approached. Out of them, 95 gave initial consent and 14
subsequently dropped out. After baseline assessments, 25 patients were excluded for LV EF
lower than 45% (n ¥4 7) and poor echogenicity (n ¥% 14) or lack of good echocardiographic
window for LA measurements (n % 4). Finally, 56 individuals were enrolled and completed
both HD and HDEX sessions (Fig. 1A). The clinical characteristics are presented in Table 1.
The mean age of the 56 patients was 63 £ 13 yr including 16 female participants. Body weight



at pre- and post-dialysis and all dialysis parameters were strictly similar between HD and
HDEX (Table 2). Baseline standard echocardiographic data are presented in Table 3.
According to guidelines (23), 30 patients presented with LA enlargement (i.e., LAVI > 34
mL/m 2) and 26 patients had a normal LA morphology (i.e., LAVI 34 mL/m ?).

Cardiac Function During HD and HDEX

LV and LA conventional measurements and 2-D strain parameters at each time point are
presented in Table 4. IDE did not affect the changes from TO to Tpeak in LV end-diastolic
volume, LV EF, LAVmax, LAVmin, LAVpreA, LA passive and active emptying volumes,
and LA conduit and contractile strains. In contrast, there was evidence that IDE preserved our
primary outcome over the hemodialysis procedure, estimated difference of change from TO to
Tpeak between HD and HDEX being significant for LA reservoir strains [3.1%, 95%
confidence interval (Cl): 0.4/5.8, P ¥ 0.02; Fig. 2]. From TO to Tpeak, LA reservoir strains
decreased during HD (P < 0.001), whereas they remained unchanged during HDEX (P ¥
0.14). IDE also favorably impacted the changes in GLS from TO to Tpeak (P < 0.01).

A significant correlation was obtained between changes from TO to Tpeak in LA reservoir
strain and GLS during HD (r -0.38, P < 0.01) and HDEX (r =-0.40, P < 0.01). Between-
session differences in changes from TO to Tpeak of GLS and LA reservoir strain were also
correlated (r = -0.32, P = 0.03). No significant correlation was found between difference of
changes between HD and HDEX in LA reservoir strain over the procedure and ultrafiltrated
volumes (r = 0.21, P = 0.15).

Table 3. Boseline cardioc charocteristics

13 paramators
LV end-diastolic vodume, miL 08 + 28

L'V end-systolic wolume, mi 48 + 16

Relative will thickress 033+ 007
L'V mass index, gim? N5+ 33
LV ejection Mreclion, % 5t 8
LV prlsed-wave Doppher
E, mfs 082 1 019
A, mifs 078+023
i L0+ 0
LV tissue Doppler maging parameters
5 Cms B3+24
', omig 99 +24
a', cmis BE+16

Eie’ ratio 12447
2-1, twordimensiomal: LV, left ventricle,




Table 4. Left ventricular and left atrial measurements at each time paint

Linsear Mixed-Effects Model
Candition x
HD HDEX Sequence Condition = Time
Estimarted
T Tosak PValue® Te Tosek P Value® P Value Difference™ (95% c1) PVl
Conventional measurements
LV end-diastolic volume, mL ms27 92125 =0.001 Moz 28 92123 <0.00 044 15 —6.8/9.8) 072
LV sjection fraction, % 5418 5018 <000 5416 5018 0.0m 0.40 1 (19043 047
LA masdmal woluime, mL 74112 55+ 20 =<0.0m EEES ) ETES <0.00M 0Ts 37 161 a7
LA minimal volume, mi 3115 25413 =0.0Mm kS e} 24 £10 = 0.0 089 13 4729 045
LA pre-A wave volume, mL 52419 44118 <0.00 52+17 44 £17 <0.00 088 03 —4.775.3) 0.50
LA total emptying volume, mL 43N 9410 =0.00 MNin3 33412 =0.00 Lo i} 50 a8 o.m
LA tobal emplying fraction, % 59110 55110 0.0 5811 58112 0.8 0.8s 47 (0GB 0.03
LA passive emplying volume, mL 229 LET] <0.0 2041 2+9 <0.00M o4 34 (o270 007
LA passive emplying fraction, % 3iN 20410 <000 28113 22415 0002 032 41 Loy on
LA active emptying volume, mL pa k31 w17 0.04 Hzh H+10 074 o7 i7 (—15/4.9) 029
LA active emplying fraction, % 29+ 8 35+ 8 =000 300 36414 =< 0.001 0.30 03 (—4.3/4.5) 0.89
20 sirain paramelers

LV global longiudinal strain, % —B1t34 ~15.0 4.0 0.0 —~1B1+33 —16.4 +34 0.0 097 12 (2103 0.009
LA reservoir phase, % 315:89 269177 <0.00 30.7£98 292 +89 0. 033 31 0.4/5.8) .02
LA conduit phase, % —16.4156 —Nnoi42 <0.001 —16.0167 -N7x50 <0.001 045 —11 —3.0/0.8) 024
LA contractile phase, % —151+5.0 —161+48 on — 153448 173154 0.004 048 —1.0 [-2.8/0.8) 0.26

Negative estimated differences for negative data like LV global longitudinal strain, LA reservoir, or contractile phases and positive estimated differences for positive data like
LA reservoir phase or LV and LA volumes indicate the superiorily and cardioprotective effect of HDEX. The parameiers were estimated by maximum likelihood, and P values
porating 30 min of constant aeroblc exercise; LA, left atrial; LV, left veniricle.

“p value for change within the same condition, analyzed using one-sample ¢ test; "estimated difference of change from Ty, 10 Ty between 11D and HDEX generated by the linear
mixed-effects regression model, with HD and T, as reference factors.

were generated by Wald tesis. CI, confidence interval; HD, hemodialysis; HDEX, hemodialysi
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Effects of LA Remodeling on LA Function During HD and HDEX

A significant between-session difference of changes from TO to Tpeak in LA reservoir strain
was observed between patients with normal (i.e., LAVI 34 mL/m?) and dilated (i.e., LAVI >
34 mL/m? LA (point estimates: 6.5%, 95% CI: 11.8/1.2, P = 0.02) (Fig. 3A). There was
overwhelming evidence that IDE favorably impacted LA reservoir strain changes over the
hemodialysis procedure in patients with normal LA morphology (HD: 6.9 + 8.0%, HDEX:
0.3+ 7.6%, point estimates: 6.6, 95% CI: 2.2/11.0, P < 0.01), whereas the changes during HD
and HDEX were similar in patients with enlarged LA (HD: 2.8 £ 6.7%, HDEX: 2.7 £6.1%,
point estimates: 0.4%, 95% ClI: 3.1/3.2, P= 0.9) (Fig. 3B). Such results were confirmed with
either the absolute changes from TO to Tpeak in LA reservoir strain or with LA reservoir
strain at TO during HD used as covariates. LAVI cor- related significantly with both the
changes from TO to Tpeak in LA reservoir strain during HD (r = 0.42, P < 0.01) and the
difference of changes from TO to Tpeak between conditions of LA reservoir strain (r = -0.40,
P < 0.01) (Fig. 4). Hemodynamic Changes During HD and HDEX IDE did not modify the
trajectory from TO to Tpeak of all hemodynamic parameters (Table 5). There were no
differences between HD and HDEX at each time point, except during the 30-min exercise,
where higher HR and cardiac output values as well as SBP and MBP were obtained (P > 0.05
in each case, data not shown).

DISCUSSION

To the best of our knowledge, this is the first study reporting the effects of IDE on the
different phases of LA function. Our major findings highlight first that a short duration IDE
at moderate intensity is effective in preventing hemodialysis-associated decline in LA
reservoir function and second that such a cardioprotection is abolished in patients with
enlarged LA.

Effects of Hemodialysis on LA Mechanics

The LA function plays an important role in cardiac per- formance by modulating LV function.
Several studies have reported hemodialysis-related impairment in LV function, but very few
have evaluated the impacts of this excess fluid removal procedure on LA function. In the
present study, volumetric indexes of LA function decreased from TO to Tpeak during HD,
agreeing with previous studies (17). These measurements are, however, largely influenced by
loading conditions (27), which, in the context of volume depletion such as found in



hemodialysis, are of particular importance. LA strain is less load-dependent than LA
conventional parameters (16) and therefore reflects more accurately changes in intrinsic
contractility/relaxation properties. In our study, LA reservoir and conduit strains decreased
during HD, whereas contractile ones were globally preserved (Fig. 2 and Table 4). Today,
there is limited data describing the changes in LA mechanics during hemodialysis in patients
with ESKD. The few available studies (17, 28) also reported decrements in LA strain during
hemodialysis, with changes correlating with blood volume depletion. Even if no significant
correlation was obtained between absolute changes from TO to Tpeak in LA reservoir strain
with ultrafiltrated volume, the influence of preload alterations on our results cannot totally be
excluded. LA reservoir function and LV systolic function are modulated by both LA
relaxation and compliance properties (15). In our study, the absolute changes in LA reservoir
strain during HD correlated with the absolute changes in GLS, emphasizing the close
interdependence between the function of these two cavities. The transient hemodialysis-
associated LV systolic dysfunction, resulting from disturbances in myocardial segmental
perfusion, is well described in the literature (12—14). Such a phenomenon could very likely be
involved also in the explanation of the hemodialysis-associated alteration in LA reservoir
strain. Of note, in an experimental model, Barbier et al. (29) reported that acute LV regional
ischemia impairs not only LV systolic function but also LA function, evaluated using
volumetric measurements during the reservoir phase, and LA compliance and relaxation
properties. The repetitive nature of myocardial ischemic insults and transient dysfunction due
to hemodialysis may, in the long term, yield permanent regional myocardial dys- function,
conferring an increased risk of cardiac events and mortality (18), necessitating, therefore, the
application of countermeasures during hemodialysis.

Benefits of IDE on LA Mechanics

The salient feature from the present study is the beneficial effect of acute IDE in preventing
the hemodialysis-related decline in LA reservoir function. First, IDE did not alter hemo
dynamic parameters (BP and cardiac output), confirming the safety of this type of
intervention. Moreover, loading conditions and ultrafiltration volumes were strictly similar
between HD and HDEX, suggesting that the benefits of IDE on LA reservoir function were
not related to hemodynamic factors. In our study, a similar result favoring IDE intervention
was also demonstrated on GLS changes from TO to Tpeak. Furthermore, between-session
differences of changes in GLS and LA reservoir strain were correlated, indicating that the
relative preservation of LV systolic function by IDE partially explains that of LA reservoir
function. Indeed, LV and LA are mechanically connected and share the motion of the mitral
ring. Thus, longitudinal shortening of the LV implies expansion of the LA, promoting LA
reservoir strain. Other mechanisms must be advanced. The cardioprotection conferred by IDE
on LV systolic function has already been explained via a reduction of hemodialysis-induced
perfusion abnormalities (20). Since ischemia also impairs LA relaxation and compliance (29),
we can reasonably speculate that IDE might have also preserved LA myocardial perfusion



(and thus its relaxation properties and compliance), thereby limiting the impairment in LA
reservoir function. Further studies are needed to explore the mechanisms behind IDE-induced

cardioprotection.

Effect of LA Remodeling on LA Mechanics

During HDEX In a subgroup analysis, we were able to demonstrate that IDE did not affect the
trajectory of LA reservoir strain in patients presenting LA enlargement. In contrast,
individuals with normal LA morphology benefited from acute IDE, with a lower decrease in
LA reservoir strain during HDEX compared with HD (Fig. 3). Furthermore, a correlation
between LAVI and the difference between HD and HDEX of the absolute changes from TO to
Tpeak in LA reservoir strain was obtained (r = -0.40, P < 0.01). In patients with
cardiovascular risk factors, LA enlargement represents maladaptive structural and functional
cardiac remodeling. In many diseases, LA dysfunction precedes LA geometric remodeling
and even abnormal LV longitudinal function (30, 31). Thus, we can hypothesize that patients
with LA hypertrophy may not bene- fit from IDE-induced cardioprotection due to advanced
pathological structural and functional remodeling affecting the whole myocardium.
Pathological LA remodeling is notably associated with increased interstitial fibrosis (32). Of
note, Yan et al. (33) in an experimental model highlighted that myocardial fibrosis weakens
the cardioprotective effects of ischemic preconditioning. Similar mechanisms might be
advanced to partially explain the absence of benefits of acute IDE in our subgroup of patients
with LA enlargement.

Table 5. Hemodynamic parameters at each time point

Lirsear Mixid-Elficts Modl
Condilion =
HD HDEX Sepumrie Condition * Time
Estimated
Ts Tooua  PVakue® T. Tpews  PWohse®  PValue  Differonce™  (GEXCH)  PWVahe
Heart rate, beats/min oM 12 0M 709 mEn on 0.56 -2 —4/3) o
Left veniricular stroke volume, mL  691:33 57124 <0001 70133 57£25 <000 0.69 06 —816.9) 0.88
Cardine output, Limin 49124 40118 <0001 481227 41120 <000 0.7 o1 [ 0507 075
Systolic blood pressure, mmHg = 1E3E+18  TO423 0000 W@E+2 129:M 0003 0.04 2 {—5/) 0.60
Diastolic blood pressure, mmHg =~ 76+16 7216 002 739 72:% 039 0.0 3 (—2m 023
Mean bicod pressure, mmHg 9616 90116 0001 9317 90:¥ 003 0.1 2 (—2/7) 0.31

The parameters were estimated by maximum likelihood, and P values were generated by Wald tests. CI, confidence interval; HD,
hemodialysis; HDEX, hemodi is incorporating 30 min of constant acrobic exercise. *P value for change within the same condition, an
alyzed using one-sample I Lest; estimated difference of change from Ty 10 T between HD and HDEX, generated by the linear mixed
effects regression model, with HD and T, as reference factors,
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Clinical Implications

LA reservoir function constitutes an independent predictor of cardiovascular mortality and
major adverse cardiovascular events in patients with chronic kidney disease (34). In the
present study, the preservation of LA reservoir function from TO to Tpeak during HDEX
compared with HD (3.1%, 95% CI: 0.4/5.8, P = 0.02) gives preliminary evidence of the
cardioprotection conferred by IDE. This is of major clinical relevance in patients undergoing
hemodialysis because the hazards ratio for prediction of major adverse cardiovascular events
increased by 4% per 1% decrease in LA reservoir strain (35). Moreover, atrial fibrillation is a
frequent comorbid condition in patients with ESKD on hemodialysis, with a prevalence of up
to 27% (36). The pathophysiology of atrial fibrillation is complex including volume overload,
inflammation, or uremia (37). Interestingly, Papadopoulos et al. (38) reported that LA
reservoir strain impairment is an independent predictor of atrial fibrillation, suggesting that
IDE might help in limiting the occurrence and progression of atrial fibrillation. Whether the
transient improvement in LA reservoir strain conferred by IDE when repeated on each
dialysis translates into improved clinical outcomes remains to be determined.

Limitations

There are some limitations to this study, which should be acknowledged. In the present study,
we used a single mode, duration, and intensity of exercise. Further studies are needed to
evaluate the optimal pattern of exercise (e.g., continuous vs. interval exercise) to induce the
greatest cardioprotective benefits. Our very restrictive exclusion criteria (especially body mass
index >35 kg-m? and ejection fraction <45%) helped to control confounder factors such as
severe obesity but limit the universality of our results. We have hypothesized that the loss in
cardioprotective effects of intradialytic exercise was due to an increase in myocardial fibrosis
in patients with LA enlargement. However, we were unable to corrob- orate this with the
extent of collagen fibers in this population, which was beyond the scope of this study. We did
not evaluate the time of recovery of the HD-induced dysfunction. Finally, we did not evaluate
the long-term outcomes of IDE, as this was also outside the purview of this study. Future
studies are needed to determine the cardiovascular effect of chronic IDE, as well as its effect
on cardiovascular events, mortality, and occurrence of LA fibrillation in individuals with
ESKD.



Conclusions

A single bout of 30 min of intradialytic cycling was sufficient to limit the hemodialysis-
related reduction in LA reservoir function. Such a cardioprotective effect was, however, lost
in patients with pathological LA remodeling. IDE represents an interesting non-
pharmaceutical therapeutic strategy to attenuate acute hemodialysis-related cardiac
complications. Further studies are needed to evaluate the clinical impacts of the repetitive
cardioprotective effects of IDE on LA function.
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