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Abstract

Background: Maintenance hemodialysis (HD) patients universally suffer from excess toxin load. Hemodiafiltration
(HDF) has shown its potential in better removal of small as well as large sized toxins, but its efficacy is restricted by
inter-compartmental clearance. Intra-dialytic exercise on the other hand is also found to be effective for removal of
toxins; the augmented removal is apparently obtained by better perfusion of skeletal muscles and decreased
inter-compartmental resistance. The aim of this trial is to compare the toxin removal outcome associated with
intra-dialytic exercise in HD and with post-dilution HDF.

Methods/design: The main hypothesis of this study is that intra-dialytic exercise enhances toxin removal by
decreasing the inter-compartmental resistance, a major impediment for toxin removal. To compare the HDF and
HD with exercise, the toxin rebound for urea, creatinine, phosphate, and β2-microglobulin will be calculated after 2
hours of dialysis. Spent dialysate will also be collected to calculate the removed toxin mass. To quantify the
decrease in inter-compartmental resistance, the recently developed regional blood flow model will be employed.
The study will be single center, randomized, self-control, open-label prospective clinical research where 15 study
subjects will undergo three dialysis protocols (a) high flux HD, (b) post-dilution HDF, (c) high flux HD with exercise.
Multiple blood samples during each study session will be collected to estimate the unknown model parameters.

Discussion: This will be the first study to investigate the exercise induced physiological change(s) responsible for
enhanced toxin removal, and compare the toxin removal outcome both for small and middle sized toxins in HD
with exercise and HDF. Successful completion of this clinical research will give important insights into exercise
effect on factors responsible for enhanced toxin removal. The knowledge will give confidence for implementing,
sustaining, and optimizing the exercise in routine dialysis care. We anticipate that toxin removal outcomes from
intra-dialytic exercise session will be comparable to that obtained by standalone HDF. These results will encourage
clinicians to combine HDF with intra-dialytic exercise for significantly enhanced toxin removal.
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Background
Hemodialysis is a life saving treatment for end stage
renal disease (ESRD) patients and is prescribed to more
than one million patients world-wide. Patients on dialysis
are often associated with lower quality of life (QoL), sig-
nificant burden of cardiovascular diseases, and numerous
other co-morbidities [1]. Advances in hemodialysis care
has resulted in improved patient outcomes and nearly
25% decline in mortality is observed in the last two
decades, nonetheless the high rate of all-cause mortality
in the early months of therapy is a matter of concern.
Quantitatively, only 51% of dialysis patients are still alive
three years after their initiation into renal replacement
therapy. Mortality in the ESRD population is still 10
times greater than age standardized population without
kidney failure [2]. Hence, much needs to be done to
further improve patients’ outcomes.
Numerous aspects such as increasing uremic toxin

removal, achieving patient dry weight or optimal fluid
removal, prevention of intra-dialytic hypotensive epi-
sodes, maintaining optimal hemoglobin level, lowering
phosphate level, precise electrolytes balance, and redu-
cing incidence of hypertension, can be considered for
improving the hemodialysis care. However, the plausible
reason for undesired patient outcomes is insufficient
removal of accumulated toxins, which over time lead to
toxin overload followed by life deteriorating complica-
tions. Hence, ways to improve the toxin clearance forms
the basis for this clinical research. The solute removal
can be augmented by increasing the blood flow, dialysate
flow, larger dialyzer, increase in dialysis time and/or
frequency, or increasing the toxin removal by convection
based renal replacement therapies (RRTs). Increasing the
dialysis time and frequency corresponds to changing the
conventional 4 hours × 3 times a week hemodialysis
regimen to long nocturnal dialysis, daily short dialysis,
respectively. However, many patients find it difficult and
are reluctant to change from the traditional hemodialysis
scheduling, as they have long established their living
pattern to conventional dialysis. Dialysis care centers
have also largely built their business model on the 4
hourly 3 times a week schedule. Hence, ways to improve
the toxin clearance during the usual 4 hours of
hemodialysis forms the basis of this clinical research.
In this regard, the convection based renal replacement

therapy – hemodiafiltration (HDF) has been a subject of
major research [3], and various randomized controlled
trials have proved its efficacy for toxin removal [4-8].
The basic premise for encouraging HDF is the forced
ultrafiltration rate that results in increased removal of
middle or large sized toxins via convection [9,10]. These
middle or large sized toxins have been shown to be
associated with increased mortality and morbidity, and
their increased removal may lead to better patient
outcomes [11-13]. One common marker for these
large sized toxins is β2-microglobulin. It is relatively
easy to measure and its removal kinetics has been studied
extensively [14-16].
Despite numerous documented benefits of HDF, there

is still lack of evidence from various clinical trials, that
HDF can improve the mortality and reduce morbidity,
thus there is a need of properly designed randomized
controlled clinical trials [17,18]. A prospective clinical
study comparing online-HDF and high flux HD has
shown that both small (urea and creatinine) and large
(β2-microglobulin and complement factor D) sized toxin
removal were greater for HDF when compared to high-
flux HD. However, this increased removal of urea and
creatinine did not result in lower pre-treatment serum
concentration in both groups. In the context of large
sized molecules, the authors found that, after one year,
pre-treatment serum β2-microglobulin levels were similar
in both regimens, but significant decrease was observed
for complement factor D [5]. Based on these evidences, it
was concluded that efficacy of HDF is largely restricted by
inter-compartmental resistance [15]. Toxins, which are
distributed in intracellular and interstitial compartments,
in addition to blood plasma compartment, are severely
restricted by cellular membrane or capillary endothelium.
This also explains the significant removal of complement
factor D, for its distribution is limited to intravascular
compartment only. But majority of uremic toxins are
distributed in both intracellular and extracellular compart-
ment, and thus HDF or high-flux HD seem to detoxify the
blood plasma compartment primarily. Hence, it is more
important to focus on patient physiology i.e. overcoming
the inter-compartmental resistance rather than focusing on
improvement of RRTs. Above arguments also led to
conclude that, after a certain volume of replacement fluid
in HDF, there will not be any significant benefit for toxin
removal, as blood plasma compartment will almost be
devoid of toxins and inflow of toxins from remote com-
partments is restricted by inter-compartmental resistance.
This explains why even with very high volume of replace-
ment fluid (60L), there was no significant improvement in
toxin removal [7], and the only plausible but not widely
recommended way to overcome this resistance is to wait
i.e. prescribe long nocturnal dialysis or increased frequency
of dialysis, which have been found to be more efficacious
than the high flux hemodialysis [19,20]. In another clinical
study for 20 subjects, where removal outcomes of HDF
and low flux HD were compared for asymmetric dimethy-
larginine (ADMA); there was no benefit from HDF over
HD in lowering the ADMA concentration, rather authors
found that HD was superior in increasing the L-arginine/
ADMA ratio [21]. The reason for insignificant ADMA
removal was associated with protein binding of this
compound [21], however, ADMA is metabolic by-product
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of protein modification process in human cells, thus it may
also be chiefly intra-cellular, and so HDF will be inefficient
for its removal. This further strengthens the conclusion of
Ward et al. that inter-compartmental resistance is the
major barrier for toxin removal [15]. The HDF superiority
over conventional high-flux HD in long term clinical trials
is still debated [18], and we do not intend to delve on this
debate. Rather, our intention is – how can we further
improve the toxin removal performance of HDF by
overcoming the physiological barrier.
Exercise during dialysis or intra-dialytic exercise has

shown its potential for removal of uremic toxins in a
number of clinical trials [1,22-25]. The increased toxin
removal due to intra-dialytic exercise is ascribed to
increased perfusion of skeletal muscles which results in
mobilization of toxins from remote inaccessible compart-
ments to intravascular compartment. It has been postulated
that intra-dialytic exercise increases the cardiac output
(CO), and the major portion of this increased CO is
rendered to the low flow region (LFR) comprising skin,
muscles, and bones, which contains almost 80% of body
fluid and proportional amount of toxins. In normal
condition i.e. no exercise scenario, only 20% of CO
perfuses the LFR, and the rest 80% goes to high flow
region (HFR) comprising heart, liver, kidney, brain, and
blood itself, containing only 20% of bodily fluid and pro-
portional amount of toxins. Based on this physiological
disproportion of CO distribution, Schneditz et al. proposed
the regional blood flow (RBF) model and explained the
post-dialytic rebound phenomena for urea and creatinine
[26,27], Smye et al. first employed this RBF model for
explaining the effect of intra-dialytic exercise with the
assumption of increased CO [28]. However, in our recent
simulations for explaining the effect of intra-dialytic
exercise using developed diffusion adjusted RBF (DA-RBF)
model for β2-microglobulin [14], we observed that increase
in CO due to exercise alone is insufficient to explain the
increased toxin removal or reduced post-dialytic rebound.
Hence, it was hypothesized that intra-dialytic exercise not
only increases CO but also significantly decreases the
inter-compartmental resistance, which is suggested as
major barrier for inter-compartmental toxin transfer and
for reduced HDF efficacy [14,15]. The inter-compartmental
resistance is quantified by inversely proportional model
parameter, named as inter-compartmental mass transfer
coefficient; however, direct measurement of this model
parameter is not possible. The indirect measurement or
here parameter estimation will be performed via toxin
kinetic modeling with repeated blood samples during
and after dialysis. Hence, in this clinical research, we will
study the effect of intra-dialytic exercise in conventional
dialysis settings and quantify the associated physiological
changes responsible for enhanced toxin removal. Add-
itionally, no clinical study has investigated the effect of
intra-dialytic exercise for removal of middle molecules
toxin marker, β2-microglobulin. It has increasingly been
considered as marker of toxin milieu; hence effect of
intra-dialytic exercise on β2-microglobulin removal will
also be considered in this clinical research [29,30].

Specific aims

1. Investigate the effect of intra-dialytic exercise on
removal of middle molecule marker toxin,
β2-micorglobulin and compare the same with
conventional hemodialysis session.

2. Investigate the effect of intra-dialytic exercise on
physiological changes, namely, decrease in inter-
compartmental resistance, increase in CO, change in
heart rate and blood pressure via direct measurement
and indirect measure i.e. toxin kinetic modeling.

3. Compare the toxin and solute removal outcomes for
urea, creatinine, phosphate, β2-micorglobulin,
sodium, and potassium for post-dilution HDF and
intra-dialytic exercise in conventional hemodialysis
setting using spent dialysate collection as well as
post-dialysis rebound calculation.

Methods and design
Study design and setting
This study is single center, open label, self-controlled
(within subject design), randomized prospective, efficacy
study involving patients undergoing conventional high-flux
hemodialysis. Blinding is not feasible, for the changes in
conventional HD are immediately visible to both study
subjects and investigators. The study will be conducted at
outpatient dialysis center of National University Hospital
(NUH), Singapore.

Ethics approval and quality assurance
The domain specific review board affiliated with National
Healthcare Group (NHG), Singapore has approved the
trial. The study will undergo routine quality assurance
review conducted by the ethics board. The ethics board
will also receive timely progress status report from the
principal investigator and will be promptly informed of any
adverse events owing to the study protocol.

Patient recruitment
The principal investigator and study administrator will
review the existing patients’ database for hemoglobin
level and ejection fraction on prior test results, existing
chronic obstructive pulmonary disease (COPD), angina,
and history of heart-attack, before contacting the patients.
The study subjects should have no residual renal function
(defined by urine output of less than 200 mL/day). Potential
subjects satisfying the above mentioned criteria will be
identified and subsequently contacted for preliminary tests
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where patients will be explained about the study protocol,
and benefits of HDF and intra-dialytic exercise. Agreed
patients satisfying the inclusion–exclusion criteria will sign
the patient information sheet and consent form in the
presence of an independent witness, who will also sign the
form. A copy of signed form will be given to the patient.
Total 15 subjects will be recruited for the study.

Inclusion criteria

1. Adult patients male or female (Age > 21 years).
2. Minimum dialysis vintage of 2 months.
3. Stable on hemodialysis.
4. Minimum Hemoglobin level of 10 g/dL.
5. Blood access capable of delivering the blood flow rate
greater than 250 mL/min.

6. Preserved left ventricular ejection fraction (>50%) on
prior imaging study.

7. Desirable performance in 6 min-walk-test (6 MWT).

Exclusion criteria

1. History of recurring or persistent hypotension in
the past 2 months.

2. Pregnant woman.
3. Severely Hypertensive patients (systolic blood

pressure > 180 mmHg and/or diastolic blood
pressure > 115 mmHg).

4. History of recent myocardial infarction or unstable
angina (within the past 6 months).

5. Significant valvular disease, i.e. severe aortic stenosis
and moderate-severe mitral regurgitation.

6. Patients with end stage organ disease e.g. COPD,
recent or debilitating CVA.

7. Patient with recent stroke (within the past 6 months).
8. Anemic patients.
9. History of known arrhythmia.
10. Participation in another clinical intervention trial.
11. Moderate to severe osteoarthritis of knee(s).
12. Unable to consent.

The consented subjects will be called for 6 MWT,
which will be performed according to the standard
guidelines prescribed by American Thoracic Society
[31]. Patients will walk along a measured circuit (30 m),
instructed to cover as much distance as they can within
6 min. Blood pressure (BP), heart rate (HR) and rate of
perceived exertion (RPE) will be assessed at pre- and
post- 6 MWT. HR and RPE will be measured at every
minute of the test, as well as at 8 and 10 min to assess
heart rate recovery (HRR) and blood pressure. This test
has been considered as appropriate sub-maximum test
to assess patient’s functional and physiological response,
cardiovascular fitness, and suitability for intra-dialytic
exercise in ESRD population [32]. Patients who ambulate
less than 300 m over 6 min will be excluded from the
test due to the likelihood that they may not tolerate the
exercise protocol (described later). Patient should also
demonstrate acceptable physiological response during
the test (e.g. HRR, hemodynamic parameters within safe
guidelines for exercise.

Study interventions and randomization
All recruited study subjects will undergo three different
study dialysis sessions, namely, HD, HDF, and HD with ex-
ercise within a maximum time interval of 6 months be-
tween the first and last study session. High flux HD will be
conducted as per the patient routine dialysis session; HDF
will be conducted with 18L of replacement fluid. Patients’
medication (phosphate binder, medication for hypertension,
erythropoietin dose, etc.) will not be changed during the
study. Minimum one week gap will be maintained between
study sessions for each individual patient. This will remove
any carry-over effect of previous study session and will
bring the patients to their nominal toxin concentration
level. Patients will also be advised to keep their diet fairly
constant during the study period. The study sessions will
be conducted in mid-week or end-week setting; however,
study sessions for an individual subject will be on the same
day of the week. All sessions will be conducted in the ran-
domized order and random sequence of study sessions will
be generated using a computer, though patient’s existing
dialysis schedule will not be disturbed. To avoid the effect
of confounding factors, same dialysis conditions will be
used in all three dialysis sessions.
The intra-dialytic exercise will be conducted in conven-

tional high-flux dialysis setting with exercise prescription
in three bouts. The first exercise bout will be from 40-60
min, second from 80-100 min, and third from 120-140
min. If patients are unable to adhere to the prescribed
exercise intervention then patients will be advised to per-
form a total of 60 min exercise during the dialysis. The
exercise will be sustained till the achievement of 60% of
maximum heart rate, and will be given via active cycling
movement (ACM) using calibrated Monark 881E cycle
ergometer (Monark, Sweden). Various hemodynamic
responses viz. heart rate, blood pressure, arterial and
venous blood temperature will be measured during all
the study sessions. Additional hemodynamic information
viz. cardiac output, peripheral vascular resistance index,
etc. will also be obtained using Doppler Echocardiog-
raphy, and will be made before the onset of dialysis, be-
fore starting the exercise, at 5-minute intervals during
exercise, and after termination of first exercise bout.
Echocardiography will also be used to assess cardiac
structure and function before and during exercise – any
new or unexpected abnormality, e.g. regional dysfunc-
tion, will be highlighted to the dialysis team.
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Figure 1 Flow chart of the clinical trial.
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Data collection
Blood and dialysate sampling
Total 10 arterial blood samples, 6 during and 4 after
dialysis will be collected in each study session. Each
blood sample will be analyzed for uremic toxins, namely,
urea, creatinine, phosphate, β2-microglobulin, and uremic
solutes, namely, sodium and potassium. The volume of
each collected blood sample will be 4 mL. An additional
post-dialyzer i.e. venous blood sample at 60 min will be
collected to calculate the dialyzer clearance for the above
mentioned toxins/solutes. All the blood samples will be
sent to NUH clinical laboratory immediately after collec-
tion. These toxins/solutes concentrations will be used for
estimating the parameters of the recently developed diffu-
sion-adjusted regional blood flow model, which will
characterize the physiological changes due to HD, intra-
dialytic exercise, and standalone HDF. The validity of
model will be assessed for urea, creatinine, phosphate,
and β2-microglobulin.
Collection of total spent dialysate is the ‘gold standard’

for measuring the amount of toxin removed. However,
the volume of total spent dialysate will be 120 L for
500 mL/min dialysate flow rate and will be 20 L more in
case of HDF; the volume of spent dialysate will be
further augmented by fluid removed from the patient.
This will require a large container and space which is
generally not available in the dialysis center. Hence, a
representative fraction of spent dialysate will be
collected to assess the quantum of toxin removed. This
approach has already been validated for quantifying the
amount of urea removed [33]. In total, 45 study dialysis
sessions will be conducted; where a total of 450 arterial
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and 45 venous blood samples will be collected; a total of
45 dialysate samples will be analyzed.

Blood temperature monitoring
Arterial and venous blood temperature will be continuously
monitored using blood temperature monitor (Fresenius,
Bad Homburg, Germany). It is hypothesized that intra-
dialytic will increase the body core temperature. Note that,
the dialysate temperature will be kept same for all three
study sessions. All the collected samples and data will be
assigned a unique study number, which will be used to
maintain patient confidentiality.

Treatment modification
All therapies will be discontinued, should adverse-effects
such as acute hypotensive episode (defined by blood pres-
sure drop of 20 mm Hg or SBP < 85) or chest pain, uneasi-
ness or cramps during study session manifest. And the
session will be resumed only after patient stabilizes. Appro-
priate intervention will be prescribed to stabilize the subject.
Although these are anticipated to be at low event occur-
rence rate, the event will be medically recorded and dealt
with following the usual clinical practice. A report of all ad-
verse events will be provided to the ethics board.

Outcome measures
Primary outcome measure
A representative fraction of spent dialysate will be analyzed
to quantify the removed toxin mass in each study dialysis
session viz. HD, HDF, and HD with exercise. The removed
Figure 2 Diffusion-adjusted regional blood flow model (parallel-cum-s
kinetics. Toxin transfer is due to diffusion across capillary endothelium, and
Qb/Qbp are blood/plasma flows to high flow region (HFR), low flow region (L
access recirculation, respectively. Shaded compartments represent contact w
toxin mass for standalone HDF and HD with exercise will
be compared using standard statistical t-test. The post-
dialytic rebound will also be quantified using pre-dialysis
(at t = 0 min), end-dialysis (at t = 240 min), and post-
dialysis (at t = 360 min) toxin concentration.

Secondary outcome measure
The blood toxin(s) concentration will be employed to
estimate model parameters for individual toxin in each
individual session. One of the estimated model para-
meters (inter-compartmental mass transfer coefficient)
will quantify the physiological changes responsible for
enhanced toxin removal due to intra-dialytic exercise.
The change in estimated parameter value will be compared
using standard t-test. The conventional HD session will be
treated as control. Increase in cardiac output and decrease
in peripheral vascular resistance index will also be inferred
from Doppler echocardiography during intra-dialytic
exercise study. The schematic flow chart of clinical
trials is presented in Figure 1.

Discussion
Intra-dialytic exercise was first studied by Painter et al.
in prospective clinical trials for routine outpatient
hemodialysis patients [34]. Since then, exercise has been
advocated as adjunctive intervention for maintenance
HD patients and numerous benefits have been accounted
in clinical literature. Despite the documented benefits,
nephrologists as well as patients are not enthusiastic to
accommodate exercise in routine dialysis care, and still it
eries representation of physiology) or explaining β2-microglobulin
blood/plasma circulation causes convective transport. Qh/Qhp, Ql/Qlp, and
FR), and dialyzer, respectively. Qcr and Qar are cardiopulmonary and
ith blood (A – arterial node and V – venous node) [14].
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is considered as intervention rather than a routine care.
One of the reasons behind this is requirement of individua-
lized prescription for intra-dialytic exercise [35]. Before we
aim for individualized prescription, it is important to under-
stand how intra-dialytic exercise brings in physiological
changes responsible for enhanced toxin removal.
A number of physiological changes have been speculated

by researchers. Parson et al. have suggested that increased
cardiac output and thus increased blood flow to lower
extremities and open capillary surface area would increase
the flux of toxins from tissue to vascular compartment [1].
Recently, using mathematical simulations of validated
model, it was hypothesized that intra-dialytic exercise not
only increases the cardiac output but also results in signifi-
cant decrease in inter-compartmental resistance owing to
capillary endothelium or cellular membrane. One can infer
cardiac output using available devices such as Transonic
flow-QC system or by Doppler Echocardiogram, but it is
not possible to measure inter-compartmental resistance
directly, as it is resistance due to membrane/capillary
endothelium, and thus it was quantified using inter-
compartmental mass transfer coefficient which is inversely
proportional to inter-compartmental resistance. The inter-
compartmental mass transfer coefficient is one of the
model parameters which will be estimated using collected
blood samples. The increase in the estimated parameter
will give quantitative validity of intra-dialytic exercise over
conventional dialysis. The physiological representation of
regional blood flow model for middle molecular marker
toxin is shown is Figure 2. For more details on model and
corresponding model equations, readers are advised to
refer original paper [14], and paper by Schneditz et al.
who developed the diffusion-adjusted regional blood
flow model for small-sized toxins [26].
Apart from discussed physiological changes i.e. increased

cardiac output and increased inter-compartmental mass
transfer coefficient, it is hypothesized that intra-dialytic
exercise will increase the body core temperature which will
probably further dilate the vasculature. This assumption is
based on the clinical study by Kalousová et al. where effect
of cool dialysate temperature was studied on hemodynamic
stability and urea kinetics. Authors noted that for less
than 1°C decrease in body core temperature (due to cool
dialysate), there was corresponding ~400% increase in
peripheral vascular resistance index [21], but this did not
affect the urea removal. However, caution should be
exercised before generalizing the authors’ conclusion for
all uremic toxins, because urea removal is primarily flow
controlled i.e. with increased blood flow urea clearance
increases [26], while removal of other middle sized
toxins or even smaller toxins like creatinine is primarily
restricted by inter-compartmental resistance [15,26].
Hence, with increase in peripheral vascular resistance
index, the removal of such compartment resistance
controlled toxins will be significantly curbed. As exercise
will plausibly increase the body core temperature, and
hence decrease the peripheral vascular resistance, it will
result in increased toxin removal from remote inaccessible
compartments. To the best of our knowledge, there is no
clinical study where the effect of intra-dialytic exercise on
body core temperature has been studied. To confirm our
hypothesis, we will measure the change in arterial blood
temperature in all sessions. It has also been recommended
that applicability of DA-RBF model should be assessed for
small as well as large sized toxins, but this should be per-
formed where marker toxins are measured and analyzed
within the same experiment [36]. The proposed clinical
study intends to fill that gap.
Finally, it is important to test the efficacy of intra-dialytic

exercise in mobilization of toxins from remote inaccess-
ible compartments to plasma compartment. Subsequent
removal of the mobilized toxins from plasma compartment
should be accomplished by an efficient renal replacement
therapy like HDF. Hence, the positive outcomes of this
clinical trial will encourage clinicians to combine HDF with
intra-dialytic exercise; thereby obtaining the maximum
possible toxin removal with significant reduction in post-
dialysis toxin rebound.
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