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CHAPTER 152

Composition of Hemodialysis Fluid

Andrew Davenport, Anton Verbine, and Claudio Ronco

OBJECTIVES

This chapter will:

1. Describe the main electrolyte components of modern
dialysate.

2. Characterize clinical effects of changes in concentration
of major dialysate constituents.

3. Outline the requirements for purity of dialysis water.

In a general sense, hemodialysis fluid can be considered
a temporary “extension” of the patient’s extracellular
fluid." As a result of a blood-dialysate contact via pores
in extracorporeal semipermeable membranes, diffusion
takes place along concentration gradients. Small uncharged
solutes tend to reach similar concentrations on the two
sides of a dialyzer membrane; uremic toxins from blood
diffuse into toxin-free dialysate, and those solutes in higher

concentration in the dialysate, such as buffers, are back-
transported to the blood. Some other solutes also cross
the membrane by convection, transferred by a net water
movement. The countercurrent blood and dialysate flows
within the dialyzer result in the generation of an internal
hydrostatic pressure gradient between blood and dialysate,
and back-transport from dialysate to the blood. Depend-
ing upon dialyzer design and flows, between 6 and 9 L of
dialysate may be exchanged during a dialysis session in
this form of internal diafiltration. Therefore the chemical,
physical, and microbiologic characteristics of dialysate are
crucial for safe and effective dialysis.

The complexity of modern dialysate composition has
increased significantly since 1914, when 0.9% sodium
chloride with some potassium was used by Abel, Rowntree,
and Turner at Johns Hopkins University for dialysis in
experimental animals (the history of dialysis is reviewed
by Ronco et al.?). The problem of calcium precipitation in
the presence of bicarbonate buffer was overcome in the
Kolff-Brigham kidney in 1948 by bubbling carbon dioxide



through low-calcium dialysate, and intravenous calcium
supplementation. In those coil-type devices, the dialyzer
was immersed completely in a tank with a batch dialysate,
which then was changed every 2 hours.

In the 1960s, the first central-delivery machines became
available, which distributed ready-to-use fresh dialysate to
dialysis stations. The typical cation composition of premade
dialysate was as follows:

e Na 140 mmol/L
e K 1.5 mmol/L

e (Ca 1.87 mmol/L
e Mg 0.5 mmol/L

Because the use of calcium bicarbonate as a dialysate
buffer was linked to the risk of calcium precipitation and
bacterial growth, bicarbonate was replaced by the more
stable acetate around 1964. Because the earliest dialysis
machines did not provide ultrafiltration, the original dialy-
sates contained high concentrations of dextrose to generate
an osmotic gradient designed to achieve ultrafiltration.
Advances in dialysis machine technology allowed a progres-
sive reduction in dialysate glucose concentrations and in
some cases glucose-free dialysates.

After 1974, modern-type machines with bedside pro-
portioning systems became available, which continuously
improved reliability and precision of dialysate composition.
Extemporaneous preparation of dialysate from treated water
and concentrated solution or dry salts at the patient’s bedside
has made it possible to return to bicarbonate-buffered
dialysis. Since that time, individualizing dialysate content
for particular patient needs and maintaining water purity
have been major fields of interest in dialysis practice.

With the modern dialysis machines, composition of dialy-
sis fluid can be modified significantly to individualize the
treatment. Dialysate can be made either for central delivery,
or at the patient bedside, mixed by the dialysis machine.
Depending upon the concentrations, dialysis grade water is
proportioned with an A concentrate (containing electrolytes
acetate, and acid) and a B concentrate (containing bicarbon-
ate and sodium). After mixing, the dialysate is checked for
pH meter and conductivity. Some dialysis machines are fitted
with a positive feedback loop, to alter the proportioning of
the solutions to achieve the desired final concentration, or
simply fitted with alarms if conductivity or pH are not in
range. As such, dialysis machines require calibration and
servicing to ensure delivered dialysate quality.

The concentration of almost any dialysate component
can be changed independently and maintained to the
desired level during any given period. Meanwhile, certain
“standard” dialysate prescriptions are offered in most
centers and serve as the starting point for adjustments to
meet patient needs.

Certainly, any change in dialysis fluid formulas will in
turn change the patient’s electrolyte homeostasis, with
desired and undesired physiologic effects.

DIALYSATE COMPONENTS

Sodium

Sodium is the major determinant of volume and tonicity
of extracellular fluids. As sodium can cross the dialyzer
membrane readily, its concentration in dialysis fluid (Nap)
plays a role in cardiovascular stability during extracorporeal
therapy. Acute changes in plasma sodium concentrations
are known risks for brain cell damage. Long-term changes
in sodium balance can affect patient morbidity via dialysis
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prescription noncompliance worsening of edema, and blood
pressure control.

Because plasma is an aqueous solution of crystalloids
and proteins, and plasma proteins (on average 70 g/L) occupy
a certain volume, then the volume of plasma water is
somewhat less than that of whole plasma. Therefore the
concentration of sodium in plasma water, Napy, is always
greater than that measured in total plasma and can be
estimated using certain formulas.’

However, the concentration of sodium in the ultrafiltrate,
Nayy, is lower than that in plasma water because of the
Donnan effect: some cations cannot cross the dialyzer
membrane because they are retained in the blood by nega-
tively charged proteins. When calculating the concentration
of sodium available for diffusion, clinicians must correct
Napy (calculated or measured) for the Donnan effect.*®

Dialysate with both “high” and “low” Nay, values has
been tried, with different clinical effects. Hyponatric dialy-
sate (130 mmol/L) is reported to result in less thirst and
interdialytic weight gain.” However, not all of the patients
treated with hyponatric dialysate in one study showed an
improvement in hypertension control, presumably because
of high dietary sodium intake or possibly stimulated renin
secretion.” In another study, dialytic dehydration in hypo-
natremic patients was obtained predominantly from the
extracellular volume, with a high incidence of dialysis
dysequilibrium, cramps, and hypotension.”

Raising Nap from 130 to 136 mmol/L resulted in a
decrease in reported muscle cramps,’ and in another study,
raising the Nap from 132.5 through 135 mmol/L to 142
through 145 mmol/L led to lower rates of headache, nausea,
and vomiting.'”"' Moreover, some patients achieved better
immediate hypertension control with higher dialysate
sodium concentration, probably as a result of better achieve-
ment of “dry weight.” On the other hand, when excretion
of sodium is limited in anuric patients undergoing long-term
dialysis, positive sodium balance at the end of dialysis
sessions can contribute to thirst, greater interdialytic weight
gain, and “volume-dependent” arterial hypertension over
the long term."

There are different approaches to “normalizing” Nap
concentration. One is to adjust it to Napy, to prevent a drop
in plasma osmolarity secondary to diffusive losses.'”"” Then,
the only sodium removed is by convection. Another
approach is to aim for normal sodium balance at the end
of treatment. Because daily sodium and water intakes are
about 100 mmol and 1 L, respectively, adequate Nap should
permit sodium and water removal in this proportion,
resulting in an Nay, of approximately 145 mmol/L."

With modern dialysis machines it is possible to change
Nap during the treatment continually, performing so-called
sodium profiling. Usually, Nap is hypertonic at the beginning
of treatment, counteracting urea flux from cells to extracel-
lular space while urea removal is at its peak."” Then Nap
is reduced progressively, approaching normal at the end
of dialysis. Increased Nayp, at the time of peak ultrafiltration
rate can increase refilling of extracellular compartment with
improved venous refill.">"” The limitations of using sodium
profiling to limit intradialytic symptoms are the risk of
positive sodium balance at the end of dialysis, difficulties
in modeling complex interactions among Napy, serum protein
concentration, total body water, and plasma refilling rate,'*"’
and variations in the temporal relationship between
decreased circulating blood volume and hypotension.”” The
results of these studies depend upon the final dialysate
sodium delivered being that which is desired, and manu-
facturers are allowed an error in the A and B dialysate
concentrates. In the future, improved sodium kinetic
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modeling may help create a software biofeedback loop based
on online signals from the patient-machine complex.*!

Potassium

In patients undergoing long-term dialysis and consuming a
liberal diet, daily potassium intake varies between 60 and
80 mmol. With consideration of that fact, thrice-weekly
dialysis with a potassium bath of 1.5 to 2.0 mmol/L seems to
produce an acceptable potassium balance in most patients.””
However, relative hypoinsulinemia and metabolic acidosis
can shift potassium from the intracellular space to the
extracellular space. Clinical scenarios of cytolysis (ischemia,
hemolysis, trauma, internal bleeding), renal tubular acidosis
type 4 or fasting in patients with diabetes, administration
of various medicines (angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers, nonsteroidal
antiinflammatory drugs, trimethoprim, and nonselective
beta blockers) also can contribute to hyperkalemia. Rapid
correction of hyperkalemia in metabolic acidosis theoreti-
cally can hyperpolarize cells, with persistence of intracel-
lular acidosis.” All of these factors, together with dietary
variations, dictate personalization of dialysate potassium
content. For life-threatening hyperkalemia, a zero-potassium
bath is feasible. The contribution of dialysis with a low-
potassium bath to the risks of dangerous ventricular ectopy
and cardiac arrest is unclear.” Supraphysiologic dialysate
bicarbonate concentrations in conjunction with higher
acetate concentrations may exacerbate the propensity for
cardiac arrhythmias by altering the QTc interval resulting
from shifts of potassium between the extra- and intracellular
space. For patients with poor potassium intake or increased
losses through diarrhea, dialysis fluid containing 4 mmol/L
of potassium can be advised.*

Calcium

The content of calcium in dialysate is an important com-
ponent in the total management of calcium balance, and
high and low serum calcium levels may in turn contribute
to bone disease, cardiovascular morbidity, and mortality
in patients undergoing hemodialysis.”**’

The National Kidney Foundation’s Kidney Disease
Outcomes Quality Initiative (KDOQI) opinion, based on
level Il and IV evidence, recommends that in a patient with
stage 5 kidney disease, the predialysis albumin-corrected
serum calcium level should be kept within the normal
laboratory reference range, preferably toward the lower end
(2.1-2.4 mmol/L), provided that keeping serum calcium at
this level does not worsen hyperparathyroidism.*

With the modern water treatment, the calcium content of
final dialysate depends completely on composition of the
liquid concentrate and therefore on dialysis prescription. To
reach and maintain the goal serum calcium level, calcium
concentration in dialysate may have to be individualized.
The diffusible fraction of calcium, available for dialysis
exchange, has been reported to be higher in uremic patients
(57.6%—64.3% of total plasma calcium).”” That amount cor-
responds to an average concentration of 1.6 mmol/L (6.5 mg/
dL). Therefore dialysate with a calcium concentration of 1.25
to 1.75 mmol/L***" likely will provide a net calcium balance
close to zero, depending on the patient’s calcium intake
and calcium losses by convective means with ultrafiltrate.
Increasing the dialysate calcium concentration to 1.75 to
2.0 mmol/L may help control hyperparathyroidism and

metabolic bone disease but is linked to a risk of postdialysis
hypercalcemia, arrhythmias, and hypertension®* as well
as decreased bone turnover.”” On the other hand, for some
patients taking calcium-containing phosphate binders and
vitamin D analogues, a calcium bath containing 1.05 to
1.35 mmol/L can normalize serum ionized calcium and
control osteodystrophy.”* Generally, however, calcium
dialysate levels below 1.5 mmol/L tend to promote hyper-
parathyroidism, even so concerns about vascular calcification
and calciphylaxis have led to an increase in lower calcium
dialysates of 1.0 to 1.25 mmol/L.*"°

For a subgroup of patients with cardiomyopathy who
were undergoing hemodialysis, particularly those with left
ventricular dysfunction, a dialysate calcium concentration
less than 1.75 mmol/L was associated with a significant
decrease in myocardial contractility’” and intradialytic
hypotension.*®*

Calcium-free dialysate can be used for the treatment of
hypercalcemia (mean decrease in serum calcium 1.71 %
0.54 mmol/L per session) but should be reserved for patients
with hypercalcemic crisis or renal impairment because of
the significant risk of adverse cardiovascular effects.*

Magnesium

Major guidelines do not comment on dialysate magnesium
concentration, and trials of this topic with morbidity and/
or mortality end points are lacking.

Magnesium is distributed predominantly intracellu-
larly and in the bone tissue. Therefore serum magnesium
levels (0.70-1.05 mmol/L) only partially reflect changes
in total body magnesium content. The kidney is a major
regulator of serum magnesium concentration, and renal
insufficiency,”" as well as consumption of magnesium-based
drugs, can increase the serum magnesium concentration.
However, the magnesium content of food and its absorp-
tion from food in patients undergoing dialysis also can be
reduced, so high and low magnesium concentrations can
occur.

Although only about 70% of serum magnesium is dif-
fusible across dialysis membranes, the magnesium concentra-
tion in dialysate strongly affects total balance at the start
of dialysis.”*** Intracellular (muscle and blood cell) mag-
nesium content in dialysis populations seems to be normal
and not to be influenced by magnesium in the dialysate,
whereas extracellular fluid and bone magnesium levels
change in parallel with the dialysate magnesium.* Although
commercial dialysates contain a wide range of magnesium
concentrations from 0.25 to 0.75 mmol/L, as magnesium
is excreted by the kidney, patients with end-stage kidney
disease are at risk of magnesium accumulation, so most
dialysates contain the lower magnesium concentration of
0.5 mmol/L. In bicarbonate hemofiltration and hemodiafiltra-
tion, the replacement solution is generally magnesium free
to prevent precipitation, unless bags with the option of
mixing bicarbonate- and magnesium-containing components
immediately before dialysis are available.

The relationship between serum magnesium levels,
parathyroid hormone, and bone disease in dialysis popula-
tions is somewhat complex. Chronic hypermagnesemia
seems to inhibit parathyroid hormone secretion, but to a
lesser extent than was previously thought.*"**** In several
studies, however, decreasing dialysate magnesium concentra-
tions for some, particularly hypermagnesemic patients from
0.5 to 0.25 mmol/L reduced the rate of osteomalacia without
a change in bone resorption.*** Chronic magnesium



depletion is well recognized to stimulate parathyroid
hormone secretion. In one meta-analysis, 10 of 12 studies
of patients undergoing hemodialysis showed a significant
inverse relationship between levels of serum magnesium
and serum intact parathyroid hormone,* even though the
serum calcium concentration remained within the normal
range. Four of the studies on magnesium concentration
and dialysis also reported an inverse relationship between
serum magnesium concentration and vascular calcification
in patients undergoing hemodialysis.

Buffer

Correction of chronic metabolic acidosis is one of the tasks
of renal replacement therapies. Hemodialysis cannot remove
significant amounts of free hydrogen ions (H*) because of
their low concentration and rapid buffering in blood.
Therefore acidosis is decreased mainly through providing
alkaline equivalents (in the form of bicarbonate or acetate)
that are diffusing from dialysate via concentration gradient
to be consumed in blood for buffering H*.

Acetate

Sodium salts of organic acids (NaOA) can bind H* according
to the following formula:

NaOA + H,CO; — HOA + NaHCO;3

To deplete H', organic compounds should be metabolized
to CO, and H,0. Of all potential substrates, only acetate is
used widely.

Sodium acetate has a molecular weight of 136 Da and
is dissociated almost completely in body fluids because
of low pK.”” Acetate is metabolized mostly in peripheral
tissues (and to a lesser extent in the liver), capturing one
H* and forming acetyl-coenzyme A as an intermediate
product. Acetyl-coenzyme A may enter via several metabolic
pathways (Krebs cycle, ketone body formation, fatty acid
synthesis, gluconeogenesis), and buffering is delayed until
it is fully decarboxylated. Oxidation of 1 mol of acetate
consumes 2 mol of O, and produces net 1 mol of CO, (1 mol
of CO, is consumed with H* to form acetic acid from acetate).

About 54% of infused acetate is oxidized immediately,
and the rest enters alternative pathways.*” Consequently,
if glucose-free acetate dialysate is used, this then increases
ketone body and free fatty acid production*® with decreased
insulin levels. If ketone bodies persist in body fluids, they
then typically dissociate, with a disappearance of their
buffering effect.

The lower rate of oxidation can be explained by the fact
that acetate is not commonly a major metabolic fuel. The
maximal rate of acetate metabolism in normal subjects is
estimated to be 5 mmol/min and seems to be lower in
patients undergoing dialysis (3—4 mmol/min). When blood
acetate levels exceed 7 mmol/L, blood concentrations of
maleate and citrate increase,* with a higher risk of a continu-
ing metabolic acidosis.

In the past, acetate replaced bicarbonate in the dialysate,
with acetate concentrations ranging from 35 to 40 mmol/L.
Taking into account the concurrent blood bicarbonate loss,
the total amount of buffer gain at the end of a 4-hour session
was 120 to 360 mmol.” This may not be enough to com-
pensate for metabolic acid production during the interdialytic
period, so low predialysis levels of blood bicarbonate
(16—20 mmol/L) usually were observed. Moreover, the higher
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the dialyzer urea clearance, then the greater are expected
bicarbonate losses in dialysate. Raising the acetate content
of the dialysate is not a valid option to correct the lower
predialysis bicarbonate concentrations, because of the risk
of exceeding metabolic capacity, with resulting symptomatic
metabolic acidosis and vasodilatation because of high plasma
acetate levels during and after dialysis.”>*" The major role
of acetate in modern-day dialysis solutions is stabilization
of ready-to-use bicarbonate and calcium-containing mixes
preventing precipitation in the dialysate circuit and damage
to pumps, with the great majority of the base load provided
by bicarbonate.

Bicarbonate

Bicarbonate is a physiologic buffer in the body fluids. It is
a part of a complex system that includes carbonic acid,
carbonate, and carbon dioxide, which can be described as
follows:

CO, +H,0 <> H* + HCO; «» 2H* + CO;~

When dissolved CO, leaves the system or acid is added,
the reaction equilibrium shifts to the left. Carbonic anhy-
drase, which shifts the reaction to the right, is ubiquitous,
so the carbonic acid concentration in body fluids is pro-
portional to the dissolved CO, concentration. The second
dissociation of carbonic acid,

HCO; < H" +CO,~

has a pK of 9.8; usually it is not important for body fluids
but can be seen in bone or in dialysis solution. In both
settings, divalent cations of Mg and Ca are present, with
the possibility of carbonate precipitation.

Ca(HCO,), < CaCO4l + H,0 + CO,

Slow precipitation can start at pH higher than 7 and is
inhibited by high CO, content. Historically the main
problems with using high-bicarbonate dialysis solutions
were instability and risk of bacterial contamination. The
modern solution to those problems is the use of dry bicarbon-
ate in a container (e.g., BiCart BiBag), in which saturated
solution is prepared on the spot and automatically propor-
tioned as needed.

The usual concentration of bicarbonate in dialysate, 30
to 35 mmol/L, is enough to provide a dialysate-blood gradi-
ent and repletion of buffer stores™ in most patients.

Evidence from some small randomized trials suggests
that increasing the dialysate bicarbonate concentration from
30 or 35 mmol/L to 40 mmol/L—which raised the serum
bicarbonate concentration from a predialysis value less than
19 mmol/L to 23 to 24 mmol/L—may improve bone metabo-
lism®* and nutrition.”® On the other hand, alkalosis may
cause acute symptoms and chronic calcium deposition in
vessels and other tissues. The bicarbonate profiling feature
of new dialysis machines may help smooth the pH correc-
tion, but specific indications for this technique are yet to
be determined.

Chloride

The chloride concentration in most dialysis fluids varies
from 98 to 112 mmol/L. Because chloride and buffer are
the only anions in the solution, the chloride concentration
is determined by the differences between the sum of total
prescribed concentrations of cations (Na, K, Ca, Mg) and
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anions (acetate and bicarbonate) to maintain neutral ionic
charge.

Glucose

The osmotic pressure of glucose, which was used for fluid
removal during the early years of dialysis, is not important
with the hydrostatic pressure-driven ultrafiltration of modern
hemodialysis machines. Therefore contemporary dialysis
fluids may contain from 0 to 200 mg/dL of glucose. Glucose
losses of 30 £ 9 g per session have been reported with the
use of dextrose-free dialysate, whereas a positive glucose
balance of 15.8 + 12 g per session was observed after the
use of high-glucose dialysate (200 mg/dL). Meanwhile, the
clinical significance of either positive or negative glucose
parameter after dialysis is unclear, and hypertriglyceridemia
and hypercholesterolemia seem to develop independently
of dialysate glucose in this population.™

However, in critically ill patients, in children, and in
some other patient groups, a physiologic concentration of
glucose in dialysis fluid may help avoid hypoglycemia,”
particularly with continuous techniques. As the number
of hemodialysis patients with diabetes and treated with
insulin increases, then most centers opt for a dialysate
glucose of around 1 g/L to prevent hypoglycemia particularly
in the postdialysis period, because insulin is not cleared
by dialysis. In selected cases, the presence of glucose in
the dialysate also can help counteract osmotic dysequilib-
rium.”® However, glucose in a solution can be a substrate
for bacteria if contamination occurs.”

TABLE 152.1
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Dialysate Quality

Treated water is the most abundant component consumed
during dialysis sessions. Dialysis patients undergoing dialy-
sis can be exposed to 300 to 600 L of water per week. Water
purification to remove inorganic and organic compounds,
the choice of “pure” concentrate, disinfection of dialysis
machines, and control of the chemical and microbiologic
purity of the final dialysate solution are paramount in
achieving quality dialysis.

Different substances are removed by specific modalities
applied sequentially. Combining different methods meets
the standards of water purity.”®*® First, particles (dust,
sand, rust fragments) are removed by sediment or media
filters. Then organic compounds (chloramine, endotoxin,
various agricultural contaminants) are removed by absor-
bent carbon filters. Inorganic substances, such as trace
elements, sodium, calcium, and fluoride, can be removed
effectively by softeners, de-ionizers, and reverse osmosis
equipment.

The most important substances with established toxicity
for patients undergoing hemodialysis are aluminum, chlorine
compounds (including trihalomethanes such as chloramine),
copper, zinc, nitrates, and sulfates. Their effects include
dementia, hemolytic anemia, osteomalacia, and acido-
§i8.”*"% Other monitored substances also may cause injury
if present in excess amounts.®”%®

Standards for water used in hemodialysis have been
established in guidelines issued by the Association for the
Advancement of Medical Instrumentation (AAMI) and
European Best Practice; they are outlined in Table 152.1.

Comparison of Maximum Water Contaminant Levels Recommended by the Association for the Advancement of

Medical Instrumentation and European Pharmacopoeia

MAXIMUM CONCENTRATION (mg/L)

CONTAMINANT CHEMICAL SYMBOL AAMI EUROPEAN PHARMACOPOEIA
Aluminum Al 0.0100 0.0100
Antimony Sb 0.0060 0.0060

Arsenic As 0.0050 0.0050

Barium Ba 0.1000 0.1000
Beryllium Be 0.0004 0.0004
Cadmium Cd 0.0010 0.0010

Calcium Ca 2 (0.05 mmol/L) 2 (0.05 mmol/L)
Chloramines NH,CI, NHCI,, NCl, 0.1000 0.1000
Chromium Cr 0.0140 0.0140

Copper Cu 0.1000 0.1000

Cyanide CN 0.0200 0.0200

Fluoride F 0.2000 0.2000

Free chlorine Cl 0.5000 0.5000

Lead Pb 0.0050 0.0050
Magnesium Mg 4 (0.16 mmol/L) 2 (0.08 mmol/L)
Mercury Hg 0.0002 0.0010

Nitrate NO; 2.0000 2.0000
Potassium K 8 (0.2 mmol/L) 2 (0.08 mmol/L)
Selenium Se 0.0900 0.0900

Silver Ag 0.0050 0.0050

Sodium Na 70 (3.0 mmol/L) 50 (2.2 mmol/L)
Sulfate SO, 100 100

Thallium T1 0.0020 0.0020

Zinc 7Zn 0.1000 0.1000

Modified from European Best Practice Guidelines: Section IV: Dialysis fluid purity. Nephrol Dial Transplant. 2002;17(Suppl 7):45-62. Available at http://

www.ndt-educational.org/images/Hemodialysis%201% 20Section% 20IV.pdf/
AAMI, Association for the Advancement of Medical Instrumentation.
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Comparison of Maximum Microbial Contaminant Levels in Water With Different Purity Grades,

European Pharmacopoeia

MAXIMUM CONTAMINANT LEVEL AAMI WATER REGULAR WATER ULTRAPURE WATER STERILE WATER
Microbial contamination (CFU/mL) 200 100 0.1 0.000001
Bacterial endotoxins (IU/mL) 2 0.25 0.03 0.03

From European Best Practice Guidelines: Section IV: Dialysis fluid purity. Nephrol Dial Transplant. 2002;17(Suppl 7):45-62. Available at http://www.

ndt-educational.org/images/Hemodialysis%201% 20Section% 20IV.pdf/
AAMI, Association for the Advancement of Medical Instrumentation.

The water cleaning system, as well as storage tanks and
piping materials, can be the sources of contamination of
dialysate. Most notable is bacterial contamination, with
biofilm deposition, from water treatment system exhaustion,
water stagnation, inaccurate disinfection of dialysis
machines, and the use of infected concentrate.®®’* As such
it is preferable to have continuous water flow through
dialysis ring mains, and cleaning with hot citric acid. If
bleach (hypochlorite) solutions are used to clean the dialy-
sate ring main, then careful rinsing is required to prevent
patient exposure. Guidelines specify allowable levels of
live bacteria (measured in colony-forming units [CFU]) and
membrane components of dead gram-negative microorgan-
isms (endotoxins of which are detected by the Limulus
amebocyte lysate test) in dialysate water (Table 152.2). Large
synthetic membranes can be placed in the dialysate line
before the dialyzer to further reduce bacterial contamination
and endotoxin content.” The resulting “ultrapure” dialysate,
defined as containing less than 0.1 CFU/mL and less than
0.03 endotoxin unit per mL (EU/mL),”>’* can improve
chronic inflammation, anemia, and nutrition parameters
(reviewed by Masakane’).”® The European Best Practice
Guidelines for Haemodialysis now recommend the use of
ultrapure dialysis fluid as a goal for all patients and all
modalities,”” and ongoing debates by some other authorities
about its use appear to have an economic rather than a
clinical basis.”

CONCLUSION

Modern dialysis machines, which use pretreated water and
precisely calculate dosage of dialysate concentrate compo-
nents, can prepare dialysate of virtually any composition
needed. To individualize dialysis prescription, it is essential
to understand short-term and long-term physiologic effects
of changes in dialysate composition. Given the frequency of
dialysis treatments and their profound effects on patients’
body fluid composition, dialysate can be viewed as one of
the most important “medicines” prescribed for the uremic
patient.

Key Points

1. Raising dialysate osmolarity by increasing the
sodium concentration (Nap up to 145 mmol/L)
generally reduces morbidity during a dialysis
session but poses the long-term risk of positive
sodium balance.

2. Changes in dialysate calcium may have short-term
effects on the cardiovascular system and long-term
effects on hyperparathyroidism and total calcium
balance.

3. The relationship between dialysate magnesium
concentration and bone disorders in patients
undergoing hemodialysis is complex and requires
further study for clarification.

4. The main role of acetate in modern dialysate solu-
tions is stabilization, not provision of buffer ions.

5. Bicarbonate load during dialysis provides patients
with buffer stores for interdialytic periods. The
long-term risks and benefits of postdialytic alkalosis
versus interdialytic acidosis require further study.

6. Most problems of water contamination by chemicals
are managed successfully by sequential purification
in modern dialysis water treatment systems. Treated
dialysate water is never sterile, but less contami-
nated, “ultrapure” water is increasingly being used.

Key References
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A complete reference list can be found online at ExpertConsult.com.



References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Smith HW. From Fish to Philosopher. Boston: Little Brown;
1966.

Ronco G, Fabris A, Feriani M. Hemodialysis fluid composition.
In: Jacobs C, Kjellstrand CM, Koch KM, et al, eds. Replace-
ment of Renal Function by Dialysis. 4th ed. Dor-drecht. The
Netherlands: Kluwer; 1996:256.

. Gotch FA, Lam MA, Prowitt M, et al. Preliminary clinical

results with sodium-volume modeling of hemodialysis therapy.
Proc Clin Dial Transplant Forum. 1980;10:12.

. Locatelli F, Ponti R, Pedrini L, et al. Sodium and dialysis: A

deeper insight. Int J Artif Organs. 1989;12:71.

. Bosch J, Ponti R, Glabman S, et al. Sodium fluxes during

hemodialysis. Nephron. 1987;45:860.

. Boquin E, Parnell S, Grondin G, et al. Cross-over study of the

effect of different dialysate sodium concentrations in large
surface area short-term dialysis. Proc Clin Dial Transplant
Forum. 1977,7:48.

. Weidman P, Maxwell MH, Lupu AN, et al. Plasma rennin

activity and blood pressure in terminal renal failure. N Engl
J Med. 1971;285:757.

. Levine ], Falk B, Henriquez M, et al. Effects of varying dialysate

sodium using large surface area dialyzers. Trans Am Soc Artif
Intern Organs. 1978;24:139.

. Wilkinson R, Barber SG, Robson V. Cramps, thirst and hyperten-

sion in hemodialysis patient—the influence of dialysate sodium
concentration. Clin Nefrol. 1977;7:101.

Redaelli B, Sforzini S, Bonoldi G, et al. Hemodialysis with
“adequate” sodium concentration in dialysate. Int J Artif Organs.
1979;2:133.

Stewart WK, Fleming LV, Manuel MA. Benefits obtained by the
use of high sodium dialysate during maintenance hemodialysis.
Proc Eur Dial Transplant Assoc. 1972;9:111.

Charra B, Chazot C. Volume control, blood pressure and
cardiovascular function: Lessons from hemodialysis treatment.
Nephron Physiol. 2003;93:94.

Locatelli F, Perdini L, Ponti R, et al. Physiological and phar-
macological dialysate odium concentrations. Int ] Artif Organs.
1982;5:17.

Funck-Brentano JL, Man NK. Optimization of Na content in
dialysis fluid. Nephron. 1984;36:197.

Oliver MJ, Edwards L], Churchill DN. Impact of sodium and
ultrafiltration profiling on hemodialysis-related symptoms. J
Am Soc Nephrol. 2001;12:151.

van Kuijk WH, Wirtz JJ, Grave W, et al. Vascular reactivity
during combined ultrafiltration-haemodialysis: Influence of
dialysate sodium. Nephrol Dial Transplant. 1996;11:323.
Ligtenberg G, Barnas MG, Koomans HA. Intradialytic hypoten-
sion: New insights into the mechanism of vasovagal syncope.
Nephrol Dial Transplant. 1998;13:2745.

Coli L, Ursino M, De Pascalis A, et al. Evaluation of intradialytic
solute and fluid kinetics: Setting up a predictive mathematical
model. Blood Purif. 2000;18:37.

Iselin H, Tsinalis D, Brunner FP. Sodium balance-neutral sodium
profiling does not improve dialysis tolerance. Swiss Med Wkly.
2001;131:635.

Cavalcanti S, Cavani S, Santoro A. Role of short-term regulatory
mechanisms on pressure response to hemodialysis-induced
hypovolemia. Kidney Int. 2002;61:228.

Locatelli F, Colzani S, Pozzoni P, et al. Sodium content and
profiling. In: Ronco C, La Greca G, eds. Hemodialysis Tech-
nology. Contributions to Nephrology, Vol. 137. Basel: Karger;
2002:338.

Stewart SK. The composition of dialysis fluid. In: Maher JF, ed.
Replacement of Renal Function by Dialysis. 3rd ed. Dordrecht,
The Netherlands: Kluwer Academic; 1989:199.

Redaelli B, Sforzini S, Bonoldi L. Potassium removal as a factor
limiting the correction of acidosis during hemodialysis. Proc
Eur Dial Transplant Assoc. 1982;19:366.

Karnik AJ, Young SB, Lew NL, et al. Cardiac arrest and cardiac
death in dialysis nit. Kidney Int. 2001;60:350.

Young EW, Akiba T, Albert JM, et al. Magnitude and impact
of abnormal mineral metabolism in hemodialysis patients in
the Dialysis Outcomes and Practice Patterns Study (DOPPS).
Am ] Kidney Dis. 2004;44(suppl 3):S34.

Chapter 152 / Composition of Hemodialysis Fluid

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.
38.

39.

40.
41.
42.

43.

44,
45.
46.
47.
48.

49.

927.el

Young EW, Albert JM, Satayathum S, et al. Predictors and
consequences of altered mineral metabolism. The Dialysis
Outcomes Practice Patterns Study. Kidney Int. 2005;67:1179.
Lowrie EG, Lew NL. Death risk in hemodialysis patients:
The predictive value of commonly measured variables and
an evaluation of death rate differences between facilities. Am
] Kidney Dis. 1990;15:458.

K/DOQI clinical practice guidelines for bone metabolism and
disease in chronic kidney disease. Am J Kidney Dis. 2003;
42(suppl 3):S1.

Wing AJ. Optimum calcium concentration of dialysis fluid for
maintenance haemodialysis. BMJ. 1968;4:145.

Carney SL, Gillies AHG. Effect of an optimum dialysis fluid
calcium concentration on calcium mass transfer during
maintenance hemodialysis. Clin Nephrol. 1985;24:28.
Goldsmith RS, Furszyfer J, Johnson W], et al. Calcium flux
during hemodialysis. Nephron. 1978;20:132.

Zawada ET, Simmons J, Sica D. The importance of divalent
ions to blood pressure regulation during hemodialysis. Int |
Artif Organs. 1984;7:245.

Henrich WL, Hunt JM, Nixon JV. Increased ionized calcium
and left ventricular contractility during hemodialysis. N Engl
J Med. 1984;310:19.

Sawyer N, Noonan K, Altmann P, et al. High dose calcium
carbonate with stepwise reduction in dialysate calcium concen-
tration: Effective phosphate control and aluminum avoidance
in hemodialysis patients. Nephrol Dial Transplant. 1989;4:
105.

Malberti F, Surian M, Montoli A, et al. Effect of dialysate calcium
concentration changes on plasma calcium and PTH in dialysis
patients treated with calcium carbonate and phosphate binder.
In: Andreucci VE, Dal Canton A, eds. Current Therapy in
Nephrology. Boston: Kluwer Academic; 1989:401.

Malberti F, Montoli A, Surian M. Long-term effect of low calcium
dialysate on parathyroid activity in dialysis patients treated
with calcium carbonate as a phosphate binder. Nephrol Dial
Transplant. 1989;4:165.

Lang RM, Fellner SK, Neumann A, et al. Left ventricular
contractility varies directly with blood ionized calcium. Ann
Intern Med. 1988;108:524.

Beige J, Sone J, Sharma AM, et al. Computational analysis of
blood volume curves and risk of intradialytic morbid events
in hemodialysis. Kidney Int. 2000;58:1805.

van der Sande FM, Cheriex EC, van Kuijk WH, et al. Effect of
dialysate calcium concentrations on intradialytic blood pressure
course in cardiac-compromised patients. Am ] Kidney Dis.
1998;32:125.

Camus C, Charasse C, Jouannic-Montier I, et al. Calcium free
hemodialysis: Experience in the treatment of 33 patients with
severe hypercalcemia. Intensive Care Med. 1996;22:1432.
Schmidt P, Kotzaurek R, Zazgornic J, et al. Magnesium
metabolism in patients on regular dialysis treatment. Clin
Sci. 1971;41:131.

Gonella M. Plasma and tissue levels of magnesium in chronically
hemodialyzed patients: Effect of dialysate magnesium levels.
Nephron. 1983;34:141.

Mountokalakis TD. Magnesium metabolism in chronic renal
failure. Magnes Res. 1990;3:121.

Gonella M, Calabrese G. Magnesium status in chronically
haemodialyzed patients: The role of dialysate magnesium
concentration. Magnes Res. 1989;4:259.

Massry SG. Magnesium homeostasis in patients with renal
failure. Contrib Nephrol. 1984;38:175.

Wei M, Esbaei K, Barman J, et al. Relationship between serum
magnesium, parathyroid hormone, and vascular calcification in
patients on dialysis: A literature review. Perit Dial Int. 2006;
26:366.

Scutches CL, Singler MH, Teehan BP, et al. Contribution of
dialysate acetate to energy metabolism: Metabolic implications.
Kidney Int. 1983;23:57.

Wathen RL, Keshaviah P, Hommeyer P, et al. The metabolic
effects of dialysis with and without glucose in the dialysate.
Am ] Clin Nutr. 1978;31:1870.

Yamakawa M, Yamamoto T, Kishimoto T, et al. Serum levels
of acetate and TCA cycle intermediates during hemodialysis
in relation to symptoms. Nephron. 1982;32:155.



927.e2

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Tolchin N, Roberts JL, Hayashi J, et al. Metabolic consequences
of high mass transfer hemodialysis. Kidney Int. 1977;11:366.
Graefe U, Mlutinovich J, Follette WG, et al. Less dialysis-induced
morbidity and vascular instability with bicarbonate dialysate.
Ann Intern Med. 1978;88:332.

Lefebvre A, de Vernejoul MC, Gueris J, et al. Optimal correction
of acidosis changes progression of dialysis osteodystrophy.
Kidney Int. 1989;36:1112.

Williams AJ, Dittmer ID, McArley A, et al. High bicarbonate
dialysate in haemodialysis patients: effects on acidosis and
nutritional status. Nephrol Dial Transplant. 1997;12:2633-2637.
Ramirez G, Butcher DE, Morrison AD. Glucose concentration in
the dialysate and lipid abnormalities in chronic hemodialysis
patients. Int J Artif Organs. 1987;10:31.

Rodriguez VO, Arem R, Adrogue J. Hypoglycemia in dialysis
patient. Semin Dial. 1995;8:95.

Ramirez G, Bercaw BL, Butcher DE, et al. The role of glucose
in hemodialysis: The effects of glucose-free dialysate. Am |
Kidney Dis. 1986;7:413.

Ward RA, Wathen R, Williams TE, et al. Hemodialysate com-
position and intradialytic metabolic, acid-base and potassium
changes. Kidney Int. 1987;32:129.

AAMI Standards and Recommended Practices. Dialysis, 2005
edition. Available at http://www.aami.org/standards/standards
.dialysis.html/.

The CARI Guidelines. Caring for Australians with Renal Impair-
ment: Water Quality for Haemodialysis. July 2005. Available
at  http://www.cari.org.au/water_quality for hemodialysis
jul_2005.pdf/.

Association for the Advancement of Medical Instrumentation.
Dialysate for Hemodialysis. Standard ANSI/AAMI RD 52:2004.
Arlington, Virginia: Association for the Advancement of Medical
Instrumentation, 2004.

Alfrey AC, LeGendre GR, Kaehny WD. The dialysis encepha-
lopathy syndrome. N Engl ] Med. 1976;294:184.

Carlson DJ, Shapiro FL. Methemoglobinemia from well water
nitrates: A complication of home dialysis. Ann Intern Med.
1970;73:757.

Section 24 / Intermittent Renal Replacement Therapies

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

Eaton JW, Koplin CF, Swafford HS, et al. Chlorinated urban
water: A cause of dialysis-induced hemolytic anemia. Science.
1973;181:463.

Kaiser L, Schwartz KA. Aluminium-induced anemia. Am |
Kidney Dis. 1985;6:348.

Petrie JJ, Row PG. Dialysis anemia caused by subacute zinc
toxicity. Lancet. 1977;1:1178.

Manzler AD, Schreiner AW. Copper induced acute hemolytic
anemia. Ann Intern Med. 1970;73:409.

Mclvor M, Baltazar RF, Beltram J, et al. Hyperkaliemia and
cardiac arrest from fluoride exposure during hemodialysis.
Am ] Cardiol. 1983;51:901.

Webster JD, Parker TF, Alfrey AC, et al. Acute nickel intoxication
by dialysis. Ann Intern Med. 1980;92:631.

Cappelli G, Sereni L, Scialoja MG, et al. Effects of biofilm
formation on haemodialysis monitor disinfection. Nephrol
Dial Transplant. 2003;18:2105.

Lonnemann G. When good water goes bad: How it happens,
clinical consequences and possible solutions. Blood Purif.
2004;22:124.

Ebben JP, Hirsh DN, Luehmann DA, et al. Microbiological
contamination of liquid bicarbonate concentrate (LBC) for
hemodialysis (HD). Trans Am Soc Artif Intern Organs. 1987;
33:269.

Man NK, Giancioni G, Guyomard S, et al. Risks and hazards of
contaminated dialysate associated with high flux membrane.
Prev Nephrol. 1987;227.

Ledebo L. Ultrapure dialysis fluid—how pure is it and do we
need it? Nephrol Dial Transplant. 2007;22:20.

Ledebo I, Nystrand R. Defining the microbiological quality of
dialysis fluid. Artif Organs. 1999;23:37.

Masakane I. Review: Clinical usefulness of ultrapure dialysate—
recent evidence and perspectives. Ther Apher Dial. 2006;10:348.
Ward RA. Ultrapure dialysate. Semin Dial. 2004;17:489.
European Best Practice Guidelines. Section IV: Dialysis fluid
purity. Nephrol Dial Transplant. 2002;17(suppl 7):45.



	Chapter 000 - Cover.pdf
	a.pdf
	b.pdf
	c.pdf
	d.pdf
	e.pdf

	Chapter 001 - The Critically Ill Patient.pdf
	Chapter 002 - The Pathophysiologic Foundations of Critical Care.pdf
	Chapter 003 - Mechanical Ventilation.pdf
	Chapter 004 - Hemodynamic Support in the Critically Ill Patient.pdf
	Chapter 005 - Monitoring Organ Dysfunction in Critical Care.pdf
	Chapter 006 - Kidney-Specific Severity Scores.pdf
	Chapter 007 - The Physiology of the Glomerulus.pdf
	Chapter 008 - The Physiology of the Loop of Henle.pdf
	Chapter 009 - Glomerular Filtration Rate, Renal Functional Reserve, and Kidney Stress Testing.pdf
	Chapter 010 - Renal Energy Consumption and Metabolism.pdf
	Chapter 011 - Acute Kidney Injury_ From Clinical to Molecular Diagnosis.pdf
	Chapter 012 - Community- and Hospital-Acquired Acute Kidney Injury.pdf
	Chapter 013 - Epidemiology of Acute Kidney Injury in Critically Ill Patients.pdf
	Chapter 014 - Acute Kidney Injury in Patients With Chronic Kidney Disease.pdf
	Chapter 015 - Genetic Predisposition for Acute Kidney Injury (AKI).pdf
	Chapter 016 - Risk Factors and Risk Assessment in Acute Kidney Injury.pdf
	Chapter 017 - Experimental Models of Acute Kidney Injury.pdf
	Chapter 018 - Renal Blood Flow and Perfusion Pressure.pdf
	Chapter 019 - Humoral Mediators in Sepsis.pdf
	Chapter 020 - Cell Death Pathways_ Apoptosis and Regulated Necrosis.pdf
	Chapter 021 - Pathogen-Associated Molecular Patterns, Damage-Associated Molecular Patterns, and Their Receptors in Acute Kidney Injury.pdf
	Chapter 022 - Acute Kidney Disease.pdf
	Chapter 023 - Acute Kidney Disease, Renal Recovery, and Post–Acute Kidney Injury Care.pdf
	Chapter 024 - The Role of Biomarkers in the Diagnosis and Management of Acute Kidney Injury.pdf
	Chapter 025 - Functional Biomarkers.pdf
	Chapter 026 - Damage Biomarkers.pdf
	Chapter 027 - Kidney Stress Biomarkers.pdf
	Chapter 028 - Renal Repair and Recovery.pdf
	Chapter 029 - Maladaptive Repair and Progression to CKD.pdf
	Chapter 030 - Biomarkers of Recovery and_or Repair Following Acute Kidney Injury.pdf
	Chapter 031 - Practical Considerations of Renal Biopsies in Critical Care Patients.pdf
	Chapter 032 - Localization of Injury and Repair Pathways.pdf
	Chapter 033 - Ultrasonography and Doppler Techniques.pdf
	Chapter 034 - Contrast-Enhanced Renal Ultrasound.pdf
	Chapter 035 - Traditional Radiology, Computed Tomography, and Magnetic Resonance Imaging in Critical Care Nephrology.pdf
	Chapter 036 - Radionuclides Diagnostic Techniques.pdf
	Chapter 037 - Multiple Organ Dysfunction.pdf
	Chapter 038 - Acute Kidney Injury in Burns and Trauma.pdf
	Chapter 039 - Drug-Induced Acute Kidney Injury.pdf
	Chapter 040 - Acute Kidney Injury in Pregnancy.pdf
	Chapter 041 - Acute Kidney Injury in Oncology and Tumor Lysis Syndrome.pdf
	Chapter 042 - Acute Kidney Injury in Cardiac Surgery.pdf
	Chapter 043 - Acute Kidney Injury in Major Surgery.pdf
	Chapter 044 - Acute Kidney Injury in Heart Failure.pdf
	Chapter 045 - Acute Kidney Injury in Cirrhosis.pdf
	Chapter 046 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 047 - Acute Glomerulonephritis.pdf
	Chapter 048 - Contrast-Induced Acute Kidney Injury.pdf
	Chapter 049 - Abdominal Compartment Syndrome.pdf
	Chapter 050 - Hemolytic Uremic Syndrome.pdf
	Chapter 051 - Nonpharmacologic Management of Acute Renal Injury.pdf
	Chapter 052 - Novel Drugs for Acute Kidney Injury.pdf
	Chapter 053 - Remote Ischemic Preconditioning.pdf
	Chapter 054 - Blood Biochemistry_ Measuring Major Plasma Electrolytes.pdf
	Chapter 055 - Assessment of Urine Biochemistry.pdf
	Chapter 056 - Disorders of Sodium and Water Balance.pdf
	Chapter 057 - Disorders of Potassium and Magnesium.pdf
	Chapter 058 - Calcium and Phosphate Physiology.pdf
	Chapter 059 - Principles of Fluid Therapy.pdf
	Chapter 060 - Blood Transfusion Therapy.pdf
	Chapter 061 - Loop and Thiazide Diuretics.pdf
	Chapter 062 - Vaptans and the Treatment of Hyponatremia.pdf
	Chapter 063 - Aldosterone Antagonists, Amiloride, and Triamterene.pdf
	Chapter 064 - Laboratory Tests_ Blood Gases, Anion Gap, and Strong Ion Gap.pdf
	Chapter 065 - Acid-Base Physiology and Diagnosis of Disorders.pdf
	Chapter 066 - Metabolic Acidosis.pdf
	Chapter 067 - Hyperlactatemia and Lactic Acidosis.pdf
	Chapter 068 - Renal Tubular Acidosis.pdf
	Chapter 069 - Metabolic Alkalosis.pdf
	Chapter 070 - Respiratory Acid-Base Disorders.pdf
	Chapter 071 - Iatrogenic and Poison-Derived Acid Base Disorders.pdf
	Chapter 072 - Energy Requirement and Consumption in the Critically Ill Patient.pdf
	Chapter 073 - Impact of Renal Replacement Therapy on Metabolism and Nutrient Requirements in the Critically Ill Patient.pdf
	Chapter 074 - Amino Acid Turnover, Protein Metabolism, and Nitrogen Balance in Acute Kidney Injury.pdf
	Chapter 075 - Carbohydrates and Lipids.pdf
	Chapter 076 - Endocrinology of the Stress Response During Critical Illness.pdf
	Chapter 077 - Anemia of Critical Illness.pdf
	Chapter 078 - Management of Nutrition in Acute Kidney Injury and Renal Replacement Therapy.pdf
	Chapter 079 - Blood Glucose Control in Critical Care.pdf
	Chapter 080 - Enteral Nutrition.pdf
	Chapter 081 - Microbiologic Considerations in the Intensive Care Patient.pdf
	Chapter 082 - Innate Immunity and the Kidney.pdf
	Chapter 083 - Adaptive Immunity and Critical Illness.pdf
	Chapter 084 - Spontaneous Bacterial Peritonitis and Hepatorenal Syndrome.pdf
	Chapter 085 - Tropical Infections Causing Acute Kidney Injury.pdf
	Chapter 086 - Sepsis and Septic Shock.pdf
	Chapter 087 - Complement and Its Consequences in Sepsis.pdf
	Chapter 088 - Coagulation Abnormalities in Sepsis.pdf
	Chapter 089 - Endothelial Dysfunction of the Kidney in Sepsis.pdf
	Chapter 090 - Sepsis-Induced Acute Kidney Injury.pdf
	Chapter 091 - Recommendations for Sepsis Management.pdf
	Chapter 092 - Principles of Antimicrobial Prescription in Intensive Care Unit Patients With Acute Kidney Injury.pdf
	Chapter 093 - Renal Replacement Therapy for Septic Acute Kidney Injury.pdf
	Chapter 094 - Blood Purification for Sepsis.pdf
	Chapter 095 - Management of Infection in Patients With Kidney Transplant.pdf
	Chapter 096 - Critical Care Viral Infections.pdf
	Chapter 097 - Principles of Antibiotic Prescription in Intensive Care Unit Patients and Patients With Acute Renal Failure.pdf
	Chapter 098 - Drugs and Antidotes in Acute Intoxication.pdf
	Chapter 099 - Extracorporeal Therapies in Acute Intoxication and Poisoning.pdf
	Chapter 100 - Plasmapheresis in Acute Intoxication and Poisoning.pdf
	Chapter 101 - Poisoning_ Kinetics to Therapeutics.pdf
	Chapter 102 - Bleeding and Hemostasis in Acute Renal Failure.pdf
	Chapter 103 - Gastrointestinal Problems in Acute Kidney Injury.pdf
	Chapter 104 - Cardiovascular Problems in Acute Kidney Injury.pdf
	Chapter 105 - Water and Electrolyte Disturbances in Acute Renal Failure.pdf
	Chapter 106 - Neurologic Problems in Acute Renal Failure.pdf
	Chapter 107 - Immunologic and Infectious Complications of Acute Kidney Injury.pdf
	Chapter 108 - Cellular Response to Acute Kidney Injury.pdf
	Chapter 109 - Heart-Kidney Cross-Talk.pdf
	Chapter 110 - Classification of Cardiorenal Syndrome.pdf
	Chapter 111 - Cardiorenal Syndrome Type 1.pdf
	Chapter 112 - Cardiorenal Syndrome Type 2.pdf
	Chapter 113 - Cardiorenal Syndrome Type 3.pdf
	Chapter 114 - Cardiorenal Syndrome Type 4.pdf
	Chapter 115 - Cardiorenal Syndrome Type 5.pdf
	Chapter 116 - Renal Function During Cardiac Mechanical Support and Artificial Heart.pdf
	Chapter 117 - The Kidney in Diastolic Dysfunction.pdf
	Chapter 118 - Principles of Diuretic Management in Heart Failure.pdf
	Chapter 119 - Management of Overhydration in Heart Failure Patients.pdf
	Chapter 120 - Recent Advances for Stroke Prevention in Patients With Atrial Fibrillation and Advanced Kidney Disease.pdf
	Chapter 121 - Lung-Kidney Cross-Talk.pdf
	Chapter 122 - The Kidney During Mechanical Ventilation.pdf
	Chapter 123 - Extracorporeal Membrane Oxygenation and Renal Function.pdf
	Chapter 124 - Extracorporeal Carbon Dioxide Removal.pdf
	Chapter 125 - Extracorporeal Membrane Oxygenation and Continuous Renal Replacement Therapy in Adults and Children.pdf
	Chapter 126 - Pulmonary-Renal Syndrome.pdf
	Chapter 127 - Liver-Kidney Interaction.pdf
	Chapter 128 - Pathophysiology and Management of the Hepatorenal Syndrome.pdf
	Chapter 129 - Kidney Dysfunction After Liver Transplantation.pdf
	Chapter 130 - Extracorporeal Liver Support Devices.pdf
	Chapter 131 - Treatment of Combined Acute Renal Failure and Cerebral Edema.pdf
	Chapter 132 - Renal Protection in the Organ Donor.pdf
	Chapter 133 - Effect of Extracorporeal Therapies on the Brain.pdf
	Chapter 134 - Components of Fluid Balance and Monitoring.pdf
	Chapter 135 - Noninvasive Methods of Fluid Status Assessment in Critically Ill Patients.pdf
	Chapter 136 - Management of Fluid Overload in Cardiorenal Patients_ The Five B Approach.pdf
	Chapter 137 - Mechanical Fluid Removal.pdf
	Chapter 138 - Indications for Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 139 - Principles of Extracorporeal Circulation and Transport Phenomena.pdf
	Chapter 140 - Membranes and Filters for Use in Acute Renal Failure.pdf
	Chapter 141 - Continuous Renal Replacement Therapy Machine Technology.pdf
	Chapter 142 - Principles of Anticoagulation in Extracorporeal Circuits.pdf
	Chapter 143 - Dialysis Solutions and Replacement Fluids.pdf
	Chapter 144 - Starting and Stopping Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 145 - The Concept of Renal Replacement Therapy Dose and Efficiency.pdf
	Chapter 146 - Quantification of Acute Renal Replacement Therapy.pdf
	Chapter 147 - Principles of Pharmacodynamics and Pharmacokinetics of Drugs Used in Extracorporeal Therapies.pdf
	Chapter 148 - Ethical Considerations in Acute Renal Replacement Therapy.pdf
	Chapter 149 - Intermittent Techniques for Acute Dialysis.pdf
	Chapter 150 - Solute and Water Transport in Hemodialysis_ Dialyzers, Flow Distribution, and Cross-Filtration.pdf
	Chapter 151 - Biocompatibility of the Dialysis System.pdf
	Chapter 152 - Composition of Hemodialysis Fluid.pdf
	Chapter 153 - Indications for and Contraindications to Intermittent Hemodialysis in Critically Ill Patients.pdf
	Chapter 154 - Technical and Clinical Complications of Intermittent Hemodialysis in the Intensive Care Unit.pdf
	Chapter 155 - Correction of Water, Electrolyte, and Acid-Base Derangements by Hemodialysis and Derived Techniques.pdf
	Chapter 156 - Urea Kinetics, Efficiency, and Adequacy of Hemodialysis and Other Intermittent Treatments.pdf
	Chapter 157 - Assessment of Fluid Status and Body Composition and Control of Fluid Balance With Intermittent Hemodialysis in the Critically Ill Patient.pdf
	Chapter 158 - Outcomes of Intermittent Hemodialysis in Critically Ill Patients With Acute Kidney Injury.pdf
	Chapter 159 - Hybrid Dialysis Techniques in the Intensive Care Unit.pdf
	Chapter 160 - The Role of Plasmapheresis in Critical Illness.pdf
	Chapter 161 - Cascade Filtration for ABO Incompatible Transplant.pdf
	Chapter 162 - Nursing Issues and Procedures in Continuous Renal Replacement Therapy.pdf
	Chapter 163 - Indications for Continuous Renal Replacement Therapy_ Renal Replacement Versus Renal Support.pdf
	Chapter 164 - Beginning and Ending Continuous Renal Replacement Therapy in the Intensive Care Unit.pdf
	Chapter 165 - Solute and Water Kinetics in Continuous Therapies.pdf
	Chapter 166 - Continuous Renal Replacement Therapy_ Modalities and Their Selection.pdf
	Chapter 167 - Vascular Access for Acute Renal Replacement Therapy.pdf
	Chapter 168 - Anticoagulation Strategies for Continuous Renal Replacement Therapy.pdf
	Chapter 169 - Nursing Strategies to Prevent Coagulation of the Extracorporeal Circuit.pdf
	Chapter 170 - Adequacy of Continuous Renal Replacement Therapy_ Prescription and Delivery.pdf
	Chapter 171 - High-Volume Hemofiltration in the Intensive Care Unit.pdf
	Chapter 172 - Pulse High-Volume Hemofiltration in Management of Critically Ill Patients With Severe Sepsis or Septic Shock.pdf
	Chapter 173 - High Cutoff Membranes for Mediators Removal.pdf
	Chapter 174 - Clinical Effects of Continuous Renal Replacement Therapies.pdf
	Chapter 175 - Antibiotic Adjustment in Continuous Renal Replacement Therapy.pdf
	Chapter 176 - Nomenclature_ Basic Principles.pdf
	Chapter 177 - Nomenclature_ Techniques.pdf
	Chapter 178 - Peritoneal Dialysis System.pdf
	Chapter 179 - Indications, Contraindications, and Complications of Peritoneal Dialysis in Acute Renal Failure.pdf
	Chapter 180 - Solute and Water Transport Across the Peritoneal Barrier.pdf
	Chapter 181 - Choice of Peritoneal Dialysis Technique_ Intermittent or Continuous.pdf
	Chapter 182 - Correction of Fluid, Electrolyte, and Acid-Base Derangements by Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 183 - Feasibility, Efficiency, and Adequacy of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 184 - Clinical Results and Complications of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 185 - Treatment of Peritonitis and Other Clinical Complications of Peritoneal Dialysis in the Critically Ill Patient.pdf
	Chapter 186 - Comparison of Peritoneal Dialysis With Other Treatments for Acute Kidney Injury.pdf
	Chapter 187 - Continuous-Flow Peritoneal Dialysis as Acute Therapy.pdf
	Chapter 188 - Nursing and Procedure Issues in Peritoneal Dialysis.pdf
	Chapter 189 - Sorbents_ From Basic Structure to Clinical Application.pdf
	Chapter 190 - Therapeutic Apheresis in Critically Ill Patients_ Indications, Modalities and Techniques, Clinical Results.pdf
	Chapter 191 - Extracorporeal Blood Purification Techniques Beyond Dialysis_ Coupled Plasmafiltration-Adsorption.pdf
	Chapter 192 - Prometheus System.pdf
	Chapter 193 - Toraymyxin and Other Endotoxin Adsorption Systems.pdf
	Chapter 194 - Plasmafiltration-Adsorption-Dialysis System.pdf
	Chapter 195 - Extracorporeal Membrane Oxygenation for Cardiac Support.pdf
	Chapter 196 - Extracorporeal Membrane Oxygenation for Pulmonary Support.pdf
	Chapter 197 - Cell-Based Therapies.pdf
	Chapter 198 - Cellular and Molecular Mechanisms of Acute Kidney Injury.pdf
	Chapter 199 - Epidemiology of Pediatric Acute Kidney Injury.pdf
	Chapter 200 - Treatment of Acute Kidney Injury in Children_ Conservative Management to Renal Replacement Therapy.pdf
	Chapter 201 - Technical Aspects of Pediatric Continuous Renal Replacement Therapy.pdf
	Chapter 202 - Multiple Organ Dysfunction in the Pediatric Intensive Care Unit.pdf
	Chapter 203 - Drug Dosing in Pediatric Acute Kidney Insufficiency and Renal Replacement Therapy.pdf
	Chapter 204 - Nutrition of Critically Ill Children With Acute Renal Failure.pdf
	Chapter 205 - Outcome of Pediatric Acute Kidney Injury.pdf
	Chapter 206 - Renal Replacement Therapy for the Critically Ill Infant.pdf
	Chapter 207 - Neonatal Hyperammonemia and Continuous Renal Replacement Therapy.pdf
	Chapter 208 - Modified Ultrafiltration in Pediatric Heart Surgery.pdf
	Chapter 209 - Techniques and Machines for Pediatric Renal Replacement Therapy.pdf
	Chapter 210 - Antibiotics in Critically Ill Newborns and Children_ Nephrotoxicity and Management During Renal Replacement Therapy.pdf
	Chapter 211 - Patient Selection and Pretransplantation Care for Kidney Transplant Recipients.pdf
	Chapter 212 - Kidney Support and Perioperative Care in Kidney Transplantation.pdf
	Chapter 213 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 214 - Management of Chronic Kidney Disease and End-Stage Kidney Disease Patients in the Intensive Care Unit.pdf
	Chapter 215 - Management of Patients with Diabetes in the Intensive Care Unit.pdf
	Chapter 216 - Diagnosis and Management of Acute Kidney Injury in the Emergency Department.pdf
	Chapter 217 - Anticancer Drugs and the Kidney.pdf
	Chapter 218 - Antiinflammatory Drugs and the Kidney.pdf
	Chapter 219 - Calcineurin Inhibitors and Other Immunosuppressive Drugs and the Kidney.pdf
	Chapter 220 - Alternative Medicine and Chinese Herbs and the Kidney.pdf
	Chapter 221 - Environment, Smoking, Obesity, and the Kidney.pdf
	Chapter 222 - Lead and Heavy Metals and the Kidney.pdf
	Chapter 223 - Statins and the Kidney.pdf
	Chapter 224 - Erythropoietin Therapy in Critically Ill and Acute Kidney Injury Patients.pdf
	Chapter 225 - Vasoactive Drugs, Renal Function, and Acute Kidney Injury.pdf
	Chapter 226 - End Points for Clinical Trials in Acute Kidney Injury.pdf
	Chapter 227 - Hypothermia and the Kidney.pdf
	Chapter 228 - Renin-Angiotensin System Blockers and Acute Kidney Injury.pdf

