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Introduction

Introduction

Hemodialysis — a technique designed for blood purification

In the 19" century the Scottish chemist Thomas Graham (1805-1869) coined the term
dialysis, which derives from the Greek words dia (through) and lysis (solution). Graham
discovered that some solutes pass through semipermeable membranes (vegetable
parchments coated with albumin in those days) and others do not'. Based on this
principle translocation of crystalloids can take place while larger molecules (e.g.
albumin amongst others) remain on the initial side. Knowledge of these basic principles
was essential and formed the basis for work by Abel and colleagues who conducted
decades later the first experiments in animals successfully removing uremic toxins from
the circulation’. In 1924 Georg Haas in Giessen conducted the first hemodialysis (HD)
treatment on a human being’ and later during World War Il Willem Kolff further
automated and developed the technique of blood purification®. Some years later
Belding Scribner started the first HD maintenance treatments’ made possible due to
the creation of a novel silastic arterio-venous shunt which could be repeatedly reused °.
In the presence of early evidence of sustained iatrogenic replacement of lost kidney
function which was essentially life-saving, a difficult problem arose: Who would receive
HD and who would be doomed to the natural course of nature? Representing a major
ethical, social and political problem in these early days, ‘Admission and Policy
Committees’ decided which patients would be eligible for life-prolonging treatment.
These so-called “death committees” were widely criticized at the time. As resources
became generally available and the procedure became more established, governments
recognized the need for financing the procedure and providing oversight. Countries
differed in the degree of reimbursement and the availability of the techniques. The
creation of large-scale provider networks was a consequence of this growing demand.
As per the 2013 Annual Data Report of the US Renal Data System (USRDS) around
400,000 chronic kidney disease patients received maintenance dialysis treatment in the
us.

Dialysis as a technology is based on the principle of solute diffusion with membrane
pore size largely limiting degree of diffusion and fluid ultrafiltration. Circulating blood
passes through biocompatible lines and then through a hollow-fiber dialyzer, which
consists of 8000 to 12000 extremely small (inner diameter of around 200 um) hollow
fibers. This currently used technique was, after numerous generations of different
techniques, firstly proposed by the Polish nephrologist Zbylut Twardowski as the
Capillary Dialyzer’, later developed, manufactured and made commercially available
with fibers of much smaller internal diameters by Stewart, Lipps and Mahon as the
Hollow-Fiber Dialyzer®. It was quickly established as the most effective dialyzer
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designg’lo. Today virtually every dialyzer used anywhere in the world is based on the
same design and principle, but the properties of the fibers used vary widely.

The blood passing through the fibers is separated from purified water containing
sodium, potassium, calcium, magnesium, bicarbonate, acetate and glucose in
concentrations similar to those in serum. This maintains osmotic balance and creates a
diffusive gradient for uremic toxins in the serum. The gradient is the main drive for the
diffusion of toxins from the circulation, but this is accompanied by convective transport
which comprises removal of a prescribed volume of fluid with an isotonic mass of
serum constituents. Convective removal acts via mechanical alterations of the balance
in pressure between the blood and dialysate sides of the dialysis membrane. Based on
this principle the technique is also termed single-pass ultrafiltration. It is not entirely
correct to consider the convective removal as isotonic since due to the kinetic
relationship at the dialyzer and Gibbs-Donnan effects'’ aiming to establish
electroneutrality, some of the ultrafiltered solutes are dragged back into the plasma
rendering the ultrafiltrate a slightly hypotonic solution.

The dialysate to serum gradient is maximal for those uremic toxins with molecular
weights of which are less than the permeability limit of the membrane. However, it is
also important that gradients between planned constituents in the dialysate such as
glucose, sodium and many others, and consequent diffusive forces, depending on the
molecular weight and other dialysis-related factors, are also present. For some of these
a modifiable dialysate prescription determines the direction and magnitude of the
solute mass transfer i.e. into or out of the blood stream and dialysate. In the following
we will establish the importance of these gradients and the relationships to the
outcomes caused by such differences.

Dialysate composition

Despite technological progress in dialysis the questions “What is adequate and optimal
dialysis?” and “What should the optimal dialysate prescription be?” was repeatedly
asked but not fully answered™. To quote the words of John Stewart Cameron
describing the first decades of HD: “For the great majority of physician-scientists,
dialysis was not science, but tinkering in basements.”".

Although this has certainly changed in recent decades, many aspects of the dialysis
prescription are rarely individualized even today, and are prescribed on a one-size-fits-
all basis. For a highly complex technological process such as HD where the aim of the
therapy is to restore physiological conditions for the patient during short intermittent
periods of time, this can be of substantial importance to the outcomes of therapy.

It may be difficult to determine what actually is physiological for a particular patient.
Particularly this is so because levels of relevant substances should be kept in
physiological ranges in terms of solute or volume removal until the next treatment two
(or even three over the weekend) days later. This may even require substantial
reductions (or increases) which may even exceed physiological ranges.

10
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Too often these questions are insufficiently addressed in clinical settings. An exempli
gratia is volume management. To this date it is not clearly established what can be
considered gold standards for volume estimation, since all currently available methods
are not satisfactorily accurate and precise in dialysis patients'® and even in the normal
populationls. This lack of tools becomes particularly problematic in the determination
of the actual dry weight, which is considered to be the physiologic volume state of the
patient, with absolute certaintyls. This is the case despite extensive effort and
numerous proposed methods and approaches™®"’. Another example is the quantitative
prescription of vitamin C supplements which also has remained unclear in the light of
controversial literature of oxalosis following excessive intake, poor understanding of
vitamin C dialysis kinetic, reports of deficiency in dialysis patients and the lack of
adequately powered randomized studies providing evidence for an appropriate
prescriptionls.

A similar problem exists for solutes added to the dialysis water. Knowledge of the exact
mathematical and kinetic relationship between plasma water and dialysate at the
dialyzer membrane is crucial for the correct choice of concentrations of dialysate
constituents'®. Approaches to perform such estimations in relationship to the
distribution volumes in the body, allowing quantification and individualization of solute
removal such as for urea have been formulated and are currently widely used for the
quantification and prescription of the dialysis dose Kt/V urea”®*".

Prescription of dialysate compositions need to be considered carefully since substantial
solute mass may be transferred during the dialysis treatment from the dialysate to the
patient and vice versa. The list of undetermined aspects of the dialysis prescription
which are still under investigation and lacking consensus on what is optimal is
unfortunately still long. Some of the main unsolved questions are the optimal
composition of the dialysate in terms of bicarbonate, sodium, potassium, calcium,
acetate, glucose, citrate, and more specifically the post-dialysis target ranges of these
solutes and the optimal rate of removal of excess fluid. This need for additional
research does not yet include aspects such as the use and prescription of drugs (anti-
hypertensive medication, phosphate-binders, etc.) often requiring require different
doses and frequencies of administration in dialysis patients. Also many dietary aims and
recommendations are still under investigation and require more evidence.

In regard to the relatively frail constitution of dialysis patients, with accompanying high
prevalence of co-morbidities coupled with a short life expectancy, render them a very
distinct population. As a consequence too many aspects of management are not yet
clear and cannot be translated without specific research in this population.

Mass balance of glucose and sodium

Mass balance is of importance for many solutes of interest. This is particularly true for
those which have adverse effects if in excess or are lacking in the circulation. A formal
definition of mass balance is phrased as follows: “The mass that enters a system must,
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by conservation of mass, either leave the system or accumulate within the system.” Two
major aspects need to be considered in the specific case of a dialysis patient: the
dietary and the dialytic aspect. Dietary intake of glucose and sodium is the main source
of input to the mass balance of these compounds. However, intradialytic mass transfer
can also be substantial and requires equal consideration in the dialysis prescription.

In the context of the research questions asked and addressed here, the quantification
of intradialytic mass transfer is necessary. To quantify the mass of a solute gained or
lost by a patient during a dialysis treatment both the diffusive and the convective flux
need to be estimated. Usually the convective removal of volume and with it an isotonic
mass of solutes is substantially larger than what can be gained by diffusion. However, it
is the diffusive component of intradialytic mass transfer which alters the biologically
active serum concentration.

The easiest approach to estimation of mass transfer is to employ relatively simple
relationships which require only the knowledge of some basic parameters. The main
parameter is the flow-dependent clearance of the dialyzer which can be calculated
using the well-established relationship™:

- Q,.Q,.(1-1)
Q,-Q,f

K , (1)

where Qp is the effective plasma water flow (corrected for the void volume by the
factor 0.93] in I/min, Qd the dialysate flow in I/min, KoA the flow-independent dialyzer-
specifc mass are transfer coefficient

1
KoA . —-L (2)

= Q
f=e Qp q

The plasma flow (Qp) in |/min is calculated as:

a-a Hct
= . - — , 3
p b 100 G

where Qb is the average whole blood flow during the treatment in I/min and the
instantaneous hematocrit as volume percentage of red cells in the whole blood (Hct).
This is of importance when estimating the diffusive mass transfer [MT(t)gifrusive] iN Mg
within the time interval between two consecutive time points and is calculated as
follows

MT(t)diﬁusive = [K (DC- PWC(t))] , (4)
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where, DC is the dialysate constituent concentration, PWC(t) is, in a rather simple
approach, the average plasma water concentration between two measurements at
time points of interest of the respective solute in mg/I (serum concentration corrected
for the void volume by the factor 0.93) during the time interval of the duration t in
minutes. The intradialytic diffusive glucose mass transfer, in mg, can now be estimated.
It is generally accepted to present equations in this way so that a positive mass transfer
corresponds to a diffusive transfer from the dialysate to the patient.

The convective mass transfer in mg during the time interval between two consecutive
time points can be calculated as follows

MT(t) = —(UFV(t)PWC(t)) - (5)

convective —

where UFV(t) is the ultrafiltration volume removed, in L during the time interval t, in
minutes. This calculation is valid with the assumption that the concentration in the
ultrafiltrate is equal to the plasma water concentration which is not strictly true.
However, it is generally accepted as an approach to estimate convective solute
removal. The total intradialytic, extracorporal mass transfer can thus be calculated as
the sum of diffusive and convective mass transfer.

Diffusive glucose transfer has been estimated to be on average -16.7 g per hour loss
from the patient to the dialysate for glucose-free dialysate’* and up to a 20 g per hour
gain with a dialysate glucose concentration of 200 mg/dL (11.1 mmol/1)>.

For sodium the situation is more complex since sodium transfer between intracellular
and extracellular, and intravascular and interstitial compartment are not yet entirely
understood shifts (Figure 1.1). Further, sodium, as a charged particle, is dependent on
the Gibbs-Donnan effect directed at electroneutrality at the membrane and is strongly
dependent on negatively charged proteins on the blood side. This leads to the retention
of positively charged sodium cations on the blood side (thus affecting the relationship
between clearance and concentration gradient)u.

Cell membrane Capillary wall
lon-permeable I
3 Permeable for water S
Na* _ATP Relatively impermeable
K* < for proteins I
Intracellular Volume (ICV) Extracellular Volume (ECV)
e
o . I
Water =1— ISFV* ' IVFV*

*interstitial fluid volume (ISFV); intravascular fluid volume (IVFV).

Figure 1.1  Sodium transfer.
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In addition it is not yet entirely understood how to account for the translocation of
sodium and volume between compartments, in particular between interstitial and
intravascular compartments. This thesis and the included analyses do not include non-
osmotic storage of sodium in the interstitium by the reticulo-endothelial system in the
skin as per the findings of Titze et al.”>*°. Glucose concentrations in the blood also
affect the concentration of sodium by causing volume shifts from the intracellular to
the extracellular compartment.

Since recommendations of the National Kidney Foundation (NKF) - Kidney Disease
Outcomes Quality Initiative (KDOQI) are for less or equal than 2.4 g of daily dietary
sodium intake”’, the need to avoid sodium loading by the dialysis treatment, which
could exceed the daily recommended dietary sodium intake (in only 4 hours of time),
appears obvious.

Pathophysiologic and clinical aspects related to serum glucose and
dialysate glucose prescription

In the early days of dialysis, when ultrafiltration was not yet available, very high
dialysate glucose concentrations were used to create an osmotic gradient which would
remove water during the treatment similar to the dynamics used in aiding fluid removal
in peritoneal dialysis. The concentrations used for HD were as high as 1600 mg/dI
(88.8 mmol/l) and consequentially resulted in glucose loading during the treatment®.
With the current universal use of hydraulic ultrafiltration and convective volume
removal the glucose concentrations were lowered, which resulted in a reduction in
plasma osmolality. This was even further accentuated by the very long treatment
durations common before the 1980s.

The acute osmotic effects of urea had been deemed important in the special situation
of the dialysis disequilibrium syndrome where the rapid reduction of azotemia
(particularly urea, which is a non-effective osmolyte in steady state, but an effective
osmolyte during acute changes) during dialysis resulted in the entry of fluid into the
intracellular from the extracellular compartment™>'. In order to counteract the
occurrence of this syndrome hypertonic dialysate solutions were commonly used.
Dialysate glucose concentrations of 200 mg/dl (11.1 mmol/I) which are higher than the
physiological level were routinely used in the US for decades. Also dialysate sodium
(DNa®) were often (substantially) greater than 140 mEq/l following this change in
practice. Both of these prescriptions resulted in the loading of the patient with the
respective substances due to rapid diffusion of glucose and sodium from the dialysate
because of these solutes’ low molecular mass. Consequentially it was repeatedly
hypothesized that this would result in a full range of characteristic adverse
consequences.

Generally, hyperglycemia and hypoglycemia are known to result in various serious
short- and long-term consequences. Associations between high blood glucose and
insulin resistance are well established and diabetes is a major risk factor for
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cardiovascular death risk in both the general population and also the HD population.
Besides the formation of advanced glycosylation products (AGEs) and the subsequent
deposition in vessel walls, causing inflammation and accelerating atherosclerosis, high
blood glucose is also involved in the pathogenesis of diabetic nephropathy and
neuropathy affecting the autonomic nervous system. In addition the literature reports
effects of hyperinsulinism and hyperglycemia on heart rate variability (HRV)**®,
oxidative stress and inflammation®**® and a randomized trial has suggested increased
glucose concentrations as being predictive of mortality in patients suffering from acute
coronary events’’. In concert all these consequences emphasize the importance of tight
glycemic control and the probable adverse effects of glucose loading.

For a remarkably long time there has been no consensus on what dialysate glucose
concentrations should be. Currently the use of high dialysate glucose concentrations
[greater than 100 mg/dl (5.5 mmol/I)] has been virtually abandoned worldwide. Despite
the logical consequence of glucose loading caused by raising dialysate glucose levels
above the physiological serum levels, the most commonly used dialysate glucose
concentration in the US was 200 mg/dl (11.1 mmol/l) for decades’®. At the same time
most other countries, including all countries in Europe and Canada, were using
100 mg/dl (5.5 mmol/l). Some countries mostly in Asia and South America have used
glucose-free dialysate, mainly to reduce the risk of bacterial contamination of the
dialysate.

As mentioned above dialysate glucose concentrations will have effects on serum
glucose concentrations and serum insulin concentration by glucose removal or glucose
loading following the kinetic principles at the dialyzer outlined above. Reports of
hypoglycemic events in studies comparing glucose-containing versus glucose-free
dialysa’ces22 and other data also suggests differences in hemodynamic stability occurring
between high and low dialysate glucose concentrations®>>°. The latter was considered
to be of particular interest for our analysis. There is evidence that rapid intravascular
administration of glucose and other polysaccharides has effects on the circulating
volume® and could prevent adverse consequences caused by ultrafiltration such as
drops in blood pressure (BP), cramps, headache and nausea. These so-called
intradialytic morbid events are commonly reported in HD patients and an occurrence in
up to 27% of all treatments has been suggested*"*’. The occurrence of hemodynamic
instability, which potentially results in hypoperfusion of essential organs, has been
significantly associated with an increased risk of hospitalization and mortality™.
Furthermore high insulin levels possibly reduce potassium and phosphorus removal due
to their promoting effects on the uptake of these molecules by red blood cells”**. This
has sparked the hypothesis that different dialysate glucose concentrations may also
account for the differences in the removal kinetics of potassium. It is emphasized that
all the above hypotheses were formulated in the context of the topic but, at the time of
writing of Chapter 2, 3 and 4, not yet been studied and compared in a randomized
setting. The hypothetical differences on potassium kinetics focused interest on




Chapter 1

potential effects on cardiac rhythmicity. To evaluate this aspect we performed
evaluations of the occurrence of cardiac arrhythmias of data from 24 hours Holter
recordings in studied subjects.

In addition to cardiac rhythmicity we also performed analyses of HRV data based on the
Holter recordings. Effects of the hypothesized differences in serum glucose and insulin
concentrations appeared to be of possible interest for HRV analyses reported
previously3z'33’45. In addition to conventional HRV we also performed computations of
non-linear HRV indices which are reflective of the entropy in the system and have been
shown lately to associate to outcomes in dialysis patients'>*’. For more details on HRV
see Chapter 3.

Associations between the activation of the autonomic nervous system and fatigue48’49,
and differences in post-dialysis fatigue with different dialysate sodium concentrations
(utilizing the same concept as glucose affecting the post-dialysis osmolality)so'52
stimulated our interest in differences in self-reported fatigue following treatments with
the studied dialysate glucose concentrations.

In summary theoretical disadvantages of high dialysate glucose concentrations on one
hand, leading to high spiking glucose concentrations versus a possible risk of
hypoglycemic events possibly compromising organ function with lower glucose or
glucose-free dialysate on the other hand****>* emphasize the need for clinical studies
which shed more light on the preferable dialysate glucose prescription. To compare
these two commonly prescribed dialysate glucose concentrations we have analyzed
data from a randomized-crossover trial conducted in 14 diabetic and 15 non-diabetic
HD patients. This thesis will report data from such a randomized as to how the choice of
dialysate glucose concentration affects metabolic outcomes (Chapter 2), traditional and
non-linear indices of HRV (Chapter 3) and the post-dialysis fatigue (Chapter 4) in
diabetic and non-diabetic HD patients.

Pathophysiologic and clinical aspects related to serum sodium and
dialysate sodium prescription

DNa’ considerations add complexity to the glucose discussion. It needs to be noted that
dialysate glucose concentrations and glucose-insulin metabolism may also play an
important role in the choice of the appropriate DNa* due to the effect of extracellular
glucose concentration on volume distribution between compartments and the
consequent effects on the diffusive mass transfer between the dialysate and the blood.
The effect of serum glucose on serum sodium (SNa') is, as a rule of thumb, estimated to
result in a lower SNa" by 1.6 mEqg/| per 100 mg/dl (5.5 mmol/l) increase in serum
glucose. To further understand these dynamics we performed a retrospective analysis
in 208 chronic HD patients receiving dialysis at clinics of the Renal Research Institute,
included clinics were also those outside of the urban area of NY. We calculated a
patient-specific slope to estimate the SNa* based on large changes of serum glucose
concentration (Chapter 5). These dynamics are likely to also be of importance in the
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context of Chapter 6 which discusses the pathophysiologic and clinical effects of SNa*
and DNa" prescription.

Generally, body fluid volume increases as a result of an accumulation of sodium and
water distributed mainly in the extracellular volume. This is in equilibrium with
potassium, as the other major cation, which distributes largely in the intracellular space
>, Sodium, as the cation of current interest, is gained from various sources, such as
diet, or as in the special case of the dialysis patient, by a diffusive process during the
dialysis treatment [in the presence of a positive sodium gradient (GNa®)]. Although not
the focus of this thesis, saline administration to counteract intradialytic morbid events
is another source of sodium.

As mentioned above the use of high DNa" was commonly used in the 1970s and 1980s
in order to prevent the dialysis disequilibrium syndromezg, but also to preserve
hemodynamic stability throughout the now shorter treatment times>®. The potential to
remove more accumulated fluid during shorter dialysis times was ascribed to the
purported improvement in blood volume preservation because of a shift of water from
the intra- to the extracellular, and subsequently from the interstitial to the
intravascular compartment, following diffusion of sodium from the dialysate to the
blood. These hypothesized benefits of the use of high dialysate sodium concentration
had been already contradicted in the 1980s in reports of the advantageous effects of
isonatric HD®’. A comparable approach aiming to allow shorter dialysis times and a
lower frequency of intradialytic morbid events was the use of sodium profiling. The
principle behind it was the use of high DNa"* at the start of dialysis permitting higher
ultrafiltration rates and fluid removal at this time in the treatment. This concentration
would then be gradually lowered through the course of the treatment until at the end
the DNa’ would be lower than the SNa” resulting in diffusive removal of the excess
sodium from the blood. While this, appealing hypothetical approach, was suggested as
a means to preserve circulating blood volume during ultrafiltration maintaining
hemodynamic stability®® it remained somewhat controversial because of increased
interdialytic weight gain (IDWG)SS’59 without substantially improving hemodynamic
stability. The main theoretical problem is that the exact kinetics are difficult to
anticipate with the lack of knowledge of the accurate magnitude of many variables
needed (e.g. SNa®, distribution volume and intradialytic shifts between the
compartments). The discussion of sodium profiling is however beyond the scope of this
thesis.

Since the advent of the discussion about the optimal DNa® to use, it has been
repeatedly shown that sodium loading during the course of dialysis is associated with
adverse outcomes such as increased IDWG complicating the achievement of the target
post dialysis weight and increased BP. The effects of sodium loading on hard outcomes
such as left ventricular mass increase, hospitalizations and death are still not entirely
clear and conflicting data has been published®®®. One of the problems for the analysis
of the effect of the DNa’ prescription is the fact that SNa’ as well the GNa® (the
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difference between DNa’ and SNa’) is, an operative vector relating to outcomes, are
interrelated and both known to be associated with outcomes®****. However, currently
available evidence from prospective studies investigating the effects of reducing the
DNa‘ show very clearly that it is beneficial in terms of at least outcomes such as IDWG
and BP amongst others®™®.

Most data currently available derives from research projects which studied an ‘across
the board’ change of DNa* 65,66 Lately the use of lower DNa" was claimed to be not
proven to be of benefit for all HD patients®. This call for needed research came from
researchers currently conducting a large-scale and adequately powered trial comparing
low versus high DNa* with left ventricular mass as the outcome®.

It is well established that the pre HD DNa’ and the resulting GNa (i.e. the difference
between DNa® and SNa®) is linearly associated with change in SNa® during the
treatment (i.e. the difference between pre and post SNa*)’*"%. As a consequence the
individualization of the GNa" allows the achievement of a desired diffusive intradialytic
sodium balance. Despite some controversial publications in the literature which suggest
a survival advantage for those at low SNa (<136 mEq/l) dialyzed with high DNa*
(>142 mEq/I)73'74 the current belief suggests a neutral balance is to be desired. Dialysis
should not result in diffusive sodium gain for the patient and should not alter SNa*
throughout the treatment. In this context DNa* to SNa’ alignment appears to be of
benefit for the patient.

The practical problem with alignment in busy dialysis clinics is that it is operationally
impossible to measure pre dialytic SNa* before every treatment. The currently available
data on alignment strategies are unfortunately from underpowered studies (thus not
allowing elucidation of the effects on hard outcomes)”””>’® and comprises only one
randomized trial in 27 subjects only’®. However, in the light of the currently published
literature it appears likely that the use of sodium alignment results in positive outcomes
in terms of reduction of IDWG, BP control, reduction of inflammation and intradialytic
morbid events®’>’”’. However, these studies are not sufficiently powered and hard
evidence is required to draw solid conclusions. Therefore, preliminary data from the
largest DNa’ to SNa" alignment project to date which was conducted in dialysis clinics of
the Renal Research Institute is presented in Chapter 6.

In healthy subjects serum sodium concentrations are between 135 and 145 mEq/| and
the osmolality is between 280 to 295 mOsm/kg. Both are tightly controlled and
maintained by several regulatory mechanisms mainly comprising excretion and
retention of sodium and water, thirst-triggered water intake promoted by stimulation
of osmoreceptors in the brain, the effects of vasopressin and the renal response to
vasopressin and other hormones’®.

As mentioned above, in dialysis patients, sodium either from dialysis or from the diet
will affect osmolality which again triggers thirst. Consequently volume expansion in
dialysis patients following the increase of SNa" affects BP over a prolonged period of
time and this effect disappears once the excess volume and salt is removed’*®. Fluid
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overload may cause irreversible and reversible damage to the cardiovascular system
and compromise several other systems'”®

In addition recent evidence suggests that there are also volume-independent
relationships between SNa' and BP®. Partially these may be due to mechanisms and
disturbances of the regulatory axes of electrolyte and water metabolism, such as the
renin-angiotensin-aldosterone system (one of the main regulators of this system),
which are still intact®”®%, Due to the lack of kidney function (the actual effector) the
mechanisms are not effective for their original purpose but rather result in adverse
consequences. The most relevant consequences described in this thesis (Chapter 7) are
vasoconstriction and remodeling of the vessel walls by aldosterone (in combination
with sodium)®*. Mechanisms such as sympathetic activation and elevated levels of
asymmetric di-methyl arginine (ADMA) may however also be involved in this
vasoconstriction and the subsequent alteration of BP.

Sodium concentrations before a dialysis treatment [reflecting the dynamics during the
interdialytic period”] and the concentrations during HD are positively associated with
BP levels™. It is not yet known to what extent this is generalizable and if this is a finding
independent of the magnitude of systolic, diastolic BP and the SNa" itself.

We are analyzing this in more detail in a large international cohort of incident HD
patients from the Monitoring Dialysis Outcomes (MONDO) database’®® and present
the data in Chapter 7.

The importance of longitudinal observations

Generally there is currently a trend in the medical community to emphasize the need of
longitudinal observation instead of only basing interpretations on cross-sectional
analyses. Many retrospective analyses and many findings based on cross-sectional data
have had important additions lately by longitudinal re-analyses. For example some
recent evidence showed that clinical parameters (i.e. IDWG, systolic BP, albumin and
C-reactive protein) prior to death showed characteristic non-linear dynamics which may
be of great value for the development of prediction models aiding to identify patients
at risk®. This reflects longitudinal analysis to clearly be a superior approach compared
to cross-sectional analyses for the determination of risk factors. An example which
sparked our interest in sodium and water metabolism were recent reports which
suggested low SNa* (<135 mEq/l) to be a predictor of death in dialysis patient561’63’64. In
combination with reports about trends in SNa* being a predictor of outcomes in
patients with heart failure®, it appeared to be a valuable next step, to evaluate data in
a longitudinal fashion. This may aid to either determine a novel prognostic marker for
the treatment of dialysis patient or possibly even identify a new therapeutic target.

Despite not focusing on hard outcomes, Chapter 7 already reflects an example of the
information gain achieved by analyzing longitudinal data. As outlined above, a dialysis
patient generally will, due to the lack of kidney function and the resulting inability to
excrete excess salt, ingest hypotonic fluids to return the osmolality (and the
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corresponding sodium levels) back to the initial value during the period between two
dialyses. The resulting pre-HD SNa* has been termed the sodium setpoint’® and some
stability can be seen in longitudinal evaluations. There are many influences on this
and the setpoint concept comprises an average standard deviation (SD) of monthly pre-
HD serums sodium levels approximately 2.0 mEqg/| with an average range of 7 mEq/I
over the period of one year™. This variability includes seasonal changes in SNa* but also
other potential factors such as osmotic gradients causing translocation of water
between compartments, comorbidities or the occurrence of acute diseases which lower
absolute levels for example as described in the symptom complex of the sick-cell
syndrome””.

In summary the exact factors determining this variability and the knowledge how these
relate to outcomes is currently unknown, however longitudinal observation of trends
and variability could be of great prognostic importance possibly even represent a novel,
yet not researched therapeutic target. This thesis aims to shed light on the factors
determining variability and changes of SNa" and will also evaluate the relationship of
these two indicators with mortality (Chapter 8).

As an additional focus in the context of the importance of longitudinal observations BP
will be discussed in Chapter 9. Abundant data and publications report reference levels
for BP in the general population, but for HD patients the situation is more complex,
since the BP in a dialysis patient is strongly affected by accumulated salt and water
which cannot be excreted. On the other hand a decreasing BP could also be a reflection
of a rapidly deteriorating cardiac function.

The J-shaped curve of the mortality risk as a function of the BP reported in the general
population, is also present in dialysis patients but at a somewhat higher level of BP%,
The current paradigm is that BP levels below the lower threshold of 120 mmHg may be
indicative of reduced cardiac function and consequential hypoperfusion of organs™"%,
whereas those levels above the higher threshold (2140 mmHg prior to the HD
treatment) are considered hypertension and potentially affecting the cardiovascular
system. Both extremes are resulting in adverse outcomes but via different
pathophysiological outcomes.

Additional evidence has emphasized the importance of longitudinal observations and
the observance of dynamics of various parameters during this period as a predictor of
death. For dialysis patients these analyses comprised indicators such as variability of
BP'*'?, trends in body temperature103 and the evolution of parameters before
death®®. In Chapter 9 we analyze the relationship between trends in BP and mortality
in a population of incident HD patients in the US.
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Aim of the thesis

In this thesis we aim to shed light on the question on what the effects of using different
dialysate concentrations of sodium and glucose on affected parameters (such as BP,
IDWG amongst others) are and how they associate with outcomes. The first part of the
thesis focuses on dialysate glucose on the effects on metabolic aspects, HRV and
fatigue of using a high dialysate glucose concentration in comparison to use a lower
concentration (Chapter 2, Chapter 3 and Chapter 4). Since glucose is known to affect
sodium concentrations by creating an osmotic disequilibrium between extra- and
intracellular compartment we transition then to work we did on determining the means
effects of serum glucose on SNa’. This is of importance for efforts to individualize DNa"
(Chapter 5). The individualization is then discussed in detail based on work done on
DNa" to SNa" alignment. This section discusses the problem of operational feasibility of
alignment, the implementation into clinical routine and presents preliminary data of
the largest DNa* to SNa* alignment project to date (Chapter 6). Chapter 7 focuses on
volume-independent effects of SNa* on BP emphasizing how important these possibly
could be for clinical medicine. Dynamics of SNa* will be discussed in the following
section reporting the relationship between SNa* trends and variability and outcomes
(Chapter 8). Chapter 8 aims to provide further evidence that longitudinal observations
are the only means informative enough to determine relationships between treatment-
related and biological parameters, to outcomes. Chapter 9 aims to analyze the
relationship between longitudinal dynamics of BP and its relationship to mortality over
an observation period of one year.
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Chapter 2

Abstract

Background

There is no agreement concerning dialysate glucose concentration in hemodialysis (HD) and 100
and 200 mg/dl (G100, G200) are frequently used. G200 may result in diffusive glucose flux into
the patient, with consequent hyperglycemia and hyperinsulinism, and electrolyte alterations, in
particular potassium (K) and phosphorus (P). This trial compared metabolic effects of G100 versus
G200.

Methods

Chronic HD patients participated in this randomized, single masked, controlled crossover trial
(www.clinicaltrials.gov: #NCT00618033) consisting of two consecutive three-week segments with
G100 and G200, respectively. Intradialytic serum glucose (SG) and insulin concentrations (SI)
were measured at 0, 30, 60, 120, 180, 240 minutes, and immediately post-HD; P and K were
measured at 0, 120, 180 min, and post-HD. Hypoglycemia was defined as a SG <70 mg/dl. Mean
SG and S| were computed as area under the curve divided by treatment time.

Results

Fourteen diabetic and 15 non-diabetic subjects were studied. SG was significantly higher with
G200 as compared to G100, both in diabetic [G200: 192.8+48.1; G100: 154.0+27.3; difference
38.8 (95% Cl: 21.2 to 56.4) mg/dl; P<0.001] and non-diabetic subjects [G200: 127.0+11.2 mg/d|;
G100 106.5+10.8 mg/dl; difference 20.6 (95% Cl: 15.3 to 25.9) mg/dl; P<0.001]. SI was
significantly higher with G200 in non-diabetic subjects. Frequency of hypoglycemia, P and K
serum levels, interdialytic weight gain, and adverse intradialytic events did not differ significantly
between G100 and G200.

Conclusions
G200 may exert unfavorable metabolic effects in chronic HD patients, in particular hyperglycemia
and hyperinsulinism, the latter in non-diabetic subjects
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Metabolic effects of dialysate glucose

Introduction

Hemodialysis (HD) fluid can be considered a temporary extension of the patient’s
extracellular fluid because of the bi-directional transport processes when blood and
dialysate are flowing through the dialyzer. Therefore, the composition of the dialysate
is critical for the patient’s electrolyte and metabolic homeostasis. Glucose is a main
dialysate component, but there exists no general agreement on the optimal level. In
the 1960s, prior to the general use of ultrafiltration in dialysis machines, the osmotic
forces induced by glucose were used for fluid removal and dialysate glucose
concentrations of up to 1600 mg/dl were used for this reason’. After ultrafiltration,
which has been firstly incorporated in a dialysis machine by the Swedish scientist Nils
Alwall, became a standard feature of dialysis machines, high dialysate glucose
concentrations lost importance. The addition of dialysate glucose remained standard of
most dialysis providers, due to concerns about hypoglycemia, but the optimal dialysate
glucose concentration remained controversial. In the United States a dialysate glucose
concentration of 200 mg/dl (11 mmol/l; G200) became standard until recently. In
Europe, the most frequently used glucose concentration is 100 mg/dl (5.5 mmol/l;
G100), whereas in some countries glucose-free dialysate (GO) is used, mainly due to
concerns about bacterial and fungal contamination, and economic considerations.
While several studies on GO versus G200 and G100, respectively, (1-6) have been
reported, data comparing G100 and G200 are scarce™®. In particular, G100 and G200
have never been compared in a randomized controlled trial (RCT).

Additionally, not much information has been reported in recent years on glucose
kinetics during HD. There is evidence that glucose-containing dialysate to some degree
prevents glucose losses from the patient and thus reduces the risk of intradialytic
hypoglycemia®”%. Diabetic HD patients treated with oral anti-diabetic agents or insulin
may be particularly prone to hypoglycemia, because eating during HD is discouraged
due to adverse effects on hemodynamic stabilityg. On the other hand, G200 may result
in overt intradialytic hyperglycemia and transient hyperinsulinisml'z'lo.

Since insulin affects serum potassium levels by promoting cellular potassium (K) uptake,
hyperinsulinism may thus reduce K removal by HD'’. Hyperinsulinism may also reduce
phosphorus (P) removal during HD due to increased cellular P uptake™.

An additional theoretical consideration is the contribution of plasma glucose to plasma
osmolality, although this effect may be deemed negligible®. However, it can not be
entirely excluded that intradialytic hyperglycemia may result in increased thirst after
dialysis and higher interdialytic weight gains (IDWG); on the other hand, hyperglycemia
may promote fluid shifts from the intracellular to the extracellular compartment and
thus stabilizes blood pressure during ultrafiltration.

In order to address the questions outlined above, we embarked on a RCT of G100 and
G200 in chronic HD patients. The primary endpoint was mean intradialytic serum
glucose level; secondary endpoints included adverse intradialytic events such as
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hypoglycemic or other events requiring intervention as per unit’s policy, insulin levels,
intradialytic glucose removal or gain, intradialytic K and P concentrations, systolic blood
pressure (SBP), occurrence of cardiac arrhythmias and IDWG.

Subjects and methods

Patient selection

Maintenance HD patients dialyzed thrice weekly on a regular schedule at two dialysis
centers of the Renal Research Institute in New York City were included in this single-
masked cross-over RCT (www.clinicaltrials.gov: #NCT00618033). The study protocol was
approved by the Institutional Review Board of Beth Israel Medical Center New York
City, New York, USA. Patients signed informed consent prior to enrollment and the
study was conducted in full accordance with the Declaration of Helsinki.

Patients were enrolled according to the in- and exclusion criteria (see below) regardless
of gender, race and ethnicity. Inclusion criteria were age >18 years and HD vintage
>30 days. Patients receiving HD other than thrice weekly, those with a history of
infection, antibiotic treatment or hospitalization during the preceding month were
excluded. The enrollment target was 15 diabetic and 15 non-diabetic patients.

Diabetes mellitus was defined by either antidiabetic therapy (oral drugs or insulin), or a
random blood glucose >200 mg/dl in the preceding 12 months.

Study design

The study comprised two randomized consecutive 3-week treatment periods (9 HD
treatments during each period) with G100 and G200, respectively (Figure 2.1).
Randomization of the treatment sequence was done at the facility level to avoid
potential influence of facility practices patterns. Study coordinators assured proper
delivery of the allocated treatment regimen. Throughout the entire study patients were
masked to dialysate glucose levels. Blinding of study coordinators, technicians, nurses
and physicians was not feasible for safety reasons. In order to maintain the single-
masked design dialysate was administered via unlabelled taps or jugs, depending on
the facility. Dialyzer type (Fresenius Optiflux F1I80NR), treatment time, blood and
dialysate flow rates, target weights, and medications remained unchanged throughout
the entire 6-week study period. No food was provided during the study treatments and
subjects were asked to refrain from eating.
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patients enrolled
1 subject excluded
(hospitalization)
29 subjects randomized
on a facility level

6 diabetic subjects
2 non-diabetic subjects

G100 G200

(4 study treatments) (2 study treatments)
G100 G200

(4 study treatments) (2 study treatments)

8 diabetic subjects
13 non-diabetic subjects

t 30 chronic hemodialysis J

8 diabetic subjects
13 non-diabetic subjects

6 diabetic subjects
2 non-diabetic subjects

( 29 subjects )
L analyzed J

Figure 2.1 Study flow chart.

Measurements

In the units enrolled in the study no previous experience with G100 existed and G200
was the standard dialysate. Therefore, in order to address concerns about the safety of
G100, twice as many study treatments with G100 were scheduled (4 with G100, 2 with
G200). Study treatments where blood samples were obtained were scheduled after
long and short interdialytic intervals in a 1:1 ratio.

Biochemistry

Serum glucose and insulin levels were measured at 0, 30, 60, 120, 180 minutes and at
the end of HD. Serum potassium and phosphorus were measured at 0, 120 minutes and
at the end of HD. Glucose, phosphorus and potassium were measured with standard
methods using the Olympus AU5400 analyzer (Olympus Diagnostics Systems, Center
Valley, PA, USA). Insulin was measured with a chemiluminescent immunoassay
implemented on the Advia Centaur (Siemens Healthcare Diagnostics, Deerfield, IL,
USA). Hematocrit was estimated from clinical routine measurements of mean
erythrocyte cell volume and red blood cell count. All measurements were performed at
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a certified laboratory (Spectra Laboratories; Rockleigh, NJ, USA). Data of serum glucose
is reported in conventional units (mg/dl), for conversion to Sl units (mmol/l) values
have to be multiplied by 0.0555.

Glucose kinetics

Mean intradialytic serum glucose and insulin concentrations (SGmean; Slmean) Were
calculated by the respective areas under the curves divided by the duration of the
treatment in minutes. The area under the curve was calculated employing a 3" order
polynomial fit of all measured intradialytic serum glucose and insulin concentrations,
respectively.

The glucose KoA of the dialyzer for the Fresenius Optiflux FI80NR was determined to
be 0.749 |/min as per in-vitro experiments using aqueous solutions and heparinized
bovine blood (D. Schneditz, Medical University Graz, Austria, unpublished data).
Glucose clearance was calculated as'*:

K Q,.Q,.(1-f)
Q,-Q,f '

where Q, is the effective plasma flow in I/min, Qqthe dialysate flow in I/min and

1
KoA —-L

_ ’ ) 2
f=e Qp Qd (2)

The plasma flow (Qg) in I/min was calculated as:

a-al Hct
= . - —— , 3
p b 100 ®)

where Qq is the average blood flow during the treatment in I/min and Hct the
hematocrit as volume percentage of whole blood.

Per definition, glucose flux into the patient was considered as positive, and out of the
patient as negative.

The diffusive glucose mass transfer (MT(t)gifrusive) in Mg within the time interval between
two consecutive blood draws was calculated as follows

MT(t)diffusive = [K'(Gdialysate - SG(t)average )]t’ (4)

where SG(t)., is the average plasma water glucose concentration in mg/l (plasma
concentration corrected for plasma void volume by the factor 0.93) during the time
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interval of the duration t in minutes. A positive glucose mass transfer corresponds to a
diffuse glucose transfer from the dialysate to the patient. The total intradialytic
diffusive glucose mass transfer, MT(total)gitusive, In Mg, Was calculated as the sum of
individual glucose transfers over all time intervals.
The convective glucose mass transfer in mg during the time interval between two
consecutive blood draws was calculated as follows

MT(t) = ~(UFV(t).SG(t).4 ) (5)

convective

where UFV is the ultrafiltration volume removed, in |, during the time interval t, in
minutes. The total convective glucose loss, MT(total)convective i Mg, Was calculated as
the sum of the individual convective glucose losses over all time intervals.

The total intradialytic, extracorporal glucose mass transfer was calculated as the sum of
diffusive and convective mass transfer:

MT = MT(total) + MT (total)

diffusive convective (6)

Insulin kinetics

Dialyzer insulin clearance was estimated from insulin’s molecular weight: a linear
equation was generated (least squares regression) describing solute clearance as a
function of the logarithm of the solute’s molecular weight. The data used to fit this
regression were the in vitro clearances of urea, sodium, creatinine, phosphorus, vitamin
B12, and lysozyme at a solute diffusion volume flow rate of 0.3 I/min and a dialysate
flow rate of 0.5 I/min (provided by the dialyzer manufacturer) and the logarithms of
those solutes’ molecular weights. Insulin clearance was estimated using this equation,
based on its molecular weight. The insulin mass transfer area coefficient (KoA) was then
calculated according to well-established relationships'? after correction for plasma void
volume using the factor 0.93.

Other measures

Intradialytic SBP was recorded at time points 0, 30, 60, 120, 180 and end of HD by an
oscillometric method.

Holter recordings were performed after the long interdialytic interval, once each with
HD100 and HD200, commencing about ten minutes before HD. ECGs were continuously
recorded at a sampling rate of 250 Hz with a three-lead Holter device (clickholter,
Cardioline, HealthFrontier Inc., Branchburg, NJ, USA) for 24 hours. The Holter
recordings were analyzed by an ECG analyst blinded to the dialysate.

In diabetic subjects, hypoglycemia was defined as a serum glucose below 70 mg/dI*.
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Intradialytic adverse events and appropriate interventions (such as administration of
saline in the event of intradialytic hypotension) were defined and treated as per unit’s
policy.

Interdialytic weight gain was defined as the difference between pre-HD weight and the
preceding post-HD weight.

Statistical analyses

Normality of data was assessed by the Kolmogorov-Smirnoff Test. Student’s T-Test, was
employed to compare demographics, treatment characteristics, SBP, ultrafiltration
volume, IDWG, mean glucose and insulin concentrations, diffusive and convective
glucose mass transfer during HD using G100 and G200. Z-Test was used to test the
statistical significance of insulin and glucose transfer. Mann Whitney U Test was used to
compare the difference of occurrence of cardiac arrhythmias between G100 and G200.
McNemar Change Test was employed to compare the incidence of hypoglycemia and
adverse intradialytic events with G100 and G200 on a patient level. In two sensitivity
analyses a) diabetic subjects not on antidiabetic medication or insulin and b)
treatments where food was ingested in the very beginning of the HD treatment, were
excluded. A p-value<0.05 was considered statistically significant for all tests. All
statistical analyses were done with SPSS 17.0 (SPSS Inc., Chicago, IL, USA).

Results

Thirty patients (15 diabetic and 15 non-diabetic subjects) were enrolled during the
period from April to June 2008. One subject had to be withdrawn prior to
randomization due to hospitalization (Figure 2.1). Twenty-nine subjects underwent 551
study treatments in total, 286 with G200 and 264 with G100, respectively.
Demographics are shown in Table 2.1, dialysis treatment parameters in Table 2.2.
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Table 2.1 Demographics of study cohort. Data reported as meantstandard deviation. No statistically
significant differences between G100 and G200 have been found.

all diabetic non-diabetic

subjects subjects subjects
n [count] 29 14 15
age [years] 54+13 59+12 49+11
gender (m/f) 15/14 6/8 9/6
race (black/non-black) 16/13 8/6 6/9
dialysis vintage [years] 5+4 343 615
height [cm] 167+10 16411 17010
post HD weight [kg] 81+19 78+19 84120
post HD body mass index [kg/m’] 28+7 2816 28+7
beta blocker (B;-selective / a;-B; selective) 6/8 3/5 3/3
antihypertensive drugs (ACE inhibitors/ ARB / CCB) 4/4/13 2/4/8 2/0/5
type of diabetes (Type 1/ Type 2) 1/13 1/13 n.a.
diabetes-related medication (insulin/oral antidiabetic drugs) 9/3 9/3 n.a.

ACE (angiotensin converting enzyme); ARB (angiotensin receptor blocker); CCB (calcium channel blocker); n.s.
(not significant); n.a. (not applicable).

Table 2.2 Hemodialysis (HD) treatment parameters. Data reported as meantstandard deviation. Values
marked with * were only assessed on days where blood draws where conducted (G100: 104
treatments; G200: 56 treatments). No statistically significant differences between G100 and
G200 have been found.

diabetic subjects non-diabetic subjects
(n=14) (n=15)

G100 G200 G100 G200
treatments [count] 126 138 138 148
treatment time [min] 207431 210433 213425 214+21
dialysate Na" concentration [mmol/I] 138 138 138 138
dialysate K" concentration [mmol/I] [2 / 3] 13/1 13/1 14/1 14/1
dialysate Ca™ concentration [mmol/] (1.125 / 1.5) 14/0 14/0 14/1 14/1
dialysate temperature [°Celsius] 37 37 37 37
blood flow [ml/min]* 40113 408+28 396132 399121
Hematocrit [%]* 3614 35+3 35+3 3614
plasma flow [ml/min] * 259+21 265124 257423 256120
urea kinetic volume [I] 3416 3416 3617 367
interdialytic weight gain [kg] 2.3+0.9 2.311.0 2.3+1.3 2.4+1.1
Weight change during HD 2.3+x1.0 2.3+1.2 2.4+0.8 29+2.1
(pre HD weight — post HD weight) [kg]
intradialytic saline administration [count] 21 24 25 26

Reasons for saline administration (hypotension /
6/7/2/6 6/4/4/10 5/1/7/9 7/5/5/8
Cramps / access / reason not specified) 17121 /al4l /1171 /5151

Pre HD serum glucose [mg/d]* 176.9+49.1 189.7+114.0 109.6+17.3 112.7+24.7
Pre HD serum insulin [mU/I]* 45.6+24.6 44.5+28.4 35.4+27.2 41.3+31.0

Data of serum glucose are reported in conventional units (mg/dl), for conversion to Sl units (mmol/I) values
have to be multiplied by 0.0555.
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Biochemistry

Serum glucose (SG) and insulin (Sl)

SGnean Was significantly higher with G200 (n=56) compared to G100 (n=104) (Table 2.3)
in diabetic (G100: 154.0+27.3 mg/dl; G200: 192.8+48.1 mg/dl; P<0.001) and non-
diabetic (G100: 106.5£10.8 mg/dl; G200: 127.0£16.8 mg/dl; P<0.001) subjects. At the
beginning of HD, SG did not differ between G100 and G200 in either group (Table 2.2).
By 30 minutes, both diabetic and non-diabetic subjects showed significantly higher
plasma glucose concentrations during dialyses using G200. This difference was
significant throughout the whole treatment in both groups (Figure 2.2). Slyean Were
significantly higher in non-diabetic subjects during G200 treatments (G100:
33.4+12.6 mU/I; G200: 50.5+40.3 mU/l; P<0.05). Non-diabetic subjects showed
significantly higher mean insulin levels at 30 minutes. In contrast diabetic subjects did
not show significant differences of Sl ean between G100 and G200, a finding which was
consistent throughout the entire treatment (Figure 2.3).

In subjects with diabetes, hypoglycemia was observed none of the treatments with
G200, and in 4 treatments with G100 (P=0.13).

Glucose mass transfer

Diabetic subjects gained on average 1.4+27.1 g of glucose during HD using G200, and
lost 34.8+16.0 g of glucose when using G100. In contrast non-diabetic subjects gained
24.8+7.2 g using G200, and lost 7.946.2 g using G100 (Table 2.3).

Insulin mass transfer

Based on information provided by the manufacturer the KoA of insulin was estimated
to be 0.165 I/min in average, which translates into an insulin clearance between 0.103
and 0.122 I/min, depending on the individual blood and dialysate flow rates. The
estimated insulin clearances allowed us to calculate the intradialytic insulin removal in
the 14 diabetic (G200: 0.9+0.4 IU; G100: 0.9+0.4 IU per treatment, n.s.) and 15 non-
diabetic subjects (G200: 1.5+0.9 |U; G100: 1.0£0.5 IU per treatment, n.s.).

Potassium/Phosphorus

Mean serum potassium levels did not show substantial differences between G100 and
G200 at any time point (Table 2.4). In diabetic subjects P concentration at the end of
HD was slightly lower with G100 (G100: 1.9+0.4; G200: 2.1+0.3 mg/dl; P<0.05) (Table
2.5). In non-diabetic subjects early decline in P was more pronounced with G100.
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Table 2.3 Diffusive and convective (MTdiff, MTconv), total mass transfer and mean serum glucose
(SGmean) during hemodialyses using 100 (G100) and 200 (G200) mg/dl dialysate glucose
concentrations (G100: 104 treatments; G200: 56 treatments). *P<0.05.

SGmean [mg/dl} MTai [8] MTeon [g] total mass
transfer [g]

Diabetic subjects

G100 154.0+27.3 -30.1+14.7 -4.7+1.7 -34.8+16.0
G200 192.8+48.1 -11.6£25.8 -4.9%1.8 1.4+27.1
Difference G100 — G200 (95% Cl) -38.8 -25.2 1.9 -23.2

(-56.4t0-21.2)* (-32.5t0-17.9)* (1.0t02.9)*  (-31.2t0-15.2)*
Non-diabetic subjects

G100 106.5+10.8 -5.0+5.9 -2.9+0.8 -7.946.2
G200 127.0+11.2 28.5+7.0 -3.84#0.8 24.847.2
Difference G100 — G200 (95% Cl) -20.6 -33.5 0.8 -32.7

(-25.9t0-15.3)* (-37.6t0-28.2)* (0.2t01.5)* (-37.2to0-28.2)*

Data of serum glucose are reported in conventional units (mg/dl), for conversion to SI units (mmol/I) values
have to be multiplied by 0.0555.

Table 2.4 Serum potassium (K') concentrations in diabetic and non-diabetic patients at the beginning,
after 120 minutes and at the end the end of hemodialysis (HD), and the temporal changes
during the course of hemodialyses (HD) treatments using 100 (G100) and 200 mg/dl (G200)
dialysate glucose (G100: 104 treatments; G200: 56 treatments). No statistically significant
differences between G100 and G200 have been found.

pre HD K K" 120min K" end

Diabetic subjects

G100 4.8+0.4 3.61£0.5 3.5+0.2

G200 5.2+0.9 3.7t0.4 3.5+0.2

Difference G100 — G200 (95% Cl) -0.4(-1.0t0 0.2) -0.1(-0.3t0 0.1) 0(-0.1t00.2)
Non-diabetic subjects

G100 4.9+0.5 3.5+0.5 3.610.3

G200 4.810.4 3.5£0.4 3.310.4

Difference G100 — G200 (95% Cl) 0.1(-0.1t00.3) 0(-0.2t00.2) 0.3(-0.1t00.7)

Table 2.5 Serum phosphorus (P) concentrations in diabetic and non-diabetic patients at the beginning,
after 120 minutes and at the end and the temporal changes during the course of hemodialyses
(HD) treatments using 100 (G100) and 200 mg/dl (G200) dialysate glucose concentrations
(G100: 104 treatments; G200: 56 treatments). *P<0.05.

pre HD P P120min Pend Hp

Diabetic subjects

G100 4.9+0.9 2.310.3 1.9+0.4

G200 5.24+0.8 2.440.3 2.1+0.3

Difference G100 — G200 (95% Cl) -0.3(-0.9t00.3) -0.1(-0.3t0 0) -0.2 (0.3 to -0.1)*
Non-diabetic subjects

G100 5.9+0.8 2.610.6 2.5+0.4

G200 5.5+1.2 2.610.4 2.240.4

Difference G100 — G200 (95% Cl) 0.4(0.0t0 0.7) 0(-0.2t00.2) 0.4 (0.0t0 0.7)
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Serum glucose (95% Cl indicated (mg/dl)

Serum glucose (95% Cl indicated (mg/dl)

Figure 2.2
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Serum glucose concentrations during hemodialyses using dialysate glucose concentrations of
100 (G100, depicted as circles connected with a full line) and 200 mg/dl (G200, depicted as
rhomboids connected with a dashed line) in a) diabetic (n=14, on the left) and b) non-diabetic
subjects (n=15, on the right). Data of serum glucose is reported in conventional units (mg/dl),
for conversion to Sl units (mmol/l) values have to be multiplied by 0.0555. *P<0.05.
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Figure 2.3 Serum insulin concentrations during hemodialyses using dialysate glucose concentrations of
100 (G100, depicted as circles connected with a full line) and 200 mg/dl (G200, depicted as
rhomboids connected with a dashed line) in a) diabetic (n=14, on the left) and b) non-diabetic
subjects (n=15, on the right). *P<0.05.
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Figure 2.4  Systolic blood pressures (SBP) during hemodialyses using dialysate glucose concentrations of
100 (G100, depicted as rhomboids connected with a full line) and 200 mg/dl (G200, depicted as
circles connected with a dashed line) in a) diabetic (n=14, on the left side) and b) non-diabetic
subjects (n=15, on the right side). *P<0.05.

IDWG, SBP, Holter recordings and adverse events

SBP (Figure 2.4; Table 2.6) and intradialytic adverse events did not differ significantly
between G100 and G200 (Table 2.2). IDWG was not affected by dialysate glucose.
Cardiac arrhythmias (supraventricular and ventricular tachycardia, ventricular
extrasystolic beats) did not differ between G100 and G200.
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Table 2.6 Systolic blood pressures (SBP) in diabetic and non-diabetic subjects during the course of
hemodialysis (HD) treatments where blood samples were obtained, using dialysate with 100
(G100) and 200 mg/dl (G200) of glucose (G100: 104 treatments; G200: 56 treatments). No
statistically significant differences between G100 and G200 have been found.

SBPyre o SBP30min SBPgomin SBP120 min SBP1gomin SBPend vp

Diabetic subjects
G100 SBP(t) 146+17 137423 128422 124417 121+19 124+19
G200 SBP(t) 144+16 137413 134420 124+15 125417 128+16

Difference
G100-G200 (95% Cl)
Non-diabetic subjects

2(-6t010) 0(-8to9) -6(-17to5) 0(-9to8) -3(-11to5) -4(-13to5)

G100 SBP(t) 138+15 13516 13315 126+19 127114 13215
G200 SBP(t) 140+14 135+17 13518 130+12 129+15 127+15
Difference

2(-7t03) 0(7to7) -1(-7to5) -3(-11to5) -10(-31to12) 8(2to19
6100-G200 (95% cl) 273 0(7t07) (-7to5) -3(-11to5) (31t012) 8(-2t019)

Sensitivity analysis

Exclusion of a) patients not receiving insulin and/or antidiabetic medication (n=2) and
b) treatments where food was ingested in the very beginning of the HD treatment
(G100: 23 treatments, G200: 14 treatments), did not alter the results materially (data
not shown).

Discussion

To the best of our knowledge this is the first RCT to compare the metabolic effects of
G200 and G100 during dialysis. The main findings are significantly lower glucose shifts
from the dialysate to the subject’s blood with the use of G100, and correspondingly
lower SG and SI levels without effects on hemodynamic stability, and without the
occurrence of symptomatic hypoglycemic events.

The interpretation of the intradialytic glucose and insulin levels has to consider the
insulin removal via the dialyzer'*" and also a large variability of SG and Sl levels
between the studied subjects. It has been proposed recently, that insulin removal is
mainly due to adsorption and not due to dialysism. If this is correct our insulin removal
estimate may be to some extent inaccurate. Notwithstanding these considerations,
insulin removal by the dialyzer is likely to result in an increased insulin secretion in non-
diabetic subjects. The basal insulin secretion rate ranges from 15 to 18 mU/min in
healthy subjects”, which translates to approximately 3.5 to 4.5 IU over the course of a
HD treatment. Insulin secretion can be increased up to a total of 1.4 IU per 12.5 g of
ingested glucose in healthy subjects”. Insulin removal via the dialyzer in tandem with
failure to adequately increase insulin secretion despite the presence of hyperglycemia
may contribute to the steady intradialytic decline of insulin levels observed in diabetic
subjects (Figure 2.2 and Figure 2.3). The absence of significant differences in insulin
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concentrations between G100 and G200, despite significant differences in glucose
concentrations, may indicate impaired insulin secretion. To what extent the uremic
milieu affects insulin secretion and contributes to defective beta cell function, as
suggested by several authors™®'®, warrants future studies.

Average serum glucose levels over the course of HD were significantly higher with G200
as compared to G100 (Figure 2.2). This is readily explained by a larger glucose gradient
between dialysate and blood, which results in a diffusive flux of glucose into the patient
(Table 2.3). In diabetic subjects this resulted in a glucose mass transfer in the range of -
159 g to 22 g [-636 to 88 calories] with G200 and -158 to -4 g [-632 to -16 calories] with
G100. In non-diabetic subjects, glucose mass transfer ranged from 1 to 37 g [4 to 148
calories] with G200 and -14 g to 10 g [-56 to 40 calories] with G100. Burmeister
reported an average glucose removal of 16.7 g [66.8 calories] per hour with GO and
5.2 g [20.8 calories] per hour with G90 in diabetic and non-diabetic patients. Ward et al.
reported a total intradialytic glucose gain with G200 between 18.2 and 20.6 g [72.8 to
82.4 calories] in diabetic and non-diabetic patients. In contrast, total glucose removal
with GO was between 27.7 and 29.3 g [110.8 to 117.2 calories] in diabetic and non-
diabetic patients>™’. These results show the importance of considering adequate
dialysate glucose concentration to avoid either glucose loading or excessive losses. In
addition it is important to note that this amount of glucose enters the circulation
intravenously and may not adequately induce physiological reactions, such as insulin
section stimulated by gastric and/or duodenal hormones (e.g. GLP-1), as compared to
oral ingestion. As a consequence of blunted insulin secretion glucose remains at higher
concentrations for a longer time in the circulation, which may result in more
pronounced adverse effects.

Malnutrition is prevalent in a high percentage of chronic HD patients and it has been
suggested that dialysate glucose could serve as a means to improve nutritional status™.
It is conceivable that highly malnourished patients may have potential benefit from the
intradialytic glucose influx with G200. Nevertheless, given the discouraging results with
hypercaloric intradialytic parenteral nutrition®!, we deem it unlikely that G200 would
result in improved nutritional status and result in better outcomes.

Glucose mass transfer was estimated based on glucose KoA determined for the specific
polysulfone high-flux dialyzer used in our study (Fresenius Optiflux FI80NR).

For the calculation of glucose mass transfer, the glucose levels between two
consecutive time points were interpolated by a linear function to calculate the mean
glucose gradient in a given time interval. The glucose concentration between two
measurements may not necessarily follow a linear function. For a more detailed
understanding of intradialytic glucose and insulin kinetics, future studies may employ
shorter sampling intervals and may also be validated by estimations by kinetic modeling
by direct dialysis quantification (DDQ).
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Postdialytic potassium and phosphorus concentrations did not differ substantially
between G100 and G200, irrespective of diabetes status (Table 2.4 and Table 2.5). This
may be due to transient hyperinsulinism, which is known to cause shifts of potassium
and phosphorus in the intracellular compartment. To refute the notion that G200 may
result in reduced dialytic K and P removal future studies, adjusting concentrations and
the resulting gradients for plasma void volume, are needed. The intradialytic change in
phosphorus levels was slightly lower in diabetic subjects with G200, a finding of
potential clinical significance requiring further research and validation by DDQ.
Hypoglycemia has been a major concern with the use of G100 instead of G200. Our
study showed no significantly different frequency of hypoglycemia with G100. All
hypoglycemic episodes were asymptomatic.

Differences in activation of the autonomic nervous system during dialysis using G100
and G200 have been recently reported”. This and theoretical considerations of
differences in osmolality raised concern for more intradialytic events, in particular
hypotension. Our clinical results indicate no difference in SBP, intradialytic adverse
events, or saline use between G100 and G200 (Figure 2.4; Table 2.2 and Table 2.6). No
difference in the occurrence of cardiac arrhythmias, which may have been caused by
temporary shifts of K between the intra- and extracellular compartment, were found
between both concentrations.

Hyperinsulinism as a result of G200 deserves consideration because it may induce pro-
inflammatory cytokines and promote insulin resistance (e.g. via ras-related-associated-
with-diabetes-gene (RRAD), serum/glucocorticoid-regulated kinase (SGK)). Of note
hyperinsulinism as short as 4 hours has been shown to induce these effects”. Other
adverse effects of hyperglycemia are its associated cardiovascular risks***®, and pro-
thrombotic*”*® and pro-inflammatory effects’*. It may be noted at this point that
other studies have shown anti-inflammatory effects of insulin infusions in hospital
settings31’32 and during the course of HD treatments®. However, this requires
additional research and had not been subject of this investigation.

Limitations are the small sample size, which is of particular importance in the analysis
of the few hypoglycemic events, and the short study duration. Furthermore, the exact
doses and the timing of the intake of insulin and antidiabetic medication are unknown.
However, since patients were blinded to the dialysate glucose concentration, it is
unlikely that doses of insulin and oral antidiabetic drugs were changed systematically.
In addition, sensitivity analysis showed no influence of antidiabetic therapy on the
results. It also needs to be noted that this study was not designed and not powered to
test for differences in hypoglycemia between G100 and G200, and future adequately
powered studies, also investigating hard outcomes such as hospitalization and survival,
are warranted, including adjustments of antidiabetic therapy with lower dialysate
glucose levels, both in patients with oral antidiabetic drugs and insulin therapy. Trials,
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studying hard endpoints could also help to answer the important question of the
optimal dialysate glucose concentration.

Measurements of triglycerides were not available in this study and may be considered
in future projects. It may also be noted that it was not captured when the last meal
prior to HD was ingested. However, in regard of subjects being blinded to dialysate they
received, this is unlikely to be of significance when comparing both periods.
Furthermore sensitivity analysis excluding treatments where patients ingested food in
the very beginning of dialysis did also not alter the results of the study. Finally, the
mean age of the study population (54+13 years) was substantially lower than that of
the general US HD population (61.3+15 years)®; in addition study subjects were only
recruited in two different urban dialysis clinics in New York City, all of which may
potentially affect the external validity of this study. However, these limitations are in
part outweighed by the randomized cross-over design and the paired analysis. In
particular the paired fashioned analysis and the comparison of two consecutive mid-
term study periods without intraindividual variability by virtually unchanged dialysis
and medications prescriptions are major strengths of this study.

To our knowledge this is the first study comparing the metabolic effects of G200 versus
G100 in a randomized, prospective cross-over trial. In this short-term study HD with
G100 reveals a more favourable metabolic profile both in patients with and without
diabetes mellitus as compared to G200. Adverse events (intradialytic hypotension and
hypoglycemia) did not differ between the two dialysate glucose concentrations. Larger
trials are necessary to further address the potential association of hypoglycemia and
G100 and to investigate the effects on hard outcomes such as hospitalizations and
survival.
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Abstract

Background

Chronic hemodialysis (HD) patients suffer from an appallingly high cardiovascular mortality.
During HD, patients are exposed to dialysate glucose, which may alter blood glucose levels and
thus exert effects on the autonomic nervous system. Heart rate variability (HRV) is an established
indicator of autonomic nervous system activity and a predictor of cardiovascular outcomes. This
study investigated the effects of two commonly used dialysate glucose concentrations (100 mg/dl
(HD100), and 200 mg/dl (HD200)) on HRV in chronic HD patients.

Methods

In this prospective, randomized, controlled, single-masked, cross-over trial subjects were
randomized to receive HD100 or HD200 for a period of three weeks followed by a cross-over to
the respective other dialysate (www.clicaltrials.gov #NCT00618033). Blood glucose and insulin
levels were measured before and after HD. Intradialytic Holter electrocardiograms were recorded
and HRV time domain, frequency domain, and complexity parameters analyzed.

Results

Twenty-three HD patients (age 56+12 years, 11 male, 14 black, 11 with diabetes) were studied.
Diabetic subjects showed significantly higher serum glucose levels with HD200 as compared to
HD100 (HD100: 146+48 mg/dl; HD200: 192157 mg/dl; P<0.01); this hyperglycemia was
accompanied by an increase of the high frequency band of HRV (P=0.019), a reflection of an
increased parasympathetic activity. HRV did not change in non-diabetic subjects.

Conclusion

In diabetic subjects the use of HD200 increased vagal tone. Given the importance of sympathetic
activation to counteract intradialytic hypotension, our findings support the use of HD100 in
diabetic HD patients.
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Introduction

Hemodialysate glucose concentrations differ widely between units and countries, with
100 mg/dl (5.55 mmol/l; HD100) and 200 mg/dl (11.11 mmol/l; HD200) being used
most frequently; nevertheless, glucose-free dialysate is used in some countries.
Dialysate glucose exceeding serum concentrations results in a diffusive glucose flux
shift into the patient and a rise of blood glucose levels with consecutive insulin
secretion. In turn, insulin affects the cardiovascular system by reducing the vagal and
increasing the sympathetic tone™”. Data on the direct effects of blood glucose on the
autonomic nervous system (ANS) are scarce. Kanaley et al. recently reported an
increased parasympathetic activation following an oral glucose load®.

ANS activity can be studied non-invasively by heart rate variability (HRV) analysis. HRV
refers to the variability of the length of R-R intervals in electrocardiogram. HRV is
determined by the interactions of hemodynamic, electrophysiological and humoral
factors and modulating ANS inputs4’5.

HRV can be quantified by descriptive statistics of R-R interval duration and its variation
over time, e.g. minimum, maximum, average, standard deviation. This analysis is called
time domain analysis, and decreased HRV as determined by time domain analysis has
been linked to poor prognosis’. In frequency domain analysis R-R time series data are
considered to be composed of individual sinus oscillations with different frequencies.
The time series data are mathematically broken down into a spectrum of sinus waves,
and it becomes possible to analyze the contribution of each frequency's amplitude to
the original time series data (power spectral analysis). In power spectral analysis, by
convention, frequencies are grouped together and categorized as very low frequency
(VLF, 0.003 to 0.04 Hz), low frequency (LF, 0.04 to 0.15 Hz) and high frequency (HF, 0.15
to 0.4 Hz)’. The LF and HF bands indicate sympathetic (LF) and parasympathetic (HF)
activities. Accordingly, sympathetic activation increases the LF power, whereas
parasympathetic activation (and to some extent respiration) increases of the HF power.
The VLF band reflects slow regulatory mechanisms such as humoral, endocrine factors
(e.g., endothelial factors, renin-angiotensin system) and the circadian rhythm®.
Cardiovascular autonomic neuropathy is highly prevalent in patients with diabetes
mellitus (DM) and results in a general reduction of HRV. Autonomic tests have
demonstrated significantly reduced sympathetic responses, as reflected by the LF band,
to orthostatic challenges in patients with DM. This finding was also present in diabetic
patients who had not yet been diagnosed clinically with autonomic neuropathyg'g. It is
noteworthy that patients suffering from renal failure had markedly reduced total
spectral power, as well as reduced power in the LF and HF band™**".

Congestive heart failure and myocardial infarction are also associated with alterations
of HRV. An inverse relationship between HRV and cardiovascular mortality in patients
with cardiovascular disease was reported previouslylz'“. Chan et al. reported an
association between left ventricular mass, HRV and physical performance in a large
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cohort of HD patientsls. The prognostic value of HRV analysis to predict cardiovascular
events was recently extended to HD patients™".

Since heart rate is determined by a complex interaction of networks of control
mechanisms which quickly adapt the cardiac output to changing needs, nonlinear
control characteristics arise. Goldberger and his co-workers recognized the presence of
the long-term correlations in R-R intervals and its relationship to the concept of
‘dynamic disease’*"™. To quantitatively describe these nonlinear characteristics, new
measures of HRV were developed. The Approximate Entropy ApEn(m,r) quantifies the
unpredictability of fluctuations in a time series, measuring the logarithmic probability
that patterns of m observations will repeat themselves within predetermined tolerance
thresholds r on the next incremental comparisons (m+1). A time series containing many
repetitive patterns has smaller entropy values than a time series which does not
present such patterns. The Sample Entropy SampEn(m,r) is a measure closely related to
approximate entropy”. For details see Appendix 3.1.

Another measure of complexity was developed by Lempel and Ziv and is used for the
assessment of algorithmic complexity, which is defined as the minimum quantity of
information needed to define a binary string“. In case of random strings, the
algorithmic complexity is the length of the string itself. The Lempel Ziv complexity (LZC)
reflects the rate of new pattern occurrences with time.

Compared to linear approaches, non-linear statistics are more powerful in predicting
mortality. In addition, nonlinear methods showed superiority in stratification of
populations according to different physiological and pathological states®.

Given the abysmal cardiovascular mortality in chronic HD patients all aspects of dialysis
therapy related to their cardiovascular system call for rigorous scientific inquiry. The
present study aimed to test the hypothesis that HRV of chronic hemodialysis patients is
affected by dialysate glucose concentration.

Methods

Study design and procedures

This study was a two-center, prospective, randomized, controlled, single-masked, cross-
over clinical trial of HD100 versus HD200 (www.clinicaltrials.gov: #NCT00618033). After
enrolment, subjects were randomized to receive HD100 and HD200, respectively, for a
period of three weeks (9 HD treatments). Thereafter subjects were switched for 3
weeks to the respective other dialysate glucose concentration. Subjects were blinded to
the dialysate glucose concentration. In adherence to the ceteris paribus principle,
neither dialysis prescription (including temperature, electrolyte composition and flow
rates of the dialysate) or medications were changed in the course of the study.
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Holter recordings were performed after the long interdialytic interval, once each with
HD100 and HD200, commencing about ten minutes before HD. ECGs were continuously
recorded at a sampling rate of 250 Hz with a three-lead Holter device (clickholter,
Cardioline, HealthFrontier Inc, NJ, USA) for 24 hours.

Holter recordings of subjects receiving HD100 and HD200 recordings were analyzed.

Patient population

Subjects were recruited from two urban dialysis facilities of the Renal Research
Institute in New York City, NY. Inclusion criteria were age above 18 years and HD
vintage of at least 30 days. Exclusion criteria were dialysis frequency other than thrice
weekly, hospitalization or antibiotic treatments in the preceding 8 weeks, or persistent
intradialytic arrhythmia. The study was approved by the Institutional Review Board of
Beth Israel Medical Center, New York, and written informed consent was obtained from
each subject before enrolment into the study. The enroliment target was 30 subjects,
and recruitment was aimed to sample a 1:1 ratio between subjects with and without
DM at each center. DM was defined as either requiring oral antidiabetic medication or
insulin or having random blood glucose levels over 200 mg/dl at routine clinical
measurements in the preceding 12 months. Both type | and type || DM patients were
eligible for the study.

Biochemical analysis

Blood draws for pre-HD potassium, glucose and insulin (pre- and post-HD) were
collected at the beginning and end of four HD100 and during two HD200 treatments,
respectively. Serum concentrations were averaged for each timepoint (beginning and
end of dialysis) and for each regimen. The Olympus AU5400 (Olympus Diagnostic
Systems, Center Valley, PA) was used for the measurement of glucose with a
colorimetric assay and an ion-selective electrode for potassium. Insulin was measured
with a chemiluminescent immunoassay using the Advia Centaur (Siemens Healthcare
Diagnostic, Deerlied, IL).

Blood pressure measurements

Systolic and diastolic Blood pressures (BP) were measured using an oscillometric
method every 30 minutes during those treatments where Holter electrocardiograms
were recorded.

HRV analysis

HRV was analyzed by an observer masked to dialysate glucose concentration. Beat-by-
beat series of R-R intervals and their annotations were obtained from the Holter
recording with the software provided by the manufacturer. The entire recording was
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subdivided into 5-minute epochs and only sub-sequences with at least 85% of qualified
sinus beats (NN intervals) were included in the analyses. The sub-sequences were
corrected by means of an adaptive filtering procedure to remove artefacts or
ventricular premature complexes”. After filtering, the series were re-sampled at 2 Hz'.
In recognition of changing pathophysiological circumstances in the course of a HD
session”*, HRV was analyzed during three distinct time periods, two during HD (the first
30 min, the proto-dialytic period, HDt; and the last 30 minutes, telo-dialytic period,
HD:el0), and one in the 60 minutes after the end of HD (HD).

A. Time domain analysis

The following indices were computed every 5-minute epoch: 1. the mean NN interval
(mean NNI), 2. the standard deviation of the NN intervals (SDNN), 3. the square root of
the sum of the squares of differences between adjacent NN intervals (RMSSD), 4. the
percentage of pairs of adjacent NN intervals differing by more than 50 ms in the
sequence (pNN50%).

B. Frequency domain analysis

Autoregressive (AR) spectral analysis was performed and power in the 1. very low
frequency (VLF, 0.003<f<0.04Hz), 2. the low frequency (LF, 0.04<f<0.15Hz), 3. the high
frequency (HF, 0.15<f<0.4Hz) bands was computed, as well as 4. the total power and 5.
the LF/HF ratio, in accordance with recommendations of the European Society of
Cardiology and the North American Society of Pacing and Electrophysiology’.

C. Entropy and complexity analysis

For each 5-minute epoch, the regularity of the signals was estimated by computing the
Approximate Entropy (ApEn) and the Sample entropy (SampEn). The parameters
adopted for the computation of ApEn and SampEn were: m=2 and r=0.15.

For the estimation of the Lempel Ziv complexity (LZC), the RR time series was encoded
into a string. Given a signal {x,}, the encoding rule adopted for the binary alphabet was
the following: assign 0 if x,.1<X,+p-X,, and 1 if x,,1>X,+p-X,. The rule for the ternary
alphabet was assign 2 if x,-p:X,<Xns1SX0+p X0, O if Xp1<Xy-p-X, and 1 if x,.1>x,+p-X,. The
factor p is a fixed parameter; in these analyses, P was 0.001.

Statistical analysis

Treatment parameters were compared between HD100 and HD200 using paired
Student’s t-test. Fisher’s Exact Test was used for categorical data. Patients were
stratified by diabetes status.

HRV indices were compared between HD100 and HD200 in a paired fashion using the
Wilcoxon signed rank test. HRV indices between HDgroto, HDtelo @and HDp.e were
compared in a paired fashion. Glucose and insulin concentrations were compared using
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a paired Student’s t-test. A P-value <0.05 (2-tailed) was considered statistically
significant.

Signal processing and statistical analyses were performed with MATLAB (The
MathWorks Inc., Natick, Mass., USA)

Results

A total of 30 patients were enrolled between April and June 2008. Seven subjects were
excluded from HRV analysis because of hospitalization, intradialytic arrhythmia,
technical reasons and missing matched pairs (Figure 3.1). Table 3.1 reports the
demographic data of the included subjects. All subjects underwent HD using Optiflux
F180NR Polysulphone dialyzer (Fresenius Medical Care North America). Table 3.2 shows
the HD treatment parameters on the days of the Holter recordings.

[ 30 patients enrolled ]

1 patient excluded due to
hospitalization prior to
randomization

A 4

[ 29 patients randomized J

p
3 subjects excluded due to
incomplete matching pairs

1 patients excluded due to L
technical reasons -
2 patients excluded due to
J persistent arrhythmias
\.
y

23 patients used for analysis

Figure 3.1  Study flow chart.
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Table 3.1 Demographics of study cohort. Data reported as mean + standard deviation.
all subjects diabetic subjects non-diabetic
subjects

n [count] 23 11 12
age [years] 56+12 60+11 51+12
gender (m/f) 11/12 4/7 7/5
race (black/non-black) 14/9 7/4 7/5
dialysis vintage [years] 54 33 75
height [cm] 168 +11 163 +11 172+8
weight [kg] 82+18 79+20 84 +16
body mass index [kg/m?] 29+7 308 29+7
access type

AV fistula/AV Graft 7/16 6/5 1/11
beta blocker

Bi-selective / a;-B; selective 6/7 3/4 3/3
antihypertensive drugs

ACE inhibitors/ ARB / CCB 3/4/10 2/4/6 1/0/4.
type of diabetes

Type 1/ Type 2 1/10 1/10 n. a.
diabetes-related medication

insulin / oral antidiabetic drugs 6/3 6/3 n. a.

ACE (angiotensin converting enzyme); ARB (angiotensin receptor blocker); CCB (calcium channel blocker).

Table 3.2 Hemodialysis (HD) treatment parameters. Data reported as mean =+ standard deviation.
Diabetic subjects Non-diabetic subjects
(n=11) (n=12)
HD100 HD200 p-value HD100 HD200 p-value
n [count] 11 11 12 12
treatment time [min] 206 + 28 213 +30 n.s. 206 + 31 212+ 28 n.s.
dialysate K" concentration 10/1 10/1 n.s. 12/0 12/0 n.s.

[2 mmol/l / 3 mmol/I]
dialysate Ca""concentration

[1.125 / 1.5 mmol/I] 11/0 11/0 n.s. 11/1 11/1 n.s
interdialytic weight gain [kg] 2.8+1.6 27+11 n.s. 27+11 29+15 n.s.
ultrafiltration volume [ml] 2677 £1109 2901 + 869 n.s. 2830+ 1001 3215+1029 0.03
pre HD serum potassium [mEq/I] 4.8+0.5 5.1+0.9 n.s. 4.8+0.5 4.8+0.5 n.s.
pre HD systolic blood pressure 146.6127.8 146.5+24.5 n.s. 142.2428.8 149.2+37.8 n.s.
[mm/Hg]

intradialytic saline administration 2 2 n.s. 2 1 n.s.
[number]

reasons for saline administration 1/0/1 1/0/1 n.a. 0/1/1 0/0/1 n.s.

cramps / hypotension / reason
not evaluable

n. s. (not significant).
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Comparisons between HD100 and HD200.

Glucose and insulin levels

Significantly higher glucose concentrations were observed in diabetic subjects at the
end of HD200 compared to HD100; insulin levels showed no difference (Table 3.3). In
contrast, non-diabetic subjects at the end of HD200 showed only marginally higher
glucose concentrations. In non-diabetic subjects post-HD insulin concentrations were
significantly higher compared to HD100. Noteworthy, during HD200 only 3 diabetic
subjects (27%) had higher insulin levels at the end of dialysis as compared to 6 subjects
(50%) in the non-diabetic group.

Table 3.3 Glucose and Insulin concentration at the beginning and the end of dialysis using dialysate with a
glucose concentration of 100 and 200 mg/dl (HD100, HD200), respectively.

Diabetic subjects (n=11) Non-diabetic subjects (n=12)
Dialysate glucose Time point Glucose Insulin Glucose Insulin
concentration [mg/dl] [pu/i] [mg/dl] [pu/1]
[mg/dI]
100 HD start 176+111 44+48 106+20 29120
HD end 146+48" 2316 90+10" 15411
HD start —HD end -30(-84to24) -21(-47to7) -16(-4to-28)t -14(-3to-24)t
(95% Cl)
200 HD start 194+142 38+28 110+£20 34+£29
HD end 192457" 2423 114417 36441
HD start—HDend -2(-70to67) -14(-35t08) 4(-10to18)  2(-10to 14)
(95% Cl)

Data reported as means * standard deviation, or mean (95% Cl in parentheses) and represent averaged
values collected before and after treatments using HD100 (n=4 per subjects) and HD200 (n=2 per subject).
Significant differences between HD100 and HD200 are indicated in bold. T indicates significant differences
between the HD beginning and the HD end of treatment. * P=0.05, ** P<0.01.

Blood Pressure

Figure 3.2a and 3.2b show blood pressures during the 46 dialysis treatments with valid
Holter recordings. Blood pressure declined significantly during all HD treatments,
without significant differences between HD100 and HD200.
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a) Non-Diabetic Subjects
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Figure 3.2 Systolic blood pressure during hemodialysis using dialysate glucose concentrations of 100 and
200 mg/dl in a) non-diabetic (n=12) and b) diabetic subjects (n=11). Mean and 95% Cl indicated.

HRV analysis

As outlined in detail below and in Table 3.4, dialysate glucose significantly affected
HRV.

-Time domain parameters

In diabetic subjects, mean NNI was higher at HD200,, (P=0.024) and HD200,.
(P=0.054) as compared to HD100 (Figure 3.3). In addition, in these subjects SDNN was
significantly higher at HD200,,,; compared to HD100,,,. No significant differences were
found in non- diabetic subjects.
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-Frequency domain parameters

In diabetic subjects VLF, HF and total power was higher during HD200,,,, compared to
HD100,.. VLF was significantly higher in HD200, as well (Figures 3.4 and 3.5).
Subjects without DM did not show any significant differences.

-Complexity parameters

Significant differences were found in the complexity indices. Diabetic subjects showed
significantly higher values of SampEn(2,0.15) during HD200,,, compared to HD100;,.
On the contrary, ApEn(2,0.15) was significantly lower during HD200,,,s when compared
to HD100,, (Table 3.4).

In non-diabetic subjects, significantly higher values of ApEn(2,0.15) and LZC(3,0.001)
were found at HD200,., and HD200, respectively, in comparison to the same
periods during HD100 (Table 3.4).
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Figure 3.3

Figure 3.4

Dialysate glucose concentration and heart rate variability
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Differences of meanNNI (time interval between two qualified sinus heart beats) in diabetic
subjects during the protodialytic, telodialytic and post-dialytic period (HDyroto, HDtelo @nd HDpost),
using dialysate glucose concentrations of 200 mg/dl (HD200) and a glucose concentration of
100 mg/dl (HD100), respectively. The difference A was calculated as: AmeanNNI=
meanNNI(HD200) — meanNNI(HD100). The box and whisker plots show median, 10%, 25%, 75%
and 90% percentiles; values outside the 10% and 90% percentile are marked as +. Individual
data are shown as circles. # indicates significance (P-value<0.05).
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Differences of spectral total power (ms?) in diabetic subjects during the protodialytic,
telodialytic and post-dialytic period (HDpoto, HDtelo @and HDpoqt) using hemodialysates with a
glucose concentration of 200 mg/dl (HD200) and 100 mg/dl (HD100), respectively. The
difference A was calculated as: Atotal power = total power (HD200) — total power (HD100). The
box and whisker plots show median, 10%, 25%, 75% and 90% percentiles; values outside the
10% and 90% percentile are marked as + . Individual data are shown as circles. # indicates
significance (P-value<0.05).
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Diabetic patients — HD,,
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Figure 3.5 Differences of the spectral total power (ms?) of very low frequency (VLF) and high frequency
(HF) components during the first hour after hemodialysis (HD,.) in diabetic subjects. The
difference A was calculated as: A = power (HD200) — power (HD100). The box and whisker plots
show median, 10%, 25%, 75% and 90% percentiles; values outside the 10% and 90% percentile
are marked as +.

When comparing HRV indices between the first and the last 30 minutes of dialysis, no
significant differences were found in non-diabetic subjects, irrespective of dialysate
glucose level. In contrast, in diabetic subjects meanNNI, VLF power, total power and
LZC(3,0.001) differed significantly with HD100 (P<0.05) (Table 3.4).

Discussion

The key finding of the present study is that HD using a dialysate with 200 mg/dI glucose
resulted in a significantly increased vagal activation in diabetic subjects. This
predominantly vagal activation may adversely affect the hemodynamic response to
ultrafiltration and thus facilitate intradialytic morbid events, such as hypotension.
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Cardiovascular disease is the leading cause of death in dialysis patients, and
disturbances of the ANS, as analyzed by means of HRV analysis, have been shown to
correlate with cardiovascular pathology and mortality risk in the general population**
and in HD patientslS'”'ZS.

The present study in HD patients is the first randomized, controlled study to investigate
the short-term effects of two commonly used dialysate glucose concentrations on
autonomic function. To eliminate potential confounding factors, dialysis prescriptions
and drugs remained unchanged throughout the study. The only intervention was a
change in dialysate glucose concentration. Subjects were analyzed in a paired fashion
therefore drugs which potentially influence HRV (e.g. beta blockers) are unlikely to bias
the results. Intradialytic positive sodium balance and body temperature have the
potential to affect HRV, although temperature has been previously shown not to exert
influence on HRV?®. Except for a slightly higher ultrafiltration volume in non-diabetic
subjects treated with HD200 (Table 3.2), no significant differences of treatment time
and rate of fluid removal were seen.

As mentioned earlier, the main finding of this study is a significant increase of the
parasympathetic response (which is predominantly reflected by the power of the HF
spectral component) in diabetic subjects using HD200. This is reflected by an increase in
mean NNI* and VLF. Taylor et al.”® demonstrated that the VLF component estimated
on epochs of 20 minutes is highly dependent on parasympathetic tone, mainly because
efferent vagal nerve traffic to the human heart can fluctuate over very low to high
frequencies.

As expected, diabetic subjects showed a reduced sympathetic tone during and after
dialysis. Diabetic subjects showed lower HRV in all indices, in particular a reduced
power of their LF band (Table 3.4), a reflection of their inability to mount a sympathetic
response to HD and fluid removal®. Although not specifically addressed in our study,
this lack of adequate sympathetic response may contribute to the increased incidence
of intradialytic hypotensive episodes in diabetic HD patientszg. In view of the
association between intradialytic hypotension and mortality®’, we suspect that an
increase in parasympathetic tone, as shown with HD200, is particularly adverse in this
patient population.

To our knowledge, there are no data relating blood glucose level, following intravenous
administration of glucose, to changes in HRV. Kanaley et al. reported vagal stimulation
(as determined by the power of the HF band) and increased total power in patients
undergoing oral glucose tolerance testing; interestingly, the vagal activation was
apparent in supine but not in the upright position”.

The observation that a rise of blood glucose induces a parasympathetic response may
be related to direct or indirect effects of glucose both on peripheral vagal sensory fibres
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and on central components of vagovagal reflexes®. The physiological insulin response to
elevated blood glucose levels was seen in non-diabetic subjects only (Table 3.3).
Noteworthy, non-diabetic subjects did not show any differences in HRV (time and
frequency domain parameters) between HD100 and HD200. We propose that this is
related to an adequate insulin response to the dialysate glucose load, resulting in a
blunted blood glucose rise and mitigated parasympathetic activation. Under most
circumstances HD activates the sympathetic system in response to ultrafiltration®"*. In
addition to this “classical” stimulus, a rise in insulin levels may stimulate the
sympathetic nervous system'. In order to dissect and quantify the relative effects of
glucose and insulin on HRV, euglycemic and hyperinsulinemic clamp studies may be
helpful. Given a larger patients number stratification by types of diabetes (insulin
dependent; non-insulin dependent) and therapy (e.g. diet, insulin, and oral antidiabetic
agents) may provide additional insights. Studies of HRV in a normoglycemic state would
further help to better understand the relationship between metabolic changes and
HRV, in particular in diabetic subjects, who presented in a state of hyperglycemia
already prior to dialysis (Table 3.3). Notwithstanding, the strength of the current study
is that patients were investigated under clinical “real life” circumstances, reflecting
treatment conditions they are exposed to three time a week.

The complexity measures of HRV displayed a heterogeneous pattern. In non-diabetic
subjects, there were generally no differences between HD100 and HD200. In diabetic
subjects, SampEn was significantly higher during HD200,,, compared to HD100.,
whereas ApEn was significantly lower HD200. These novel findings await physiological
interpretation.

In conclusion, in maintenance HD patients with DM, HD200 results in pronounced
hyperglycemia and parasympathetic activation without showing hemodynamic
advantages compared to HD100. In the light of these findings and given the importance
of sympathetic activation to counteract intradialytic hypotension the use of HD100
appears preferable, particularly in diabetic patients.
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In hemodialysis (HD) dialysate glucose concentrations differ worldwide between 0 and
200 mg/dl and can, if above the serum glucose levels, lead to diffusive glucose shifts
into the patient’. The effects of glucose” and insulin® on the autonomic nervous system,
as well as during HD with different glucose concentrations® have been reported.
However the effect of dialysate glucose on fatigue has not been studied. This study
investigated fatigue in chronic HD subjects treated with 100 mg/dl versus 200 mg/dl
dialysate glucose (G100; G200).

In this randomized, cross-over, multi-center study (www.clinicaltrials.gov:
#NCT00618033), diabetic and non-diabetic patients were enrolled in a 1:1 fashion.
Diabetes mellitus (DM) was defined as either requiring oral antidiabetic medication or
insulin or having random blood glucose levels above 200 mg/d| during the preceding 12
months. The study protocol was approved by the Beth Israel Medical Center
Institutional Review Board and was conducted in full accordance to the Declaration of
Helsinki.

Subjects were randomized to receive either G200 or G100 with a cross-over after
3 weeks. Dialysis regimen and medication remained unchanged during the study.

At the end of each period patient’s perception of fatigue was assessed by the 9-items
Fatigue Severity Scale (FSS)>. The FSS score ranges from 1 to 7, with lower scores
indicating less fatigue. The FSS comprises 9 items grouped in 6 domains: 1) motivation,
2) exercise, 3) physical functioning (2 items), 4) duties and responsibilities, 5) social life,
and 6) subjective perception of fatigue (3 items). Internal test consistency was assessed
by Cronbach's Alpha. Paired T-test was employed to compare FSS scores between G100
and G200, and unpaired T-test was used for comparison between diabetic and non-
diabetic subjects. Data are displayed as mean+SD.

Thirty chronic HD patients (age 54113 years; 13 males; 13 blacks, 13 diabetic patients)
were enrolled. One subject was withdrawn prior to any study intervention, two failed
to complete both questionnaires. Internal consistency of the FSS was high (Cronbach's
Alpha 0.9). FSS scores were significantly higher with G200 as compared to G100 in
diabetic subjects (G200: 5.0+1.0; G100: 4.2+1.1; P<0.05, Figure 4.1) but not in non-
diabetic subjects (G200: 3.5+1.9; G100: 3.0+1.6; P=0.234, Figure 4.1). In cross-sectional
analysis, FSS was higher in diabetic patients (G200: +1.3+0.6, P<0.05; G100: +1.2+0.5;
P<0.05; Figure 4.1).

Post-dialytic fatigue is more pronounced in diabetic than in non-diabetic patients and is
significantly increased with the use of G200. G100 decreased fatigue in diabetic
patients to a level observed in healthy subjects’. Why diabetic subjects experience
more post-dialytic fatigue remains to be determined; effects of glucose on the
autonomic nervous system may be relevant®. Based on these results G100 offers
advantages over G200 in diabetic HD patients.
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Figure 4.1

Dialysate glucose concentration and fatigue
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Fatigue Severity Scale (FSS) score in chronic hemodialysis patients with and without DM.
Dialysates containing 200 mg/dl (dotted bars) and 100 mg/dl glucose (hatched bars),
respectively, were used in a prospective and randomized fashion. The horizontal dashed line
shows the upper limit of FSS score in healthy controls ([5]). Data represent means and 95%

confidence intervals.
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As a rule of thumb in clinical medicine, the serum sodium concentration decreases by
1.6 mEq/| for every 100 mg/dl increase in glucose concentration due to water shifts
from the intracellular to the extracellular compartment’. This correction factor is based
on theoretical considerations and has not been well validated. An experimental study in
healthy subjects found significantly greater decreases in sodium concentration than
expected when using the standard correction factor, especially when glucose
concentrations were above 400 mg/dlz. It was suggested that a correction factor of
2.4 mEq/| per 100 mg/dl increase in glucose concentration might be a better overall
estimate of the association between the serum sodium and glucose concentrations’.
Exact knowledge of this correction factor for hemodialysis (HD) patients is increasingly
important in view of recent efforts to align the sodium concentration in the dialysis
fluid with that of the serum during HD treatment™. A sodium concentration in the
dialysis fluid higher than the serum sodium may lead to sodium loading and subsequent
thirst, increased interdialytic weight gain, and hypertension. On the other hand, a
sodium concentration in the dialysis fluid lower than the serum sodium may lead to a
net sodium loss and has been associated with intradialytic symptoms such as
hypotension and muscle cramps. Dialysis-related morbidity can be significantly reduced
when the sodium concentration of the dialysis fluid is aligned with the serum sodium’.
Although serum sodium measurements are stable over time, alignment of the dialysate
sodium concentration in HD patients with highly variable glucose concentrations is
challenging, and an adjustment may be needed’. Therefore, we recently evaluated the
relation between serum sodium and glucose concentrations in HD patients with poor
glucose control.

From a cohort of 4,532 prevalent patients receiving HD at one of our facilities between
January and December 2009, we identified 208 patients with at least three available
monthly serum sodium and glucose measurements and with a difference between the
lowest and highest glucose value of more than 300 mg/dl. The mean (£SD) age of these
patients was 55£13 years, 52% were male and 55% were black. Glucose values ranged
from 81 to 549 mg/dl (5th and 95th percentiles, respectively). We calculated the slope
for the relation between serum sodium and glucose for each individual. The mean slope
was -1.47+0.82 mEq/| per 100 mg/dl increase in glucose level, which was significantly
lower than the standard correction factor of 1.6 (P=0.02). In other words, each increase
in the glucose level by 68 mg/dl lowered the serum sodium concentration with 1 mEg/I.
The slope was independent of age, sex, and race. Although the interpretation of these
data is limited due to their retrospective character, they do represent routine clinical
practice.

We conclude that the reduction in sodium concentration of 1.5 mEq/l per 100 mg/d|
increase in glucose concentration found in our study is slightly lower than 1.6 mEq/I
generally used in clinical practice. However, for clinical purposes our data validate the
established correction factor of 1.6 mEq/I.
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Abstract

Numerous reports in the general and the dialysis population have shown associations of sodium
(Na*) intake, blood pressure and survival. In addition to dietary Na'-intake, positive Na*-balance
during dialysis also needs to be considered as a source of Na'. Dialysate Na® (DNa®)
concentrations above the serum sodium concentration (SNa®) result in diffusive Na'-flux from the
dialysate into the patient which has recently been reported to be associated with increased
interdialytic weight gain and mortality. Individualization of the Na"-prescription and Na'-
alignment (DNa" equal to SNa®) prevents positive Na* balance and improves patient outcomes.
Alignment requires the knowledge of patients’ SNa®, which can be estimated from previous SNa*
in the monthly routine laboratory measurements. Na* alignment was recently implemented in a
dialysis clinic of Renal Research Institute (RRI). Preliminary results of this initiative have shown a
trend of predialysis weight and blood pressure reduction. Expansion of this initiative to all clinics
of RRl is currently underway and as of April 2011 four additional clinics have been included.
Additional research on adequate Na*-alignment is needed to account for Gibbs-Donnan effects,
differences in charges across the dialyzer membrane and variability in measurement methods.
Regular calibration of DNa'-delivery by dialysis machines is necessary to ensure that the dialysis
prescription is followed. How to provide dialysis to severely hyponatremic patients remains an
open question. Finally, long term studies of the effects of Na* restriction on hospitalization and
mortality are required to demonstrate the benefits of aligning DNa* with SNa®.
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Sodium (Na') is an alkali metal with an atomic weight of 23 Daltons. It is the main solute
of extracellular volume and the main determinant of serum osmolality. Body hydration
is determined mainly as an accumulation of salt (NaCl) and water. In healthy
individuals, Na" and osmolality homeostasis is tightly controlled at an osmolality of 275
to 299 mOsm/kg by several regulatory mechanisms such as thirst-triggered water
intake promoted by osmoreceptors in the brain, the effects of vasopressin and the
renal response to vasopressinl. One of the consequences of decreasing kidney function
is the decline of excretory capabilities of the kidney, which leads to accumulation of
volume, and consequently fluid overload. The sequelae of fluid overload and the
problems associated with the determination of “Dry Weight”, which may be defined as
the state of physiological hydration in dialysis patients, have been discussed in detail’.
Fluid overload can only be prevented by effective body hydration management by
means of ultrafiltration and the removal of the entire excess fluid during dialysis; this
requires simultaneous restriction of salt and water intake.

Salt restriction, both dietary and during dialysis, is of high importance due to various
pathophysiological implications. Many reports in the general population have shown
that high dietary Na'-intake is associated with elevated blood pressure, cardiovascular
events and death®”, although this was recently challengedG. Beneficial effects of dietary
salt restriction have also been shown in hemodialysis patients, where salt restriction
and improved volume control led to regression of left ventricular hypertrophy’ and
increased survival®.

Na* balance during dialysis as a potential source of Na" is an equally important concern.
An increased dialysate to serum Na' gradient (GNa®) is defined as a positive difference
between dialysate Na* (DNa*) and serum Na® (SNa*):

GNa*®=DNa*® -SNa* (1),

and is associated with increased thirst’, interdialytic weight gaing'11 and mortality“.
Penne et al. showed an association between an increased occurrence of intradialytic
morbidity and positive GNa* in a retrospective observational study™> and reported that
a positive GNa" may be associated with an increased occurrence of intradialytic
hypertension™.

An effective strategy to avoid intradialytic Na' loading is choosing lower DNa" dialysate
concentrations or to align DNa’ to SNa’, which requires the knowledge of SNa'.
Lowering DNa" has recently been shown to have positive effects on flow-mediated
vasodilatation™, which is a marker of endothelial dysfunction”. Na*-alignment was
shown in the 1980s to effectively reduce interdialytic weight gains™. In a patient
population of 150 patients, choosing DNa* based on historic SNa'-measurements,
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which the authors named the equilibrium point, did result in a decrease of interdialytic
hypertension, antihypertensive drug requirements and intradialytic morbidity™. In
addition, another study showed that Na*-alignment results in decreased interdialytic
weight gain, thirst, intradialytic morbidity and blood pressure in hypertensive
patients”.

Algorithm for Sodium Alignment

An operational roadblock to Na* alignment is the feasibility of measuring SNa* prior to
every dialysis treatment, which is a requirement for on-site Na'-alignment. This is
incompatible with the potential of daily routine in busy dialysis clinics and is also
associated with additional costs. An alternative to a direct measurement of sodium may
be the measurement of conductivity in serum and dialysate as a surrogate of SNa" and
DNa’, however this also requires use of additional devices and results in additional
costs. Furthermore the relation between SNa and conductivity is influenced by many
factors such as protein binding and complexation with anions such as sulfate and
phosphate. These factors may potentially affect the accuracy of currently available
methods.

A promising solution to avoid the problems of pre-dialysis measurements of SNa* and
conductivity based surrogates is to use historic values. An association between
increased interdialytic weight gain and mean arterial pressure with DNa® above
patients’ individual setpoint was reported in 58 hemodialysis patients'. The setpoint
was computed from monthly routine labs over an observation period that ranged from
9 to 16 months for every patientls.

The setpoint hypothesis by Keen et al. is corroborated by a recent publication showing
a coefficient of variation of only 1.6% of monthly SNa* in 100 patients over the period
of 12 months™. An algorithm to estimate SNa* for a particular month by use of monthly
SNa® measurements over the preceding 12 months was developed in a simulation
applied to a population of 3248 chronic hemodialysis patients. This approach narrowed
the distribution of GNa’ and reduced the occurrence of extremely high GNa* 2,
Additional analyses averaging four months’ of SNa* measurements resulted in accurate
prediction with low variability and reliable results (Figures 6.1 and 6.2). Inclusion of
more than four months only offers marginal decreases of variability, as reflected by the
slope of the function in Figure 6.1.
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Figure 6.1 Regression analysis of measured serum sodium in the observed month 01/2009 versus the
average of the preceding 4 months (09/2008 to 12/2008) in 3248 chronic hemodialysis patients.
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Figure 6.2  Standard deviation of the difference between the predicted serum sodium, computed as the
average of monthly routine serum sodium measurements over a certain period of time, and the
actual measured serum sodium concentration versus the number of months used for the
calculation of the average serum sodium concentration. Observed month was 01/2009 and the
analysis contains data of 3114 chronic hemodialysis patients.
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Implementation of Na* Alignment

In April 2010, sodium alignment was implemented in the clinical routine of a Renal
Research Institute dialysis clinic with 140 patients in Sanford, North Carolina, for the
first time (Figure 6.3) SNa" measurements, using indirect potentiometry of the monthly
routine blood draws, are transferred by Spectra Laboratories (Rockleigh, New Jersey) to
the Data Warehouse. The Data Warehouse is an Oracle-based database that contains
clinical, demographic, treatment and patient-related parameters. SNa* measurements
are obtained from the database, the algorithm is applied to the last 4 measurements,
the setpoint is determined and the information for every aligned patient is forwarded
to the clinic. The nurse manager collects the data, forwards it to the treating physician,
who decides the changes made to the prescription for this patient for the upcoming
interval, until the next SNa' in the following month is available. The active DNa®
prescription is also entered into the Data Warehouse to centrally coordinate and
ensure effective and adequate implementation of the algorithm.

The algorithm was only used for patients with a positive GNa* and for safety reasons it
was implemented as follows: patients with a DNa" minus predicted SNa* of lower than
5 mEq/! received dialysis with a DNa* concentration equal to their predicted SNa" after
the switch to Na'-alignment. Patients whose DNa’ minus predicted SNa* was higher
than 5 mEq/! received a DNa" concentration reduction of 5 mEqg/I until the next month.

Patient

]

Monthly Blood Draws Prescription

l i

estimated

DNa*=SNa*
|

Laboratory Dialysis Clinic
(Spectra Labs, Rockleigh, NJ) Nurse Manager
! Treating Physician

Data Transfer Nurse in Charge

l !

Data Warehouse Data Transfer
T Set-point for every Patient !
r 1
i Data Extraction i
!
Algorithm SNa*.qimated

Figure 6.3 Process of clinical implication of statistical Na" alignment. Key personnel are the database
analyst, the Head Nurse, and the attending physician.
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Preliminary Results

Data of aligned patients and those not subject to alignhment were collected from
January, to March,2010, prior to the switch to Na' alignment (May,2010). Data
obtained from July to September 2010 were used for this interim-analysis and
compared in a paired fashion for every individual patient and also between patients
converted to alignment to those not subject to alignment. The number of aligned
patients was rather small (n=20) and the analysis underpowered, which may be one of
the reasons that the results of this interim-analysis were not significant. A remarkable,
yet non-significant trend of weight, as well as blood pressure decrease can be seen in
the group with Na*-alignment (Tables 6.1 and 6.2)*". As of April 2011, four additional
dialysis clinics in Connecticut, two clinics in New York State and one clinic in North
Carolina were switched to Na'-alignment. Three more clinics in North Carolina will
follow in May 2011 and subsequently all units operated by the Renal Research Institute
will be switched to Na*-alignment using this method.

Table 6.1 Pre-dialysis body weight [kg] before and after implementation of a Na" alignment algorithm.
Before Alignment  After Alignment Difference Treatment effect
Mean+SD MeantSD (95% ClI) (95% CI)
Alignment (n=20) 81.1+25.5 78.8+24.5 -2.2(-4.6t00.08) -1.6(-4.0t00.8)
[kel
No Alignment (n=108) 82.7+25.0 82.0+25.3 -0.6 (-1.3 t0 0.02)
[kel

No significant differences found.

Table 6.2 Pre-dialysis systolic blood pressure [mmHg] before and after implementation of a Na" alignment
algorithm.

Before Alignment  After Alignment  Difference (95% Cl) Treatment effect

MeantSD Mean+SD (95% ClI)
Alignment (n=20) 154.3+18.4 146.7+20.7 -7.6 (-13.9t0 -1.3)* -4.8(-12.6 t0 2.9)
[mmHg]
No Alignment (n=108) 154.6+18.1 151.8+19.6 -2.8(-5.9t0 0.4)
[mmHg]
*P<0.05

Additional Considerations

Additional technical and physiological aspects are still to be considered and additional
research is needed.
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Technical Aspects

Further Adjustments of Sodium alignment

Following the principle of diffusion, Na* fluxes from the compartment with the higher
concentration to the one with the lower concentration aiming to establish equilibrium.
The Gibbs Donnan effect’”” aiming to establish electroneutrality, alters this diffusive flux
of positively charged Na® ions because negatively charged plasma proteins are unable
to pass through the membrane®. This effect, quantified by the Donnan coefficient a,
has been characterized as follows”*:

Donnan — coefficient oo = 1.007 - 0.009 x TP, (2)
where TP is the total protein concentration in g/dl.

The other major aspect important to Na'-alignment is that osmotically active Na'
distributes in the plasma water only. Plasma contains approximately 94% water and 6%
void volume consisting of proteins and lipids. Separation of plasma water from proteins
and lipids is only possible by means of ultracentrifugation, which is not commonly used
in clinical routine. For this reason, when using sodium alignment, it is crucial to know
and understand the methods used for the determination of SNa*. Flame photometry,
considered the gold standard for the measurement of Na‘, measures total Na' in a
defined volume. In contrast, direct potentiometry measures the electrically active Na*
concentration in plasma water. Resulting values will be higher according to the void
volume in comparison to those measured with flame photometry”. Results obtained
with direct potentiometry are adjusted and automatically integrated into the provision
of results®™. The most commonly used method in clinical routine is indirect
potentiometry, which involves dilution (usually 1:20) of the sample. Dilution lowers the
concentration of Na" and TP according to the dilution factor and adjustment for the
void volume after dilution renders the void volume in the sample a negligible factor in
the measurement. In a second step, the measured Na* concentration in the diluted
sample is divided by the dilution factor, with results of Na* in plasma highly correlated
with results obtained by flame photometry. Notably, both methods are flawed, though
to markedly different degrees, because of some level of dependence on lipid and
protein concentrations.

The measurement method is important for effective application of Na‘-alignment. The
sodium concentration that effectively builds the gradient with the dialysate sodium is
the concentration in the plasma water. In order to know the required DNa’, the SNa*
needs to be adjusted to estimate the plasma water Na* (PWNa") concentration.
According to Gotch et al., this can be done with the following equation:
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+

PWNa+ — SNa i (3)
0.989- 0.0047 TP

In summary, when performing Na‘-alignment calculations, the void volume and the
Gibbs Donnan effect can be included. Arithmetically this is done as follows:

+

+» 1.007- 0.009" TP (4)

S'Na 7
0.989- 0.0047 TP

= SNa
It should be noted that the adjustment proposed by Gotch et al. does not consider lipid
concentrations as part of the void volume. In the presence of hyperlipidemia the
algorithm by Waugh et al. which incorporates TP and lipids may be more precise®®.

Calibration of Dialysis Machines

Another important consideration in the prescription of dialysate Na is the calibration of
the dialysis machines. The DNa' is available on a technical screen on the dialysis
machine and is delivered as a mixture of the acid and the bicarbonate dialysis fluid
flow. Adjustment changes the delivery of DNa® (and the mixture of acid and
bicarbonate streams), which is controlled by monitoring the conductance of the dialysis
fluid. This is a dynamic measurement and does not reflect the absolute value of
delivered DNa®, which means that the measurement of conductance will keep delivery
in a certain range (0.1 mS). This implies that delivery of sodium will be within this
range, but this does not mean the dialysis machine is delivering the correct level of
DNa’, since the absolute value is determined by the flow and the ratio between acid
and bicarbonate streams. For this reason, the quality of DNa* delivery must be assured
by quality control programs such as regular DNa® measurements and machine
calibration. A recently presented study found that the re-calibration of 71 dialysis
machines in a dialysis clinic in London, United Kingdom resulted in significant decreases
in delivered DNa’, the need of antihypertensive medication, interdialytic weight gain,
(as reflected by ultrafiltration volume in the subsequent dialysis treatments), and a
borderline significant decrease of blood pressure (P=0.07)*".

Physiological Aspects

Some physiological aspects of Na* alignment warrant further studies. For example, it is
unclear if alignment is beneficial for patients with SNa* higher than DNa®, particularly in
regard to intradialytic morbid events. Even more challenging is the question if (and to
what extent) severely hyponatremic patients should undergo Na‘-alignment.

Analyses in 3248 chronic hemodialysis patients receiving dialysis in Renal Research
Institute clinics showed that patients with a SNa* in the range from 130 to 136 mEq/!
have the highest level of variation (Figure 6.4) making them a challenging subgroup for
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Na* alignment. These patients may represent a group with other illnesses in addition to
kidney disease and are known to have lower survival rates compared to patients with
higher SNa* *®. When performing data analyses, patients’ SNa* should be taken into
account if the effects of SNa” and GNa® on survival are to be distinguished. However,
the knowledge at this point is limited to retrospective, cross-sectional analyses, which
are not conclusive about the possible reasons for hyponatremia, It may be argued that
these patients may have more intradialytic morbid events as well as some elements of
dialysis disequilibrium syndrome if dialyzed with a dialysate of low Na* concentration®.
The treating physician should decide whether a patient receives Na'-alignment.

SD Month(i=0) to Month(i=-1) [mEq/I]
n
e

T T T T T T T T T T
1305 1363 1378 138.8 139.5 1398 140.8 141.3 1425 1435
to to 0 0 0 0 0 0 to to
136.0 1375 1385 1390 1395 1405 141.0 142.0 1430 1445

Average Month(i=0) to Month(i=-1) [mEq/I]

Figure 6.4  Predicted serum sodium, calculated as the average of all four serum sodium measurements in
the Month(i=0) to Month(i=-3), subdivided in deciles versus the mean standard deviation (SD)
and 95% CI of all four serum sodium measurements for every individual patient (N=3248).
Patients with either a serum sodium above 145 mEq/l or below 130 mEqg/l (n=31) were
excluded for this analysis.

Another important aspect is Na'-alignment in diabetics, since glucose is osmotically
active and hyperglycemia shifts water from the intracellular to the extracellular
compartment®, which decreases SNa* because of dilution. This has been intensively
researched, and correction factors have been proposed to estimate the actual SNa'.
Katz and coworkers proposed a linear relation adding 1.6 mEq/| per every 100 mg/dl of
glucose above 100 mg/dl31. Another study simulated a non-linear relation as the real
relation of glucose increment and SNa* decrease®. A linear approach in chronic
maintenance hemodialysis patients suggested a correction factor of 1.5 mEq/| decrease
per 100 mg/dl increase of serum glucose™.

Other open questions such as how to align incident hemodialysis patients immediately
after initiation of dialysis, the potential effects of seasonality, and the effects of
comorbidities remain and require further research through retrospective and
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prospective studies. Whether the patient-specific Na® setpoint remains constant

throughout the years or changes with alterations in extracellular fluid volume,

comorbid conditions, age or therapy is not known. Therefore, it is imperative to use the
. + . .. + . . .

running average of SNa” in determining Na™ alignment for the time being.

In conclusion, Na* alignhment by using this statistical approach is a simple and yet useful
means to avoid intradialytic Na'-loading, and its sequelae. First steps of implementation
in clinical routine have been done in dialysis clinics of the Renal Research Institute and
expansion of this project is underway. The first promising results have been obtained.
Long-term studies on hard outcomes such as mortality will show whether there is a real
benefit of aligning DNa" with SNa".
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Chapter 7

Abstract

Background

A recent study from the UK indicates a relationship between pre-hemodialysis (HD) serum
sodium (SNa) and systolic and diastolic blood pressure (SBP and DBP) in chronic HD patients. We
extend this analysis to an international cohort of incident HD patients.

Methods

The Monitoring Dialysis Outcomes (MONDO) initiative encompasses patients from 26 countries.
Over 2 years monthly pre-HD SNa® levels were used as predictors of pre-HD SBP and DBP in a
linear mixed model (LMM) adjusted for age, gender, interdialytic weight gain, diabetes, serum
albumin and calcium. Similar models were constructed with DBP as outcome. Analyses were
carried out stratified by continent (North and South America; Europe and Asia). LMMs were also
constructed for the entire observation period of 2 years, and separately the first and the second
year after HD initiation.

Results

We studied 16,993 incident patients and found SNa* to have a significant slope estimate in the
LMM predicting pre-HD SBP and DBP [ranging from 0.22 to 0.28 and 0.10 to 0.21 mmHg per
mEq/|, respectively, between the continents]. The findings were similar in subsets of SBP and
SNa® tertiles, and separately analysed for the first and second year.

Discussion and conclusion

Our analysis shows an independent association between SNa* and BP in a large intercontinental
database, indicating that this relation is a profound biological phenomenon in incident and
prevalent HD patients, generalizable to an international level and independent of SBP and SNa*
magnitude.
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Introduction

“Hence if too much salt is used in food, the pulse hardens, tears make their appearance
and the complexion changes.” is written in the “Huangdi Neijing” (The Yellow
Emperor’s Classics of Internal Medicine), considered to be one of the first medical
books which was firstly mentioned in 111 AD. Often quoted since by researchers in the
field of sodium research, this mentioning reflects how well established the relationship
between sodium intake and blood pressure (BP) is. In current days this relationship has
been confirmed in various epidemiologic studies in the general populationl'3 and the
pathophysiologic mechanisms of these relationships are better understood. The
classical theorem by Guyton suggests that short-term control of arterial BP is primarily
a nervous function, whereas the long-term arterial pressure is principally a function of
the fluid balance system®. While this is in principle true, sodium has also been
determined to affect the cardiovascular system in a fluid-independent manner. Not
only does sodium intake [and subsequently higher serum sodium concentrations
(SNa®)] increase arterial stiffness and wall thickness, it also increases blood and pulse
pressure’ over a short observation periods, but also over a longer period of time”®.

On an epidemiologic level a recent publication by He et al. showed that SNa* in 651
chronic HD patients was a significant predictor of systolic and diastolic BP (SBP, DBP),
which remained true even after adjustment for several relevant parameters with
possible effect on the levels of BP’.

In the current analysis we extend the findings of He et al.’ to incident and prevalent HD
patients in an international database and hypothesize that SNa® will be a predictor of
both SBP and DBP in incident and prevalent HD patients on an international level.

Methods

The Monitoring Dialysis Outcomes (MONDO) initiative encompasses HD patients from
26 countries who started HD between 2000 and 2010'°. Baseline characteristics of the
included subjects have been published recentlyll. For this analysis data of incident
patients who started HD between 1/1/2001 and 7/30/2008, in three databases from
different continents (Renal Research Institute for North America, Fresenius Europe,
Fresenius Asia-Pacific and Fresenius South America) were included and followed for an
observation period of 12 months and a follow-up period of 6 further months. Database
development and all subsequent analyses were conducted in compliance with local
rules and regulations to protect data privacy and patients’ rights.
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Subset analyses

Analyses were carried out in the whole data set and after stratification by continent
(North America; South America, Europe and Asia-Pacific). Furthermore analyses for all
included regions were carried out for the entire observation period, the first year, and
the second year to analyze the relationship for incident and prevalent patients
separately.

To confirm our results the analyses were repeated in subsets of SNa* concentration
tertiles of SNa* (Tertile 1: <136.8 mEq/Il, Tertile 2: 136.8 to 139.0 mEq/| and Tertile 3:
>139.2 mEq/l), of SBP (Tertile 1: <133.2 mmHg, Tertile 2: 133.2 to 149.4 mmHg and
Tertile 3: 2149.4 mmHg) and of DBP (Tertile 1: <70.0 mmHg, Tertile 2: 70.0 to 79.0
mmHg and Tertile 3: 279 mmHg). To exclude effects on the relationship by diabetes,
more specifically from blood glucose levels and the antidiabetic treatment, we
performed analyses in diabetic and non-diabetic subjects only.

Statistical analysis

Continuous data are reported as meanzSD and categorical data as fractions of the
analyzed population. Monthly pre-HD SNa® levels were used as fixed effects of pre-HD
SBP and DBP prediction in a linear mixed model (LMM) with either random intercepts
or random intercepts and random slopes, as determined by Likelihood Ratio Test (LRT)
with two degrees of freedom for LMM comparison. According to the parameters
included in the analyses of He et al.’ all LMMs were constructed including age, gender,
interdialytic weight gain (IDWG; in % of post-HD body weight), diabetes, serum
albumin, potassium and calcium as fixed effects. Similar models were constructed with
DBP as the outcome. All analyses were repeated in the subsets outlined above. A p-
value below 0.05 was considered significant. Analyses were conducted with R version
3.0.1” (“Good Sport”; R Foundation for Statistical Computing; Vienna, Austria)
additionally using the packages nlme, multcomp and plyr.

Results

Patient Population

For the current analysis 216,554 HD treatments with available SNa* measurements of
16,993 incident HD patients were included, with 4,106 from the Renal Research
Institute database, 1,456 from Asia, 9,705 from Europe and 1,726 from South America
(Table 7.1). It is of note that there were differences in the reported parameters
between the continents in terms of age, gender, IDWG and fraction of diabetic subjects
in the population (Table 7.1). Histograms of SBP, DBP and SNa® are shown in
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Supplemental Figure S7.1 and Supplemental Figure S7.2. Figure 7.1 shows SBP, DBP,
SNa and IDWG over the course of the observation period.

Table 7.1 Demographics in all studied patients and stratified by continents at hemodialysis (HD) initiation.

All subjects North America Asia Europe South America
Subjects [count] 16993 4106 1456 9705 1726
Treatments [count] 216554 74680 23002 115445 3427
Age [years] 62.1+/-14.7 60.3+/-14.9 58.4+/-13.3  64.1+/-14.4 57.7+/-16.5
Male [yes/no] 56.9 55.2 53.4 58.7 57.3
IDWG [% body weight] 2.8+/-1.3 3.24/-1 4.2+/-1.7 2.5+/-1.2 3+/-2
Serum potassium [mEq/I] 4.8+/-0.7 4.6+/-0.6 4.8+/-0.8 4.9+/-0.7 4.7+/-0.8
Serum albumin [g/dl] 3.8+/-0.4 3.7+/-0.4 3.9+/-0.3 3.7+/-0.5 3.84/-0.5
Diabetes [yes/no] 41.9+/-1 56+/-1 33.9+/-1 34.8+/-1 23.9+/-1
Serum calcium [mg/dl] 8.8+/-0.7 8.9+/-0.6 9.2+/-0.8 8.7+/-0.7 8.8+/-0.7
Serum Sodium [mEq/I] 137.8+/-2.8 138.3+/-2.4 137.84/-2.6  137.6+/-2.9 136.4+/-3.6
pre HD SBP [mmHg] 142+/-18.8 151.2+/-18 141+/-17.6  138.4+/-17.6 132.2+/-19.6
pre HD DBP [mmHg] 74.5+/-10.9 79.1+/-10.8 78.5+/-8.6 72.1+/-10.4 72.6+/-11
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Figure 7.1 Average values (95% Cl indicated) of a) systolic and b) diastolic blood pressure, c) serum sodium
and d) interdialytic weight gain for every month during the course of the observation period of
24 months.
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Serum sodium concentration as a predictor of blood pressure

Comparison of LMM with a) random intercept and b) with random intercept and slope
using a likelihood ratio test showed the random slope to be significant and was thus
included in the models. Based on the results of the developed models it appears that
there is a significant increase of pre HD SBP and DBP with increasing SNa* based on the
data of the entire 24 months observation after period The estimates of the SNa' slopes
in the LMM predicting SBP and DBP are shown in Table 7.2. The estimate of the slope in
the entire population implies that for example in North America with every mEq/| SNa*
increase there was an increase of 0.22 mmHg for SBP and 0.10 mmHg for DBP. Slope
estimates of SNa' for the other analyzed continents are shown in Table 7.2. The
relationship between SNa* and BP remained consistent for the LMM developed with
DBP as the dependent variable. Full models are shown in Supplemental Table S7.2.

Table 7.2 Slope estimate of serum sodium in a Linear Mixed Effects Model predicting pre hemodialysis
(HD) a) systolic and b) diastolic blood pressure (SBP, DBP) over the entire observation period
(24 months), based on sodium concentrations and other parameters of relevance. Additional
fixed effects in the model were: interdialytic weight gain, age at hemodialysis initiation, male
gender, serum potassium, serum albumin, diabetes serum calcium and hemodialysis vintage.

Continent SNa’ slope estimate for Pre HD SBP SNa’ slope estimate for Pre HD DBP
[mmHg change per mEq/I change] [mmHg change per mEq/I change]

North America 0.22 (0.17 to 0.28) 0.10 (0.07 to 0.13)

Asia 0.28 (0.16 to 0.40) 0.14 (0.08 to 0.21)

Europe 0.19 (0.15 t0 0.22) 0.14 (0.08 t0 0.21)

South America* 0.25 (0.05 t0 0.45) 0.21(0.11t0 0.32)

*Estimates of a linear model constructed based on cross-sectional data.

Subset analyses

Analysis in tertiles of pre HD SBP and DBP, respectively, showed a comparable
magnitude of the slope estimates for SNa' included as fixed effects in the model in all
three tertiles of SBP and DBP, respectively (Figure 7.2; Supplemental Table S7.3).
Repetition of the analysis in tertiles of pre HD SNa* and IDWG also showed comparable
slope estimates for pre HD SNa® included as a fixed effect in the prediction of pre HD
SBP (Figure 7.3 and Figure 7.4) and DBP (data not shown), both of which increased with
an increasing range of SNa’. The estimation of the slope for SNa* showed an increasing
trend with an increasing range of SNa* for the prediction of SBP and DBP (Figure 7.3).
Repetition of the analysis in subsets of diabetic and non-diabetic subjects only, showed
comparable slope estimates for the estimate of SBP and DBP in diabetic [0.19 (0.15 to
0.24) and 0.07 (0.05 to 0.10) mmHg per mEg/I, respectively] and non-diabetic subjects
[0.25 (0.21 t0 0.29) and 0.11 (0.09 to 0.13) mmHg per mEq/I, respectively].
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Furthermore analyses of the study population stratified into incident and prevalent HD
patients in Year 1 and Year 2, respectively, showed virtually identical results
(Supplemental Table S7.2a and Supplemental Table S7.2b).
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Forest Plot of the slope estimate of serum sodium (SNa") in a Linear Mixed Model predicting pre
hemodialysis (HD) systolic blood pressure (SBP) after stratification into tertiles of a) SBP and b)
DBP. Additional fixed effects in the model were: interdialytic weight gain, age at hemodialysis
initiation, male gender, serum potassium, serum albumin, diabetes, serum calcium and
hemodialysis vintage.
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Forest Plot of the slope estimate of serum sodium (SNa®) in a Linear Mixed Model predicting pre
hemodialysis (HD) systolic blood pressure (SBP) after stratification into tertiles of a) IDWG and
b) SNa'. Additional fixed effects in the model were: interdialytic weight gain, age at
hemodialysis initiation, male gender, serum potassium, serum albumin, diabetes, serum
calcium and hemodialysis vintage.

93



Chapter 7

Discussion

Statement of principal findings

Based on the current data there exist a relationship between plasma Na and SBP prior
to HD treatments. These relationships were found to be independent of relevant
covariates (age, gender, IDWG, diabetes, serum albumin, potassium and calcium). In
addition we confirmed the relationship in analyses conducted in different continents,
which, in our opinion, renders this relationship a pathophysiologic finding somewhat
independent of race, ethnicity, laboratory techniques or treatment practices in the
respective continents. Furthermore the analyses were repeated for the periods from
HD initiation to Month 12 and for the period from Month 13 to 24, which is consistent
with analyses in incident and prevalent patients. Subset analyses in tertiles of SBP and
DBP confirmed the analyses independent of the magnitude of these potentially
relevant parameters. Presence of diabetes and the antidiabetic treatment did also not
affect the relationship as per the subset analyses in these two subpopulations. The
analysis in tertiles of SNa* showed a clearly increasing slope estimate at higher SNa"
levels.

Comparison to other studies

Compared to previous data reported by He et al. we found a smaller effect size, but a
nevertheless consistent relationship in a substantially larger sample size as compared
to He’s double-center study in the United Kingdom (651 prevalent HD patients over
7445 observations)’. The current data carries these previous findings a step further by
choosing incident and prevalent patients as subsets. To allow this analysis, patients’
data was stratified into months 0 to 12 (incident patients) and months 13 to 24
(prevalent patients) and the results showed a consistent relationship between SNa* and
BP independent of HD vintage. Furthermore we extended the findings to several
continents and were able to establish this relationship in four different continents. We
also conducted subset analyses in tertiles of SNa, SBP and DBP which confirms that the
magnitude of these parameters, which may be considered to have potential influences
on the relationship between SNa and BP. Despite a slightly increasing trend in the
magnitude of the SNa® slope estimate at larger SNa® tertile, an effect size comparable
between continents and all analyzed subsets was found in the constructed models. Also
stratification into diabetic and non-diabetic subjects did not materially alter the
relationship between SNa* and BP.

A difference in the effect size between the model constructed by He et al. [0.65 (95% ClI
0.46 to 0.84) mmHg SBP and 0.36 (95% CI 0.25 to 0.46) mmHg DBP, respectively, per
mEq/l SNa’] may be noted in comparison to our models (Table 7.2). The reasons for
these differences are not clear and remain speculative at this point. However, in
summary it is remarkable that the presence and direction of this relationship remained
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consistent across all continents (Table 7.2a and Table 7.2b), equally for incident and
prevalent patients (Supplementary Table 1) and also in the subset analyses (Figure 7.2;
Supplemental Table S7.2 and Supplemental Table S7.3).

The exact reasons for these dynamics may only be speculated, however, work by
Oberleithner et al. suggested direct effects of plasma sodium on endothelial cells in the
presence of aldosterone™, which triggers the expression of ENaC by the endothelial cell
which in turn promotes cell swelling14 and cell stiffeningls, plasma sodium appears to
strongly affect the deformability and elasticity of endothelial cells'. Furthermore it is
important to note that the elasticity of endothelial cells is a prerequisite of normal
endothelial function by control of the stress-induced release of nitric oxide'®. In
addition recent publication reported data suggesting a relationship between plasma
nitric oxide and blood pressure during salt loading and restriction, respectively, and
furthermore an increase in asymmetric dimethyl-arginine with higher salt intake".

Implications of this research

The relationship is of pathophysiologic importance, as it sheds further light on the
complex relation between sodium, fluid overload and BP in dialysis patients. It also
shows, for the first time, this relation at a global level in a large-scale database.
Whether the results of this study are of importance for clinical practice, given the
possible intervention possibilities by the HD treatment, such as the dialysate
prescription, as well of antihypertensive agents which might influence this relationship,
should be addressed in future studies. Particularly in regard of analyses conducted by
He et al. in subsets with and without a prescription of antihypertensive drugs’.
Furthermore the estimate of the effect size in the longitudinal analysis conducted by
the authors was comparable between both groups, thus the effects of sodium may
possibly be of importance in BP management. It is regrettable we were not able to
conduct any analyses using data of antihypertensive medication from our data.
However, confirming the relationship suggested by He et al. in our data does confirm a
generalizability of the relationship, which renders this of general importance for BP
management.

Furthermore it needs to be emphasized that a close observation of SNa* is also of
importance, given the direct effects of SNa* on cardiovascular structures. Previously
published findings of left atrial enlargement associated with SNa® levels independent of
BP levels in chronic kidney disease patients were explained by the pro-fibrotic effects of
sodium and a proliferative effect on myocardial tissue™. The well-established
relationship (independent of BP) between left ventricular mass, salt intake and urinary
sodium excretion, respectively, in the general but also in the chronic kidney disease
population, has been proposed to be caused by direct effects on cardiomyocytes,
modulation of the neurohumoral system (with vasopressin being the mabut) also
effects on the intravascular volume state'*?.
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Strengths and weaknesses

A great strength of the current analysis is the large sample size, the considerably long
observation period of 24 months for each patient and, due to high number of patients
from international HD populations, the resulting high level of generalizability.
Particularly the long observation period, allowing separate analyses in incident and
prevalent patients and the separate confirmation of findings in explicit analyses of data
from different continents strengthen the conclusions drawn from our data. Limitations
mainly comprise as all retrospective analyses, a possible lack of documentation for
some parameters and the unavoidable probability of documentation errors. Particularly
the lack of data on existing BP treatment and race and ethnicity for all continents limits
the comparability of the current study to the previous work’. Information on
comorbidities, residual renal function and volume status may also be of additional
interest, but have also not been available for the current analysis. It may also be argued
that in the formerly analyzed ethnic group, BP treatment was found to be significant
estimated fixed effects only at a level between 1 to 5% for SBP and not significant for
DBP at all’. In this context it may be argued that the effects the inclusion of these
parameters would have had, is rather marginal. It can however not be excluded to be a
possible reason for the differences found between the estimated effect sizes.

Conclusions

In summary our data (in concert with previous data) suggests that many factors such as
SNa® affect BP. In summary the data of this study suggest that the longitudinal
observation of SNa* and its dynamics over time do provide information gain and may be
helpful to aid diagnosis, treatment and determination of the risk of an adverse
outcome. Future research on the exact pathophysiologic mechanisms is needed
whether this relationship could also be a therapeutic target.
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Abstract

Background

Pre-hemodialysis (pre-HD) serum sodium (SNa*) has been assumed to show low variability.
Recent reports suggest that stability of various parameters confers improved survival. We
investigated the relationship between the rate of change of SNa (slope of SNa" over time) and
SNa* variability (standard deviation, SD), respectively, with SNa+, and risk of all-cause death in
incident HD patients.

Methods

Incident patients from the global MONDO initiative with available data were included in this
retrospective analysis. The first 12 months of HD were defined as baseline, patient outcomes
were noted in months 13 to 24 (follow-up period). We applied smoothing spline ANOVA logistic
regression models to investigate the joint effect of (a) SNa* and SNa* slope, and (b) SNa" and SNa*
SD on the risk of death in the follow-up period. The models were adjusted for age, gender,
diabetes, interdialytic weight gain, serum albumin, nPCR, dialysate sodium concentration and
body mass index.

Results

We studied 16,420 incident HD patients (63.1+14.9 years, 59% males, 36% diabetics) from Europe
(n=11,057) and North America (n=5,363). The risk of death appears to be higher in patients with
SNa* below 137 mEq/l and SNa" greater than 143 mEq/I. Increased risk of death with higher SNa*
variability and changes of SNa" appears to be present at all levels of SNa*, but the increase is
most pronounced at higher SNa".

Conclusion
SNa® stability and levels greater than 137 mEq/| are associated with better survival in HD
patients. This may be an important novel prognostic indicator.
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Introduction

Serum sodium (SNa®) is a main determinant of plasma osmolality, which is important
for a host of cell functions. Swings in SNa* may lead to fluid shifts between the
extracellular and intracellular spaces and cell volume changes. Rapid changes in SNa*
are associated with neurological disturbances and increased mortality’. The distribution
of SNa* on a population level and within a given individual is substantially narrower in
healthy subjects compared to hemodialysis (HD) patients, yet the existence of a
patient-specific sodium set-point has been postulated in this patient population**.
Nonetheless the yearly average standard deviation (SD) of monthly pre-HD SNa™ levels
is approximately 2.0 mEg/l with an mean range of 7 mEq/I4. Lower levels of pre-HD
SNa® have been associated with increased mortality which has been suggested to
reflect current comorbidities that affect clinical outcomes”.

Recent evidence has shown that, next to single measurements, variability of blood
pressure and key laboratory parameters such as hemoglobin are also associated with
important outcomes such as survival in HD patientss's. Despite its pivotal physiological
role, the relationship between SNa* variability and hard outcomes such as mortality has
not been assessed. In patients with congestive heart failure who are not on dialysis a
low SNa”" and a decline in SNa* has been associated with poor outcomes’. While in
congestive heart failure patients with preserved renal function non-osmotic
vasopressin release and reduced free water clearance are key determinants of
hyponatremia, the situation is less clear in HD patients without residual renal function.
Earlier reports suggested the existence of the “sick-cell syndrome”, a status of
increased cell membrane permeability, leaking of intracellular osmolytes into the
extracellular space causing fluid and water shifts resulting in hyponatremia'®*%. The
syndrome manifests as an osmolal gap*>™* and associates with several comorbidities
such as inflammation, myocardial infarction amongst others. The primary goal of the
present study was to explore the relationship between SNa® levels and their variability
and mortality in a large international cohort of incident hemodialysis patients.

Concise Methods

Study design

The Monitoring Dialysis Outcomes (MONDO) initiative encompasses HD patients from
41 countries who started HD between 2000 and 2010". Baseline characteristics of the
cohort have been published already'®. For this analysis data of incident patients who
started HD between 1/1/2001 and 7/30/2008 in the United States and Europe were
used. While the United States patients were treated in facilities of the Renal Research
Institute, the European patients resided in 17 countries and were dialyzed in Fresenius
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Medical Care Europe clinics. The first 12 months on HD defined the baseline and
months 13 to 24 the follow-up period. Only patients with three or more baseline SNa*
measurements were included. The study was conducted in compliance with local rules
and regulations to protect data privacy and patients’ rights and approved by the
institutional review board at the Beth Israel Medical Center, New York.

Measures of SNa* variability

We employed two related yet different indicators of baseline SNa* variability, namely
(a) the SD of pre-HD SNa” levels, and (b) the rate of change of SNa’. The latter measure
was computed by simple linear regression of SNa* over time rate during baseline and
expressed as the slope of the resultant regression line in mEq/l/year.

Patients were stratified in tertiles of baseline SNa* SD (tertile 1: <2.0 mEq/l; tertile 2:
2.0 to 2.7; tertile 3: >2.7 mEq/l), and SNa" slopes (decreasing: <-1.72; stable: -1.72 to
1.33; increasing: >1.33 mEq/I/year).

Statistical analysis

Data are presented as meanzSD for descriptive analysis and point estimates with 95%
confidence intervals, as appropriate.

Survival analysis

Crude mortality rates were computed for the three SNa® SD tertiles and slope
categories, respectively. Kaplan-Meier analysis, log rank test and Cox regression were
used to analyze the relationship between SNa*, SNa* slope and SNa® SD at baseline and
all-cause mortality during follow-up. The Cox regression model was adjusted for age,
gender, diabetes, interdialytic weight gain (IDWG in % of body weight), serum albumin,
normalized protein catabolic rate (nPCR), DNa®, and BMI. The respective SNa* SD and
slope group with the lowest mortality rate in the univariate analyses was used as
reference group.

Because of the recently described relationship between SNa® and outcomes, we
explored the joint effect of SNa*, SNa* SD, and SNa" slope, respectively, on survival,
without discretizing these variables. For this analysis we considered a semi-parametric
logistic regression model. Specifically we applied smoothing spline ANOVA logistic
regression model"”*® adjusted for the same covariates as the Cox regression analysis.
The smoothing spline ANOVA (also called tensor product smoothing spline) method
allows us to model the joint effect of two or more independent variables (e.g. SNa* and
SNa® SD) without assuming a specific parametric form. Parametric effects were
assumed for other covariates (age, gender, diabetes, DNa®, IDWG, serum albumin,
nPCR and BMI). We used posterior standard deviation to delineate a region that
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contains sufficient data on the contour plot and the estimate is deemed reliable.
Estimates of the joint effects are shown for this region only.

Evaluation of statistical predictors

As a secondary outcome we aimed to determine what affects the stability of SNa* and
SNa® change over time. To assess other factors predicting variability and trends, we
developed multivariable linear regression models with SNa* SD [in mEqg/l] and SNa*
slope [in mEq/l/year] as the respective dependent variables. The analysis with SNa*
slope as the dependent variable was repeated after stratification into subjects with
increasing and decreasing SNa®. The determined independent predictors found in
regression analysis were used for the adjustment of the survival analysis. A two-sided
P-value below 0.05 was considered statistically significant. Analyses were done in R
version 3.0.2 (“Frisbee Sailing”; R Foundation for Statistical Computing; Vienna,
Austria)®.

Results

Patient population

Data from 16,420 incident HD patients were analyzed. Table 8.1 shows demographics
of the pooled population stratified by region. Regional differences were most
pronounced with respect to age, diabetes prevalence, interdialytic weight gain (IDWG)
and pre-HD systolic blood pressure (SBP) which is (to the comparable extent) fairly
consistent with other reports”’. Supplemental Figure $8.1 shows the distribution of
baseline SNa*, SNa* slope, and SNa® SD. Table 8.2a and Table 8.2b show the tertiles of
SNa® SD and groups of SNa” slopes, respectively. Comparison of these groups only
showed slight differences in the various analyzed parameters.

Survival analyses

Both lower SNa* SD (<2 mEq/l) and stable SNa* (slope -1.72 to 1.33 mEq/Il/year) at
baseline were associated with better survival during follow-up (92.4 deaths per 1000
patient-years in SNa* SD tertile 1 versus 111.3 and 140.7, respectively in tertile 2 and 3;
Supplemental Table S8.1). Kaplan Meier analysis and log-rank test also demonstrated
increased mortality in strata of higher SNa” SD (22 mEgq/I; Supplemental Figure S8.2).
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Table 8.1 Patient demographics stratified as per analyzed region.

All Europe North America Difference Europe —

North America (95% Cl)

n [count] 16420 11057 5363 5694
Age [years} 63.1+/-14.9 64.1+/-14.6 61.2+/-15.2 2.9(2.4t03.3)
Male gender [%] 58.5 59.6 56.1 3.5%
Diabetes [%] 35.9 26.4 55.5 -29.1*
IDWG [% of body weight (BW)] 3.02+/-1.00  2.84+/-0.98  3.38+/-0.94  -0.53 (-0.56 to -0.50)
nPCR [g/dl/day/kg BW] 0.98+/-0.15 1.03+/-0.10 0.87+/-0.19 0.15 (0.15to0 0.16)
Pre HD SBP [mmHg] 140.95+/-17.99 136.23+/-16.39 150.69+/-17.23 -14.46 (-15.01 to -13.9)
Albumin [g/dI] 3.81+/-0.39 3.83+/-0.40  3.78+/-0.36  0.04 (-15.01 to -13.90)
DNa' [mEq/l] 139.22+/-1.55 138.91+/-1.51 139.86+/-1.44 -0.95 (-1.00 to -0.90)
SNa’ [mEq/I] 138.03+/-2.56 137.87+/-2.63 138.35+/-2.37 -0.47 (-0.55 to -0.39)
SNa" variability (SD) [mEg/I] 2.51+/-1.06 2.58+/-1.15  2.38+/-0.85 0.20 (0.17 t0 0.23)
SNa’ slope [mEq/I/year] -0.17+/-4.03 -0.10+/-4.17 -0.32+/-3.73 0.22 (0.09 to 0.34)
Phosphorus [mg/dl] 4.89+/-1.09 4.72+/-1.05 5.25+/-1.10 -0.53 (-0.56 to -0.49)
Potassium [mEq/I] 4.84+/-0.58 4.94+/-0.59  4.64+/-0.50  0.29 (-0.56 to -0.49)
Neutrophil/lymphocyte ratio (NLR) ~ 3.38+/-2.53 3.16+/-2.03 3.92+/-3.42 -0.76 (-0.88 to -0.64)
Body Mass Index [kg/m’] 26.72+/-6.27  26.20+/-5.24  27.81+/-7.87 -1.61(-1.84to0-1.38)

Interdialytic weight gain (IDWG), body weight (BW), normalized protein catabolic rate (nPCR), hemodialysis
(HD), systolic blood pressure (SBP), dialysate sodium concentration (DNa‘), serum sodium concentration
(SNa"). *indicates P<0.05 in Chi-squared test.

This finding was corroborated in the adjusted Cox regression analysis (Supplemental
Table $8.2), which showed higher risk of death with higher SNa* SD as compared to
SNa® SD tertile 1 [SNa" SD Tertile 2: 1.1 (0.99 to 1.22) and SNa* SD tertile 3: 1.3 (1.17 to
1.44)]. A contour plot based on logistic regression analysis showed that the lowest risk
of death was present in a region delineated by a SNa* between 137 and 143 mEq/l and
a SNa* SD<3 mEq/I and generally appears to be lower for higher SNa*. The probability
of death was higher with increased SNa* SD [ranging from areas in Figure 8.1 showing a
risk of less than 14% (light yellow) to a risk are of greater the 38% (dark red)],
irrespective of SNa* (Figure 8.2). Mortality risk increased significantly with increasing
magnitude of SNa" SD at different set SNa' levels (Figure 8.2). Furthermore we also
observed an increasing probability of death with decreasing SNa" at different set SNa*
SD levels (Figure 8.1).
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Table 8.2 Patient demographics stratified according to tertiles of serum sodium concentration (SNa) and
in second instance as per tertiles of a) SNa” variability (expressed as coefficient of variation) and
b) SNa” monthly slopes, over the course of one year following hemodialysis (HD) initiation.
a) Variability SD Tertile 1 SD Tertile 2 SD Tertile 3
n 5473 5474 5473
Age [years] 62.2+/-15.2 63.6+/-14.7 63.6+/-14.6
Male gender [%] 59.6 57.9 57.9
Diabetes [%] 30.8 36.9 40.1
IDWG [% of body weight (BW)] 2.92+/-0.99 3.01+/-0.99 3.13+/-1.01
nPCR [g/dl/day/kg BW] 0.98+/-0.16 0.97+/-0.15 0.98+/-0.15
Pre HD SBP [mmHg] 141.17+/-17.41 141.04+/-18.00 140.63+/-18.55
Albumin [g/dl] 3.86+/-0.37 3.81+/-0.40 3.76+/-0.40
DNa’ [mEq/I] 140+/-1.56 139.24+/-1.53 139.13+/-1.56
SNa" [mEag/1] 138.32+/-2.27 138.13+/-2.45 137.64+/-2.88
SNa* variability (SD) [mEq/I] 1.6+/-0.29 2.33+/-0.20 3.61+/-1.10
SNa’ slope [mEq/I/year] -0.15+/-2.24 -0.14+/-3.35 -0.22+/-5.70
Phosphorus [mg/dl] 4.92+/-1.09 4.90+/-1.08 4.85+/-1.11
Potassium [mEq/I] 4.81+/-0.57 4.85+/-0.58 4.86+/-0.58
Neutrophil/lymphocyte ratio (NLR) 3.26+/-2.56 3.40+/-2.79 3.48+/-2.21
Body Mass Index [kg/mz] 27.07+/-6.21 26.77+/-6.11 26.32+/-6.46
Region [count] North America 1930 1881 1552
Europe 3543 3593 3921
b) slope Decreasing SNa” Stable SNa" Increasing SNa*
N 5474 5472 5474
Age [years] 62.9+/-15.2 62.9+/-14.9 63.5+/-14.5
Male gender [%] 58.0 58.4 59.1
Diabetes [%] 35.2 35.6 36.9
IDWG [% of body weight] 3.05+/-1.01 2.98+/-0.99 3.02+/-10.00
nPCR [g/dl/day/kg] 0.97+/-0.15 0.97+/-0.15 0.98+/-0.15
Pre HD SBP [mmHg] 140.98+/-18.15 141.47+/-17.97 140.4+/-17.85
Albumin [g/dl] 3.80+/-0.40 3.83+/-0.38 3.81+/-0.39
DNa' [mEq/l] 139.70+/-1.56 139.23+/-1.54 139.24+/-1.54
SNa’ [mEq/1] 137.93+/-2.63 138.19+/-2.4 137.97+/-2.63
SNa" variability (SD) [mEg/I] 2.72+/-1.15 2.13+/-0.82 2.69+/-1.09
SNa“ slope [mEq/I/year] -4.38+/-2.52 -0.17+/-0.88 4.04+/-2.49
Phosphorus [mg/dl] 4.92+/-1.13 4.9+/-1.08 4.85+/-1.07
Potassium [mEq/I] 4.85+/-0.59 4.83+/-0.57 4.85+/-0.58
Neutrophil/lymphocyte ratio (NLR) 3.42+/-2.91 3.33+/-2.40 3.39+/-2.24
Body Mass Index [kg/m’] 26.78+/-6.57 26.89+/-6.35 26.5+/-5.86
Region [count] North America 1759 1947 1657
Europe 3715 3525 3817

Interdialytic weight gain (IDWG), body weight (BW), normalized protein catabolic rate (nPCR), hemodialysis
(HD), systolic blood pressure (SBP), dialysate sodium concentration (DNa‘), serum sodium concentration
(SNa®). Serum sodium concentration (SNa‘) decrease: slope <-1.72 mEq/l, Stable SNa": slope -1.72 to
1.33 mEq/l; SNa” increase: slope >1.33 mEq/|; standard deviation (SD) tertile 1: <2.0 mEq/I, SNa" SD tertile 2:
2.0 to 2.7 mEq/l; SNa” SD tertile 3: >2.7 mEq/I.
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Estimated probability with other variables fixed
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Figure 8.1  Contour plot depicting probability of death in Year 2 as a function of serum sodium
concentration (SNa) and serum sodium variability (SNa SD) during Year 1. Probability of death
was computed using a multivariate semi-parametric logistic regression model. Parameters
included in the model were fixed at median values (continuous variables) and at reference
conditions (categorical variables).

A stable SNa* was associated with a lower probability of death (106.6 deaths per 1000
patient-years in those with stable SNa® versus 126.0 and 111.5, respectively, in those
with decreasing and increasing SNa*; Supplemental Table $8.1). In contrast to an
increasing SNa*, which was not significantly associated with an increased death risk as
per log-rank test, a decreasing SNa* was significantly associated with a higher
probability (Supplemental Figure S8.3). This was found confirmed in adjusted
multivariable Cox regression analysis by a significantly increased hazard ratio of death
in Year 2 (in reference to those with a stable SNa®) in those with a decreasing SNa* [1.14
(1.03 to 1.26) but not for those with an increasing SNa* (Supplemental Table $8.2). In
the joint analysis the region with the lowest probability of death in Year 2 [ranging from
13 to 17% (yellow) with some areas of a risk even less than 13% (light yellow)] is
defined by a SNa between 137 and 143 mEq/l, and a SNa’ slope between -7 and 12
mEq/I/year (Figure 8.3). Analysis of the associations between decreasing SNa" at fixed
SNa" values confirmed a clear trend of increasing probability of death for a decrease in
SNa®, except for higher levels of SNa* as shown for example for 141 mEq/! (Figure 8.4d).
Increases of SNa' did not show significant associations with probability of death, except
for increases at higher levels of SNa* [i.e. 139.2 and 141 mEq/| (Figure 8.4c and 8.4d)]
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where a non-significant but marked increase of the probability occurs with increasing
SNa®. This is in contrast to the lower SNa* (shown for 133.7 and 137.2 mEq/! in Figure
8.4a and 8.4b).
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Figure 8.2  Spline analysis of the probability of death during Year 2 using a multivariate logistic regression
model at 4 different magnitudes of serum sodium concentration (SNa') over a range of
available SNa* variability [as per standard deviation (SD)] data. Other parameters included in
the model were fixed at median values (continuous variables) and at reference conditions
(categorical variables).
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Figure 8.3  Contour plot depicting probability of death in Year 2 color-coded as a function of serum sodium
concentration (SNa®) and serum sodium slope during Year 1. Probability of death was computed
using a multivariate semi-parametric logistic regression model. Parameters included in the
model were fixed at median values (continuous variables) and at reference condition
(categorical variables).

Statistical predictors of serum sodium slopes and variability

Table 8.3a and Table 8.3b show the multiple regression models with SNa* variability
and slopes as dependent variables. Statistically significant predictors of SNa* variability
with a positive relationship were SNa* slope, age, diabetes, and IDWG, and those with
an inverse relationship were male gender, serum albumin, body mass index (BMI) and
dialysate sodium concentration (DNa'). In contrast only diabetes, nPCR and DNa" were
associated positively with SNa* slope. IDWG associated inversely with the magnitude of
the SNa” slope. Repetition of the determinative analysis for SNa* variability in those
with increasing and decreasing SNa® showed comparable results; some additional
effects of SNa’, serum albumin and DNa" may be noted (Table 8.3b).
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Figure 8.4  Spline analysis of the probability of death during Year 2 using a logistic regression model at 4
different magnitudes of serum sodium concentration (SNa*) over a range of available SNa” slope
data. Other parameters included in the model were fixed at median values (continuous
variables) and at reference conditions (categorical variables).
Table 8.3a  Statistical predictors of serum sodium (SNa®) variability.
SNa® variability Estimate (95% Cl) [mEq/| per unit]
(Intercept) 8.95(7.19to0 10.71)
SNa“ [mEq/I] -0.011 (-0.018 to -0.004)
Age [years] 0.002 (0.001 to 0.003)
Male gender -0.07 (-0.1 to -0.03)
Diabetes 0.14 (0.11 t0 0.18)
IDWG [% of body weight] 0.11 (0.09 to 0.13)
Albumin [g/dI] -0.22 (-0.27 to -0.18)

nPCR [g/kg/d]
Serum potassium [mEq/l]
Body Mass Index [kg/m’]
DNa' [mEq/l]

Region North America [Reference Europe]

-0.23 (-0.35 to -0.11)
-0.01 (-0.04 to 0.02)
-0.0031 (-0.0059 to -0.0004)
-0.03 (-0.04 to -0.02)
-0.31 (-0.35 to -0.26)

Serum sodium concentration (SNa‘), interdialytic weight gain (IDWG), normalized protein catabolic rate
(nPCR), hemodialysis (HD), systolic blood pressure (SBP), dialysate sodium concentration (DNa®).
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Table 8.3b  Statistical predictors of slopes in SNa® in multiple linear regression analysis.

SNa” slope Estimate for all SNa* Estimate in those with Estimate in those with
slope (95% Cl) decreasing SNa" (95% Cl) increasing SNa* (95% Cl)
[mEq/I per unit] [mEq/I per unit] [mEq/| per unit]
(Intercept) -9.21 (-16.02to0 -2.40)  -21.69 (-28.94 to -14.45) 16.29 (9.18 to 23.4)
SNa’ [mEq/1] 0.01 (-0.02 to 0.03) 0.05 (0.03 to 0.08) -0.06 (-0.09 to -0.03)
Age [years] 0.003 (-0.001 to 0.008)  -0.002 (-0.007 to 0.003)  0.0044 (-0.0004 to 0.0092)
Male gender [yes/no] 0.04 (-0.09 t0 0.17) 0.04 (-0.09 to 0.18) -0.15 (-0.29 to -0.01)
Diabetes [yes/no] 0.15 (0.01 to 0.29) -0.15(-0.30 to 0.01) 0.02 (-0.13 t0 0.16)
IDWG [% of body weight] -0.10 (-0.17 to -0.03) -0.19 (-0.27 to -0.12) 0.08 (0.01 to 0.16)
Albumin [g/dl] 0.13 (-0.04 t0 0.3) 0.23 (0.06 to 0.41) -0.09 (-0.26 to 0.09)
nPCR g/kg/d] 0.87 (0.40 to 1.34) 0.44 (-0.08 to 0.97) -0.53 (-1.03 to -0.04)
Serum potassium [mEq/I] -0.03 (-0.15 to 0.08) 0.09 (-0.03 to 0.21) -0.16 (-0.28 to -0.04)
Body Mass Index [kg/m’] -0.01 (-0.03 to 0) -0.002 (-0.013 t0 0.009)  -0.007 (-0.019 to 0.005)
DNa' [mEq/l] 0.05 (0.01 to 0.10) 0.06 (0.02 to 0.11) -0.02 (-0.06 to 0.03)
Region North America -0.10 (-0.27 to 0.07) 0.35(0.16 to 0.54) -0.59 (-0.77 to -0.41)

[Reference Europe]

Serum sodium concentration (SNa), interdialytic weight gain (IDWG), body weight (BW), normalized protein
catabolic rate (nPCR), hemodialysis (HD), systolic blood pressure (SBP), dialysate sodium concentration
(DNa").

Discussion

Main findings and Interpretation

In this observational study pre-HD SNa" variability (as determined by SD),decreasing
SNa® at lower levels of SNa* (approximately lower than a cut-off of 137 mEg/l) and
increasing SNa* at higher levels of SNa® (approximately when SNa* is greater than
143 mEq/l) are predictors of all-cause mortality in the second year of dialysis in incident
HD patients. To the best of our knowledge the predictive value of pre-HD SNa®
variability to mortality represents a novel finding. The increased mortality risk
associated with pre-HD SNa® variability remained significant after adjustment for
multiple potential confounders (age, gender, diabetes, IDWG, albumin, potassium,
nPCR, DNa" and BMI).

Discussion of findings

A lower pre-HD SNa" (approximately lower than a cut-off of 137mEq/I) was associated
with increased mortality (independent of variability and trends) in our study (Figure 8.1
and Figure 8.3). This finding has been reported on numerous occasions in the literature
and was hypothesized to be a reflection of a ‘frail phenotype’ for these patients’>>*. For
this reason the analysis of dynamic changes in SNa* and SNa® variability and their
impact on survival in addition to the effect of the absolute pre-HD SNa' is of additional
interest. Supporting evidence for the strong prognostic value of changes in SNa* levels
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has been reported in patients with heart failure’ who found a similar decrease in
mortality in patients with increasing SNa* and an increase in those with a decreasing
SNa* at the lower levels of SNa*®.

In the light of our data it becomes clear that whereas low SNa* has an effect on
mortality, an unstable SNa* set-point (i.e. larger variability and/or slope) is also
intimately associated with reduced survival over and above the pre-HD SNa® value
(Figure 8.1 and Figure 8.3). We found that the lowest risk of death occurred at SNa*
levels between 137 and 143 mEq/I regardless of slope or variability, a range which may
be hypothesized to be an optimal level of pre-HD SNa" in the dialysis patient.

The relationship between increased SNa® variability and outcome persisted after
adjustment for relevant parameters related to outcome (age, gender, diabetes, IDWG,
serum albumin, potassium, nPCR, DNa® and BMI). These parameters were also
determinants of pre-HD SNa variability and slope in multiple regression analysis. Our
findings are corroborated by the consistency between the analysis of probability of
death during Year 2 (as a binary outcome) in logistic regression analysis, and the time to
event analysis as per Cox regression analysis.

An unanswered question is whether changes in SNa" are causally related to mortality by
causing osmotic disequilibrium, or whether SNa* variability is reflective of underlying
illness, which is not fully captured by the covariates included in the analysis, and as
such related to outcome. Therefore, it may be hypothesized that variability and
changes in SNa* may be a reflection of a “frail phenotype” and unaccounted
comorbidities, as suggested by the DOPPS authors for patients with low SNa* levels®,
but could also be consequence of an acute event such as myocardial infarction amongst
others™'*%,

Changes in the neurohormonal responses mediating thirst and salt appetite in dialysis
patients (e.g. vasopressin, adrenomedullin®® and copeptin) may also have contributed
to our findings. Copeptin (a glycopeptide co-secreted with vasopressin) is associated
with impaired ventricular function’’ and is a predictor of adverse outcome both in
patients with heart failure as well as in ckD*®**°. To what extent changes in these
vasoactive compounds explains sodium variability as well as the relationship between
variability, trends and death, is not yet clear and represents an exciting area of future
research.

Increases of SNa* can occur with age®”, or may reflect dehydration. This may occur prior
to death as recently reported®® and could possibly be associated with an increased
occurrence of intradialytic morbid events that are themselves independently related to
increased mortality33. Furthermore malnutrition and in particularly reduced protein
intake is associated with increased mortality34. For this reason we included nPCR in the
models since it is associated with nutrition but also is a predictor of death®™’. Indeed,
nPCR was also inversely related to SNa* variability.

The seasonality of electrolyte concentrations > and its relationship between seasons
to mortality40 was also accounted for by defining a 12 months observation period which
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includes equally all seasons. Furthermore the analysis includes various regions on both
continents with varying climates with (and without) seasonal differences.

Finally plasma glucose variability of different magnitudes may be expected in diabetic
subjects (possibly as a result of anti-diabetic therapy or dietary intake) and may
possibly impact on measured SNa* and SNa* variability“"m. Although diabetes is known
to be associated with increased mortality and so was included as an adjustment factor
in our models we were unable to account for variations in plasma glucose levels over
time.

These and other factors result in higher variability (Table 8.3). However, this is not the
only possible reason for higher variability, but which could also due to a higher level of
randomness in an unstable and uncontrolled system possibly resulting from a loss of
control and regulatory mechanisms which are in turn possibly associated with
comorbidities™.

In this analysis we focused on increased SNa* variability per se, and on the direction of
changes in SNa* over time (slopes). Further decreases in SNa” in patients with already
low SNa® levels were related to mortality, whereas increased variability related to
mortality over a wide range of SNa* levels (Figure 8.1 and Figure 8.3). From these
observations it may be hypothesized that decreasing SNa® at low SNa® levels may
indicate patients at elevated risk of death.

Despite inclusion of the factors associated with SNa* variability and those established to
relate to mortality in our analytic models the effect of SNa* variability on mortality
remained significant even after full adjustment and thus may be considered to also
have an independent effect.

Limitations

A limitation of the current analysis is the observational nature of our data, which does
not allow for definite conclusions of causality between changes in SNa* and mortality,
or whether these changes reflect a further loss of homeostasis in dialysis patients. Due
to the multidimensional character of disease pathogenesis and progression the lack of
complete data on comorbidities is an enduring limitation. Although we were not able to
include data from all continents generalizability (which would allow to confirm these
relationships in an Asian population or in those of Hispanic ethnicity explicitly), can still
be considered sufficient given the large sample size and the origin of the patients from
two different continents.

To a certain extent the current analysis is at variance with the concept of the existence
of a stable sodium set-point in HD patients (at least in some subgroups), however, if our
hypothesis of randomness due to an unstable and uncontrolled system with impaired
or lost control and regulatory mechanisms, is correct, in those HD patients suffering
only from a limited number of comorbidities the set-point may still be considerably
stable™. Finally the mean changes and SD of certain clinical parameters in our large
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dataset were in general relatively small and therefore might go undetected in daily
clinical practice.

Implications and conclusions

The concept of longitudinal observation of variability and slopes in relation to outcome
is quite novel, and expands our knowledge on mortality risk factors. The prognostic
value of slopes to predict outcomes based on the variability and trends of various
physiological and laboratory parameters might also be of relevance for future
prognostic risk scores. These may facilitate the identification of patients at risk of death
in the earlier stages of their illness which might currently remain clinically undetected.
The knowledge of the relationship between SNa® variability and death, may, next to
pathophysiologic interest, also be of importance for the development of dynamic risk
models. These may permit the development of alert systems in this vulnerable group of
patients. Given the current paucity of data on the relation between dynamic changes in
clinical and laboratory parameters in dialysis patients and outcome, we believe that our
observations are not only of interest for the development for safety and alert
algorithms but also are of significant pathophysiologic interest and may spark
additional research to evaluate why patients with certain characteristic dynamics show
an increased risk of mortality.
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Supplemental tables and figures

Table 8.1  Mortality rates in a) Serum Sodium Concentration (SNa®) standard deviation (SD) and b) SNa*
slope tertiles.

SNa® variability SNa‘SDtertilel  SNa‘SDtertile2  SNa'SD tertile 3
Sample size [count] 5473 5474 5473
Deaths [count] 651 763 971
Exposure days [days] 2572990 2504409 2521121
Death rate [death per 1000 patient years] 92.41 111.28 140.67

Serum Sodium Concentration (SNa®) standard deviation (SD) tertile 1: <2.0 mEq/I, SNa* SD tertile 2: 2.0 to
2.7 mEq/l; SNa" SD tertile 3: >2.7 mEq/I.

SNa"slope SNa’decrease Stable SNa* SNaincrease
Sample size [count] 5474 5472 5474
Deaths [count] 857 728 800
Exposure days [days] 2483435 2493474 2621611
Death rate [death per 1000 patient years] 126.04 106.64 111.46

Serum Sodium Concentration (SNa‘) decrease: slope <-1.72 mEq/l, Stable SNa": slope -1.72 t01.33 mEq/l;
SNa' increase: slope >1.33 mEgq/I.

Table S8.2  Cox regression analysis of time to death in Year 2 including tertiles of a) variability and b) slope.

Variability Estimate (95% Cl)
SNa" SD tertile 1 [mEq/I] Reference group

SNa” SD tertile 2 [mEq/I] 1.10 (0.99 to 1.22)
SNa" SD tertile 3 [mEq/I] 1.30 (1.17 to 1.44)
DNa'[mEq/I] 0.94 (0.92 t0 0.97)
SNa' [mEgq/I] 0.95 (0.93 to 0.96)
Age at HD initiation [years] 1.04 (1.03 to 1.04)
Male gender 1.13(1.04 to 1.23)
Diabetes 1.12 (1.03 to 1.23)
IDWG [% of body weight] 1.06 (1.01 to 1.12)
nPCR [g/kg/d] 0.35 (0.25 to 0.49)
Serum potassium [mEq/I] 0.92 (0.86 to 0.99)
Body mass index [kg/m’] 0.98 (0.97 to 0.98)
Region North America 1.01 (0.88t0 1.16)

Serum sodium concentration (SNa‘), standard deviation (SD), interdialytic weight gain (IDWG), body weight
(BW), normalized protein catabolic rate (nPCR), hemodialysis (HD), systolic blood pressure (SBP), dialysate
sodium concentration (DNa®).
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Slopes

Estimate (95% Cl)

decreasing SNa’ [mEq/I/year]
stable SNa" [mEq/I/year]
Increasing SNa” [mEq/I/year]
DNa’[mEq/I]

SNa“[mEq/I]

Age at HD initiation [years]
Male gender

Diabetes

IDWG [% of body weight]
nPCR [g/kg/d]

Serum potassium [mEq/I]
Body mass index [kg/m’]
Region North America

1.14 (1.03 to 1.26)
Reference group
1.00 (0.91 to 1.11)
0.94 (0.92 to 0.97)
0.95 (0.93 to 0.96)
1.04 (1.03 to 1.04)
1.12 (1.03 to 1.22)
1.14 (1.04 to 1.24)
1.07 (1.02 to 1.12)
0.35 (0.25 to 0.50)
0.92 (0.86 to 0.99)
0.97 (0.97 to 0.98)
0.99 (0.86 to 1.14)

Serum sodium concentration (SNa®), interdialytic weight gain (IDWG), body weight (BW), normalized protein
catabolic rate (nPCR), hemodialysis (HD), systolic blood pressure (SBP), dialysate sodium concentration
(DNa").

a) Serum Sodium (SNa+) b) SNa+ slope

Frequency [count]
200 400 600 800

Frequency [count]
0 200 400 600 800
1 1 1

126 130 1356 140 145 150 -20 -10 0 10 20

average SNa+ over 12 months[mEg/L] SNa+ slope over 12 months [mEg/L/year]

c) SNa+ variability

1500 2000

Frequency [count]
1000
1

500
1

SNa+ standard deviation over 12 months [mEg/L]

Figure $8.1 : Distribution of serum sodium concentration (SNa*), SNa* change (as mEq/l/year) and SNa*

variability (defined as SD over the period of the first year after HD initiation).
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Survival in different SNa+ SD tertiles
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Figure S8.2  Kaplan Meier curve analysis of patients’ survival during Year 2 stratified as per tertiles of serum
sodium (SNa®) variability [as per standard deviation (SD)] during Year 1.

Survival in different SNa+ slope groups

<
o
€
=
s
=
a
(4]
o
o
S
s 8
Qa o
SNa+ slope [mEg/Liyear]
<-1.72
% --- -1.721t01.33
s | — > 1.33
T T T
400 450 500 550

observation days [days]

Figure $8.3  Kaplan Meier curve analysis of patients’ survival during Year 2 stratified as per tertiles of SNa*
slope during Year 1.
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Abstract

This retrospective study (www.clinicaltrials.gov: #NCT01330004) investigates the association
between changes in SBP, DBP, and use of cardioprotective drugs (CPD) on survival in incident HD
patients.

Pre HD SBP and DBP were averaged over the first month of HD. Slopes, reflecting temporal
changes, were computed by linear regression of SBP. Patients were stratified into 4 SBP groups
(1. below 120, 2. 120 to 150, 3. 151 to 180, and 4. above 180 mmHg) and subdivided into groups
with stable (+1 to -1 mmHg/month), increasing (>1 mmHg) and decreasing (<1 mmHg) slopes
during year 1. Cox regression was used for survival analyses. Analyses were repeated for patients
who were treated for > 1 month in Year 2.

In 10245 patients (age 62116 years, 57% males, 54% whites, 59% prescribed CPD) increases and
decreases in all ranges of BP were associated with worse outcomes. Stable BP has a survival
advantage as compared to increasing and declining BP at all levels of SBP and DBP. Use of CPD
attenuated increases and declines and improved survival. Validation and sensitivity analyses
confirmed the primary findings.

Increases and declines in BP associate with poor outcomes in HD patients at all BP ranges.
Previous temporal trends need to be considered in patient care. Use of CPD is associated with
enhanced survival in all blood pressure groups.
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Introduction

In the general population a strong association exists between elevated systolic and
diastolic blood pressure (SBP, DBP) and mortalityl. A recent meta-analysis showed that
lower SBP and DBP are associated with a lower risk for stroke and ischemic heart
disease at all ages’.

In the majority of hemodialysis patients predialysis BP measurements are above normal
ranges™. The Kidney Disease: Improving Global Outcomes (KDIGO) recently reviewed
current views, concluded hypertension to be ubiquitous in this population and
suggested the general use of cardioprotective drugs (CPD)’. Kidney Disease Outcomes
Quality Initiative recommends, without evidence from randomized controlled trials, BP
goals below 140/90 before hemodialysis and 130/80mmHg after hemodialysis®.

Like in the general population’™, in hemodialysis patients the relationship between BP
and mortality is U-shaped in hemodialysis patients'®*®. Deviations of BP levels
associated with favorable outcomes in hemodialysis patients as compared to those in
the general population have not been satisfactorily explained. It is remarkable that
most studies consider the patients’ average BP level as the key prognosticator, ignoring
temporal trends and the potential impact of changes in BP.

This observational cohort study (www.clinicaltrials.gov: #NCT01330004) examines the
evolution and temporal changes in SBP and DBP of incident patients over the first year
of dialysis and repeated the analysis in the subsequent year for survivors to test the
hypothesis that both increases and decreases in BPs associate with higher mortality.
The secondary aim of the study was to test the hypothesis that use of CPD influences
BP changes and also associates with better survival.

Methods

Patient Population

All patients starting in-center hemodialysis between January 1%, 2000 and December
31%, 2008 in 51 facilities (see Appendix) operated by Renal Research Institute (RRI) and
New York Dialysis Services were included in this analysis (www.clinicaltrials.gov:
#NCT01330004). Patients with complete demographic data (date of birth, gender, race,
ethnicity, diabetic status, and height), at least one routine laboratory measurement, at
least 13 treatments in the first year of dialysis, and the last treatment occurring within
30 days prior to discharge date or the end of year 1, were included. Patients were
monitored during Year 1; for patients who survived Year 1 the observation time was
extended to the end of Year 2. Patients who were transferred to other clinics, switched
modality, and received a transplant were censored for survival analysis. This
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observational study was approved by the Institutional Review Board of Beth lIsrael
Medical Center, New York.

Cohorts of systolic and diastolic blood pressure (SBP, DBP)

SBP and DBP were measured prior to hemodialysis in a sitting position after a five
minutes rest period with an oscillometric method by healthcare professionals in the
clinics. Average SBP and DBP were individually computed from all treatments during
the first 30 days after dialysis initiation. Slopes of SBP and DBP change were
determined by univariable linear regression (LR) using all BP measurements available in
Year 1 until censoring or death.

Patients were stratified into four groups according to mean predialysis SBP during the
first month as follows: 1) below 120, 2) between 120 and 150, 3) between 151 and 180,
and 4) above 180 mmHg. They were further stratified based on the slope of SBP as
stable (SBP slope between +1 and -1 mmHg per month), decreasing (less than -1 mmHg
per month) or increasing (more than +1 mmHg per month). This four-by-three grouping
strategy resulted in 12 analytical cohorts.

In a second analysis, patients were stratified according to mean pre dialysis DBP in the
first 30 days into: 1) below 65, 2) between 65 and 75, 3) between 76 and 85, and 4)
above 85 mmHg. DBP categorization according to slope was done in the same manner
as for SBP.

Clinical parameters

Pre and post dialysis weight and interdialytic weight gain (IDWG), were averaged from
all available treatments during Year 1. Albumin was measured using the bromocresol
green method, performed by a certified laboratory (Spectra Laboratories, Rockleigh, NJ,
USA).

Comorbid illnesses were classified according to the International Classification of
Diseases (ICD)"™.

Evaluation of Cardioprotective Drugs

Angiotensin converting enzyme inhibitors, angiotensin receptor blockers and beta-
adrenergic blockers were identified as cardioprotective drugs (cpD)>**, Therapy with
CPD was binary coded and based on whether a patient was prescribed either of these
drugs at start or during Year 1 of dialysis, regardless of dose and frequency.

Sensitivity analyses

Three sensitivity analyses were conducted to exclude confounding influences. A first
sensitivity analysis defined a slope between 0.03 and -0.03 mmHg as stable and
included patients with increasing and declining slopes only when showing a P-value
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below 0.05 for the slope in univariable LR. Others were entirely excluded. A second
sensitivity analysis excluded first and last six SBP measurements per patient. This
approach aimed to exclude confounding of slope computation by outliers at the
beginning and the end of the observation period. A third sensitivity analysis excluded
the lowest and highest quartiles of increasing and decreasing SBP, respectively. This
aimed to exclude the possibility that the results were driven by a small number of
patients with large changes in SBP. A fourth sensitivity analysis defined the categories
of SBP change as follows: patients with increasing SBP were only those whose a lower
95% confidence interval limit was larger than 1 mmHg, and patients with decreasing
SBP were only those with an upper 95% confidence interval limit below -1 mmHg.
Patients with stable SBP were only those with upper 95% confidence interval limits
lower than 1 mmHg and lower 95% confidence interval limit larger than -1 mmHg. This
analysis aimed to test the statistical validity of our approach.

Validation analyses

In 2007 RRI instituted a quality initiative recommending physicians to prescribe CPD to
most patients. To support the analysis of potential impact of CPD on SBP and DBP slope
and to minimize ‘treatment by indication’ bias, analyses of BP levels and slope were
compared between the subset of patients who: 1) initiated dialysis prior to 2006 and
were not on CPD, and 2) Patients who started dialysis after the quality initiative in 2007
and were on CPD. The effect of this quality initiative on survival was analysed in the two
subsets with Kaplan Meier Analysis to compare death rates between patients with and
without CPD therapy.

To exclude influences of seasonality, the survival analysis was repeated with
adjustment for season of death (Spring, Summer, Autumn and Winter) for patients who
died and season of end of Year 1 for patients who survived.

To validate findings in Year 1, all analyses were repeated in patients who survived more
than one month with more than 13 treatments in Year 2. Clinical parameters were
determined anew at the beginning of Year 2.

To validate these findings are related to the changes in SBP and not by other causes of
death, the analysis of the relation of temporal changes of SBP at all levels of SBP to
hazard ratio was repeated for cardiovascular mortality only.

Statistical analysis

Slopes of SBP and DBP were computed using univariable LR. Multivariable LR Models
for patients with increasing and decreasing SBP slopes as dependent variables were
constructed to estimate the effect of CPD on SBP change. Cox Proportional Hazards
Models were developed to determine the relation of SBP and DBP slope to survival. A
P-value below 0.05 was considered significant. Analyses were conducted in SPSS 18.0
(IBM, Somers, NY) and SAS 9.2 (SAS Institute, Cary, NC).
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Results

Demographics

The study population included 12695 incident hemodialysis patients, with 10245
patients who underwent an average of 94437 treatments in Year 1 meeting inclusion
criteria (Figure 9.1). Demographics are shown in Table 9.1.

Patients who started in-center hemodialysis treatment in RRI/NYDS clinics within 30 days of their first-ever
dialysis treatment between Jan 1, 2000 and Feb 28, 2010
N=12,695

No available datal on datle of !:”rth’ rate, <13 treatments in the first yvear of dialysis
gender, ethnicity, diabetic status N=1593

h=273

Last treatment within »30 days pricr to
* death or discharge in vear 1
M=57%

Patients included in year 1 analysis
N=10,243
. Transfer to another clinic, transplanted, other
Died discharge reasons
M=1057 R=121
Patients included in year 2 analysis
N=6,067
Died ¥
h=542

Figure 9.1  Study flowchart.

Blood pressure

Table 9.2 shows SBP and DBP during the first 30 days and the respective slopes of
patients with stable, declining and increasing SBP after initiation of dialysis (see Figure
9.2 for the distribution of SBP in the studied cohort). With CPD prescription, both
declines and increases in SBP were attenuated (Figure 9.3) and multivariable LR with
SBP slope as the dependent variable showed that use of CPD had impact on the slope in
patients with increasing (Beta -0.06, P<0.01) and decreasing (Beta 0.03, P<0.01) slope
(data not shown).
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Figure 9.2 Histogram of change of systolic blood pressure (SBP) change per month of patients in all ranges
of SBP.
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Cl, confidence interval.
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Stratification of patients into categories of 1. stable SBP and 2. increase (>5 mmHg per
month) and 3. decrease (<-5 mmHg per month), indicated that patients with stable SBP
were more likely to be on CPD (Table 9.3), consistent with the initial findings. Effects of
CPD on DBP were similar but less pronounced.

Table 9.3 Change of Systolic Blood Pressure (SBP) in patients with active prescription of cardioprotective
drugs (CPD) and without, after stratification in patients with 1. stable SBP and 2. increase
(>5 mmHg per month) and 3. decrease (<-5 mmHg per month) of SBP.

SBP (Change per Month) Not on CPD On CPD
Declined (<-5) [%] 13.8 9.8
Stable (-1 to 1) [%] 72.0 79.9
Increased (>5) [%] 14.1 10.3

CPD, cardioprotective drug; SBP, systolic blood pressure.

Survival analysis

Crude mortality and normalized mortality rates (per 1000 patient-years) after initiation
of hemodialysis differed between the groups (Table 9.4). Cox Proportional Hazard
analysis (Table 9.5) demonstrated that within baseline BP categories, patients with a
SBP below 120 mm Hg had the worst, and patients with SBP in the range of 151 to 180
(reference group) the best survival (Figure 9.4). However, longitudinally, survival was
highest in patients with stable SBP independent of SBP level. Patients with decreasing
SBP exhibited the worst survival, which was most pronounced in the lowest SBP range.
Survival was also poor in patients with SBP increase (Figure 9.4). Similar findings were
obtained in the analysis of DBP (Figure 9.5). Use of CPD had a favorable impact on
survival (Table 9.5).

Sensitivity Analyses

For the first sensitivity analysis only data of patients with slopes showing P-values
below 0.05, were included (n=8395). The result of this survival analysis was consistent
with the original analyses, thus the analysis did not appear to be confounded by the
certainty of the slope computation.

For the second sensitivity analysis, first and last six SBP measurements were excluded,
with the results remaining consistent with the original analyses. Slope computation did
not appear to be confounded by outliers at the beginning or the end of the observation
period.

For the third sensitivity analysis patients with the largest changes in SBP were excluded.
The relation of changes in SBP and mortality remained the same in this analysis.

The fourth sensitivity analysis defined patients with stable, increasing and decreasing
SBP according to the upper and lower, respectively, limits of their 95% confidence
interval, with results similar to the primary analysis.
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Blood pressure change and outcome.

Number of deaths and mortality rates in all patients (n=10245) and in patients in the different

categories of systolic blood pressure (SBP) and SBP change (decline, stable and increase).

SBP change Deaths  Exposure Time mortalit'y rate [n/1000
[count] [days] patient years]
Decline (n=208) 94 39011 880.10
Stable (n=320) 28 99421 102.87
SBP<120 mmHg Increase (n=432) 79 104945 274.95
All Patients (n=960) 201 243377 301.65
Decline (n=1224) 226 316199 261.06
Stable (n=1735) 86 569950 55.11
SBP 120-150 mmHg Increase (n=1869) 202 505238 146.03
All Patients (n=4828) 514 1391387 134.93
Decline (n=1535) 159 433736 133.89
Stable (n=1295) 47 427963 40.11
SBP 151-180 mmHeg Increase (n=978) 76 261933 105.98
All Patients (n=3808) 282 1123632 91.67
Decline (n=382) 46 112594 149.22
Stable (n=181) 7 60411 42.32
SBP>180 mmHg Increase (n=86) 7 22184 115.25
All Patients (n=649) 60 195189 112.28
All Patients (n=10245) 1057 2953585 130.71
SBP, systolic blood pressure.
Table 9.5 Cox Proportional Hazards model for survival analysis in Year 1.
Hazard Ratio (95 % Cl) P-value
SBP<120 mmHg, Declined 8.375 (5.805 to 12.084) <0.0001
SBP<120 mmHg, Stable 1.344 (0.835 to 2.164) 0.223
SBP<120 mmHg, Increased 3.594 (2.483 t0 5.202) <0.0001
SBP 120 to 150 mmHg, Declined 3.731(2.700 to 5.156) <0.0001
SBP 120 to 150 mmHg, Stable 1.099 (0.766 to 1.578) 0.607
SBP 120 to 150 mmHg, Increased 2.678 (1.937 to 3.702) <0.0001
SBP 151 to 180 mmHg, Declined 2.634 (1.893 to 3.665) <0.0001
SBP 151 to 180 mmHg, Stable Reference Group
SBP 151 to 180 mmHg, Increased 2.516 (1.743 to0 3.632) <0.0001
SBP>180 mmHg, Declined 3.344 (2.213 t0 5.053) <0.0001
SBP>180 mmHg, Stable 1.125 (0.507 to 2.497) 0.773
SBP>180 mmHg, Increased 2.995 (1.349 to 6.650) 0.007
Age [years] 1.028 (1.023 to 1.033) <0.0001
Male [yes/no] 1.146 (1.009 to 1.301) 0.036
Race=White [yes/no] 1.260 (1.090 to 1.458) 0.002
Ethnicity=Hispanic [yes/no] 0.713 (0.564 to 0.900) 0.004
COPD [yes/no] 0.576 (0.391 to 0.848) 0.005
Drug/Alcohol [yes/no] 0.552 (0.244 to 1.249) 0.154
Hepatitis [yes/no] 1.970 (0.812 to 4.778) 0.134
Hyperparathyroidism [yes/no] 0.588 (0.277 to 1.246) 0.166
Infection [yes/no] 0.456 (0.262 to 0.796) 0.006
CPD therapy [yes/no] 0.717 (0.630 to 0.815) <0.0001
Albumin [g/dI] 0.162 (0.145 t0 0.181) <0.0001
IDWG [%post HD body weight] 0.926 (0.866 to 0.990) 0.023

Cl, confidence interval; COPD, chronic obstructive pulmonary disease; CPD, cardioprotective drug; HD,
hemodialysis; IDWG, interdialytic weight gain; SBP, systolic blood pressure. Covariables (not related to blood
pressure) with P-value in the model larger than 0.2 are not shown (Asian race, diabetes, pre-existing anemia, cancer,
arrhythmias, cerebrovascular disease, congestive heart failure, gastrointestinal bleed, human immunodeficiency virus or
acquired immunodeficiency syndrome, ischemic heart disease, myocardial infarction or cardiac arrest, peripheral arterial or
venous disease, pneumonia, and body mass index).
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Figure 9.4  Forest plot of levels of systolic blood pressure (SBP) and temporal changes (reflected by
changes in slope), and its relationship with hazard ratio for death in all 12 groups. Data are
presented as hazard ratio (HR) and 95% confidence interval (lower confidence limit (LCL) to
upper confidence limit (UCL)).
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Figure 9.5 Forest plot of levels of diastolic blood pressure (DBP) and temporal changes (reflected by
changes in slope) and its relation to hazard ratio for death in all 12 analyzed groups. Data is
presented as Hazard Ratio (HR) and [95% CI: Lower Confidence Limit (LCL) to Upper Confidence
Limit (UCL)].
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Validation of survival analysis

In a subset validation analysis (Figure 9.6) changes of SBP in patients with CPD therapy
(initiating hemodialysis after 2008) and those in whom CPD was not being prescribed
(initiating hemodialysis before 2006), showed, consistent with the initial findings, that
patients on CPD were more likely to have stable BP and thus better outcome. The
positive effect of the quality initiative on patients’ survival is also illustrated in a Kaplan
Meier survival analysis (Figure 9.7). Repetition of survival analysis with seasonality as an
adjustment factor did not materially change the results as compared to the main
analysis (Figure 9.8). 6067 (at this point prevalent) hemodialysis patients were included
in the analysis in Year 2. Results of survival analysis according to SBP categories and
temporal changes in Year 2 (Figure 9.9) were consistent with the results in Year 1
(Figure 9.4). Similar analysis of the relationship of temporal changes in SBP relative to
all levels of SBP (producing hazard ratios for cardiovascular mortality), reflected
findings similar to the primary analysis (Figure 9.10).
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Figure 9.6  Subset validation analysis to validate the relationship between therapy with cardioprotective
drugs (CPDs) and (a) decreases and (b) increases in systolic blood pressure (SBP). Patients
included in the subset were those initiating dialysis before 2006 and were not on CPD, and
patients who started dialysis after a CPD quality initiative in 2007 and who had an active CPD
prescription. Cl, confidence interval.
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Figure 9.7

Figure 9.8
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Kaplan—Meier survival curves in two subsets of patients: (1) those who initiated hemodialysis
before 2006 and were not on cardioprotective drugs (CPDs), and (2) those who started
hemodialysis after a quality initiative (suggesting use of CPD in all patients regardless of blood
pressure) in 2007 and were on CPD.
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Validation analysis: Forest plot of levels of systolic blood pressure (SBP) and temporal changes
(reflected by changes in slope), and its relationship with hazard ratio (HR) for death in all
12 groups after adjustment for season of death or season of end of Year 1 in survivors (spring,
summer, autumn, and winter). Data are presented as HR and 95% confidence interval (lower
confidence limit (LCL) to upper confidence limit (UCL)).
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Figure 9.9  Validation analysis: Forest plot of levels of systolic blood pressure (SBP) and temporal changes
(reflected by changes in slope) in Year 2, and its relationsip with hazard ratio (HR) for death in
all 12 groups. Data are presented as HR and 95% confidence interval (lower confidence limit
(LCL) to upper confidence limit (UCL)).
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Figure 9.10 Validation analysis: Forest plot of levels of systolic blood pressure (SBP) and temporal changes
(reflected by changes in slope), and its relationship with hazard ratio (HR) for cardiovascular
death in all 12 analyzed groups. Data are presented as HR and 95% confidence interval (lower
confidence limit (LCL) to upper confidence limit (UCL)).
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Discussion

To the best of our knowledge this is the first observational cohort study in a large group
of incident hemodialysis patients which evaluates the association of absolute SBP and
DBP levels and subsequent temporal BP changes to mortality over one year. The main
findings indicated that mortality in the first year on HD was greater in patients with
both, declines or increases in BP relative to stable BP, independent of absolute BP
levels (Figure 9.4, Figure 9.5); this result remained consistent in Year 2 (compare Figure
9.4 and Figure 9.9).

Temporal changes in both SBP and DBP rather than the BP category, had greater impact
on survival (Figure 9.4). Furthermore our findings suggest a potential beneficial effect
of using CPDs in potentially stabilizing temporal BP changes over time and improving
survival.

The explanation of these findings may reflect two different operative vectors: One, the
declining BP due to failure of ventricular function and thus a marked increase in
mortality, and the second is increasing BP, for reasons which remain to be fully
determined, but likely includes salt and fluid overload, with a lesser effect on mortality
than in those with declining blood pressure. In addition it is noteworthy that many
comorbidities and laboratory parameters lost significance in the Cox Proportional
Hazard Model, after inclusion of both, temporal changes of SBP and also with use of
CPD. It is well known that cardiovascular disease is the leading cause of death in this
population, but the extent to which temporal changes of SBP appear to influence
survival in this analysis is quite remarkable (Table 9.5, Figure 9.4).

The favorable effect of CPD in improving mortality both in patients with declining and
increasing in BP was unexpected, although it is consistent with reported cardio-
protective effects of CPD demonstrated in the few long-term randomized trials
performed in hemodialysis patients. Extensive meta-analyses have shown that reduced
mortality risk was observed in patients on CPD without substantial BP changezo. In this
analysis calcium channel blockers were not included, although their use has been
reported to reduce mortality’”. However, due to the lack of data from RCTs on the
cardioprotective effect of this drug class in dialysis patients, it was elected to not be
included in this analysis.

Relative to other BP categories, CPD use is associated with a smaller decrease in BP in
patients with baseline levels of below 120 mm Hg. This could be the result of
medication effects counteracting the adverse consequences of progressive
cardiomyopathy. In patients with increase in BP the subsequent reduction in BP by CPD
is compatible with antihypertensive effects of CPD.

All Year 2 analyses of survival were consistent with Year 1 (compare Figure 9.4 and
Figure 9.9). This confirmatory test of our basic argument also affirms the continued
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favorable effect of CPD in all patients at risk. This is further supported by the results of
the quality initiative (Figure 9.7).

A major strength of this analysis is the large sample size and the balanced distribution
of patients in all analyzed patient groups (Table 9.1). Patients of 51 different dialysis
clinics in different states and geographical regions were included in this observational
cohort study. With this widespread patient population and the large sample size
improves generalizability to the United States hemodialysis population. Selection of
incident patients allowed the study of the evolution of BP virtually with considerably
little effect of hemodialysis treatment at study baseline (defined as the first month
after the first hemodialysis treatment) and after initiation of hemodialysis, with its
effects on the cardiovascular system.

The repetition of the survival analysis in Year 2 (n=6067) diminishes survival bias often
encountered in analyses of prevalent chronic hemodialysis patient cohorts. In addition
this observational study allowed analysis of a prevalent patient population with exactly
the same hemodialysis vintage (compare Figure 9.4 and Figure 9.9). Similar relations
between cardiovascular mortality and temporal evolution of SBP (Figure 9.10) confirm
the reliability of our findings. The sensitivity analysis with exclusion of patients in the
highest quartiles of BP change indicated that the results were not driven by a few
patients with extreme changes of SBP.

The sensitivity analysis utilizing univariable LR to estimate the slope for every individual
patient was further validated by narrowing the criteria for defining patients as stable,
and including only patients whose SBP slope increased and decreased significantly. The
latter method confirmed that outlier measurements did not influence the results. The
second sensitivity analysis, which excluded the first and last six SBP measurements in
the observation period also indicated that the findings were not confounded by
outliers. The third and the fourth sensitivity analyses confirmed the statistical validity of
our approach and supported the hypothesized biological phenomena. Further, survival
analyses with adjustment for season (Spring, Summer, Autumn and Winter) of death (or
end of year 1 for survivors), excluded potential confounding by seasonal differences of
mortality (Figure 9.8).

Limitations of the analysis included the absence of information on SBP prior to initiation
of hemodialysis, which would have been of interest when investigating the temporal
evolution subsequent to hemodialysis initiation. Lack of information of the degree of
hydration status was another limitation, albeit difficult to overcome with current
technologies™. Knowledge of cardiac function and structure by cMRI or echo-
cardiography would have provided information on cardiac structure and function that
could confirm postulated reasons for the decline or increase in SBP. The use of different
BP measurements methods, such as home or ambulatory methods, may have been
preferable, but even these methods are to a degree difficult to interpret in a
hemodialysis population because of the increase in volume and BP which occurs
progressively during the interdialytic interval. While the measurements of pre- and
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post-dialysis BP are imprecise24, their frequent measurement and the relationship
between levels and outcomes provide reassurance. Another consideration may be that
the analysis of CPD could be confounded by treatment by indication biases, although
this was minimized by 1. the large sample size included in this analysis and 2. the subset
validation analysis comparing patients initiating dialysis prior to 2004 as compared to
those starting dialysis after 2007 (Figure 9.6 and Figure 9.7). An additional concern is a
potential bias induced by varying duration of CPD prescription, since this parameter
was not captured in this analysis. Several limitations also exist on the documentation of
comorbidities and CPD. The latter, in particular, includes: 1) the lack of knowledge on
dose and frequency of CPD, 2) the dependence on the accuracy of the administrative
staff on the documentation of drugs prescriptions, and 3) the possibility of erratic
patient adherence. However, with the methods of analysis used, none of these issues
are likely to cause any systematic error or bias (compare Figure 9.3 and Figure 9.6).
Future analyses are needed to elucidate the relationships between BP level, temporal
changes of BP and CPD use on survival in patients prior to initiation of dialysis. Another
further major research question remains: ‘To what extent should BP increases and
decreases be managed by sodium restriction and ultrafiltration or by use of CPD at
different degrees of cardiac status and function’. This question can only be answered by
an adequately powered RCT.

In conclusion, we found that blood pressure readings are best interpreted using prior
temporal trends and should not be taken in isolation. The clinical problem posed by
these data is that an apparently normal BP may be misinterpreted as being satisfactory.
If absolute BP values are in the normal range due to cardiac decompensation,
consideration of only BP values may provide a false sense of security when a declining
particularly or increasing trend is not appreciated. Evaluation of cardiac and fluid status
is essential in interpreting blood pressure levels. The favorable effect observed with the
use of CPD and the mechanism of action requires further evaluation in prospective
clinical trials of this patient population.
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Appendix

Patients were dialyzed at: Albany Dialysis Center (NY); Albany Regional Dialysis Center
(NY); Amsterdam Dialysis Center (NY); Atlantic Hemodialysis (NY); Bayside Dialysis (NY);
Branford Dialysis Center (CT); Bronx Center for Nursing & Rehabilitation (NY); Brookdale
Physicians Dialysis Associates (NY); Brooklyn Kidney Center (NY); Capital District Dialysis
Center (NY); Carolina Dialysis — Carrboro (NC); Carolina Dialysis — Pittsboro (NC);
Carolina Dialysis — Sanford (NC); Carolina Dialysis - Siler City (NC); Central Suffolk
Artificial Kidney Center (NY); Champaign-Urbana Dialysis Center (IL); City Dialysis Center
(NY); Cobble Hill Nursing Home (NY); Dutchess Dialysis Center; Harlem Dialysis Center;
Irving Place Dialysis Center; Michigan Dialysis - Ann Arbor (MI); Michigan Dialysis —
Livonia (MI); Middletown Dialysis Center (NY); Milford Dialysis Center (CT); Montefiore
Dialysis Center | (NY); Montefiore Dialysis Center Il (NY); Montefiore Dialysis Center IlI
(NY); Montefiore Dialysis Center IV (NY); Nephro Care Inc. (NY); Nephro Care West (NY);
Newport Beach Dialysis Center (CA); Newport Mesa (CA); North Haven (CT); Queens
Artificial Kidney Center (NY); Sound Shore Dialysis Center (NY); South Queens Dialysis
Center (NY); Southern Manhattan Hemodialysis Center (NY); Southern Westchester
Hemodialysis Center (NY); St. Alban's Dialysis (NY); St. Raphael's Dialysis (NY); Clinton
Crossing Unit (NY)*; Finger Lakes Unit (NY)*; Highland Self Care Unit (NY)*; Living
Center Unit (NY)*; Strong Memorial Hemo Program (NY)*; Upper Manhattan Dialysis
Center (NY); Western New York Artificial Kidney Center — Buffalo (NY); Western New
York Artificial Kidney Center — Kenmore (NY); Western New York Artificial Kidney Center
- Niagara Falls (NY); Yorkville Dialysis Center (NY). Dialysis facilities indicated with an
Asterisk are part of Strong Health Dialysis.
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General discussion

The aim of this thesis is to evaluate the importance of the dialysate prescription with
particular focus on glucose and sodium concentrations, analyse the clinical effects of
these serum constituents and emphasize that outcome studies should be based on
longitudinal observations in preference to cross-sectional data only.

Despite much literature corroborating this notion, not all aspects of the relationships
between dialysate and serum concentration and outcomes are well understood. Due to
operational difficulty and a probable increase in effort, individualization of the dialysate
prescription rarely occurs as the standard of care in dialysis patients. This thesis in Part
A focuses mainly on the importance of differences in dialysate glucose concentration
and its consequences. Part B focuses on the dialysate sodium concentration (DNa*) and
particularly on its individualization and the relationship between its concentration and
pre HD systolic blood pressure (BP) and serum sodium concentration (SNa‘), which
could be of importance for BP management. Part C examines the need for longitudinal
observations and uses the assessment of the relationships of its dynamics to mortality
as an example to contrast with the lack of information provided by cross-sectional
assessments only. Part C in addition contains an analysis of the dynamics of BP and
SNa*

Part A: Glucose

This part consists of three sub-chapters discussing the metabolic and cardiovascular
effects of the use of different dialysate glucose concentrations, based on data from 29
hemodialysis (HD) patients participating in a multi-center randomized controlled cross-
over trial conducted in both diabetic and non-diabetic subjects in dialysis clinics of the
Renal Research Institute, New York, USA in 2008 (clinicaltrials.gov: NCT00618033). The
last chapter of Part A discusses the relationship between SNa* and serum glucose in a
retrospective analysis of 208 chronic HD patients.

Chapter 2 discusses the metabolic effects in both diabetic and non-diabetic subjects
which are associated with the use of a dialysate glucose concentration of 200 mg/dl
(11.1 mmol/l) compared to a concentration of 100 mg/dl (5.5 mmol/l). Several aspects
are considered and the pre-existing notions, discussed in detail in the Introduction
which argued for the use of higher dialysate glucose concentrations are addressed.
Higher serum glucose and insulin concentration were observed at the higher dialysate
glucose concentration and glucose mass transfer was estimated. The intradialytic mass
transfer ranged in our data from -159 g to 22 g and from -158 to -4 g at the lower
concentration. These mass transfer values are consistent with previously reported data
by Ward et al. who reported an intradialytic glucose gain with a dialysate glucose
concentration of 200 mg/dl (11.1 mmol/I) of between 18.2 and 20.6 g".

In regard to glucose: the avoidance of high dialysate glucose concentrations is likely to
reduce the oxidative effects of glucose™. Arguments of glucose transfer being of

143



Chapter 10

benefit to nutritional status are doubtful in the light of discouraging results with
hypercaloric intradialytic parenteral nutrition”.

Arguments for improved hemodynamic stability with use of high glucose
concentrations of 200 mg/dl (11.1 mmol/l) due to augmentation of refilling and thus
maintenance of intravascular volume are presented. Earlier work had suggested
improved BP stability during treatments using a dialysate glucose concentration of 200
mg/dl (11.1 mmol/l) as compared to the lower concentration of 100 mg/dI
(5.5 mmol/I)°>. This was not evident in our data in neither diabetic or non-diabetic
subjects. We also did not find any evidence of increased occurrence of asymptomatic
hypoglycaemia (as defined by the guidelines of the American Diabetes Association®)
when using lower concentrations, which had been another concern regarding the use
of lower concentrations. Lower dialysate glucose concentrations appear to be non-
inferior in terms of adverse events and beneficial in terms of not causing high serum
glucose and insulin concentrations. Benefits of using lower dialysate glucose
concentrations were hypothesized in terms of better phosphorus and potassium
removal during HD. Since higher serum insulin concentrations induce a significant
translocation of potassium and phosphorus from the extra- to the intracellular
compartment and this mass may hypothetically not be available for clearance by the
dialyzer, potassium and phosphorus levels were of interest in our research”’. However,
our data did not confirm that any differences in solute uptake triggered by different
levels of insulin caused any difference in their intradialytic concentration. However, we
have not performed any direct assessment of mass balance such as fractional direct
dialysis quantification® (or similar techniques) and thus only are able to negate effects
on actual serum concentrations without being able to quantify effects of dialysate
glucose concentrations on the mass balance, which may have differed regardless.

These hypothesized effects caused by the differences in potassium concentrations, the
effects of potassium on cardiac muscle repolarization and possibly on the occurrence of
cardiac arrhythmia was not reflected in the 24-hour Holter recordings. Overall,
beneficial outcomes with the use of lower dialysate glucose concentrations in both
diabetic and non-diabetic subjects without consequent disadvantageous effects on
metabolism or on the cardiovascular system were found.

Chapter 3 presents additional aspects of the analysis of Holter recordings during
dialyses using two different dialysate glucose concentrations analysing their
relationship to heart rate variability. From this analysis it was evident that diabetic
subjects generally had reduced power in all indices regardless of the dialysate used, in
keeping with all previous analyses of this kind. Reduced power was particularly noted in
the lower frequency band of heart rate variability, which is reflective of sympathetic
activation. This was indicative of progression of diabetic neuropathy affecting the
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autonomic nervous system and hypothesized to be a contributing factor to the
increased incidence of intradialytic morbid events in diabetic subjects’.

Increased parasympathetic activation was found with higher dialysate glucose
concentrations but without any effects on systolic and diastolic BP. This finding is in line
with the work by Kanaley et al. who reports comparable findings of increased
parasympathetic activation following a glucose load in the general populationlo.

The response to high glucose levels could be to induce a neurogenic insulin response
from the pancreas and, as a side effect, affect heart rate variability. This is purely
speculative, but could be an interesting field of future research. Non-linear HRV indices
reflecting entropy in the HRV of the studied subjects did not differ between regimens.
Overall Chapter 3 confirms the lack of effect on hemodynamic stability by the glucose
level intervention this however does not entirely negate an, the increased risk of
adverse effects in patients prone to intradialytic morbid events by the aforementioned
parasympathetic activation caused by glucose loading.

Chapter 2 and Chapter 3 establish the metabolic and cardiovascular effects of the use
of different dialysate glucose concentrations. Chapter 4 evaluates the effects of the
aforementioned glucose mass transfer from and to the patient during the treatment on
fatigue. Fatigue was assessed using the Fatigue Severity Scale'’, which quantifies on a
scale from 1 to 7 (with 7 reflecting the highest degree of fatigue). This survey showed in
addition to increased parasympathetic activation that diabetic subjects are more
fatigued than non-diabetic subjects at both studied dialysate glucose concentrations
studied. As an additional finding diabetic subjects were more fatigued when receiving
HD with a higher dialysate glucose concentration due to reasons which remain
speculative. Notably diabetic subjects did also report levels consistently higher than in
healthy subjects'’. However, as causal factors the differences in autonomic activation
per se and possible influences of greater insulin concentrations on potassium levels
cannot be excluded with sufficient certainty.

Serum glucose concentrations also affect electrolyte concentrations so that at
increased glucose concentrations SNa* may need to be adjusted. This is necessary
because of translocation of intracellular fluid to the extracellular compartment due to
the osmotic activity of glucose. This phenomenon is discussed in more detail in
Chapter 5, where analyzed data from our database was used to estimate the effect of
high glucose concentrations on pre dialysis SNa in poorly controlled diabetic HD
patients.

Even when DNa' is aligned to the SNa®, aiming to produce neutral intradialytic diffusive
sodium balance (Chapter 6), the effects of glucose and diabetic management on SNa*
are of importance, because intradialytic fluid shifts between compartments follow
osmotic gradients almost immediately and may lower SNa* quickly. In addition the
choice of dialysate glucose concentration may determine the increase or decrease of
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serum glucose and insulin, as reported in Chapter 2, and may separately effect changes
in SNa* during the treatment. In summary: If the treatment has the potential in those
with high serum glucose levels to lower the serum concentration prior to the
treatment, a DNa' chosen based on the pre HD SNa* may be too low and could result in
a negative GNa" with possible adverse consequences. This remains subject to future
research but is of importance in regard to the magnitude of the effects reported. The
clinical rule of thumb is that an increase of 100 mg/d| serum glucose lowers the SNa* by
1.6 mEqg/l as long as the osmotic gradient between the intra- and extra-cellular
compartment persists. A comparable correction factor of 1.5 mEq/l per 100 mg/dl holds
true for dialysis patients prior to HD treatment (Chapter 5). The knowledge of these
relationships are possibly of great importance for DNa* to SNa* alignment, the subject
of Chapter 6, which is an approach aiming to reduce intradialytic mass transfer,

Part B: Sodium

The largest DNa® to SNa® alignment project to this date, aimed at providing neutral
diffusive sodium balance during dialysis, was conducted in dialysis clinics in
Connecticut, USA, previously using a routine DNa" of 137 mEq/I. Patients presenting
with a SNa’ below 137 mEq/Il, were subject to DNa" to SNa* alignment. Chapter 6
outlines the importance of sodium alighnment and describes an approach of centrally
administering DNa® to SNa’ alignment routinely in the clinic of a dialysis provider
network in the US.

The approach makes alignment operationally feasible since it relies on historic data of
SNa* which is considered to be relatively stable over time allowing the estimation of the
actual current SNa* based on the average of the preceding 4 months. In essence,
alignment should result in a reduction of intradialytic mass transfer and consequently a
reduction in interdialytic weight gain (IDWG) and BP.

The approach used for this project includes the influences of seasonal change by
utilizing preceding 4 months of a year to predict the coming month with relatively little
information gain by the inclusion of additional months’ data (Chapter 6). Based on data
obtained from this quality initiative which we analyzed designed as a retrospective
matched cohort study (clinicaltrials.gov #NCT01825590), we found beneficial effects of
alignment in terms of pre dialysis weight reduction [-2.2 (95% CI -4.6 to 0.08) kg] and BP
reduction [-7.6 (95% CI -13.9 to 1.3) mmHg] in those who were aligned. This suggests
that alignment facilitates BP control and may aid to lower post HD target weights,
possibly without causing increases in the occurrence of intradialytic hypotension
dePaula et al.””. The possible advantage of alignment as opposed to general lowering of
dialysate sodium concentrations, which has also been suggested to be beneficial ", is
a intradialytic mass balance close to zero. When DNa’ is lowered across the board
without alighment, many patients will also receive HD with strongly negative gradients
and subsequently will have sodium removed. Despite reports that a lowering of DNa"
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only results in beneficial effects without causing an increased occurrence of adverse
events =, there is nevertheless a lack of evidence that these findings are generalizable
to the overall HD population. The data presented in Chapter 6 is data from the
currently largest project analyzing the effects of alignment and currently additional
analyses in larger study populations are underway.

The relative stability of pre dialysis SNa* is the fundamental base of the algorithm as
shown in Chapter 6". However, data in Chapter 8 suggests this not to be necessarily
true and also determines factors causing SNa' variability are being identified.
Furthermore in the same context it is important to note that the absolute SNa* level
also has direct effects on systolic and diastolic BP (Chapter 7), which adds an additional
complication to BP management.

Chapter 7 focuses on the relationship between SNa* and BP. A relationship between
sodium and BP was shown in the results of in-vitro experimentsls’ v during HD'® and
for the pre-HD assessments™. He et al. reported a significant slope estimate of SNa*in a
linear mixed model estimating systolic and diastolic BP {0.65 and 0.36 mmHg,
respectively [BP per mmol/l of SNa* change]} in data from patients in two urban units in
the United Kingdomlg. As the most exciting aspect He et al. report this relationship to
be independent of IDWG and fluid volume expansion, which is, according to Guyton’s
theorem, the operative vector of pre HD systolic BP in dialysis patients. The exact
reasons for these dynamics are speculative. Oberleithner et al. showed direct effects of
serum sodium on endothelial cells in the presence of aldosterone’’, which triggered the
expression of epithelial sodium channel (ENaC) by the endothelial cell which in turn
promotes swelling and stiffeningzo'u. Serum sodium appears to strongly affect the
deformability and elasticity of endothelial cells”. Further, the elasticity of endothelial
cells is a prerequisite of normal endothelial function by control of the stress-induced
release of nitric oxide®”. In addition a recent publication suggested a relationship
between serum nitric oxide and BP during salt loading and restriction, and an increase
of the nitric oxide inhibitor asymmetric dimethyl-arginine (ADMA) with higher salt
intake®.

His findings sparked interest since the pre HD sodium concentration is at equilibrium
(without effects from the dialysis treatment) and serves clinical-decision making. This
was the first publication in this thesis based on data from the MONDO Initiative*,
which encompasses data from incident HD patients commencing treatment in
41 countries from four continents> and allows the analysis of many outcomes.

Based on data from the MONDO database we studied 16,993 incident HD patients
commencing treatment in North America, Europe, Asia and South America how the
pre-HD SNa’ relates to pre-HD systolic and diastolic BP. We followed patients
longitudinally for an observation period of 24 months using linear mixed effects models
with random slope and intercept and the slopes of SNa®, IDWG, age, gender, potassium,
albumin, calcium, diabetes and dialysis vintage included as fixed effects. The
relationship between SNa® and BP appears to be a phenomenon independent of all
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included covariates, including country and continent of origin, BP levels, SNa* levels and
to a certain extent independent of medical practice patterns. Due to a lack of available
data we were not able to confirm our analyses stratified as per antihypertensive
therapy in a comparable fashion to the work of He et al. Notably, the slope estimate
was substantially smaller as compared to the data by He et al. (ranging from 0.19 to
0.28 and 0.10 to 0.21 mmHg, respectively, for systolic and diastolic BP per mmol/I of
SNa* change). The reasons for this cannot be found based on the data available but
remain speculative. The lack of information on antihypertensive medication may
possibly, at least in part, be a contributing factor.

This is a substantial gain in knowledge on this interesting relationship between SNa*
and BP and we believe this warrants additional research in order to increase our
understanding on the determinants of BP and BP dynamics. This is particularly of
importance for those where traditional measures of BP management are not
sufficiently effective. It furthermore emphasizes the need to reduce sodium loading
from all sources, either on during dialysis or from a diet level or both. Chapter 7
discusses this in great detail.

Part C: The importance of longitudinal observations.

Cross-sectional observations have been used as a reference to predict outcomes for a
long time in medical research. Recently there is a trend to focus on longitudinal
observation rather than only cross-sectional analyses.

Recent evidence showed the dynamics of relevant clinical parameters such as IDWG,
SBP and body temperature, as well as laboratory parameters such as serum albumin
and CRP to be predictive of death and hospitalization. Furthermore it was shown that
the dynamics before death are also an early indicator of those being at high risk of
death. In this context parameter dynamics were repeatedly suggested to serve the
development of safety and alert algorithms allowing the identification and immediate
attention of those at increased risk of adverse outcomes such as hospitalizations or
death®®?’.

These studies however, did not yet focus on SNa®, despite the effect that this is a highly
relevant factor in human pathophysiology. However, cross sectional studies have
shown that low SNa® is predictive of an elevated risk of death, which is hypothesized to
be a reflection of longstanding comorbidities which lower levels over an extended
period of time***%. However, these reports only cover a fraction of the actual
information due to their cross-sectional nature. For this reason Chapter 8 analyzed the
dynamics [i.e. variability (quantified as the standard deviation of all measurements
during the observation period) and systematic changes (quantified as the slope
estimate from a fitted linear model through all available measurements during the
observation period)] of SNa* over a one year observation period following HD initiation
in an international cohort of HD patients. The chapter further aimed to identify the
main determinants of these dynamics and the relationship to outcomes. Statistically
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significant predictors of SNa* variability with a positive relationship were: SNa+, male
gender, serum albumin, nPCR, serum potassium, body mass index, DNa+ and North
America as a region. In contrast only diabetes, normalized protein catabolic rate and
DNa" were associated positively with SNa* slope. IDWG in turn has an inverse effect on
the SNa" slope. Based on these data we were further able to find that variability
(defined as the standard deviation of SNa® measurements over the period of
12 months) and the trend over time (change in SNa’ over the period of 12 months)
associated significantly to death in a study population of 16420 incident HD patients
from North America and Europe. To illustrate these relationships we used a novel
approach proposed and developed by Yuedong Wang, which allowed plotting of the
risk of death in a bivariate fashion as a function of SNa® concentration and SNa®
variability, respectively and slope®>. Increased variability and decreasing SNa* was
associated with an increased risk of mortality (the latter particularly at lower levels of
SNa®), whereas increasing SNa* from low levels of SNa" are associated with improved
survival. Despite a significant relationship between systematic trends and variability,
variability may be an independent predictor of death and may be speculated to be
reflective of failing regulatory systems due to comorbidities. More research is required
on the determining factors of SNa* variability and trends in order to find out how to
alter the dynamics of SNa* and subsequently improve outcomes.

Chapter 9 focuses on systolic and diastolic BP, its dynamics and its determinants. BP
itself is possibly the best described and studied predictor of death in the general
population and HD patients. The strength of the relationship has long been known to
be of utmost importance %

Recently published reports showed relationships to longitudinal observations and in
particular the variability of BP to be associated with death in patients suffering from
chronic kidney disease and those treated with HD*" ™. In Chapter 9 we discuss the
dynamics of pre HD BP and their relationship to death. High BP has adverse sequelae
such as increased left ventricular mass consequentially leading to an increased risk of
death. Conversely, a low BP may not only be a reflection of successful BP management
but also the result of continued deteriorating cardiac function and therefore a sign of
an adverse pathophysiologic dynamic. A U- or J-shaped curve of the relationship
between SBP, DBP and risk of death has been reported for the general population®® but
and for HD patients®. HD patients visit dialysis centers thrice-weekly in most cases so
that a greater number of measurements are available. This puts the dialysis provider in
a unique position to identify those at risk of death with statistical tools. In Chapter 9 we
identified patients at a higher risk of death with increasing and decreasing trends of
systolic and diastolic BP regardless of the baseline BP level. This renders longitudinal
observation and the consideration of parameter dynamics of great importance for
clinical decision making. However, further research is required to evaluate determining
factors and, more importantly to identify those which are modifiable to improve
survival.
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Conclusion

In summary this thesis outlines the importance of the dialysis prescription and shows
that the concentrations of both glucose and sodium in the dialysate are important and
affecting both soft outcomes and hard outcomes such as death.. This thesis aimed to
outline the possible benefits of individualization of sodium concentration in the
dialysate and the avoidance of glucose and sodium loading of HD patients. To outline
the importance of the metabolism of glucose and sodium the interrelationship between
serum glucose and SNa*, and between SNa" and BP was discussed. Additional research
is required as to other constituents of the dialysate such as bicarbonate, potassium,
phosphorus, and others affect outcomes and how the balance of these solutes could be
controlled in the dialysis clinic.

Further this thesis showed that longitudinal observations, at least in HD patients, where
regular and high-frequently collected data are available, to be of great information gain
when aiming to identify patients at risk of death. It could aid the development of safety
and alert algorithms, and predictive models and their implementation. Models may
enable the prediction of risk on an individual level and may aid the improvement of
outcomes in the HD population, a population at a very high risk of hospitalizations and
death. Understanding the dynamics reflected in longitudinal analyses will facilitate the
understanding of all relevant relationships between parameters of interest and their
association to death. For this purpose the extent as to which each parameter
contributes to the information gain using these algorithms needs to be evaluated.

The findings reported in Part A of this thesis need to be confirmed in large international
databases such as the MONDO database, in order to confirm the generalizability of
these results to an international level. DNa* to SNa" alignment needs to be studied in
adequately powered and randomized research settings.

Meeting the objectives of individualizing the dialysis treatment for every patient and to
be able to identify patients at risk of adverse outcomes will only be possible by a close
collaboration between governments, dialysis providers, researchers, physicians of many
specialties, caregivers and - of course - the patients themselves.
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Valorization

Social (and/or economic) relevance of our research results (i.e. in
addition to the scientific relevance)?

Since the first attempts to purify blood of a human patient suffering from renal failure
in the 1920s by Georg Haas in Germany and then in the 1940s in the Netherlands by
Willem Kolff, to the first attempt to treat a patient with chronic renal failure over an
extended period of time by Belding Scribner in Seattle, USA, large technological
progress was made. The treatment of the first maintenance dialysis patient Clyde
Shields, in the light of limited resources brought along problems of ethical nature for all
future patients with chronic renal failure: “Who would receive the life-saving treatment
and who would be doomed to the fatal course of nature?” These ethical problems were
solved in those days by the highly criticized and so-called “Death committees”.
Following these early days more and more resources were made available,
governments stepped in to provide funding and dialysis is now to a large extent being
provided by large dialysis provider networks. This changed the ethical and research
questions to be elucidated, but raised different questions. How can a government
afford to provide dialysis to everybody requiring dialysis but at the same time provide
the best treatment options available. The question if private co-payments should be
allowed to alter the dialysis treatment in any (possibly outcome improving) way is also
getting more and more persuasively asked and reflects a general lack of knowledge
what actually is the right treatment and how to administer it on a large scale which is
operationally and economically feasible. While the extent to which these questions are
prioritized varies between continents, country and essentially health-care systems, the
basic question does not and usually remains for each individual caregiver to answer.
The complexity of this situation is even further accentuated as a resultant of emerging
technologies, the increase of healthcare costs in general and the increased need for
governments to make healthcare more affordable. Since these aforementioned factors
making dialysis in current times more and more a challenge for all involved, it also
results in increased pressure on healthcare facilities to provide care at a quality
resulting in the most desirable outcomes possible.

My thesis emphasizes the importance of dialysate glucose and sodium, both of which
are associated with outcomes and its individualization has the potential to provide
optimal care. Furthermore my thesis also addresses the need of the community to
consider longitudinal observations and not just concentrate on cross-sectional data
only answering a part of the questions asked.

Interest of our research results and why?

The results of the research presented in this thesis are not only of interest for the
academic community but also for the entire nephrology community, as evidenced by
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the publication of my work in highly ranked nephrology journals. Research improving
the interpretation of observed outcomes is of great importance for any patient
population. In the specific case of the dialysis treatment, dialysis providers, which are
not only striving to improve the quality of treatment but are also increasingly forced to
be interested in cost-effectiveness while at the same time providing the same
constantly increasing improvement of outcomes in their patient population, this may
be considered to be even more accentuated. Due to this reason, research aiming to
reduce the loading of substances from the dialysate into the patients is of great
importance, particularly in regard of the outcomes reported in this thesis. Furthermore
the superiority of longitudinal observations over single measurement cross-sectional
assessments is also of increasing interest for the community as well as dialysis
providers, thus an additional aspect of my thesis of ubiquitous interest.

Into which concrete products, services, processes, activities or
commercial activities will our results be translated and shaped?

My thesis aims to address two aspects of treatment which had not yet been fully and
internationally optimized due to a lack of evidence of their physiological and
pathophysiological impact. The dialysate prescription is central to the effects of the
treatment and as per the Food and Drug Administration (FDA) in the US considered the
prescription of a drug. This indeed is a realistic assessment since dialysis does
substantially change the physiology in the body. Not only does dialysis have the
potential to lower levels of undesired substances, it also does allow the increase of
concentrations quite substantially, thus affecting every physiologic system in the body.

Basically the dialysis treatment should be resulting in a normalization of the milieu
interieur, as Claude Bernard so accurately termed it in the 19" century, which
essentially describes the body fluid volume. However as mentioned dialysis also has the
potential to change the serum concentrations in a way so the treatment results in
adverse consequences as outlined in Part A for dialysate glucose and in Part B for
dialysate sodium. In addition to making the case that the selection of appropriate
prescriptions has the potential to result in positive effects this thesis will also show
evidence that all possible outcomes need to be considered in a longitudinal fashion,
evaluating trends and variability. Only this kind of analysis does aid the identification of
patients at elevated risk of death and in need of alteration of prescribed regimen
(Part C).

In a population where diabetes and hyperinsulinism is highly prevalent (ranging from 24
to 56% depending on the continent) and often the reason for renal failure in a first
place, glucose loading using dialysate glucose concentration of 200 mg/dl (11.1 mmol/I)
is obviously disadvantageous. In Part A we are showing that the use of high dialysate
glucose concentrations, as the standard in the US for decades, resulted in various
consequences such as hyperglycemia, hyperinsulinism, effects on the autonomic
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nervous system and also on subjects’ self-reported post-dialysis fatigue, when
compared to lower dialysate glucose concentrations [i.e. 100 mg/dl (5.5 mmol/dl)]. As
another aspect a patient population which cannot excrete salt and water like patients
with functioning kidneys also needs to be subject of salt restriction on a dietary but also
on a dialysis level. Thus the importance of the dialysate prescription in terms of sodium,
as shown in Part B, is of greatest importance for the dialysis population.

The aspect of the importance of longitudinal observations is an increasingly important
topic which is not only found in research and risk assessment for dialysis patients but
also in other population. Thus Part C is an additional piece of evidence proving the
superiority of longitudinal assessments.

To what degree can our results be called innovative in respect to the
existing range of products, services, processes, activities and commercial
activities?

At the time when these data was acquired the standard for the dialysate glucose
concentration in the US with a dialysis population of around 300 to 350,000 patients,
was still 200 mg/dl (11 mmol/I), while a majority of other countries used either 100
mg/dl (5.5 mmol/I) or glucose-free dialysate. The randomized controlled-cross over trial
conducted in in 2008 under my supervision in clinics of the Renal Research Institute,
was the first trial investigating the metabolic and cardiovascular differences between
those two dialysate glucose concentrations in a randomized setting. The result, albeit
(29 chronic hemodialysis patients) collected in a study of small sample size, was the
first of its kind and associated with a large-scale change by the very same large-scale
dialysis provider, which was the first choosing to change the dialysate glucose
concentration to the lower concentration in mid-year 2009. Since then all other large
and small dialysis providers have followed and at this date virtually every dialysis
patients in the US receives hemodialysis with the lower dialysate glucose concentration
of 100 mg/dl (5.5 mmol/l). Not only was this expected to improve outcomes, but also
resulted, by reducing the need of glucose to be added to the dialysate, in a decrease of
the costs of dialysate production and thus an increase of cost-effectiveness of the
dialysis treatment in a time where ‘bundling’ a stringent new reimbursement system,
which puts increased pressure on the large but particularly small dialysis providers, was
being introduced (and subsequently in the last years implemented).

Dialysate sodium is currently of great interest on an international level and some
conflicting data is currently creating a controversy in the community about the choice
of the optimal dialysate sodium. While this thesis will unfortunately not be able to
entirely resolve the controversy it comprises the introduction (and subsequent
validation testing) of an algorithm to align dialysate sodium to serum sodium based on
historic monthly serum sodium measurements, thus, by not causing the need of
additional blood draws prior to the hemodialysis treatment, increasing the probability
of operational feasibility in the busy routine of a dialysis clinic. We know from the
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preliminary analysis of data resulting from the clinical implementation of this algorithm,
of which an extended database and updated analysis is currently under development,
and based on an earlier underpowered randomized trial in 27 subjects, that alignment
does have significant effects on fluid intake and blood pressure management, without
causing an increased occurrence of side-effects of the dialysis treatment. While the
aforementioned underpowered randomized trial required regular measurements of
serum sodium prior to the treatment, the novelty of the approach we are proposing in
Part B allows the estimation of the current serum sodium based on the average of the
last 4 preceding monthly routine serum sodium measurements with sufficient accuracy
and precision, thus not requiring any additional measurements. This renders our
approach, which was also granted a US patent last year (USPTO#08518260), an
operationally feasible way to align dialysate sodium to serum sodium without creating
additional costs and substantial workforce needed, to improve outcomes. Since
dialysate sodium consequentially also affects serum sodium levels an investigation of
the effects of serum sodium on blood pressure, one of the strongest predictors of
outcomes in dialysis patients, on an international levels is included, which renders the
importance of sodium in dialysis an international and omnipresent concern. The actual
relevance of sodium is further clearly corroborated by a body of literature
corroborating the adverse effects of high dialysate sodium and dietary sodium intake,
and the subsequent increased fluid intake in dialysis patients on the cardiovascular
system and many other organ systems. Fluid intake during the interdialytic period is of
particular interest not only because of its relationship to mortality but also from an
economical side. In a report of national data from the Centers for Medicare & Medicaid
Renal Management Information System, a federal agency, amongst other tasks, also
responsible for administering the Medicare health insurance to the dialysis population,
it was shown that fluid overload (a possible consequence of sodium loading) requiring
hospitalization to occur in 7% of all patients and result in an average cost of 6,372 US $
per episode and a total of 266 Million US S over an observation period of 2 years. These
numbers suggest a potential economic importance of research done on dialysate to
serum sodium alignment, particularly when it can be implemented requiring such small
effort.

Lastly, Part C is dedicated to the importance of longitudinal observations. Dialysate
sodium and glucose prescription affects, as outlined above, various aspects of
physiology in the body. The longitudinal data we show in Part C shows novel indicators
of present or progressing disease and may aid to identify patients at risk. Research on
what predicts outcomes, is necessary to understand which patients may actually
benefit from alterations to their administered regimen. While the main focus of this
thesis was the dialysate constituent prescriptions which were established in Part A and
Part B, and tow show that suboptimal dialysate prescriptions may result in adverse
outcomes, Part C suggests tools to identify those which may possibly benefit from an
optimization of the dialysate prescription. It may be added that these possible
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alterations do not end with the prescriptions of dialysate constituents but also
comprise aspects such as antihypertensive medication such as discussed in Part C.

How will this/these plan(s) for valorization be shaped? What is the
schedule, are there risks involved, what market opportunities are there
and what are the costs involved?

As mentioned above the proposed intervention of only using a dialysate glucose
concentration of 100 mg/dl (5.5 mmol/l) is already common practice in the US and has
been embraced by a majority of dialysis providers. Dialysate sodium alignment as a
means to reduce sodium loading and its consequences has already been successfully
implemented in the clinical routine of 5 dialysis clinics of the Renal Research Institute.
While this thesis is only showing some preliminary data, a larger-scale analysis of the
largest dialysate to serum sodium alignment project is currently underway and to our
believe become influential and possibly changing dialysis practices on an international
level. In summary the data shown in Part A and Part B of this thesis do not only provide
information of interest to the academic world, but also to governmental agencies, the
entire nephrology community (including large- and small scale dialysis providers,
healthcare worker, physicians as well as patients). It may be speculated that some
particular parts of this thesis may also be subject of further research and may aid to
generate new research ideas and hypothesis to be proven in prospective research.

The proposed need of an increased use of longitudinal analysis in Part C is already
increasingly adapted by analysts of large datasets. While some registries are still
performing cross-sectional analyses, others become more and more comfortable with
analyses of longitudinal nature. However, it is without a doubt that this analytical
approach will soon be adapted by the entire community and represents the future of
data analysis. Once analysts and researchers have become more familiar with the
approach and the methodology it can be assumed to become a widespread routine
approach within the community quickly.

As a fascinating example of novel analytic tools which are of great value for the analysis
of longitudinal analysis the novel approach using smoothing spline ANOVA logistic
regression models to investigate the joint effect of serum sodium and serum sodium
variability is emphasized. In addition to analyzing the relationship between serum
sodium only, we were able by using this approach to analyze the relationship between
both including variability (defined as the standard deviation of all serum sodium
measurements over the period of one year) and in a second separate analysis of
additionally slope estimates (from a fitted linear regression model to all serum sodium
measurements in one year). This is a novel approach to this research question since
previous authors only focused on the relationship between serum sodium and
mortality. By analyzing trends and variability one is able to also identify present and
progressing disease and, as shown in our analysis, the differences between the trends
(increasing/decreasing slope estimate) appears to allow the identification of a patient
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who starts to improve and those who are deteriorating. From a bird’s eye view,
longitudinal analysis evaluating trends and variability can aid dialysis providers and
caregivers to identify patients at risk, contact the immediate caregivers and adjust
these patients’ regimen to an optimized treatment strategy. This includes the dialysate
and drug prescription and possibly many other aspects such as treatment time,
frequency and other items listed to achieve optimal dialysis adequacy.

As the author of this thesis | am convinced that all aspects analyzed in this thesis are of
importance to the dialysis community and hope that the conducted research will be of
help to improve the outcome of a patient population with known low life expectancy,
low quality of life and a great need of improvement of currently available treatment
and diagnostic capabilities.
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