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Abstract

Significance statement:

Hemodialysis (HD) can lead to acute left ventricular (LV) myocardial wall motion
abnormalities (myocardial stunning) due to segmental hypoperfusion. Exercise during dialysis
is associated with favorable effects on central hemodynamics and BP stability, factors
considered in the etiology of HD-induced myocardial stunning. In a speckle-tracking
echocardiography analysis, the authors explored effects of acute intradialytic exercise (IDE)
on LV regional myocardial function in 60 patients undergoing HD. They found beneficial
effects of IDE on LV longitudinal and circumferential function and on torsional mechanics,
not accounted for by cardiac loading conditions or central hemodynamics. These findings
support the implementation of IDE in people with ESKD, given that LV transient dysfunction
imposed by repetitive HD may contribute to heart failure and increased risk of cardiac events
in such patients.

Background:

Hemodialysis (HD) induces left ventricular (LV) transient myocardial dysfunction. A
complex interplay between linear deformations and torsional mechanics underlies LV
myocardial performance. Although intradialytic exercise (IDE) induces favorable effects on
central hemodynamics, its effect on myocardial mechanics has never been comprehensively
documented.

Methods:

To evaluate the effects of IDE on LV myocardial mechanics, assessed by speckle-tracking
echocardiography, we conducted a prospective, open-label, two-center randomized crossover
trial. We enrolled 60 individuals with ESKD receiving HD, who were assigned to participate
in two sessions performed in a randomized order: standard HD and HD incorporating 30
minutes of aerobic exercise (HDEX). We measured global longitudinal strain (GLS) at
baseline (T0), 90 minutes after HD onset (T1), and 30 minutes before ending HD (T2). At TO
and T2, we also measured circumferential strain and twist, calculated as the net difference
between apical and basal rotations. Central hemodynamic data (BP, cardiac output) also were
collected.

Results:

The decline in GLS observed during the HD procedure was attenuated in the HDEX sessions
(estimated difference, -1.16%; 95% confidence interval [95% CI], -0.31 to -2.02; P = 0.008).
Compared with HD, HDEX also demonstrated greater improvements from TO to T2 in twist,
an important component of LV myocardial function (estimated difference, 2.48°; 95% ClI,
0.30 to 4.65; P = 0.02). Differences in changes from TO to T2 for cardiac loading and
intradialytic hemodynamics did not account for the beneficial effects of IDE on LV
myocardial mechanics kinetics.

Conclusions:

IDE applied acutely during HD improves regional myocardial mechanics and might warrant
consideration in the therapeutic approach for patients on HD.



Trial registration:

ClinicalTrials.gov NCT04697459.



http://clinicaltrials.gov/show/NCT04697459

INTRODUCTION

ESKD is a global public health issue, with nearly 2.6 million people worldwide on
hemodialysis (HD).1 Individuals with ESKD have a substantially increased incidence of
cardiovascular events andmortality.2 LV geometry and structure (e.g., fibrosis) abnormalities
as well as both global systolic and diastolic dysfunctions are frequent components of
ESKD.3-6 The pathogenesis of heart disease in ESKD is not yet fully understood but remains
multifactorial. Traditional cardiovascular risk factors and comorbidities (e.g., hypertension,
diabetes, dyslipidemia) and factors related to ESKD itself, such as uremia and inflammation,
contribute undoubtedly to the development and progression of ESKD-associated pathological
cardiac remodeling. 7 HD is also recognized as an independent risk factor.8 It is associated
with intradialytic hypotension (IDH) and disturbances in myocardial segmental perfusion,9,10
leading to acute myocardial wall motion abnormalities and LV transient dysfunction, well
known as myocardial stunning.11,12 Repetitive episodes of myocardial stunning during HD
may, in the long term, precipitate individuals with ESKD to heart failure and thus contribute
to the high rate of cardiovascular mortality in this population.13 Therapeutic strategies to
mitigate cardiovascular disorders associated with HD are, therefore, mandatory. Acute IDE
seems promising because it transiently increases central hemodynamics and BPs and can
potentially reduce IDH, although this is not consensual.14 Data on its effect on myocardial
function are, however, scarce. Two exploratory studies, performed on a small number of
individuals with ESKD, documented a reduction in myocardial stunning identified by
speckle-tracking echocardiography when IDE was applied acutely compared with standard
HD.15,16 LV regional myocardial function results from a complex interplay between
multidirectional (e.g., longitudinal and circumferential) deformations and torsional mechanics
due to a complex interaction between myocardial fiber architecture and geometry. The LV
twist motion in systole aids in ventricular ejection while early diastolic untwist generates
suction and facilitates diastolic filling.17 Assessment of not only multidirectional
deformations but also twist is, therefore, crucial for a comprehensive understanding of the
effect of acute IDE on LV regional myocardial function in ESKD. To the best of our
knowledge, no previous studies have made such measurements.

Accordingly, this study aims to explore the effect of acute IDE on LV linear deformations and
torsional mechanics in HD individuals.

METHODS

Study Design and Participants

This pilot study was performed as a prelude to a larger study (EX-CHRODIAL for Chronic
IDE: a Cardioprotective Role) designed to determine whether IDE improves long-term
wellbeing and cardiovascular health. This study was a prospective, open-label, randomized
trial performed in two HD units in France. It aimed to investigate the effect of acute IDE on
LV myocardial mechanics over the course of HD. The ethics committee East Il
(clinicaltrials.gov NCT04697459) approved this study. All participants provided written
informed consent. Adults, aged 2079 years, with no regular exercise outside of dialysis, with
no exposure to IDE before the study (,6 months), and undertaking maintenance HD for .3
months were eligible to participate. Exclusion criteria were poor echogenicity;



contraindication to exercise; orthopaedic complications; severe heart (ischemic, valvular,
etc.), vascular, or respiratory diseases; ejection fraction ,45%; body mass index .35; and
pregnancy. Figure 1 shows a flowchart of patient enrollment. This study was a crossover
design (Figure 2), in which all individuals participated in two HD sessions in a random order:
a standard HD and a session incorporating 30 minutes of aerobic exercise (HDEX). Patients
were randomized by a computer using IBM SPSS statistics version 26.0 (IBM, Armonk, NY).
Randomization assignment was not provided to patients until completion of the baseline study
session. Exercise was performed in a semi-recumbent position on a calibrated cycle ergometer
(OxyCycle 3—PhysioMed) fixed to each patient’s bed. The participants performed a 30-
minute cycling session (50—70 rpm), starting 30minutes after HD onset, at moderate intensity
(11-14 on the Borg 20-point scale18). Echocardiography was performed three times during
each session: immediately before HD (TO), after 90 minutes of HD (T1), and 30 minutes
before ending HD (T2) while central hemodynamic data (BP; cardiac output [CO]) were
collected before HD and every 30 minutes throughout dialysis (Figure 2). For consistency,
HD and HDEX were performed 1-week apart from the first HD day of the week.

Patients at unit screened for eligibility
n=200 Ineligible n=33

- Hemodialysis vintage <3 months (n=10)

- Age>79 yrs(n=9)

- Regular exercise outside hemodialysis (n=6)

- Intradialytic exercise <6 months (n=8)

Eligible
Excluded and not approached n=20
- Body mass index >35 (n=4) - Severe heart diseases (n=6)
- Orthopaedic complications (n=3) - Pregnancy (n=1)
v - Severe vascular diseases (n=4)

Approached n=147

Informed consent n=95

Withdraw consent before baseline assessment n=14

v

Baseline assessment n=81

Poor echogenicity (n=14)
Ejection fraction <43% (n=7)

A

Completed both sessionsn=60

Figure 1. Study consort diagram. Study screening, consent, echo window, participation, and dropout.

Clinical Examination and Dialysis Settings

In the first session, a comprehensive clinical examination was conducted and blood samples
were collected from the arterial line of the dialysis circuit at the start of HD (Table 1).
Biological data included hemoglobin, creatinine, calcium, potassium, sodium, high-sensitivity
C-reactive protein, and urea levels. All participants were dialyzing three times weekly for 4—
4.5 hours per session. HD parameters were collected at the end of each session (Table 2). Net
ultrafiltration was determined clinically on the basis of ideal dry weight. For each participant,
medication was not changed throughout the study period.



Echocardiography

Transthoracic echocardiography was performed using a Vivid Q system (GE Healthcare,
Horten, Norway) with a 3.5-MHz transducer. Cine loops in apical 4, 2, and 3-chamber views
were recorded at TO, T1, and T2, respectively, while loops in parasternal long- and short-axis
(basal, papillary muscle and apical levels) views were only obtained at TO and T2,
respectively. The apical plane was acquired with the transductor in a caudal position (i.e.,
below the papillary muscles) to improve LV apical rotation measurement.19 Images were
analyzed in cine loops triggered by the QRS complex and saved for blinded offline analysis,
which was performed using dedicated software (EchoPAC 203TM—GE Healthcare,
Chicago). Three cycles with the best image quality were used for analysis.

HDEX ‘: " IDE | { :‘ : : v

He duratice
10 n n

Figure 2. Schematic for HD and HDEX sessions. Dotted lines (;) indicate BP and CO measurements. Arrows (}) indicate transthoracic
echocardiography. Gray box indicates IDE during HDEX.

Standard Echocardiography

Standard acquisitions were recorded before the first session in accordance with the guidelines
from the American Society of Echocardiography.20 LV internal diameters and wall
thicknesses were measured from the parasternal long-axis view. LV mass was calculated by
the Devereux formula and indexed to body surface area. LV volume and ejection fraction
were measured using the Simpson biplane method. LV diastolic function was assessed using
early (E) and atrial transmitral flow velocities, recorded in the apical 4-chamber view.
Myocardial systolic, early diastolic (e”), and atrial velocities were measured with a color-
coded Doppler Tissue Imaging at the mitral annular level in the apical 4-chamber view. Peak
e’ (i.e., average recorded on the LV septal and lateral wall) and the E/e’ ratio were used as
indexes of LV relaxation and filling pressure, respectively.21

HD Echocardiography and Central Hemodynamics

LV volumes, ejection fraction, as well as internal dimensions and wall thicknesses were
measured as aforementioned. Enddiastolic volumes (EDVs) were obtained as the preload
index. The systolic meridional wall stress (ses) was calculated and used as an index of
afterload.22 Analysis of linear strains and twist/untwist mechanics was conducted as
previously described in our laboratory.23,24 Global longitudinal strain (GLS) was calculated
using a 18-segment model from apical 4, 2, and 3-chamber views. Circumferential strain (CS,
at the papillary muscle level) as well as apical and basal rotations were assessed from
parasternal short-axis views. Increased negative values for GLS and CS indicate greater
deformation. Data were processed with a specific toolbox (Scilab 4.1) and normalized to the
percentage of systole (i.e., aortic valve closure representing 100% of systolic duration) using
interpolations. Net LV twist was calculated as the instantaneous difference between apical and
basal rotations. The LV untwisting rate was considered as an index of LV relaxation.25



Table 1. Participant characteristics

Variable ESKD (n=60)
Age (yr) 6314
Sex, n (male/female) 43/17
Dry weight (kg) 73.1=158
Body mass index (kg/m?) 252+4.6
Dialysis vintage (yr) 57*60
Hemoglobin {g/100 ml) 11.7x2.1
Calcium {mmol/L) 22*0.2
Potassium (mmol/L) 49+08
Sodium (mmol/L) 13825
Creatinine (umol/L) 722+274
C-reactive protein ultrasensitive (mg/L) 36.5+45.6
Urea (mmol/L) 21.3*5.0
Comorbidities. n (%)

Diabetes 10 (17)

Hypertension 34 (57)

Coronary artery disease 6 (10

Heart failure 10 (17)

Hypermparathyroidism 915

Peripheral vascular disease 13 (22)
Chronic kidney disease etiology. n (%)

Glomerular nephritis 12 (20)

Immunoglobulin A nephropathy 5(9)

Hypertensive nephropathy 11 (19)

Diabetic nephropathy 6 (10)

Congenital 2 (4)

Indeterminate 8 (14)

Other 14 (24)
Medication, n (%)

Antiplatelet 1(2)

Anticoagulants 14 (23)

Nitrates 1(2)

Statins 11 (18)

Diuretics 13 (22)

Anti-arrhythmic 3(5

Calcium channel blockers 8(13)

B-blockers 19 (32)

Erythropoietin 3(5

Corticosteroids 3(5)

Thyroxine 1(2)

Regular monitoring of cardiovascular hemodynamics was set up (Figure 2), with
measurements staggered every 30 minutes from HD onset for aortic blood flow, heart rate
(HR), and BP. Aortic blood flow velocity was measured in the ascending aorta using a 2.0-
MHz continuous-wave Doppler transducer (Pedof P2D CW; GE Vingmed Ultrasound) placed
at the suprasternal notch for stroke volume (SV) determination. 26 CO was calculated as
SVxHR. Brachial BP was measured on the non-access arm during the HD session using an
automated BP cuff integrated into the dialysis unit. Initial BP values were obtained at the start
of HD. IDH was defined as a 20-mm Hg decrease in systolic BP (SBP) and/or a 10-mm Hg
decrease in mean arterial pressure (MAP) associated with symptoms (e.g., abdominal
discomfort, nausea, vomiting, muscle cramps, dizziness or fainting and anxiety) compared
with initial BP values.27



Table 2. Hemodialysis parameters

Variable HD HDEX P Value
Weight {kg)

Pre 74.3*=15.6 743*154 0.99

Post 71.8x15.7 71.7x15.4 0.67
Ultrafiltrated volume (L) 2.63+0.95 2.61=092 0.81
Duration (min) 232=17 232*+15 0.78
Ultrafiltration rate (ml/h) 682=224 645+248 0.33
KtV 1.51+0.30 1.53+0.30 0.68

HD, hemodialysis.

Outcomes

The primary outcome was the GLS trajectory from TO through T2 (TO, T1, and T2).
Secondary outcomes included trajectories in all other speckle-tracking echocardiography—
derived parameters and central hemodynamic variables as well as the number of IDH episodes
per 100 hours of HD.

Statistical Analyses

Statistical analysis was performed using IBM SPSS statistics version 26.0 (IBM, Armonk,
NY). Values are expressed as mean+/-SD. Statistical significance was defined as P value
<0.05. No previous studies have examined the effect of IDE on GLS measured at baseline and
at the end of HD (see Discussion). Sample size calculation was, therefore, based on the results
from Penny et al.15 on GLS obtained at the end of HD in the two conditions. We estimated
that a total of 53 individuals would be required, considering an effect size of 0.34 with a
statistical power of 0.80 and an a (two-sided) of 0.05. All analyses regarding the effect of
IDE were based on the intention-to-treat principle. The primary outcome was analyzed using
a linear mixed-effects regression model, with condition (HD versus HDEX) as well as session
sequence and time (TO, T1, T2) as a fixed effect and random effect, respectively, for patients.
Analyses of prespecified secondary outcomes and HD parameters were undertaken using the
same analysis methods as the primary outcome. A generalized linear mixed model (using a
negative binomial regression model) was used to analyze the effect of IDE on the number of
IDH episodes. Pearson correlations were used to investigate the association between
differences in TO to T2 changes between HD and HDEX of deformation imaging variables
with indexes of cardiac loading conditions or the number of IDH.

RESULTS

Baseline Characteristics

The trial recruited from December 2020 to February 2022. A total of 200 people receiving
HD were screened. Of the 147 individuals eligible and approached, 95 gave initial consent
and 14 subsequently dropped out. After baseline assessments, 21 were also excluded for poor
echogenicity (n=14) and ejection fraction lower than 45% (n=7). Sixty individuals completed
both HD and HDEX sessions (Figure 1). Baseline characteristics are presented in Table 1.
The mean age was 63+/-14 years, and 72% of the participants were male. Body weight before
and after dialysis as well as all dialysis parameters were strictly similar between HD and
HDEX (Table 2). Standard echocardiographic data are presented in Table 3.



Table 3. Echocardiographic characteristics

Variable ESKD (n=60)
2D
LV EDV (ml) 107=28
LV ESV (ml) 48+15
Relative wall thickness 0.34+0.10
LV mass index (g/ms) 11533
LV ejection fraction (%) 55+8
Pulsed wave Doppler
E (m/s) 0.8+0.2
A (m/s) 09=10
E/A 1.1=03
TDI parameters
s’ (cm/s) 85=21
e’ (cm/s) 92=*27
a’ ({cm/s) 99+28
E/e’ ratio 95+42

LV, left ventricular; EDV, enddiastolic volume; ESV, end-systolic volume; E,
peak early transmitral flow velocity; A, peak late transmitral flow velocity; s',
peak systolic mitral annular velocity; &', peak eary diastolic mitral annular
velocity; a', peak late diastolic mitral annular velocity.

Cardiac Function During HD and HDEX

Data are presented in detail in Table 4. For all myocardial mechanics and loading condition
parameters, there was no condition by sequence interaction, highlighting the absence of
carryover effect between HDEX and HD. For the primary outcome, IDE significantly affected
the GLS trajectory from TO through T2 (condition by time interaction P = 0.008). When
compared with HD, HDEX attenuated the decline in GLS by 20.59% per time point (95%
confidence interval [95% CI], 20.15 to 21.01). Conducting the same statistical analysis with
time in hours (TO = 0 hour,T1 = 1.5 hours, T25HD duration 20.5 hour), the reduction in GLS
decline in HDEX compared with HD was of 20.33% per hour of dialysis (95% CI, 20.08 to
20.57, condition by time interaction P = 0.009). A subsequent analysis at each time point (i.e.,
fromTO to T2 and TO to T1) reveals that the beneficial effect of HDEX on GLS change from
baseline was more important at T2 (estimated difference 21.16%, 95% CI, 20.31 to 22.02,
P=0.008) than at T1 (estimated difference 20.55%, 95% CI, 0.30 to 21.46, P = 0.20).
Regarding the secondary outcomes, IDE influenced also the trajectory from TO to T2 in CS,
apical rotation, and torsional mechanics, as evidenced by significant condition by time
interactions (Table 4). Examination of estimated differences of TO to T2 changes between HD
and HDEX, and their 95% Cis clearly highlighted the beneficial effect of IDE on CS, apical
rotation, and twisting motion. When compared with HD, HDEX vyielded to greater
improvement from TO to T2 in twist, a very important component of LV myocardial function
(estimated difference 2.48°, 95% CI, 0.30 to 4.65, P = 0.02). A modest effect of IDE on TO to
T2 changes was shown for basal rotation (estimated difference 20.94°, 95% CI, 22.39 to
0.51), with no significant condition by time interaction (P = 0.20).

No condition by time interaction and small estimated differences were obtained for loading
conditions, but 95% CI revealed between-patient variations. However, when examining
differences in TO to T2 changes between HD and HDEX, no correlations were obtained
between EDV with GLS (r = 20.17 P = 0.27), CS (r = 20.09 P = 0.59), apical rotation



(r=0.20 P = 0.22), and twist (r = 20.17 P = 0.30). Similar results were obtained for ces with
GLS (r=20.29 P =0.08), CS (r =0.02 P = 0.90), apical rotation (r = 20.13 P = 0.43), and twist
(r=0.16 P =0.35).

Hemodynamics

Figure 3 shows the time course of changes from baseline in HR, SV, CO, SBP, DBP, and
MAP during both sessions. Significant condition by time interactions were noticed for

SBP (P <0.001), HR (P < 0.001), and CO (P = 0.02), underlining an effect of IDE. Estimated
differences in changes from baseline between HD and HDEX were only significant at 60
minutes of HD (i.e., at the end of IDE) for SBP (P = 0.006) and CO (P50.003) and at 30 and
60 minutes of the procedure for HR (P = 0.01; P <0.001, respectively). IDE did not modify
IDH episodes per 100 hours of HD (HD = 58+/-53 versus HDEX =51+/-56, P = 0.20;
estimated difference: 2.2; 95% CI, 219 to 114). Furthermore, no correlations were found
between HD and HDEX differences in the rate of IDH episodes with TO to T2 changes in
GLS (r=0.18, P =0.17), CS (r = 0.11, P = 0.51), apical rotation (r = 20.03, P = 0.85), and
twist (r = 20.17, P = 0.29).

Table 4. Myocardial mechanics and loading conditions during hemodialysis

Variable Linear Mixed-Effects Model
HD HDEX Sonetion ConditionxTime
T0 ™ T2 T T T2 P Value Dbt 95% Cl P Value
Difference
Primary outcome
GLS (%) -18.2=3.1 -16.2=3.3 -15.2*3.7 -18.1=3.0 -168=35 -16.3x3.4 094 -1.16 -0.31to0 =2.02 0.008
<0.001 <0.001

P value® <0.001 0.007

<0.001 <0.001

Secondary outcomes T0 T2 T0 T2

Myocardial mechanics
CS (%) -15.7=37 -13.0%3.9 -15.6*38 -14.9%3.2 0.65 -1.68 -321to -0.15 0.03
P value® <0.001 0.07
Basal rotation (%) -7.8=35 -85=3.9 -74x29 -9.0=x34 0.13 -0.94 -2.39t0 0.51 0.20
P value® 0.1 <0.001
Apical rotation (%) 9.4=4.4 7.9=39 92=40 9.6*3.9 0.99 1.82 0.32t03.33 0.01
P value® 0.02 044
Twist (%) 14.7=57 14.6=5.2 142=x57 16.3x54 0.12 248 0.30to 4.65 0.02
Pvalue® 0.72 0.01
Twisting rate (°/s) 9429 10743 8928 120=44 0.26 16.0 0.03t0 31.9 0.04
P value® 0.03 <0.001
Untwisting rate (°/s) -104=37 -106=x42 -106=45 -123*49 0.73 -14.1 -326t0 4.4 0.13
Pvalue® 0.65 0.03
Loading conditions
EDV (ml) 106=27 91=24 108=28 92+22 0.84 0.32 -781t0 84 093
Pvalue® <0.001 <0.001
Oos (g/cmz) 9142 76=38 90=42 78=39 098 33 -12.9t0 195 0.68
P value® 0.03 0.03

HD, hemodialysis; 95% CI, 95% confidence interval; CS, circumferential strain; EDV, end-diastolic volume; GLS, global longitudinal strain; a,,, meridional wall stress.
*Estimated difference of change from TOto T2 between standard hemodialysis and HDEX generated by the linear mixed-effects regression model, with standard hemodialysis and T0 as reference factors. Negative
estimated differences for negative data, such as global longitudinal strain, circumferential strain, basal rotation, or untwisting rate, and positive estimated differences for positive data, such as apical rotation, twist, or
twisting rate, indicate the superiority and cardioprotective effect of HDEX. The p were by maximum likelihood and P values d by Wald tests.

EP value for change from TO to T2 within the same condition, analyzed using the one-sample ¢ test.

DISCUSSION

This study is, to the best of our knowledge, the first to explore in a large sample of people
receiving HD the effect of acute IDE on LV linear deformations and torsional mechanics. In
people with ESKD, conventional HD is mandatory to supply the failing renal function.
However, the procedure can be detrimental to the myocardium. Acute reductions of LV
myocardial perfusion, sufficient in magnitude to lead to transient LV myocardial dysfunction
(i.e., myocardial stunning), have indeed been clearly documented using intradialytic positron
emission tomography scanning or cardiac magnetic resonance imaging.10,12,28 Speckle-
tracking echocardiography provides accurate and angle-independent measurements of LV
linear deformations and twist,29,30 allowing a fully comprehensive evaluation of LV regional



myocardial function. In our study, GLS and CS progressively declined during HD (Table 4),
agreeing with previous studies using either 2D31 or 3D32,33 speckle-tracking
echocardiography. Twist was, however, maintained (Table 4), in accordance with most of the
available data, which may be viewed as a compensatory mechanism maintaining overall
systolic function (i.e., ejection fraction) when longitudinal shortening (i.e., GLS) is
depressed.34, 35 The repetitive nature of myocardial ischemic insults and transient
dysfunction due to dialysis may, in the long term, yield to permanent regional myocardial
dysfunction, conferring an increased risk of cardiac events and mortality,13 motivating,
therefore, the application of countermeasures during HD. Acute IDE is an interesting
prophylactic measure because it transiently increases central hemodynamics and BPs, factors
considered in the etiology of HD-induced myocardial transient dysfunction,8 and can also
potentially reduce IDH, although this is not consensual.14 However, the effects of acute IDE
on LV regional myocardial mechanics remain extremely poorly documented. To the best of
our knowledge, only longitudinal function has been investigated in two nonrandomized
exploratory studies, performed on a small number (n,21) of individuals with ESKD.15,16 In
these studies, despite a significant reduction in the number of myocardial stunned segments
during the HD session with acute IDE compared with standard HD, a similar decrease in GLS
during the HD procedure was reported in both conditions, results that clearly differ from ours
where GLS changes from TO through T2 were attenuated in HDEX compared with HD (Table
4). Several methodological aspects may potentially explain such discrepancies and also
preclude any direct comparison between these and the current results: the low numbers of
participants in both prior studies conferring weak statistical power and an increased risk of
type Il error, the last echocardiogram being performed 1.5 hours before the end of HD,16 or
GLS changes being reported only from post-IDE to the end of HD as well as individuals with
ESKD having undergone routine exercise participation during HD before the sessions during
which echocardiography was performed.15 No data are available in the literature regarding
the circumferential function or torsional mechanics, despite their key roles in cardiac
performance. Indeed, twist is a major component of LV mechanics reflecting the helical
orientation of myocardial fibers. The LV twist motion induced by apical counterclockwise
and basal clockwise rotations in systole aids in ventricular ejection while early diastolic
untwist generates suction and facilitates diastolic filling.17 A salient feature, not previously
demonstrated, was the cardioprotective benefit of IDE on circumferential function and
torsional mechanics. The results from the mixed effects model and the one-sample t test
clearly indicated the superiority of HDEX, by canceling the HD-induced deterioration of CS
and apical rotation and enhancing twisting motion (Table 4).

This study was not specifically designed to resolve the underlying mechanisms responsible
for the beneficial effects of IDE on LV regional myocardial function, but several hypotheses
may be discarded or put forward. The etiology of HD-induced transient LV dysfunction is
incompletely understood, but hemodynamic instability has been presented as a potential
contributor. By cardiac magnetic resonance imaging, Buchanan et al. reported indeed negative
correlations between the number of dysfunctional LV segments and changes during dialysis in
indexed SV and CO or minimum SBP.28 In our study, the time courses in SV and CO as well
as SBP were similar during both HD and HDEX sessions, except during the 30-minute
exercise, in agreement with previous data.16 Owing to impaired baroreflex sensitivity,
individuals with ESKD present with defective BP control and exhibit significant IDH during
dialysis.14 IDH is independently associated with regional myocardial function.13 In our
study, we did not observe differences in the rate of IDH episodes per 100 hours of HD
between HD and HDEX. However, we recognize that the study was not powered (i.e., too
small sample size) to detect a statistically significant difference in this outcome. However, no



correlations were found between differences in changes from TO to T2 between HD and
HDEX in deformation imaging variables with differences in IDH. Altogether, these results do
not speak in favor of a role of hemodynamic factors in the explanation of the beneficial
effects of IDE on LV regional myocardial function.
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Figure 3. Delta changes over the HD procedure (%) for HR (A), SV (B), CO (C), SBP (D), diastolic BP (E), and mean BP (F) during
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change between HD and HDEX: **P < 0.01; ***P < 0.001.

The load dependency of speckle-tracking echocardiography— derived parameters, including
linear deformations and twisting mechanics, has been established.36-39 In our study, as
expected, significant declines in both cardiac preload (EDV) and afterload (ses) during HD
were found (Table 4). However, acute IDE did not affect the time course of loading indexes
during dialysis. Despite small estimates, quite wide 95% Cis were noticed for the difference
of change from TO to T2 between HD and HDEX, revealing inter individual variations and a
potential effect of IDE. However, no correlations were found between these differences for
speckle-tracking echocardiography—derived parameters with those in loading conditions,
arguing for an absence of a role of cardiac preload and afterload on the cardioprotective effect
of IDE.

Speckle-tracking echocardiography allows quantifying the regional function of the stunned
myocardium and is able to objectively detect segmental myocardial ischemia.22,29,40
Longitudinal function is mainly set by vertically oriented subendocardial fibers. The mid
myocardial fibers run circumferentially and most significantly contribute to circumferential
function while the subepicardial fibers, longitudinally oriented in an oblique counterclockwise
direction compared with the subendocardial layer, are the predominant source of torsional
motion. 41 Owing to its greater rotational radius, the epicardial layer dominates indeed the
overall direction of rotation. A substantial body of evidence shows that subendocardial fibers
are more sensitive to hemodynamic variations and acute ischemia than mid and subepicardial
ones.42,43 In this context, it was not surprising that IDE attenuated but did not totally repress
the HD-induced decline in GLS, while it preserved CS and improved twist mechanics.
Considering that our speckle tracking echocardiography—derived parameters were controlled



for loading conditions, our results obtained in stable individuals with ESKD free from severe
epicardial coronary artery disease strongly support the possibility of an IDE cardioprotection
through a reduction in HD-induced microvascular perfusion abnormalities. Mechanisms
involving exercise-induced ischemic/nonischemic preconditioning44 or changes in whole-
blood viscosity45 might be advanced to explain such an improvement in tissue perfusion.
Future studies will be needed to determine the role of tissue perfusion in IDE-induced
cardioprotection and to precise its underlying determinants.

Clinical Implication

GLS is currently the most widely used deformation imaging parameter in clinical practice. It
provides independent and incremental prognostic information regarding long-term risk of
cardiovascular events and mortality.46,47 The attenuation of GLS decline from TO to T2 in
HDEX compared with HD (estimated difference 21.16%, 95% CI, 20.31 to 22.02) gives
preliminary evidence of cardiac protection provided by IDE. This finding may be clinically
relevant because a reduction in GLS is associated with worse outcomes and predictive of poor
prognosis among stable HD patients with preserved ejection fraction.48 Furthermore, in
chronic kidney disease individuals with successful kidney transplant, the hazard ratio for
cardiovascular events or death after adjusting for age, sex, and race ethnicity increased by
28% per 1% decrement in the absolute value of GLS. In patients with various cardiovascular
risk factors or presenting with cardiovascular diseases, as seen in people with ESKD, each 1%
decrease in GLS magnitude was also associated with an 11.3% increase in cardiovascular
mortality risk.46 The prognostic value of torsional mechanics indexes in the setting of kidney
disease is unknown. Whether the transient improvement in myocardial mechanics conferred
by IDE when repeated on each dialysis translates into improved clinical outcomes remains to
be determined.

Limitations

Our study had limitations. Exercise intensity during IDE was based on the rate of perceived
exertion rather than on the results of a previous triangular maximal cardiopulmonary exercise
test. Not all the participants were, therefore, exercising at strictly the same intensity within the
moderate-intensity zone expected. However, the rate of perceived exertion scores correlate
relatively well with physiological measures of stress and arousal (e.g., HR, ventilatory
thresholds).18 In addition, the prescription of exercise intensity on the basis of the perceived
exertion rate is well accepted by people with ESKD and broadens the applicability of the
protocol. Our very restrictive exclusion criteria (especially ejection fraction ,45%, severe
heart disease and body mass index .35) helped control confounding factors, such as severe
obesity or disease respiratory disorders, and minimize any potential cardiovascular risk from
moderate exercise. Patients with orthopaedic complications affecting the lower limb, for
whom completion of IDE was compromised, were also excluded. We recognize that these
restrictions obviously affected the generalizability of our results. Only 28% of the patients
were women. This gender bias constitutes a limitation regarding gender generalization of the
results. A significant proportion of participants declined to participate in the study, so our
findings cannot necessarily be generalized to all individuals on dialysis. However, most
refused not because of IDE but because of repetitive echo measurements throughout dialysis.
We believe, therefore, that the adoption of IDE in the dialysis population is not disputed. The
intervention was delivered after the long interdialytic interval where patients tended to be
more fluid overloaded and have higher cardiac events. Whether the effect of IDE on
myocardial mechanics would have been different if applied after the short interdialytic



interval is unknown. Only a continuous exercise of moderate intensity was applied in this
study, and it remains unknown whether higher intensities on a continuous or interval mode
would have produced greater benefits on cardiac function. Future work should attempt to
investigate the optimum mode (continuous versus interval), intensity, timing, and duration of
exercise to induce the greatest benefits on LV myocardial mechanics. Finally, we were unable
to assess long-term outcomes because this was beyond the scope of our study. Future studies
are needed to determine the cardiovascular effect of IDE when applied chronically and its
effect on cardiovascular events and mortality in individuals with ESKD.

This pilot study is the first to identify the beneficial effects of IDE on LV multidirectional
deformation and torsional mechanics during dialysis in people with stable ESKD. Such
cardioprotection conferred by IDE has significant clinical relevance because recurrent LV

transient dysfunction imposed by repetitive HD can translate in the long term into overt
cardiac dysfunction and an increased risk of cardiac events and mortality.
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