
 

Review Articles

 

Medical Progress

 

1428

 

�

 

May 14, 1998

 

The New England Journal  of  Medicine

 

D

 

IALYSIS

 

 T

 

HERAPY

 

S

 

TEPHEN

 

 P

 

ASTAN

 

, M.D., 

 

AND

 

 J

 

AMES

 

 B

 

AILEY

 

, M.D.

 

From the Renal Division, Department of Medicine, Emory University
School of Medicine, Atlanta. Address reprint requests to Dr. Pastan at the
Emory Clinic, 25 Prescott St., Suite 4441, Atlanta, GA 30308.

©1998, Massachusetts Medical Society.

 

HE population with end-stage renal disease
(ESRD) in the United States is composed of
more than 200,000 patients who undergo di-

alysis and 70,000 patients with functioning kidney
transplants.
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 With the prevalence of ESRD growing
at a rate between 7 and 9 percent per year, it is pro-
jected that there will be more than 350,000 such pa-
tients by the year 2010.
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 Although the overall inci-
dence of ESRD is 242 cases per million population
per year, blacks have a disproportionately high in-
cidence (758 per million population per year), as
compared with whites (180 per million population
per year).
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 Diabetes is the leading cause of ESRD
(approximately 35 percent of newly diagnosed cases
of ESRD are caused by diabetes), followed closely by
hypertension (approximately 30 percent), but among
black Americans, ESRD attributed to hypertension
is most common (approximately 40 percent). Other
causes of ESRD include primary and secondary
glomerulopathies, cystic and interstitial renal diseas-
es, and obstructive uropathy.
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 Human immunodefi-
ciency virus (HIV) infection is an increasingly com-
mon cause of ESRD. Officially, it accounts for only
about 1 percent of cases of ESRD, but an epidemic
of HIV-related ESRD may be occurring among
young black men.
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 In some inner-city dialysis units,
the prevalence of HIV may be as high as 38 per-
cent.

 

4

 

The average cost of providing care for a patient
receiving dialysis is $45,000 per year. In 1995, in-
patient and outpatient expenditures for ESRD, in-
cluding hemodialysis, peritoneal dialysis, and trans-
plantation, totaled $13.1 billion, with 75 percent of
this cost borne by the federal government.

 

1

 

 Total life
expectancy for adults with ESRD is still less than a
decade, a figure similar to that for other serious

T

 

chronic illnesses such as cancer (Fig. 1). In the past,
U.S. mortality rates have exceeded 25 percent per
year, surpassing those in both Europe and Japan.
Nevertheless, recent improvements in the care of pa-
tients who are dependent on dialysis have led to im-
proved survival. In this article, we will review basic
aspects of hemodialysis and peritoneal dialysis as well
as important recent advances in the field.

 

THE HEMODIALYSIS PROCEDURE

 

During hemodialysis, diffusion of solutes between
the blood and a dialysis solution results in the re-
moval of metabolic waste products and the replen-
ishment of body buffers. Heparinized blood is
pumped through a plastic dialyzer at flow rates of
300 to 500 ml per minute, while dialysate flows in
the opposite direction at 500 to 800 ml per minute
in order to remove waste products. Resulting urea
clearance rates of 200 to 350 ml per minute effect a
65 to 70 percent reduction in the blood urea nitro-
gen concentration during a three-to-four-hour treat-
ment session; the urea clearance rate also depends
on the surface area of the dialyzer and the perme-
ability of the membrane. By means of adjustments
in the transmembrane pressure across the dialyzer,
removal of fluid from the plasma into the dialysate
can be accurately controlled.

The composition of dialysates is listed in Table 1.
Bicarbonate has replaced acetate as the dialysate
buffer in the United States.
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 The potassium concen-
tration of dialysate can be varied, but 2.0 mmol per
liter is usual, with the net potassium loss largely de-
termined by the predialysis potassium concentration.
Shifts of potassium from the intracellular to the ex-
tracellular space occur more slowly than removal of
potassium from the plasma by dialysis; thus the total
amount of potassium that can be removed in one
treatment session is limited to approximately 70 to
90 mmol.
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In the past, a dialysate calcium concentration of
1.75 mmol per liter (3.5 meq per liter) was used to
normalize the serum calcium concentration and di-
minish the degree of hyperparathyroidism. Elegant
studies by Henrich et al.
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 identified an increase in
ionized calcium as the key factor in improving myo-
cardial contractility during routine dialysis. Current-
ly, oral calcium salts, predominantly calcium carbon-
ate, have replaced aluminum compounds as the
phosphate binders of choice.
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 In addition, the use of
oral and intravenous calcitriol to suppress parathy-
roid hormone has become widespread.
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 Because
these improvements cause hypercalcemia to occur
more frequently, the routine use of a lower dialysate
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calcium concentration — 1.25 mmol per liter (2.5
meq per liter) — is recommended to help prevent
this complication.

A dialysate sodium concentration of approximate-
ly 140 mmol per liter is used to minimize the hy-
potension, cramping, nausea, vomiting, fatigue, and
dizziness associated with lower dialysate sodium lev-
els.
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 As urea is rapidly removed from the extracellu-
lar space by dialysis, an osmolar gradient is created
between the extracellular and intracellular spaces.
Fluid shifts result, causing both intracellular swelling
and worsening of extracellular volume depletion
during dialysis. These volume shifts contribute to
adverse neuromuscular and hemodynamic conse-
quences, which can be ameliorated by using dialy-
sate with a higher sodium concentration. That a
higher dialysate sodium concentration can offset os-
molarity-induced fluid shifts has been confirmed by
direct measurements of intracellular and extracellular
volume before and after dialysis.

 

12 

 

Moreover, “sodi-
um modeling” can be used to counterbalance urea-
related osmolar gradients. With this technique, an
initially hypertonic dialysate sodium concentration
of 148 to 160 mmol per liter is gradually lowered to
isotonic levels during the treatment. In some pa-
tients, sodium modeling appears to result in an ad-
ditional improvement in dialysis-related signs and
symptoms, including a reduction in the frequency of
hypotensive episodes.

 

13,14 

 

However, not all studies
have confirmed the superiority of sodium modeling

to the use of a standard sodium concentration of

 

�

 

140 mmol per liter,
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 and symptoms of increased
thirst with attendant weight gain between treat-
ments negate some of the benefits of the sodium-
modeling technique.

 

16

 

 A dialysate glucose concen-
tration of 200 mg per deciliter (11 mmol per liter)
prevents the drop in both blood glucose and blood
insulin concentrations that occurs with a glucose-
free solution.

 

17

 

Depending on the quality of the water source, wa-
ter for the dialysate may be subjected to filtration,
softening, and deionization, but it is ultimately pu-
rified by reverse osmosis in 98 percent of U.S. cen-
ters.

 

1

 

 During the reverse-osmosis process, water is
forced through a semipermeable membrane at very
high pressure to remove microbiologic contaminants
and more than 90 percent of dissolved ions.
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 Still,
dialysate may contain low levels of bacteria or endo-
toxin; a maximum of 200 colony-forming units per
milliliter in water purified for dialysis and 2000 col-
ony-forming units per milliliter in dialysate is cur-
rently permitted by the Association for the Advance-
ment of Medical Instrumentation; however, water
with colony counts well below these minimally ac-
ceptable standards is recommended. Although the
dialysis membrane usually prevents the passage of
pyrogens or bacteria into the bloodstream, pyrogen-
ic reactions due to contaminated dialysate still occur
occasionally.

 

19

 

 Careful monitoring of the water-treat-
ment system and the dialysate must be carried out
to prevent these adverse reactions.

 

COMPLICATIONS DURING HEMODIALYSIS

 

Hypotension is the most common adverse event
during dialysis. Although other factors may contrib-

 

Figure 1.

 

 Life Expectancy at 45 to 54 and 55 to 64 Years of Age
in the U.S. Resident Population and among Persons with Se-
lected Chronic Diseases.
Data for the general population are for 1990, those for colon
cancer are for 1983 through 1989, those for end-stage renal dis-
ease (ESRD) are for 1992, and those for lung and bronchial can-
cer are for 1983 through 1989. For cancer and ESRD, the ages
shown are at the diagnosis of the disease. Adapted from U.S.
Renal Data System,
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 with the permission of the publisher.
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RANGE TYPICAL RANGE

 

Sodium (mmol/liter) 135–155 140 130–135

Potassium (mmol/liter) 0–4.0 2.0 0

Calcium (mmol/liter) 0–2.0 1.25 0.75–1.75

Magnesium (mmol/liter) 0–0.75 0.25 0.25–0.75

Chloride (mmol/liter) 87–120 105 95–102

Bicarbonate (mmol/liter) 25–40 35 —

Lactate (mmol/liter) — — 35–40

Glucose (g/dl) 0–0.20 0.20 1.36–3.86†
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ute (Table 2), ultrafiltration-induced volume deple-
tion is the most important cause. Interestingly, some
patients who are prone to hypotension undergo a
paradoxical withdrawal of reflex sympathetic nerv-
ous system activity during dialysis, with a decrease in
heart rate and vascular resistance and blood-pressure
collapse.

 

20

 

 Apart from ultrafiltration, the dialysis
process itself sometimes causes hypotension. Besides
the extracellular volume depletion resulting from os-
molar shifts, other factors are important (Table 2).
For instance, in some patients, dialysate at 37°C is
associated with excess heat retention, which can
cause vasodilatation and lower blood pressure. The
use of a reduced-temperature dialysis bath (35°C)
results in an increase in peripheral vascular resist-
ance, elevation of plasma norepinephrine levels, im-
proved myocardial contractility, and stable blood
pressure.
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 It is particularly important to recognize
that hypotensive episodes can result from coronary
ischemia, arrhythmia, or pericardial effusion with
tamponade. Most hypotensive episodes are success-
fully treated by reducing the rate of ultrafiltration,
administering intravenous saline, or both.

Technical accidents and reactions to constituents
of the dialyzer and to administered drugs

 

22

 

 can con-
tribute to morbidity related to dialysis. Nausea,
shortness of breath, chest and back pain, and hy-
potension are symptoms that may be related to the
first use of a new dialyzer. This first-use syndrome is
particularly common with cellulose membranes and
is probably related to intense complement activa-
tion.

 

23

 

 Hypersensitivity reactions, with symptoms
ranging from mild itching and urticaria to full-
blown anaphylactic shock, can occur in two ways: as
the result of allergy to the ethylene oxide used to
sterilize the dialyzer, or as an adverse reaction to a
specific membrane material, polyacrylonitrile. Re-
actions to polyacrylonitrile occur most frequently

in patients taking angiotensin-converting–enzyme
(ACE) inhibitors. When blood comes in contact
with the polyacrylonitrile membrane, the mem-
brane’s unusually high negative surface charge sta-
bilizes enzymes, which generate bradykinin.
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 Nor-
mally, bradykinin is quickly degraded by kininases;
however, ACE inhibitors block the degradation of
bradykinin, which may result in profound hypoten-
sion. Similar reactions have been reported rarely in
patients taking ACE inhibitors who undergo dialysis
with other types of membranes.

 

25

 

 Further discussion
of dialysis-related side effects can be found in two
reviews.

 

22,26

 

THE HEMODIALYSIS MEMBRANE

 

Two types of dialyzers are in use today. Typical
hollow-fiber dialyzers are composed of bundles of
capillary tubes through which blood travels, whereas
other dialyzers are composed of sandwiched sheets
of membrane in a parallel-plate configuration. Major
advances have occurred in membrane technology
with the development of more biocompatible dia-
lyzer membranes

 

27,28

 

 and of membranes that are
thinner and more permeable (Table 3). High-effi-
ciency dialyzers are dialyzers with a large surface area
that are distinguished by high rates of urea clear-
ance. High-flux dialyzers have the additional prop-
erty of markedly increased hydraulic permeability,
which is accompanied by an increase in diffusive per-
meability, particularly to solutes with molecular
weights in the range of 1500 to 5000 — so-called
middle molecules. High-flux dialyzers have also
been defined by rates of clearance of beta

 

2

 

-micro-
globulin (molecular weight, 11,800) above 20 ml
per minute.

The use of large-surface-area high-efficiency or
high-flux dialyzers permits high rates of urea clear-
ance to be achieved, allows a concomitant shorten-
ing of the time required for dialysis, and offers the
theoretical advantage of improved blood purifica-
tion by removing the higher-molecular-weight sol-
utes mentioned above. Furthermore, adsorption of
molecules, such as beta

 

2

 

-microglobulin, to the sur-
face of these dialyzer membranes constitutes an ad-
ditional important mechanism of blood purifica-
tion.

 

29

 

 Although individual programs have reported
excellent survival among patients treated with high-
flux dialyzers,

 

30,31

 

 there are currently no data from
prospective, randomized studies to support the use
of such dialyzers. A study of hemodialysis, sponsored
by the National Institutes of Health, that is now un-
der way will address this issue.

Ideally, the hemodialysis membrane should not
induce adverse reactions when it comes into contact
with the blood; that is, the membrane should be
biocompatible. Conventional dialyzers made from
cellulose-based materials do induce unfavorable re-
actions in the blood. For instance, membrane-
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Ultrafiltration

Decrease in plasma osmolality

Bioincompatibility

Medication

Reflex sympathetic inhibition

Autonomic neuropathy

Temperature of dialysate

Bleeding

Electrolyte abnormalities (hypokalemia, hy-
perkalemia, hypocalcemia)

Acetate-based dialysate

Sepsis

Heart disease (ischemia, arrhythmias, peri-
cardial effusion with cardiac tamponade)
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induced complement activation causes the release of
C3a and C5a and causes monocytes to generate
lymphokines such as interleukin-1, tumor necrosis
factor 

 

a

 

, and interleukin-6.

 

32

 

 The release of these in-
flammatory mediators leads to such adverse conse-
quences as vasodilatation, hypotension, fever, and
activation of platelets and polymorphonuclear leu-
kocytes (Fig. 2).

Efforts have been made to minimize these detri-
mental reactions by either modifying the cellulose
polymer or using noncellulose-based membrane ma-
terials. Examples of polymers that can be formulated
into more biocompatible membranes include ace-
tate-substituted cellulose and noncellulose-based poly-
acrylonitrile, polysulfone, and polymethylmethacryl-
ate (Table 3); membranes formulated from these
polymers may also have the increased permeability
discussed above. Retrospective studies have found
that patients who undergo dialysis with modified
cellulose or synthetic noncellulose membranes have
a reduced risk of death, as compared with those for
whom unmodified cellulose membranes are used.

 

33

 

It has been suggested that adverse blood–membrane
interactions may therefore contribute directly to in-
creased morbidity and mortality among patients on
long-term dialysis.

 

34

 

 Although this hypothesis re-
mains unproved, about 55 percent of outpatient di-
alysis units in the United States use synthetic non-
cellulose membranes — a percentage that is steadily
growing.

 

1

 

 Dialyzers incorporating these new mem-
branes are substantially more expensive than con-
ventional dialyzers and must be reused to reduce
costs. In patients with acute renal failure, membrane-
induced activation of inflammatory pathways may
directly prolong acute renal injury, and the use of
biocompatible dialyzers may improve renal recovery
and reduce mortality.

 

35-37

 

REUSE OF DIALYZERS

 

Reprocessing of hemodialyzers for reuse is prac-
ticed by more than 80 percent of dialysis facilities.

 

1

 

Generally, only the dialyzer itself is reused, although
some centers also reuse the blood lines. The blood
and dialysate compartments are rinsed with water
and then with a chemical cleaning solution. The di-
alyzer is then tested to ensure that more than 80
percent of the hollow fibers are still patent. Finally,
the dialyzer is filled with a disinfecting agent, which
is removed immediately before the next use.

Besides the cost savings, important clinical advan-
tages of reused dialyzers over single-use dialyzers in-
clude improved biocompatibility and a decrease in
the frequency of the first-use syndrome. Breach of
sterility, alterations in membrane permeability, loss
of structural integrity, and exposure to reprocessing
chemicals are potential disadvantages of reuse; how-
ever, if reprocessing is carried out properly, the clear-
ance characteristics of a reused dialyzer are similar to
those of a new one.

Formaldehyde, peracetic acid–hydrogen peroxide,
and glutaraldehyde are the most frequently used
reprocessing agents, with peracetic acid–hydrogen
peroxide being the most common. Each has advan-
tages and disadvantages, but peracetic acid–hydro-
gen peroxide has created the most controversy,
because of its possible association with higher mor-
tality rates in some dialysis centers.

 

38

 

 What had not
been clarified was whether this association is due to
the toxicity of the chemical sterilants or to some
other variable, such as more severe coexisting illness-
es among patients treated in facilities that use per-
acetic acid–hydrogen peroxide.

Notwithstanding this concern, reuse has been
shown to be safe in a number of studies

 

39,40

 

; some
studies report an overall reduction in mortality

 

*Biocompatibility is based on complement activation (indicated by in vivo plasma levels of C3a).
The minus sign indicates that the membrane is not biocompatible, and the plus signs (
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Semi-synthetic cellulose derivatives
Cellulose diacetate Cellulose acetate High and low
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Cellulose triacetate Cellulose triacetate High
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Diethylaminoethyl-substituted cellulose Hemophan High
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Synthetic polymers
Polyacrylonitrile methallyl sulfonate co-

polymer
PAN/AN-69 High
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Polyacrylonitrile methacrylate copolymer PAN High
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Polymethylmethacrylate PMMA High and low
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Polysulfone Polysulfone High
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among patients treated with reused dialyzers.

 

41

 

 Be-
cause of the lower cost, good overall safety record,
and improved membrane biocompatibility, reuse
will continue to be an appropriate adjunct to dialytic
therapy. However, to avoid potential adverse conse-
quences, careful attention must be paid to ensure
that reprocessing and reuse follow the guidelines of
both sterilant manufacturers and the Association for
the Advancement of Medical Instrumentation.

 

42

 

ACCESS FOR DIALYSIS

 

Obtaining and maintaining adequate access to the
circulation remains a major impediment to the long-
term success of hemodialysis. The fistula, conduit,
or catheter (see below) through which blood is ob-
tained for hemodialysis is often referred to as a “di-
alysis access.” After initial placement, about $4,000
and three hospital days per patient per year are spent
maintaining access for dialysis; moreover, hospital-

izations related to problems with access may be in-
creasing.

 

43,44

 

 The placement of large needles (typi-
cally 15 gauge) is required to remove blood and to
return it after it has passed through the dialyzer. A
large, thick-walled fistula can be created by shunting
blood from an artery to a vein; the result is the
growth and thickening of the venous wall, which
then tolerates repeated cannulation. The Cimino–
Brescia fistula, in which the cephalic vein is anasto-
mosed to the radial artery, is preferred because its
two-year survival rate is higher than 75 percent.
Many remain patent for several years.

 

45

 

 Unfortunate-
ly, in the United States a fistula is used for access in
less than 30 percent of cases.

Alternatives involving the interposition of pros-
thetic graft material, such as polytetrafluoroethyl-
ene, between an artery and a vein have a two-year
complication-free survival rate of 30 percent; how-
ever, surgical or radiologic intervention can increase

 

Figure 2.
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the rate of patency to 60 percent at two years.45

These procedures are costly.44 The most common
access-related complication is thrombosis due to
intimal hyperplasia, which results in stenosis proxi-
mal to the venous anastomosis. The mechanism of
smooth-muscle-cell hyperplasia that causes these an-
atomical abnormalities is an area of active research.46

Stenosis in a dialysis access can also cause recircula-
tion of blood, which diminishes the effectiveness of
the prescribed treatment. Other complications relat-
ed to access include infection, the formation of
aneurysms and pseudoaneurysms, and ischemia of
the arm.

When dialysis is urgently required, a double-
lumen dialysis catheter is used. Insertion of the cath-
eter into the subclavian vein has fallen into disfavor
because such catheters are associated with a high in-
cidence of venous stenosis or thrombosis, which can
interfere with the future creation of an arteriovenous
fistula or graft in the ipsilateral arm or which may
cause chronic edema of the arm. Insertion into the
jugular vein is becoming the method of choice be-
cause it seems to result in less central venous injury
and is a safe procedure, especially when done under
ultrasound guidance.47 Temporary access can be used
for two to three weeks, but clotting, low blood flow,
and infection limit the life of the catheter. Because
of their ease of placement, femoral-vein catheters
can be inserted in patients who have respiratory dis-
tress or coagulopathy, or who require only one
or two dialysis treatments. Implantation of a dual-
lumen cuffed catheter is a good option for patients
who have delayed recovery from acute renal failure,
who require access for dialysis until a fistula matures,
or who lack any other suitable site for graft place-
ment. If carefully maintained, almost half of these
catheters remain functional at one year.48

ADEQUACY OF HEMODIALYSIS

Determining the adequacy of dialysis therapy re-
quires more than routine laboratory studies; mal-
nourished and anorectic patients will make less urea
and have a smaller muscle mass with deceptively low
blood urea nitrogen and creatinine concentrations.
Measurement of the “delivered dose” of dialysis has
therefore focused on the removal of urea, an easily
measured surrogate marker for uremic toxins. The
two most widely used measures of the adequacy of
dialysis are calculated from the decrease in the blood
urea nitrogen concentration during the treatment:
the urea-reduction ratio, and KT/V.49 KT/V is a di-
mensionless index based on the urea clearance rate,
K, and the size of the urea pool, represented as the
urea-distribution volume, V. K, the sum of clearance
by the dialyzer plus renal clearance, is multiplied by
the time spent on dialysis, T. Currently, a urea-
reduction ratio of 65 percent and a KT/V of 1.2 per
treatment are minimal standards for adequacy; lower

levels of dialysis treatment are associated with in-
creased morbidity and mortality.50,51 What consti-
tutes an “optimal” dose of dialysis, above which no
further improvement in survival or well-being can be
achieved, is not known. Retrospective data show
that survival rates do not rise as the urea-reduction
ratio rises above 70 percent, or as KT/V rises above
1.3.52 A prospective, randomized trial, sponsored by
the National Institutes of Health, is under way to in-
vestigate the relative effects on dialysis-related mor-
bidity and mortality of high and usual values for
KT/V and of high-flux and low-flux membranes.53

The duration of each dialysis treatment may be an
important independent factor determining efficacy,
but it is hard to separate a longer dialysis treatment
from a higher dose of dialysis. For example, longer
treatment could facilitate removal of larger mole-
cules as well as better control of extracellular volume
and blood pressure. The National Cooperative Dial-
ysis Study,54 a large-scale, randomized study of the
adequacy of dialysis, found a strong trend toward in-
creasing morbidity with decreasing dialysis time.
Some recent retrospective data also suggest an in-
crease in mortality among patients whose dialysis
treatments last less than 3.5 hours,55 whereas other
studies have not confirmed an independent effect of
the length of treatment.51,52 French patients receiv-
ing extremely long treatments (eight hours three
times a week) have a notably high survival rate of
70 percent at 10 years.56,57 Besides removing more
waste products, longer dialysis improved blood-pres-
sure control. However, since average KT/V values
were also high in this study (1.71), it is not possible
to separate the effects of time and of dose on the
outcomes in this group of mostly nondiabetic pa-
tients. Factors that may adversely affect the adequacy
of dialysis include recirculation in the dialysis cathe-
ter, inadequate blood or dialysate flow rates, poor-
quality reprocessing of the dialyzer, and skipping or
early termination of dialysis treatments.

MORTALITY AMONG PATIENTS

ON DIALYSIS

On average, the yearly mortality among patients
being treated with dialysis is nearly 25 percent.1

Deaths are due mainly to cardiovascular diseases and
infections (approximately 50 percent and 15 percent
of deaths, respectively). Hypertension continues to
be a major risk factor for cardiovascular disease; re-
cent surveys show that more than 50 percent of pa-
tients undergoing outpatient hemodialysis have a
systolic blood pressure before dialysis of more than
150 mm Hg.58 Along with extracellular volume ex-
pansion, the administration of recombinant human
erythropoietin may also worsen blood pressure in
about 25 percent of the patients who receive it.
When anemia is corrected, cardiac output is re-
duced, and there is a secondary increase in both pe-
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ripheral vascular resistance and blood viscosity.59

Nevertheless, recombinant human erythropoietin has
been reported to reduce left ventricular mass by
about 20 percent in patients with left ventricular hy-
pertrophy who are undergoing dialysis.60 Other
common risk factors for cardiovascular disease in-
clude depressed high-density lipoprotein cholesterol
levels, coronary-artery calcification, diabetes, and left
ventricular hypertrophy.

Malnutrition has been estimated to be present in
up to 50 percent of patients with ESRD and to be
independently associated with increased morbidity
and mortality.61 In fact, a depressed serum albumin
level, reflecting poor nutritional status, is the labo-
ratory abnormality most strongly correlated with an
excess risk of death in this population.51 Nutritional
issues in the care of patients undergoing dialysis have
recently been reviewed.61-63

The rates of death among patients undergoing di-
alysis in the United States are 25 to 50 percent high-
er than those in Japan and Europe.64 Acceptance of
patients who are older and sicker and who have
more coexisting conditions for dialysis in the United
States, underreporting of adverse outcomes of ESRD
in Europe, and a low rate of kidney transplantation
in Japan, which results in a larger percentage of
healthier patients remaining on dialysis, may explain
some of the differences.64 Reimbursement for dialy-
sis in the United States is only 50 to 66 percent of
that in Japan and Germany. Despite increases in la-
bor costs, the average Medicare reimbursement per
dialysis treatment has actually fallen, from $135 in
1973 to $126 in 1995. Reduced payments have gen-
erated intense pressure to cut costs; the results have
been lower staff-to-patient ratios, widespread reuse
of dialyzers, shorter dialysis treatments,55 and lower
doses of dialysis. 

Nephrologists have responded, however, by im-
proving both the delivery of dialysis services and the
outcomes of patients over the past several years. The
average urea-reduction ratio rose from 60 percent to
67 percent between 1990 and 1996,65 and dialysis
times have increased. Concomitantly, the adjusted
mortality rate (the number of deaths per 100 pa-
tient-years at risk) fell from 25.5 in 1988 to 21.8 in
1995.1 Unfortunately, more than 30 percent of pa-
tients still have a urea-reduction ratio of less than 65
percent (and approximately 25 percent of patients
have a KT/V of less than 1.2), indicating the need
for improvement in the delivered dose of dialysis.65 In
response to these dismal statistics, the National Kid-
ney Foundation has called for an effort to reduce the
annual overall mortality rate to 15 percent66 and has
published the Dialysis Outcomes Quality Initiative, a
set of guidelines based on the literature and the opin-
ion of experts on ESRD.67,68 Ultimately, these guide-
lines should improve the care of patients undergoing
dialysis by establishing uniform standards.

PERITONEAL DIALYSIS

Because peritoneal dialysis is simple to perform, it
has gained worldwide popularity. Ninety-one per-
cent of patients who require dialysis in Mexico, 50
percent of those in the United Kingdom, 38 percent
of those in Canada, and 16 percent of those in
the United States who need dialysis participate in a
peritoneal dialysis program.1,69 Typically, a plastic
catheter is implanted in the peritoneal cavity and
anchored in the subcutaneous tissues. A dialysis so-
lution that contains physiologic amounts of sodium,
calcium, magnesium, and (usually) lactate as the
buffer (Table 1) is infused through the catheter into
the peritoneum and remains in place for several
hours. During that time, diffusive solute transport
occurs across the peritoneal membrane until fresh
fluid is exchanged for the old. Glucose added to the
dialysate in concentrations of 1.5 to 4.25 percent
provides an osmolar gradient that permits ultrafiltra-
tion of fluid. Approximately 1 ml of peritoneal fluid
per minute is absorbed through the diaphragmatic
lymphatics, limiting net ultrafiltration.

Frequently, continuous ambulatory peritoneal di-
alysis uses four exchanges of 2 liters each of dialysate
daily, with an expected drainage volume of approxi-
mately 10 liters, including ultrafiltration; 60 percent
of patients are currently treated according to this
protocol. Assuming complete equilibration of urea
between blood and dialysate, this regimen provides
approximately 10 liters of urea clearance per day, or
7 ml per minute. In addition, residual renal urea or
creatinine clearance of only a few milliliters per
minute can contribute substantially, since each addi-
tional 1 ml per minute of clearance results in an ex-
tra 10 liters of clearance per week. Because residual
renal function diminishes markedly during the first
few years of dialysis therapy, the delivered dose of
peritoneal dialysis may need to be augmented.70 The
recent Canada–USA study has aroused serious con-
cern that many patients may currently be receiving
inadequate peritoneal dialysis.71 Weekly KT/V val-
ues under 2.2 or a creatinine clearance rate below 65
liters per week per 1.73 m2 of body-surface area are
associated with a progressive increase in mortality.
Unless they have substantial residual function, pa-
tients weighing more than 60 kg usually require
drainage volumes of more than 10 liters per day to
achieve adequate clearance.72

To increase clearance, the amount of fluid and the
frequency of exchange can be increased, but both
may be limited by the patient’s comfort and con-
venience. Automated peritoneal dialysis, in which a
mechanized cycler infuses and drains peritoneal dialy-
sate at night, is used in one third of patients under-
going peritoneal dialysis. When combined with one
or two daytime exchanges, automated peritoneal dial-
ysis can provide adequate clearance for most patients.

About one month after a patient begins peritoneal
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dialysis, a peritoneal equilibration test is performed
to help select an appropriate dialysis regimen.73 Dur-
ing dialysis with a standard 2.5 percent glucose con-
centration and an exchange volume of 2 liters, urea,
creatinine and glucose transport are measured. Ra-
tios of urea, creatinine, and glucose in dialysate to
the values in serum are compared with those in a
standard population; transport is categorized as
high, high-average, low-average, or low. After four
hours, for instance, the concentrations in dialysate in
a patient with high-average transport will be about
95 percent of the blood urea nitrogen concentration
and 75 percent of the blood creatinine concentra-
tion. On the other hand, the dialysate of a patient
with low transport will contain only about 75 per-
cent as much urea nitrogen and 45 percent as much
creatinine as the blood. As a result of these low
transport characteristics, a patient may be precluded
from undergoing peritoneal dialysis because dialysis
cannot achieve adequate clearance.

The choice between peritoneal dialysis or hemo-
dialysis for a specific patient depends on many fac-
tors. Peritoneal dialysis is ideal for patients who wish
to retain an active lifestyle, since dialysis sessions can
be scheduled around work or school hours and over-
night automated peritoneal dialysis can allow free-
dom from multiple daytime exchanges. Because of
the more consistent control of extracellular volume
and blood pressure,74 peritoneal dialysis may be fa-
vored for patients with congestive heart failure or
unstable angina who may not be able to tolerate the
rapid fluid shifts or blood-pressure swings that can
accompany hemodialysis sessions. Peritoneal dialysis
is also indicated for patients with extensive vascular
disease that prevents the placement of a catheter for
vascular access.67

Hemodialysis is preferred for patients with me-
chanical problems such as abdominal hernias or ad-
hesions that interfere with the peritoneal dialysis
procedure and for those with active gastrointestinal
conditions, including inflammatory bowel disease or
diverticulitis. Patients for whom peritoneal dialysis is
inadequate, such as relatively large patients or those
with low peritoneal clearance or ultrafiltration rates,
and those who have multiple episodes of peritonitis
related to peritoneal dialysis should undergo hemo-
dialysis.67 In addition, patients who are unable to be
trained to perform peritoneal dialysis exchanges or
who cannot accept the responsibility for self-care are
better suited to treatment with hemodialysis at a di-
alysis center. Often the choice of the type of dialysis
depends on subjective factors, such as the patient’s
preference or the physician’s training and experience.

COMPLICATIONS OF PERITONEAL 

DIALYSIS

Peritonitis is the most common serious complica-
tion of peritoneal dialysis. Patients present with ab-

dominal pain, fever, and cloudy peritoneal dialysate
containing more than 100 white cells with more
than 50 percent polymorphonuclear leukocytes.
Gram’s staining detects organisms in only 10 to 40
percent of cases, but it may lead to the early detec-
tion of gram-negative or fungal peritonitis. Recent
improvements in dialysis tubing have reduced the in-
cidence of peritonitis75; still, peritonitis occurs about
once per 15 patient-months of dialysis.76 For reasons
that are unclear, black patients have higher rates of
peritonitis than other groups.77 The most common
organisms causing peritonitis are gram-positive coc-
ci, followed by gram-negative rods.

Empirical regimens containing vancomycin and
either a third-generation cephalosporin or an ami-
noglycoside are often used until a specific organism
can be targeted. Regimens based on first-generation
cephalosporins are now being reemphasized, be-
cause vancomycin-resistant enterococci are emerg-
ing.78 Currently, cefazolin or cephalothin (500 mg
per liter in the first exchange as a loading dose, fol-
lowed by 125 mg per liter in each subsequent ex-
change) plus an aminoglycoside such as gentamicin,
tobramycin, or netilmicin (8 mg per liter in the first
exchange, followed by 4 mg per liter in each subse-
quent exchange) is recommended as initial empirical
therapy for peritonitis related to peritoneal dialysis.78

Ultimately, the most effective regimen must be based
on the local bacteriology of peritonitis. (Recom-
mendations for the treatment of peritonitis are avail-
able on the Web site of the International Society for
Peritoneal Dialysis at http://www.ispd.org/.) In-
stilled intraperitoneally, many antibiotics achieve ex-
cellent blood concentrations; the addition of hepa-
rin (500 to 1000 U per liter) prevents the formation
of fibrin until the fluid is clear.

Recurrent or persistent peritonitis requires the re-
moval of the catheter. Most episodes of peritonitis
do not seriously affect the efficiency of the perito-
neal membrane.79 Yeast peritonitis presents a special
problem; although some patients respond to a com-
bination of fluconazole and flucytosine, catheter re-
moval is often necessary.80

Infections at the exit site of the dialysis catheter
or in the subcutaneous tunnel can be treated with
oral antibiotics and local care,81 but most tunnel in-
fections require that the catheter be removed. In-
fected exit sites and nasal carriage of organisms such
as Staphylococcus aureus 82 serve as reservoirs of patho-
gens that can cause peritonitis when breaks in asep-
tic technique occur. Additional sources of peritonitis
include hematogenous seeding of the peritoneal cav-
ity and migration of bacteria down the catheter tun-
nel, across the intestinal wall, or through the female
reproductive tract.

Other complications include losses of amino acids
and albumin (5 to 15 g per day)83 plus absorption
of glucose, resulting in hypertriglyceridemia or weight
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gain. In patients with diabetes, insulin can be in-
fused with the dialysate, a method that permits very
tight regulation of blood sugar.84 Leakage of dialysis
fluid into the pleural space is indicated by an ex-
tremely high glucose concentration.

COSTS AND SURVIVAL OF PATIENTS 

UNDERGOING PERITONEAL DIALYSIS

Survival rates among patients treated with hemo-
dialysis or peritoneal dialysis are similar,85 but rates
of hospitalization are higher among patients under-
going peritoneal dialysis, who average 16.6 days of
hospitalization per year, as compared with 14.2 days
for patients treated with hemodialysis.1 Recent re-
ports suggesting higher mortality among patients
over 50 who have diabetes and are undergoing peri-
toneal dialysis rather than hemodialysis are a matter
of concern.85,86 In these studies, however, differences
in the severity of coexisting conditions between the
patients on peritoneal dialysis and those on hemodi-
alysis may not have been adequately controlled for.
Further investigation will therefore be required be-
fore any restrictions on peritoneal dialysis in this
population are considered.

The costs of caring for patients being treated with
hemodialysis ($46,000 per year) and peritoneal dial-
ysis ($41,000 per year) are similar.1 The costs of
peritoneal dialysis are rising, however, as cycler-based
regimens that use large volumes of dialysate become
more widely used.

SUMMARY

The number of patients with ESRD has increased
markedly over the past 10 years and continues to
grow at a rate of 7 to 9 percent per year in the Unit-
ed States. Improvements have occurred in dialysis
machines, in water-purification systems, and in the
composition of dialysate and the performance and
biocompatibility of dialyzers. In addition, the im-
portance of routinely measuring the adequacy of di-
alysis by means of such indexes such as KT/V has
become clear. Despite these improvements, mortali-
ty (nearly 25 percent per year) and morbidity among
patients treated with dialysis, particularly mortality
related to cardiovascular diseases and morbidity re-
sulting from complications of vascular and perito-
neal access, continue to be unacceptably high. We
hope that future advances will continue to address
these problems and lead to longer and healthier lives
for patients treated with dialysis therapy.

We are indebted to Dr. William E. Mitch for his editorial review
of the manuscript.
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