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iven their expertise in vascular access, antico-
agulation, volume management, and solute

learance, nephrologists are well suited to manage
ll methods of blood purification, including thera-
eutic plasma exchange (TPE). This core curricu-
um is an annotated primer and bibliography for
nderstanding the indications, technique, and com-
lications associated with TPE.

INTRODUCTION AND RATIONALE

TPE is an extracorporeal blood purification tech-
ique designed for the removal of large-molecular-
eight substances. Examples of these substances

nclude pathogenic autoantibodies, immune com-
lexes, cryoglobulins, myeloma light chains, endo-
oxin, and cholesterol-containing lipoproteins.

For TPE to be a rational choice as a blood
urification technique, at least 1 of the following
onditions should be met: (1) the substance to be
emoved is sufficiently large (�15,000 d) to
ake other less expensive purification tech-

iques unacceptably inefficient (ie, hemofiltra-
ion or high-flux dialysis), (2) the substance to be
emoved has a comparatively prolonged half-life
o that extracorporeal removal provides a thera-
eutically useful period of diminished serum
oncentration, and (3) the substance to be re-
oved is acutely toxic and resistant to conven-

ional therapy so that the rapidity of extracorpo-
eal removal is clinically indicated.

The removal of pathogenic autoantibodies of-
ers an example. If one considers that the natural
alf-life of immunoglobulin G (IgG) is approxi-
ately 21 days and assuming that an immunosup-
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ressive agent could immediately halt produc-
ion (unlikely), serum levels would still be 50%
f the initial values for at least 21 days after
nitiating therapy. Such a delay might be unac-
eptable in the presence of a very aggressive
utoantibody, such as that involved with Good-
asture syndrome.

INTRODUCTION AND RATIONALE:
SUGGESTED READINGS

Cohen S, Freeman T: Metabolic heterogeneity of human

amma globulin. Biochem J 76:475-487, 1960

INDICATIONS

In 1985, the American Medical Association
AMA) Council on Scientific Affairs convened a
anel of 10 experts to review the available data
or the efficacy of plasma exchange. Their assess-
ent assigned each potential indication into 1 of
categories:

I. Standard therapy, acceptable but not mandatory
II. Available evidence tends to favor efficacy:

conventional therapy usually tried first
II. Inadequately tested at this time
IV. No demonstrated value in controlled trials

Since this AMA review, there have been several
ell-designed randomized controlled trials that

dded significant new insight into the proper appli-
ation of TPE. In consideration of these new stud-
es, 2 subsequent reviews have attempted to update
he originalAMArecommendations.Added to these
pdated reviews is an assessment by the American
cademy of Neurology. Most recently, in June
007, the American Society for Apheresis pub-
ished their exhaustive review of the indications for
lasma exchange and the most current assessment
f the available supportive evidence. The rating
ystem of this most-up-to-date review uses catego-
ies (I to IV) similar to the previous reviews.

The original AMA indications, updated and
odified by the 4 subsequent reviews, are listed

n Table 1.
Another means of assessing the standard of

are currently acceptable in the United States is
o refer to the current indications for which
edicare is willing to reimburse. This list of
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Core Curriculum in Nephrology 1181
Table 1. Indications for TPE

Reference 1 2 3 4 5

Year 1986 1993 1994 1996 2007

Rating Rating Rating Rating Rating

eurological diseases
Guillain-Barre syndrome I I I est I
Myasthenia gravis I I I est I
Chronic inflammatory demyelinating polyneuropathy III I I est I
Paraprotein-associated polyneuropathy nl II nl est I-III
Multiple sclerosis II III III pos II-III
Eaton Lambert syndrome nl I nl pos II
Stiff man syndrome nl nl nl invest III
Amyotrophic lateral sclerosis IV IV IV nl nl
Neuromyotonia nl nl nl invest nl
Acute disseminated encephalomyelitis nl nl nl invest III
Refsum’s disease nl I nl invest II
Sensorineural hearing loss nl nl nl nl nl

ematologic disorders
Hyperviscosity syndrome I I I I
Cryoglobulinemia II I I I
Thrombotic thrombocytopenic purpura I I I I
Hemolytic uremic syndrome nl II II III-IV
Idiopathic thrombocytopenic purpura III III III II-IV
Posttransfusion purpura II I I III
Autoimmune hemolytic anemia III III III III
Maternal-fetal incompatibility-Rh disease II III nl II
Removal of factor VIII inhibitors II II III III
etabolic disorders
Hypercholesterolemia II I-II I I-II
Hypertriglyceridemia nl nl nl III
Pruritis associated with cholestasis II nl nl nl
Hepatic failure III III nl III
Graves’ disease and thyroid storm I III III III
Insulin receptor antibodies nl nl nl nl

ermatological disorders
Pemphigus vulgaris III II nl III
Bullous pemphigus nl II nl nl
Toxic epidermal necrolysis (Lyell syndrome) nl nl nl nl
Porphyria cutanea tarda nl nl nl nl
Psoriasis III IV IV nl

heumatological disorders
Systemic lupus erythematosus II II nl III-IV
Antiphospholipid syndrome/(lupus anticoagulant) nl nl nl III
Scleroderma III III III III
Rheumatoid arthritis/rheumatoid vasculitis II III IV&II II
Vasculitis II II II nl
Polymyositis/dermatomyositis III III/IV IV nl

enal disease
Goodpasture syndrome I I I I
Rapidly progressive glomerulonephritis I II II III
Multiple myeloma, cast nephropathy II II nl III
Henoch-Schönlein purpura/IgA nephropathy II nl nl nl
Focal segmental glomerulosclerosis

Recurrence posttransplantation nl nl nl III
Renal allograft rejection II IV IV II
Removal of cytotoxic antibodies in the transplant candidate nl nl nl II
(Continued)
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Andre A. Kaplan1182
ndications is available on the Medicare website
nd is reproduced in Table 2.

herapeutic Apheresis for Renal Disorders

Many primary renal diseases are associated

Table 1 (Cont’d)

Reference

Year

ndications for TPE in the ICU
Fulminant systemic meningococcemia
Endotoxemia
Burn shock
Human immunodeficiency virus
Immune thrombocytopenic purpura
Thrombotic thrombocytopenic purpura
Peripheral neuropathy

ntoxications
Arsine
Carbamazepine
Cisplatin
Digitoxin
Digoxin
Diltiazem
Mushroom poisoning
Paraquat
Parathion
Phenylbutazone
Phenytoin
Quinine
Sodium chlorate
Theophylline
Thyroxine
Tricyclic antidepressant
Vincristine

Note: Ratings: I, standard therapy, acceptable but n
onventional therapy usually tried first; III, inadequately tes
stablished therapy; invest, investigational; pos, possibly u
Abbreviations: IgA, immunoglobulin A; TPE, therapeutic
Table 1 adapted with permission from Kaplan AA: A Prac
alden, MA, 1999, copyright Andre Kaplan.
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I. Anti–Glomerular Basement Membrane
(anti-GBM) Antibody–Mediated Disease
(Goodpasture syndrome)

A randomized controlled trial found
TPE to provide a more rapid decrease in
anti-GBM antibodies, lower posttreat-
ment serum creatinine level, and de-
creased incidence of end-stage renal dis-
ease (ESRD). Given these results and the
integral role of the anti-GBM antibody,
TPE as a means of rapidly decreasing
anti-GBM titers has become the standard
of care.
A. Treatment strategy:

1. Early initiation of TPE is essential
to avoid ESRD

2. Initial prescription is 14 daily 4-L
exchanges

3. Continued apheresis may be re-
quired if antibody titers remain in-
creased

4. Steroids, cyclophosphamide, or
azathioprine are added to decrease
production of anti-GBM antibody
and minimize the inflammatory
response

II. Crescentic Rapidly Progressive Glomeru-
lonephritis (RPGN; not associated with

Table 2. Medicare Reimburseab

pheresis is covered for the following indications:
Plasma exchange for acquired myasthenia gravis
Leukapheresis in the treatment of leukemia (cytapheresi
Plasmapheresis in the treatment of primary macroglobul
Treatment of hyperglobulinemias, including (but not limit
syndromes
Plasmapheresis or plasma exchange as a last resort trea
Plasmapheresis or plasma exchange in the last resort tre
Plasma perfusion of charcoal filters for treatment of pruri
Plasma exchange in the treatment of Goodpasture syndr
Plasma exchange in the treatment of glomerulonephritis
antibodies and advancing renal failure or pulmonary hem
Treatment of chronic relapsing polyneuropathy for patien
respond to conventional therapy
Treatment of life-threatening scleroderma and polymyos
Treatment of Guillain-Barre syndrome
Treatment of last resort for life-threatening systemic lupu
prevent clinical deterioration

Note: This may not be an exhaustive list of all applicable
*Centers for Medicare and Medicaid Services: NCD
ww.cms.hhs.gov/mcd/viewncd.asp?ncd_id�110.14&n
AApheresis�%28Therapeutic�Pheresis%29. Accessed
anti-GBM antibody)
Several controlled studies have failed to
show a generalized benefit of TPE for all
patients with RPGN; however, subset anal-
ysis of all these studies showed TPE to be
beneficial for patients presenting with se-
vere disease or dialysis dependency. A
more recent study (Jayne et al) limited to
patients presenting with creatinine levels
greater than 5.8 mg/dL (to convert creati-
nine in mg/dL to �mol/L, multiply by
88.4) appears to support this conclusion
(Table 3).

Patients with Wegener granulomatosis
and microscopic polyarteritis who present
with pulmonary hemorrhage appear to be
more likely to present with IgM antineutro-
phil cytoplasmic antibodies (ANCAs).
These patients may also respond to TPE.

III. Renal Failure in Multiple Myeloma
After exclusion of other forms of renal

failure associated with multiple myeloma
(eg, hypercalcemia, volume depletion, hy-
peruricemia, infection, and amyloidosis),
patients considered to have light-chain–
related “cast nephropathy” may benefit
from TPE. TPE can decrease serum levels
of light chains more rapidly than chemo-
therapy alone. A randomized controlled

ications for Plasma Exchange*

(Waldenstrom)
ultiple myelomas, cryoglobulinemia, and hyperviscosity

of thromobotic thrombocytopenic purpura
t of life-threatening rheumatoid vasculitis
olestatic liver disease

ated with anti–glomerular basement membrane
e
severe or life-threatening symptoms who have failed to

n the patient is unresponsive to conventional therapy

ematosus when conventional therapy has failed to

re benefit categories for this item or service.
Apheresis (therapeutic Pheresis). Available at: http://
sion�1&basket�ncd%3A110%2E14%3A1%
, 2008.
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Andre A. Kaplan1184
return of renal function and better overall
survival (Zucchelli et al). However, de-
spite a 50% decrease in need for dialysis, a
recently reported study did not find a
statistically significant benefit for TPE
(Clark et al).
A. Treatment considerations:

1. Demonstration of free light chains
in serum is essential if TPE is to be
considered a rational treatment op-
tion (by standard immunofixation or
the new free light chain assay)

2. Successful TPE prescription is 3 to
4 L of plasma exchanged on 5
consecutive days

3. Well-established (chronic) renal fail-

Table 3. Controlled Trials of TPE for Patients W
Glomer

Reference

auri et al,1 1985 Cre
Initial creatinine, mg/dL (no. of patients)
Creatinine after 3 y (mg/dL)
lockner et al,2 1988 Dia
Initial creatinine, mg/dL (no. of patients)
Creatinine after 6 mo

usey et al,3 1991 Dia
Initial no. of patients on dialysis
Patients off dialysis at 12 mo

ole et al,4 1992 Dia
Initial no. of patients on dialysis
Patients off dialysis at 12 mo

ayne et al,5 2007 Cre
Initial no. of patients
Patients off dialysis at 12 mo

Note: Subset analysis. All studies used concomitant trea
erum creatinine mg/dL to �mol/L, multiply by 88.4.
Abbreviation: TPE, therapeutic plasma exchange.
Table 3 adapted with permission from: Kaplan AA: A Prac
alden, MA, 1999, copyright Andre Kaplan.
*P � 0.05 with day 0.
†P � 0.05, TPE versus no TPE.

REFERENC
1. Mauri JM, Gonzales MT, Poveda R, et al: Therap

lomerulonephritis. Plasma Ther Transfus Technol 6:587-591
2. Glockner WM, Sieberth HG, Wichmann HE, et al: P

lomerulonephritis: A controlled multi-center study. Clin Ne
3. Pusey CD, Rees AJ, Evans DJ, Peters DK, Lockwood

ithout anti-GBM antibodies. Kidney Int 40:757-763, 1991
4. Cole E, Cattran D, Magil A, et al, for the Canadian A

xchange as additive therapy in idiopathic crescentic glomer
5. Jayne DR, Gaskin G, Rasmussen N, et al, for the Europ

r high-dosage methylprednisolone as adjunctive therapy for
ure considered to be caused by cast
nephropathy may respond less dra-
matically

4. Newly available highly permeable
hemofilter membranes may allow for
light chain removal without signifi-
cant albumin loss (Hutchison et al)

IV. IgA Nephropathy and Henoch-Schönlein
Purpura

Case reports and small clinical series
suggest a possible beneficial effect of TPE
in the treatment of IgA-associated RPGN.

V. Cryoglobulinemia
Despite a lack of randomized controlled

studies, most experts agree TPE can be a
useful adjunct for severe active disease
manifested by progressive renal failure,

ere or Dialysis-Dependent Rapidly Progressive
phritis

of severity TPE no TPE

� 9 mg/dL
13.5 (6) 13.1 (5)

8.7* 13.4
ependent

7.4 (8) 9.2 (4)
1.7* 5.5

ependent
11 8
10† 3

ependent
4 7
3 2

� 5.8 mg/dL
70 67
57 40

with steroids and immunosuppressive agents. To convert

uide to Therapeutic Plasma Exchange. Blackwell Science,

R TABLE 3
lasma exchange in the treatment of rapidly progressive

exchange and immunosuppression in rapidly progressive
9:1-8, 1988
: Plasma exchange in focal necrotizing glomerulonephritis

is Study Group: A prospective randomized trial of plasma
ritis. Am J Kidney Dis 20:261-269, 1992
sculitis Study Group: Randomized trial of plasma exchange
renal vasculitis. J Am Soc Nephrol 18:2180-2188, 2007
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athy. TPE can rapidly decrease cryo-
globulin levels without the use of immu-
nosuppressive agents, which might be
problematic in hepatitis C–associated
disease.
A. Treatment strategy:

1. A reasonable TPE prescription is to
exchange 1 plasma volume 3 times
weekly for 2 to 3 weeks

2. An average of 13 treatments may be
required to induce clinical improve-
ment (range, 4 to 39)

3. The replacement fluid can be 5%
albumin, which must be warmed to
prevent precipitation of circulating
cryoglobulins

VI. TTP and Hemolytic Uremic Syndrome
(HUS)
A. TTP

A large randomized controlled study
found 78% survival with TPE and fresh
frozen plasma (FFP) replacement com-
pared with 50% survival with FFP
infusions alone (Rock et al). TPE with
FFP replacement is the treatment of
choice for TTP and is considered stan-
dard of care.
1. Treatment considerations:

i. FFP is required as replacement
fluid to replace missing metallo-
protease (ADAMTS13 [ADisin-
tigrin-like And Metalloprotease
with ThromboSpondin type 1
repeats])

ii. Plasma removal with TPE re-
moves antibody to ADAMTS13

iii. Treatments are performed daily
until the platelet count is normal-
ized and hemolysis has largely
ceased (normalization of lactate
dehydrogenase)

iv. Exchanged volumes should be
at least 1 plasma volume. Some
experts recommend 1.5 plasma
volume exchanges for the first
week

v. Previous recommendations sug-
gest switching to cryoprecipi-
tate-poor plasma in resistant
cases because it may contain

lower levels of von Willebrand
factor. However, a recent re-
view suggests that cryoprecipi-
tate-poor plasma contains less
ADAMTS13 and may be less
effective than FFP (Raife et al)

B. HUS in adults
Although renal failure tends to domi-

nate the clinical presentation, unless a
specific cause can be identified, HUS is
often difficult to distinguish from TTP
1. Causes:

i. Verotoxin induced by Esche-
richia coli 0157-H7: prodrome
of bloody diarrhea

ii. Drugs: cyclosporine, tacroli-
mus, mitomycin, cisplatinum,
quinine, oral contraceptives, an-
tiplatelet agents, and so on

iii. Lupus
iv. Cancer
v. Bone marrow transplant

vii. Posttransplantation recurrence
2. Prognosis in adults is poor:

i. Mortality between 25% and 50%
ii. ESRD in 40%

Although treatment success depends
on the cause, HUS in adults is often
treated with TPE as with TTP.

C. HUS in children
Prognosis is usually good in vero-

toxin-induced disease, with only a small
percentage of patients experiencing
strokes or sustained renal failure. Con-
trolled trials with plasma infusion have
shown only minimal benefit.

TPE may be beneficial in children:
1. Without a diarrheal prodrome
2. Older than 5 years
3. With significant central nervous sys-

tem involvement
VII. Systemic Lupus Erythematosus

Randomized controlled trials could not
document systematic benefit of TPE when
added to standard immunosuppressive
therapy.

TPE may still be useful in certain
special situations:
A. Pregnancy, when cytotoxic agents are

undesirable

B. Lupus-associated TTP



V

X

R

e
1

T

A

t
m
o
2

C
a
3

R

J
A
K

m
T

p
e
t
1

g
r

M

p

Andre A. Kaplan1186
C. Lupus anticoagulant (LA)/antiphospho-
lipid antibody syndrome

III. LA, Anticardiolipin Antibodies, and An-
tiphospholipid Antibody Syndrome

LA and anticardiolipin antibody are
antiphospholid antibodies associated with
thromboses, recurrent fetal loss, and renal
disease. TPE has been successful in remov-
ing antiphospholipid antibodies to avoid
spontaneous abortion, treatment of LA-
associated renal failure, and in the manage-
ment of catastrophic antiphospholipid syn-
drome (CAPS).

IX. Scleroderma
TPE may be useful in rare coexistence

of scleroderma and ANCA-positive or an-
tinuclear antibody (ANA)-positive renal
disease.

X. Focal Segmental Glomerulosclerosis
(FSGS): Recurrence Posttransplantation

Fifteen percent to 55% of patients with
ESRD secondary to FSGS have rapid recur-
rence of proteinuria after renal transplanta-
tion. Some patients with early recurrence of
proteinuria have a circulating 30- to 50,000-d
protein capable of increasing glomerular
permeability to albumin. Standard TPE and
immunoadsorption have been successful in
decreasing the level of proteinuria. The addi-
tion of cyclophosphamide to TPE may lead
to more prolonged remission. TPE may be
effective in the treatment of recurrent FSGS
if treatment is initiated promptly after the
initiation of proteinuria.

XII. Transplant Candidates With Cytotoxic An-
tibodies

TPE and immunoadsorption have been
successful in decreasing high levels of
preformed cytotoxic antibodies (panel re-
active antibody [PRA]), allowing for suc-
cessful transplants for up to 34 months.

Often used with concomitant cyclophos-
phamide and prednisolone.

III. Renal Allograft Rejection
TPE can provide a rapid decrease in

anti-human leukocyte antigen (HLA) anti-
bodies. However, 2 controlled trials of
TPE for acute vascular rejection did not
find this treatment to be useful.

TPE together with cyclophosphamide

and methylprednisolone has been reported m
to result in greater improvement in renal
function and improved graft survival.

XIV. Renal Transplantation Across Blood Group
Type ABO Groups

TPE can be used to remove anti-A or
anti-B antibodies before transplantation.
Five-year graft survival has been as high
as 78% when kidneys from donors in
blood A2 or B subgroups are transplanted
into group O recipients. Donor-specific
skin grafting can be used to predict
outcome.

PLASMAPHERESIS AND RENAL DISEASE:
SUGGESTED READINGS
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GENERAL GUIDELINES FOR PRESCRIBING TPE

The amount of plasma to be exchanged during
PE must be determined in relation to the pa-

ient’s estimated plasma volume (EPV). A simple
eans of estimating plasma volume can be calcu-

ated from the patient’s weight and hematocrit
sing the following formula:

PV � (0.065 � weight �kg�)
� (1 � hematocrit) (1)

n general, large-molecular-weight substances
immunoglobulins, cholesterol-containing li-
oproteins, and cryoglobulins) are only slowly
quilibrated between their extravascular and in-
ravascular distribution. Thus, removal during a
ingle treatment essentially is limited to that in
he intravascular compartment and the amount of
lasma to be exchanged to provide a given de-
rease in pretreatment levels can be determined
y application of first-order kinetics using the
ormula:

X1 � Xoe
�Ve⁄EPV (2)

here X1 equals the final plasma concentration,
o equals the initial concentration, and Ve equals

he volume exchanged. (Of interest to nephrolo-
ists, the relation shown on this graph and the
osttreatment percentage of reduction is exactly
nalogous to the Kt/V calculations associated
ith urea reduction ratios during dialysis in
hich Ve is Kt and EPV is V). The relation is
lotted in Fig 1.
Extravascular to intravascular reequilibration

f a large-molecular-weight substance will be
elatively slow (�1% to 3% per hour). Thus,
everal consecutive treatments separated by 24
o 48 hours each will have to be performed to
emove a substantial percentage of the total-body
urden. An example of the progressive reduction
n serum levels of an immunoglobulin is shown

n Fig 2, with a net 70% decrease in total-body
gG level 1 day after 3 consecutive TPE treat-
ents equaling 1 plasma volume each. In gen-

ral, if production rates (resynthesis) are modest
ie, slowly forming antibody), at least 5 separate
reatments during a 7- to 10-day period will be
equired to remove 90% of the patient’s initial
otal-body burden. If production rates are high
ie, rapidly forming antibody, complement com-
onents), additional treatments may be required.
The results shown in Fig 2 describe a best-case

cenario concerning immunoglobulin removal.
n some autoimmune diseases, the rate of autoan-
ibody production may greatly exceed that of the
otal immunoglobulin class. Such has been docu-
ented for certain cases of Goodpasture syn-

rome in which anti-GBM activity will be predict-
bly decreased by a given plasma exchange
reatment, but for which the intertreatment in-
reases in serum levels are too rapid to be com-
atible with a simple reequilibration of extravas-
ular stores. Thus, a 70% absolute decrease in a
athogenic autoantibody requires at least 3 plasma
xchange treatments and may require a far more
ntensive treatment schedule if production rates
annot be adequately controlled by the concomi-
ant immunosuppressive medications.

Production rates (half-lives), molecular
eights, and percentages of intravascular distri-
ution of several serum proteins are listed in
able 4.

GENERAL GUIDELINES FOR TPE
PRESCRIPTION: SUGGESTED READING

Kaplan AA: A simple and accurate method for prescrib-
ng plasma exchange. Trans Am Soc Artif Intern Organs
6:M597-M599, 1990

Kaplan AA: Towards a rational prescription of plasma
xchange: The kinetics of immunoglobulin removal. Semin
ial 5:227-229, 1992

TECHNIQUE

Traditionally, plasma exchange was performed
ith centrifugation devices used in blood-bank-

ng procedures. These devices offer the advan-
age of allowing for selective cell removal (cyta-
heresis). Plasma exchange also can be performed
sing a highly permeable filter and standard
ialysis equipment.

I. Centrifugation
Centrifugation separates the plasma by
density gradients.Whole-blood constitu-
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ents are layered into plasma (specific grav-
ity [SG], 1.025 to 1.109), platelets (SG,
1.040), lymph (SG, 1.070), granulocytes
(SG, 1.087 to 1.092), and red blood cells
(SG, 1.093 to 1.096).

II. Filtration (membrane plasma separation
[MPS])

Separation of plasma from the blood’s
cellular components can also be accom-
plished by filtration though a highly perme-
able membrane. Blood is separated into its
cellular and noncellular components by
subjecting it to sieving through a mem-
brane with pores that allow plasma pro-
teins to pass, but that retain the larger
cellular elements within the blood path.

III. TPE With Dialysis Equipment
TPE can be performed with a highly

permeable filter connected to the blood
pump and pressure monitoring system of
the dialysis machine. The machine is used
in its “isolated” ultrafiltration mode, by-
passing the dialysate proportioning sys-
tem.

IV. Anticoagulation
For centrifugal techniques, anticoagla-

Figure 1. Relation of volume exchanged, estimated
lasma volume (EPV), and percentage of decrease in

nitial concentration for large-molecular-weight substances
emoved during therapeutic plasma exchange (TPE). For
xample, if the volume exchanged (Ve) is equal to the
atient’s EPV, Ve/EPV will equal 1 and pretreatment val-
es will be decreased by 63%. If the plasma exchanged is
qual to 1.4 times the EPV, pretreatment levels will be
ecreased by 75%. As shown in the figure, increasingly
oluminous exchanges during a single treatment yield a
rogressively smaller decrease in pretreatment levels. For
ost indications, each treatment should provide an ex-

hange volume equal to 1 to 1.4 times the EPV. (Repro-
uced from Kaplan AA: A Practical Guide to Therapeutic
lasma Exchange, copyright Andre Kaplan)
tion is often provided by citrate. For MPS
d
P

with dialysis equipment, heparin can be
used as during standard dialysis.

VII. Replacement Fluids:
A. Albumin

Pros: no viral transmission, allergies
are rare

Cons: depletion coagulopathy, im-
munoglobulin depletion
1. Electrolyte composition

Sodium, 145 � 15 mEq/L; potas-
sium, less than 2 mEq/L (sodium
and potassium in mEq/L is equiva-
lent to sodium and potassium in
mmol/L)

2. Anaphylactic reactions
Rare, antibodies to polymerized

albumin?
3. “Depletion coagulopathy”

Replacement with albumin will
lead to depletion of coagulation
factors.

i. After a single plasma exchange,
prothrombin time (PT) increases
30%, partial thromboplastin time
(PTT) doubles: these increases
often reverse 1 day after treat-
ment

ii. Multiple consecutive treatments
result in prolonged increases in
PT/PTT

Figure 2. Progressive decrease in immunoglobulin G
IgG) levels after 3 consecutive therapeutic plasma ex-
hange (TPE) treatments equaling 1 plasma volume each.
ntertreatment increases between treatments represent a
ombination of extravascular to intravascular reequilibra-
ion and a variable amount of new IgG synthesis. (Repro-

uced from Kaplan AA: A Practical Guide to Therapeutic
lasma Exchange, copyright Andre Kaplan)
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iii. FFP administered toward the
end of the procedure can mini-
mize hemorrhagic risks

4. Immunoglobulin depletion
i. A single 1-plasma volume ex-

change reduces serum immuno-
globulin levels by 60%

ii. Multiple treatments can de-
crease immunoglobulin levels
for several weeks

iii. A single infusion of immuno-
globulin (IVIG) administered af-
ter a series of TPE treatments
can reconstitute normal immu-
noglobulin levels

5. Risk of viral transmission
Albumin is heat treated and con-

sidered to be devoid of transmis-
sible virus.

Table 4. Distribution and

Protein
Concentration

(mg/mL) MW

ormal physiology
IgG (except IgG3 subclass) 12
IgG3 0.7
IgMa 0.9
IgA 2.5
IgD 0.02
IgE 0.0001
Albumin 45
C3 1.4
C4 0.5
Fibrinogen 3-4
Factor VIII 0.1 100
Antithrombin III 0.2 56
Lipoprotein cholesterol 1.5-2.0 1

athological conditions
Macroglobulinemia, IgM 50-130
Bence-Jones protein 4-10 10
Endotoxin 3-25 � 10-7 100
Immune complexes * �

umor necrosis factor 3-5 � 10-7 50

Note: Values listed are averaged from those reported
reatment will be limited to that which is intravascular. Su
everal consecutive TPE treatments to decrease total body
ave a rapid return to pre-TPE levels unless production rate
Abbreviations: MW, molecular weight; TPE, therapeutic p
Reproduced with permission from: Kaplan AA: A Practi
alden, MA, 1999, copyright Andre Kaplan.
*Highly variable or poorly defined.
†Highly dependent on degree of renal function, half-life g
‡Half life will be variable and dependent on the clearing c
B. FFP
Pros: Does not lead to postpheresis
coagulopathy or immunoglobulin
depletion. FFP is essential for the treat-
ment of TTP.

Cons: Anaphylactoid reactions, ci-
trate toxicity, small risk of viral trans-
mission.
1. Anaphylactoid reactions

i. Fever, rigors, urticaria, wheez-
ing, hypotension, and laryngeal
edema

ii. Angiotensin-converting enzyme
(ACE) inhibitors should be
avoided given their ability to
inhibit kinin metabolism

iii. Consider pretreatment with di-
phenhydramine intravenously
(IV): 0.3 to 0.5 mL of epineph-
rine (1:1,000 solution) should

olism of Plasma Proteins

Intravascular
(%)

Fractional Turnover
Rate (%/d)

Half-life
(d)

45 7 22
64 17 7
78 19 5
42 25 6
75 37 2.8
45 94 2.5
44 11 17
67 41 2
66 43 2
81 24 4.2
71 150 0.6
45 55 2.4

�90 3-5

89 25* 5.9
�50 † †

* �50 ‡ ‡
�50 ‡ ‡
�50 6-20 min

literature. Removal of a substance during a single TPE
es with substantial extravascular distribution will require
n. Substances with short half-lives (high turnover rate) will
be slowed by concomitant therapy.
exchange; IgG, immunoglobulin G.
de to Therapeutic Plasma Exchange. Blackwell Science,

ncreased with renal failure.
ties of the reticuloendothelial system.
Metab

� 103 d

150
150
950
160
175
190

66
240
200
340
-340
-58
,300

950
-25
-2,400
300*

(trimer)

in the
bstanc
burde
s can
lasma

cal Gui

reatly i
be available for subcutaneous
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administration for severe re-
actions

2. Citrate toxicity
FFP contains 14% citrate by vol-

ume; can lead to hypocalcemia and
metabolic alkalosis

3. Risk of viral transmission
1/63,000 units for hepatitis B,

1/100,000 units for hepatitis C,
1/680,000 units for human immuno-
deficiency virus (HIV), and 1/641,000
units for human T-lymphotrophic vi-
rus

3 L of FFP is obtained from 10 to
15 donors (15 separate units).

C. Starch replacement for TPE
Similar attributes with albumin, may

be less expensive.
III. Vascular Access

A. Antecubital veins:
1. Ideal for low-flow treatments
2. Increasingly difficult to use after

multiple punctures
B. Temporary vascular catheters:

Catheter removal may be hazardous
after an intensive run of TPE treat-
ments, which can result in depletion
coagulopathy and increased PT/PTT.
1. Femoral vein cannulation
2. Subclavian and internal jugular cath-

eters
3. Tunneled jugular venous catheters

C. Permanent arteriovenous access:
Preferred if treatments are to be

repeated regularly (hyperlipidemia).
1. Primary arteriovenous fistula
2. Arteriovenous graft

IX. Selective Plasmapheresis Techniques
A. Designed to remove a particular patho-

genic substance
B. Decreases need for replacement fluid
C. Minimizes risks of depletion coagu-

lopathy and hypogammaglobulinemia
D. Many systems available in Japan and

Europe, few in United States
1. Cascade filtration (“double filtra-

tion”)
i. Separated plasma is refiltered

through a secondary filter with

smaller pore size
ii. Larger, unwanted molecules re-
moved by secondary filter

iii. Indications: Waldenstrom mac-
roglobulinemia, cryoglobuline-
mia, familial hypercholesterol-
emia, and immune complex–
mediated disease

2. Cryofiltration
i. Removed plasma is cooled,

causing certain substances to
aggregate

ii. Increasing size allows for effi-
cient secondary filtration

iii. Indications: cyroglobulins and
immune complexes

3. Immunoadsorbant techniques
i. Systems for selective immuno-

adsorption
ii. Indications: nonselective immu-

noglobulin removal, low- den-
sity lipoprotein (LDL) choles-
terol.
a. Protein A columns

ProteinA: 42,000-d protein
released from Staphylococcus
aureus. Used for the ex vivo
adsorption of 3 of the 4 classes
of IgG (1, 2, and 4).
aa. Prosorba column (Cy-

press Biosciences Inc,
San Diego, CA)

Single-use nonregener-
ating system placed in se-
ries with a standard
plasma exchange circuit.
When the plasma is sepa-
rated from the blood, it is
slowly perfused over the
column (at 20 mL/min).
This column saturates rap-
idly with very limited IgG
removal. Postulated mode
of action is by “immuno-
modulation” of perfused
plasma.

Food and Drug Ad-
ministration approved
for idiopathic thrombo-
cytopenic purpura (ITP)
and rheumatoid arthritis.

Secondary effects are
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common: fever, chills,
musculoskeletal pains,
hypotension. Contraindi-
cated in patients using
ACE inhibitors.

bb. Excorim (Lund, Swe-
den)

Alternating columns
repeatedly regenerated to
allow for more efficient
IgG removal

Renal indications: re-
moval of anti-HLA anti-
bodies in highly sensi-
tized recipients, RPGN

4. Selective LDL cholesterol removal
i. Limits the loss of plasma pro-

teins and high-density lipopro-
tein (HDL) cholesterol

ii. Indicated in patients with famil-
ial hypercholesterolemia who
cannot tolerate or whose condi-
tion is unresponsive to pharma-
cological treatment and who
have either known cardiovascu-
lar disease and a plasma LDL
cholesterol level greater than
200 mg/dL or no known cardio-
vascular disease and a plasma
LDL cholesterol level greater
than 300 mg/dL

iii. Four systems:
a. Imunoadsorbant
b. Dextran sulfate binding to

apoprotein B
Contraindication for pa-

tients on ACE-inhibitor
therapy

c. Heparin-mediated extracor-
poral LDL precipitation
(HELP)

d. Direct adsorption of LDL
(DALI). Does not require
plasma separation, removes
LDL directly from whole
blood

5. Endotoxin adsorption
i. Fibers impregnated with poly-

myxin B. Can bind endotoxin

fragments b
ii. Japanese experience documents
improvement in systemic hemo-
dynamics of sepsis

iii. Not currently available in the
United States

TECHNIQUE: SUGGESTED READINGS

Gurland HJ, Lysaght MJ, Samtleben W, Schmidt B: A
omparison of centrifugal and membrane based apheresis
ormats. Int J Artif Organs 7:35-38, 1984

entrifugation:

Sowada K, Malchesky PS, Nose Y: Available removal
ystems: State of the art, in Nydegger UE (ed): Therapeutic
emapheresis in the 1990s. Curr Stud Hematol Blood Transf
7:51-113, 1990

embrane Plasma Separation:

Gurland HJ, Lysaght MJ, Samtleben W, Schmidt B:
omparative evaluation of filters used in membrane plasma-
heresis. Nephron 36:173-182, 1984

Sueoka A: Present status of apheresis technologies: Part
. Membrane plasma separator. Ther Apher 1:42-48, 1997

PE With Dialysis Equipment:

Gerhardt RE, Ntoso KA, Koethe JD, Lodge S, Wolf CJ:
cute plasma separation with hemodialysis equipment. J Am
oc Nephrol 2:1455-1458, 1992

Price CA, McCarley PB: Technical considerations of
herapeutic plasma exchange as a nephrology nursing proce-
ure. ANNA J 20:41-46, 1993

itrate Anticoagulation:

Hester JP, McCullough J, Mishler JM, Szymanski IO:
osage regimens for citrate anticoagulants. J Clin Apher
:149-157, 1983

eplacement Fluids: Albumin:

Finlayson JS: Albumin products. Semin Thromb Hemost
:85-120, 1980

eplacement Fluids: FFP:

AuBuchon JP, Birkmeyer JD, Busch MP: Safety of the
lood supply in the United States: Opportunities and contro-
ersies. Ann Intern Med 127:904-909, 1997

eplacement Fluids: Starch:

Brecher ME, Owen HG, Bandarenko N: Alternatives to
lbumin: Starch replacement for plasma exchange. J Clin
pher 12:146-153, 1997

ascular Access:

Mokrzycki MH, Zhang M, Golestaneh L, Laut J, Rosen-

erg SO: An interventional controlled trial comparing 2
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anagement models for the treatment of tunneled cuffed
atheter bacteremia: A collaborative team model versus
sual physician-managed care. Am J Kidney Dis 48:587-
95, 2006

ascade Filtration Double Filtration:

Agishi T, Kaneko I, Hasuo Y, et al: Double filtration
lasmapheresis. Trans Am Soc Artif Intern Organs 26:406-
09, 1980

elective Plasmapheresis Techniques:

Malchesky PS, Kaplan AA, Coo AP, Sadurada Y, Siami
A: Are selective macromolecule removal plasmapheresis

ystems useful for autoimmune diseases or hyperlipidemia?
SAIO J 39:868-872, 1993

ryofiltration:

Vibert GJ, Wirtz SA, Smith JW, et al: Cryofiltration as an
lternative to plasma exchange: Plasma macromolecular
olute removal without replacement fluids, in Nose Y, Mal-
hesky PS, Smith JW (eds): Plasmapheresis. Cleveland, OH,
SAO, 1983, pp 281-287

rotein A Columns:

Samtleben W, Schmidt B, Gurland HJ: Ex vivo and in
ivo protein A perfusion: Background, basic investigations
nd first clinical experience. Blood Purif 5:179-192, 1987

rosorba Column:

Brecher ME, Owen Hg, Collins ML: Apheresis and ACE
nhibitors. Transfusion 33:963-964, 1993 (letter)

Feldon DT, LeValley MP, Baldassare AR, et al. The
rosorba column for treatment of refractory rheumatoid
rthritis. A randomized, double blind, sham controlled trial.
rthritis Rheum 42:2153-2159, 1999

xcorim:

Hakim RM, Milford E, Himmelfarb J, Wingard R, Laza-
us JM, Watt RM: Extracorporeal removal of anti-HLA
ntibodies in transplant candidates. Am J Kidney Dis 16:423-
31, 1990

Ross CN, Gaskin G, Gregor-Macgregor S, et al: Renal
ransplantation following immunoadsorption in highly sensi-
ized recipients. Transplantation 55:785-789, 1993

elective Lipid Removal:

Saal SD, Parker TS, Gordon BR: Removal of low-density
ipoproteins in patients by extracorporeal immunoadsorp-
ion. Am J Med 80:583-589, 1986

Gordon BR, Kelsey SF, Bilheimer DW, et al: Treatment
f refractory familial hypercholesterolemia by low density
ipoprotein apheresis using an automated dextran sulfate
ellulose adsorption system. Am J Cardiol 70:1010-1016,

992
Busnach G, Cappelleri A, Vaccarino V, et al: Selective
nd semiselective low-density lipoprotein apheresis in famil-
al hypercholesterolemia. Blood Purif 6:156-161, 1988

Kroon AA, van Asten WNJC, Stalenhoef AFH: Effect of
pheresis of low-density lipoprotein on peripheral vascular
isease in hypercholesterolemic patients with coronary ar-
ery disease. Ann Intern Med 125:945-954, 1996

Jovin IS, Taborski U, Stehr A, Müller-Berghaus G: Lipid
eductions by low-density lipoprotein apheresis: A compari-
on of three systems. Metabolism 49:1431-1433, 2000

Bosch T, Gahr S, Belschner U, Schaefer C, Lennertz A,
ammo J, for the DALI Study Group: Direct adsorption of

ow-density lipoprotein by DALI-LDL-apheresis: Results of
prospective long-term multicenter follow-up covering

2,291 sessions. Ther Apher Dial 10: 210-218, 2006

ndotoxin Adsorption:

Aoki H, Kodama M, Tani T, Hanasawa K: Treatment of
epsis by extracorporeal elimination of endotoxin using
olymyxin B-immobilized fiber. Am J Surg 167:412-417,
994

COMPLICATIONS

Most common: citrate-induced parethesias,
uscle cramps, urticaria (Table 5).
Most serious: anaphylactoid reactions to FFP
Incidence of death is 0.05%, but many patients

ave severe preexisting conditions

I. Citrate-Induced Hypocalcemia
A. Citrate as anticoagulant or in FFP
B. Perioral or distal extremity tingling or

paresthesias
C. Prophylactic replacement of IV cal-

cium can reduce citrate-induced
paresthesias

II. Coagulation Abnormalities
A. Depletion coagulopathy

1. After a single plasma exchange
with albumin, clotting factors de-
crease by 60%

2. When multiple treatments are per-
formed, depletion more pronounced

D. Thrombocytopenia
E. Anemia: hemorrhage associated with

vascular access, treatment-related he-
molysis

F. Thrombosis: hypercoaguable state from
depletion of anticoagulant factors

III. Infection
A. Resulting from posttreatment deple-

tion of immunoglobulins
Management: IVIG (100 to 400
mg/kg IV)
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B. Viral transmission from replacement
fluid (FFP)

IV. Reactions to Protein Containing Replace-
ment Fluids (FFP, purified protein fraction,
albumin)

Reactions to FFP are anaphylactoid in
nature and characterized by fever, rigors,
urticaria, wheezing, and hypotension and
may eventually progress to laryngospasm.

V. Atypical Reactions Associated With ACE
Inhibitors

Flushing, hypotension, abdominal cramp-
ing, and severe anaplylactoid reactions have
been reported with the dextran sulfate sys-
tems for selective lipid removal and in
patients treated with the Prosorba column.
Concurrent treatment with ACE inhibitors is
considered contraindicated in patients treated

Table 5. Complications of Plasmapheresis

Symptom Percentage

rticaria 0.7-12
aresthesias 1.5-9
uscle cramps 0.4-2.5
izziness �2.5
eadaches 0.3-5
ausea 0.1-1
ypotension 0.4-4.2
hest pain 0.03-1.3
rrhythmia 0.1-0.7
naphylactoid reactions 0.03-0.7
igors 1.1-8.8
yperthermia 0.7-1.0
ronchospasm 0.1-0.4
eizure 0.03-0.4
espiratory arrest/pulmonary edema 0.2-0.3
yocardial ischemia 0.1
hock/myocardial infarction 0.1-1.5
etabolic alkalosis 0.03
isseminated intravascular coagulation 0.03
entral nervous system ischemia 0.03-0.1
epatitis 0.7
emorrhage 0.2
ypoxemia 0.1
ulmonary embolism 0.1
ccess related
Thrombosis/hemorrhage 0.02-0.7
Infection 0.3
Pneumothorax 0.1
Mechanical 0.08-4

Adapted from Mokrzycki and Kaplan, Am J Kidney Dis
3:817, 1994. Reproduced from: Kaplan AA: A Practical
uide to Therapeutic Plasma Exchange. Blackwell Sci-
nce, Malden, MA, 1999, copyright Andre Kaplan
with these selective removal techniques.
ACE-inhibitor–induced inhibition of kinin
metabolism may be unifying factor. Discon-
tinuation ofACE inhibition should be accom-
plished well before initiation of these treat-
ments. Timing of this discontinuation will
depend on individual ACE-inhibitor half-life
and pharmacodynamics.

VI. Electrolyte Abnormalities
A. Hypokalemia: albumin has potassium

levels less than 2 mEq/L
B. Alkalosis: from citrate used for antico-

agulation or in FFP
C. Aluminum: albumin solutions have 4

to 24 mmol/L of aluminum
Risk of aluminum toxicity greatest

with renal insufficiency
VII. Vitamin Removal

A. Vitamins B12, B6, A, C, and E and
�-carotene decrease of 24% to 48%,
but there is a rebound to pretreatment
levels within 24 hours

B. Water-soluble vitamins, folate, thia-
min, nicotinate, biotin, riboflavin, and
pantothenate are not significantly al-
tered by a single plasma exchange

C. Long-term effects of repetitive treat-
ments are not known

III. Miscellaneous Complications
A. Apneic events in those anesthetized with

succinylcholine due to low posttreatment
levels of plasma cholinesterase

B. Hypotension, dyspnea, and chest pain
secondary to complement-mediated
membrane bioincompatibility

C. Anaphylactoid symptoms due to ethyl-
ene oxide sensitivity used as a steriliz-
ing agent

D. Severe hemolysis as a result of hypo-
tonic priming solutions or aggressive
transmembrane pressure during MPS

E. Chills and hypothermia due to inad-
equately warmed replacement fluid

IX. Hypotension During TPE
A. Incidence of hypotension is 1.7%
B. Causes: see Table 6

X. Deaths
A. Incidence of 0.05%
B. Causes: cardiovascular, respiratory, and

anaphylactic
i. Nonhemodynamic pulmonary edema
(FFP replacement resulting in
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transfusion-related lung injury
[TRALI])

ii. Cardiac arrhythmia
iii. Hemodynamic pulmonary edema
iv. Pulmonary embolism

XI. Drug Removal
When possible, all daily drug dosing

should be administered after the TPE treat-
ment.

Drug removal is most dependent on
percentage of protein binding and volume
of distribution. Drugs with a high percent-
age of protein binding and a relatively
modest volume of distribution (�0.3 L/kg)
will have the greatest likelihood of being
removed by TPE (Table 7). The replace-
ment volume of a given TPE treatment

Table 6. Potential Causes for Hypotension
During TPE

elayed or inadequate volume replacement
asovagal episodes
ypo-oncotic fluid replacement: 3.5% albumin solutions
naphylaxis:
Reactions to plasma components in replacement fluids
Anti-IgA antibodies (IgA-deficient patient)
Endotoxin-contaminated replacement fluid
Reactions to bioincompatible membranes
Sensitivity to ethylene oxide
Device-related: Prosorba protein A column

ardiac arrhythmia
Citrate-induced hypocalcemia
Hypokalemic related (especially in patients on digitalis

therapy)
radykinnin reactions (cf reactions to ACE inhibitors)
emorrhage
Associated with primary disease (ITP, factor VIII

inhibitors)
Associated with heparin anticoagulation
Associated with vascular access
External
Internal
“Depletion” coagulopathy

ardiovascular collapse
ulmonary embolus
isease-related hypotension
Guillain-Barre syndrome (autonomic dysfunction)
Waldenstrom macroglobulinemia (rapid decrease in

plasma volume)

Abbreviations: IgA, immunoglobulin A; ACE, angiotensin-
onverting enzyme; ITP, idiopathic thrombocytopenic pur-
ura; TPE, therapeutic plasma exchange.
Reproduced from: Kaplan AA: A Practical Guide to

herapeutic Plasma Exchange. Blackwell Science, Mal-
en, MA, 1999, copyright Andre Kaplan.
would have to equal 0.7 times the volume d
of distribution of a drug to decrease pre-
treatment levels by 50%.
A. Specific drugs:

1. Not significantly removed by TPE:
i. Prednisone

ii. Prednisolone
2. Minimal removal:

i. Cyclophosphamide
ii. Azathioprine

iii. Aminoglycosides
iv. Tobramycin
v. Digoxin (removal of digibind-

bound drug may be enhanced
in patients with renal failure)

vi. Digitoxin
vii. Vancomycin

3. Posttreatment supplement may be
necessary:

i. Phenytoin
ii. Acetylsalicylic acid

iii. Propranolol
iv. Thyroxine: 25% in the intra-

vascular compartment 99%

Table 7. Drugs With a High Percentage of Protein
Binding and Modest Volume of Distribution

Protein
Binding (%)

Volume of
Distribution

(L/kg)

cetylsalicylic acid 50-90 0.1-0.2
efazolin 80 0.13-0.22
efotetan 85 0.15
eftriaxone 90 0.12-0.18
hlorpropamide 72-96 0.09-0.27
iclofenac �99 0.12-0.17
icloxacillin 95 0.16
lyburide 99 0.16-0.3
eparin �90 0.06-0.1

buprofen 99 0.15-0.17
ndomethacin 99 0.12
etorolac �99 0.13-0.25
aproxen 99 0.10
robenecid 85-95 0.15
odium valproate 90 0.19-0.23
treptokinase ? 0.02-0.08
olbutamide 95-97 0.10-0.15
arfarin 97-99 0.11-0.15

Note: In general, drugs with a high percentage of protein
inding and a modest volume of distribution are likely to be
emoved by plasma exchange.

Reproduced from: Kaplan AA: A Practical Guide to
herapeutic Plasma Exchange. Blackwell Science, Mal-

en, MA, 1999, copyright Andre Kaplan.



s
f

c
2

C

C
T

C

p
n
1

P
t
1

I

C
c
w
1

r
r
1

R

r
9

A

w
a

t
t

E

p

I
c
m

V

p
C

M

c

p

h
t

D

L

D

Andre A. Kaplan1196
protein bound: TPE can treat
thyroid storm
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