Ampbhotericin B
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Amphotericin B (AmB) has been the cornerstone of antifungal
therapy for almost 50 years. Discovered in the late 1950s, it
was approved for human use as an antifungal agent in 1960.
Initial formulations of AmB were plagued with impurities.
Allergic responses, presumably secondary to these impuri-
ties, and endotoxin-like infusion-related reactions were
common. Although improvements in purification and fer-
mentation over the last 30 years have enhanced tolerability,
infusion-related reactions and renal dysfunction are still
commonplace with the use of the deoxycholate solubilized
formulation. Formulations using a lipid carrier have signifi-
cantly improved tolerability. Safety aside, AmB remains
the most effective, broad-spectrum, fungicidal agent with
the greatest experience for the treatment of systemic myco-
ses. Both intrinsic and acquired resistance are limited. The
treatment failures seen with AmB are multifaceted. These
can be attributed to delays in diagnosis of invasive myco-
ses, the immune compromised state of the patient being
treated, the unique pharmacokinetic/pharmacodynamic
properties of the different formulations, and dose limita-
tions related to toxicity. In an effort to enhance antifungal
efficacy and reduce toxicity, AmB has been combined with
other antifungals and new nonlipid formulations are being
evaluated.

Alternative formulations of AmB have been devised in an
effort to improve the therapeutic index of this agent. A water-
soluble methyl ester preparation showed promise; unfortunately,
several patients developed leukoencephalopathy in clinical
trials and the product was abandoned [1]. Nanoparticle science
has led to investigation of novel orally absorbed AmB and
intravenous products [2, 3]. In addition, highly purified AmB
and biosynthesis of deoxyamphotericins have been reported
in the literature [4]. Nebulized AmB lipid formuations are
currently being investigated for prophylaxis in lung trans-
plant receipients [5].
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This chapter discusses FDA-approved AmB deoxycholate
(AmB-d) and the lipid preparations of amphotericin B sepa-
rately. Where appropriate, we compare and contrast these
different formulations with an emphasis on unique pharma-
cologic properties or clinically relevant differences in toxic-
ity or outcome that favor one preparation over another.

Amphotericin B Deoxycholate

Chemistry

AmB is one of several polyene antifungals produced by the
soil actinomycete Streptomyces nodosus. The AmB molecule
is a heptaene macrolide consisting of seven conjugated dou-
ble bonds within the main ring, a connecting mycosamine
through a glycoside side chain, and a connecting free car-
boxyl group (Fig. 1). AmB is relatively insoluble in water
and derives its name from its amphoteric property to form
methanol soluble salts under both basic and acidic conditions
[6]. AmB is available as an intravenous preparation formu-
lated by combination with sodium deoxycholate (AmB-d),
which results in formation of a micellar dispersion upon
reconstitution in 5% dextrose in water [6].

Mechanisms of Action

The primary antifungal activity of AmB is mediated by its
preferential binding to fungal cell membrane ergosterol.
This interaction results in the formation of pores consisting
of eight AmB molecules in the membrane, allowing leak-
age of cellular components, such as potassium, that ulti-
mately leads to cell death [7]. Although AmB has a greater
affinity for the fungal ergosterol, it still has some affinity
for binding to the cholesterol of mammalian cell mem-
branes. The latter probably plays an important role in its
associated toxicity [8].
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Fig. 1 Amphotericin B polyene structure. The molecular formula of
the drug is C_H,,NO_; the molecular weight is 924.10

477773

There is also evidence suggesting that cell death may be
due in part to the oxidizing properties of the drug that results
in the production of reactive oxygen species and lipid peroxi-
dation of fungal cell membranes [7]. In support of oxidative
cell injury, Sokol-Anderson and colleagues have shown that
AmB-mediated lysis of Candida albicans protoplasts and
whole cells is reduced, independent of potassium leakage, in
the absence of oxygen and in the presence of exogenous cat-
alase and superoxide dismutase [9]. The presence of seven
conjugated double bonds in the chemical structure of AmB
renders it prone to auto-oxidation [9], leading some investi-
gators to speculate that AmB may also act as an antioxidant,
although clinical data to support this hypothesis are lacking.
Finally, AmB also has been shown to inhibit the respiration
of actively metabolizing Aspergillus fumigatus [10].

AmB may indirectly modulate antifungal efficacy by its
ability to alter immune function. The immunomodulatory
effects of AmB have been found to be diverse, and research
results are contradictory. The reported differences in AmB-
induced immunomodulation may be the result of a number
of factors, including antifungal concentration, the in vitro
conditions, and the animal model used. AmB has been shown
to act as an immunoadjuvant by stimulating cell proliferation
and cell-mediated immunity in murine models [11]. AmB
has also been shown to enhance the phagocytic, tumoricidal,
and antibacterial activity of macrophages along with increas-
ing colony-stimulating factor concentrations in mice [12].
AmB induces production of multiple inflammatory cytok-
ines (i.e., IL-1B, TNF-a, and IL-1RA) and increases nitric
oxide synthesis in vitro while increasing immune modulators
(i.e., IL-12 and IFN-y) in mice [13-15].

In contrast, AmB has been shown to inhibit chemotactic
responsiveness, phagocytic capacity, and killing by human
neutrophils [16]. Inhibition of both spontaneous and antigen-
induced transformation, as well as antibody-dependent cellu-
lar toxicity of human lymphocytes, has been reported with
AmB [17]. It has also been reported to diminish human periph-
eral blood mononuclear cell along with T-cell responses to
phytohemagglutinin [18] and to impair NK cell activity [17].

Taken collectively, these data suggest that AmB exerts
its direct antifungal activity through three mechanisms of

action: pore formation, oxidative damage, and inhibition of
metabolic activity. While the direct antifungal activity of
AmB has been extensively validated, the in vivo role of its
immunomodulatory properties has not been sufficiently
defined.

Spectrum of Activity

AmB is active against most of the common yeasts, moulds,
and dimorphic fungi causing human infection including:
Candida species, Cryptococcus neoformans, Blastomyces der-
matitidis, Histoplasma capsulatum, Coccidioides species,
Paracoccidioides brasiliensis, Sporothrix schenckii,Aspergillus
species, and the zygomycetes. This polyene also has some
degree of activity against the protozoa Leishmania brasilien-
sis, Trypanosoma species, and Naegleria fowleri [6].

Relatively few organisms manifest intrinsic resistance
to AmB. Scedosporium apiospermum (Pseudallescheria
boydii), Candida lusitaniae, Candida guilliermondii,
Scopulariopsis species, Aspergillus terreus and Fusarium
species generally are considered intrinsically resistant to
AmB [19]. Acquired resistance to AmB, whether through
selective laboratory techniques or after clinical usage,
appears to be uncommon. Recently, however, resistant
isolates of C. albicans, C. glabrata, C. tropicalis, and
C. neoformans have been isolated from patients with AIDS
[20-23].

Studies of resistant clinical isolates of C. albicans and
C. neoformans suggest that resistance occurs through alter-
ations of the genes encoding a®’-isomerase or a’*-desatu-
rase within the sterol biosynthesis pathway. These isolates
accumulate alternative sterols, allowing the organism to
evade the activity of AmB [21, 22, 24]. Others have sug-
gested that resistance to AmB in yeasts may occur through
increased catalase activity, impairing AmB-induced oxidative
damage [24, 25].

Susceptibility Testing

The recent efforts of the Clinical Laboratory Standards Institute
(CLSI) have been instrumental in the development of stan-
dardized methodology for antifungal susceptibility testing for
yeasts and moulds [26-28]. Despite these improvements, the
routine use of susceptibility testing of clinical isolates to AmB
is not recommended. Susceptibility testing of clinical isolates
may be helpful for patients who are failing therapy. For exam-
ple, clinical failure using AmB-d to treat serious candidal and
cryptococcal infections has been associated with minimum
inhibitory concentrations (MICs) of >1.0 pg/mL [20, 29].
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It should be noted, however, that clinical failure in AmB-
treated patients is not necessarily indicative of fungal resis-
tance, but is often related to the underlying immunodeficiency
of the patient. Susceptibility testing may also be clinically use-
ful in guiding treatment of rare pathogens for which resistance
is likely or unpredictable. Interpretive break points that corre-
late in vitro activity with clinical outcomes are limited for
moulds.

Pharmacology and Pharmacokinetics

Polyenes are poorly absorbed through mammalian mem-
branes (less than 5%), hence the requirement of an intrave-
nous formulation for the treatment of systemic mycoses.
Following an intravenous infusion, AmB-d is bound primar-
ily to lipoproteins, cholesterol, and erythrocytes. Peak serum
concentrations of approximately 1-3 pg/mL are achieved
during the first hour following a 4- to 6-h AmB-d infusion at
a dose of 0.6 mg/kg. Serum concentrations rapidly fall to a
prolonged plateau phase with measured concentrations of
0.2-0.5 pg/mL. Following an initial half-life of 2448 h,
there is a terminal elimination half-life of approximately 15
days. This terminal elimination phase most likely represents
the slow release of AmB from the tissues (Table 1).

AmB-d is distributed to many tissues, including the lungs,
spleen, liver, and kidneys [30]. The volume of distribution is
4 L/kg and appears to follow a three-compartment model of
distribution. AmB-d, however, does not distribute into adi-
pose tissue, supporting the premise that dosage should be
based on lean body mass. Unfortunately, the measurement of
lean body mass is not always practical. Hence dosing of
AmB-d in obese patients should be based on calculated ideal
body weight. AmB-d is bound extensively in tissues and can
be detected in the liver, spleen, and kidney for months after
treatment has been terminated [31]. Despite this extensive
and prolonged tissue binding, the relationship of serum ver-
sus tissue concentration and clinical efficacy or toxicity has
not been clearly established.

AmB-d concentrations in peritoneal, pleural, and synovial
fluids are less than half of the simultaneous serum concentra-
tions [32]. Concentrations in the vitreous body in nonin-
flamed eyes are not measurable. Although clinical efficacy of
AmB-d has been repeatedly documented for the treatment of
central nervous system fungal infections, such as cryptococ-
cal meningitis, cerebrospinal fluid levels are low, usually less
than 5% even in the presence of inflamed meninges. This
enhanced clinical efficacy may reflect higher levels of AmB-d
in the meninges as compared to the cerebrospinal fluid, as
has been documented in animal models of meningitis [6].

Despite almost 50 years of clinical experience, little is
known about the metabolism of AmB-d. No metabolites

have yet been identified. Less than 5% of the administered
dose is excreted in the urine and bile. Serum concentrations,
as such, are not changed and accumulation of AmB-d does
not occur in patients with hepatic or renal failure. Likewise,
hemodialysis or peritoneal dialysis does not influence serum
concentrations [6, 33-35].

Several pharmacokinetic parameters of AmB-d are differ-
ent in children than in adults [36, 37]. For instance, children
have a smaller volume of distribution and a larger clearance
compared to adults. When equivalent weight-based doses of
AmB-d are administered, peak serum concentrations in chil-
dren are approximately one-half of those obtained in adults.
The increased clearance of AmB-d in children may, in part,
explain the clinical finding that higher doses are better toler-
ated in children as compared to adults. Cerebrospinal fluid
concentrations of AmB-d treated neonates are higher than
those noted in adults.

Pharmacodynamics

Pharmacodynamics involves the integration of several phar-
macologic measurements made in vitro (e.g., susceptibility
studies, time-kill studies, dynamic models, viability, postan-
tifungal effect [PAFE], etc.) and in vivo (drug concentrations,
toxicity, efficacy, etc.). For antibacterial agents. several vari-
ables have been assigned quantitative limits that are predic-
tive of therapeutic success and include the time that the
serum drug concentration exceeds MIC [T > MIC]; the ratio
of maximum serum drug concentration to MIC [C_:MIC];
and the ratio of the area under the concentration—time curve
during a 24-h dosing period to MIC [AUC_, :MIC] [38].
These parameters have proven useful in classifying antibiot-
ics as either concentration-dependent or time-dependent in
their bactericidal activity and have also been instrumental in
selecting the optimal antibacterial treatment regimens.

Pharmacodynamic parameters are less clearly defined for
the antifungal drugs. AmB has traditionally been portrayed
asaconcentration-dependent antifungal agent. Concentration-
dependence is characterized by a long PAFE and therapeutic
success when the C_:MIC ratio is high. Determination of
C . -MIC ratios of AmB and their relationship to clinical
outcome in human infections is incomplete. Additional stud-
ies are required to evaluate the predictive value and clinical
usefulness of these pharmacodynamic parameters in opti-
mizing therapy of human infections.

Initial studies evaluating AmB pharmacodynamic models
in vitro and in vivo have been contradictory. For example, the
PAFE of AmB-d for Candida species was prolonged when
studied in vivo. In a study of neutropenic mice infected with
Candida, the antifungal effects of AmB-d were observed for
23-30 h [39]. In contrast, several in vitro studies have shown
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a shorter duration of antifungal effect (0-10.6 h) depending
on the MIC and the length of drug exposure [40, 41]. The
longer PAFE noted in vivo might be due to the immunomod-
ulatory properties and/or the slow release of AmB-d from
tissue. Also confounding pharmacodynamic studies on drug
concentration at the site of infection, the MIC of the organ-
ism, and the density of organisms at the site of infection
impact the composite sum of these factors. Data on these
important parameters affecting antifungal pharmacodynam-
ics and clinical outcome have not been adequately defined.
A few studies have attempted to define clinically relevant
pharmacodynamic parameters of AmB-d that affect clinical
outcome. Drutz and colleagues reported improved clinical
outcomes when AmB-d serum concentrations were main-
tained greater than twice the fungal MIC [42]. Animal mod-
els of infection have further demonstrated that high peaks
relative to the MIC are correlated with improved survival and
decreased fungal burden, as defined by CFU per gram of tis-
sue in a variety of organs [39, 43]. When studied in a neutro-
penic mouse model of infection, a serum C_ : MIC ratio of
10:1 was associated with the greatest decrease in kidney fun-
gal burden. Additionally, using nonlinear regression, a strong
relationship was also found for the length of time the serum
concentration remained above the MIC. This latter pharma-
codynamic property is characteristic of a non-concentration-
dependent, that is time-dependent antifungal agent [39, 43].
A reasonable hypothesis in reconciling these results involves
the enhanced tissue binding of AmB-d. Specifically, the
enhanced tissue storage and long elimination rates of AmB-d
confound traditional dynamic estimates, and the release of
free drug from tissue sites is difficult to discriminate from
the residual effects of inhibitory antifungal concentrations.

Adverse Effects

The utility of AmB-d is hindered by significant toxicity.
Although AmB-d has a greater affinity for ergosterol, its
affinity for cholesterol in the mammalian cell membrane
likely plays a role in its toxicity [8]. The resulting nonselec-
tive disruption of mammalian cells is believed to be the
underlying cause of most of the adverse effects associated
with this drug [44-46].

It is clinically useful to classify AmB-d-associated reac-
tions as infusion-related, dose-related, or idiosyncratic reac-
tions. Infusion-related reactions include a symptom complex
of fever, chills, nausea, vomiting, headache, and hypotension.
Infusion-related fever and chills are observed in over half the
patients receiving AmB-d. Our clinical experience is that
patients having severe infusion reactions often have undiag-
nosed adrenal insufficiency (especially those with dissemi-
nated histoplasmosis); consequently, adrenal function should

be evaluated in these individuals. These infusion-related
effects are believed to be due to the production of proinflam-
matory mediators by monocytes and macrophages in response
to AmB-d [46-48]. AmB-d has been shown to up-regulate a
number of genes encoding pro-inflammatory proteins such as
IL-1a, IL-1B, TNFa, IL-8, MIP-1a, MIP-183, and MCP-1
[14, 47, 48]. Production of these respective gene products,
along with release of PGE, from endothelial cells, likely
mediates the infusion-related toxicity. The patient-to-patient
variability of AmB-d infusion-related toxicity may correlate
with quantitative differences in cytokine production in vivo.
Other adverse effects that may be related to the cytokine
mechanism include thrombophlebitis, nausea, vomiting,
headaches, myalgias, and arthralgias.

Less frequently, cardiac arrhythmias have been reported.
Arrhythmias may occur when high concentrations are rap-
idly infused, especially in patients with heart disease, patients
with renal failure, and those receiving an accidental drug
overdosage [49]. Caution is also recommended for patients
receiving the drug by a central venous catheter.

Dose-related reactions occur with longer courses of treat-
ment and are related to total dose. AmB-induced nephrotox-
icity includes decreased glomerular filtration, decreased
renal blood flow, and renal tubular acidosis. Secondary con-
sequences, such as hypokalemia and hypomagnesemia are
common. Additionally, normochromic, normocytic anemia
is frequently observed, likely in response to decreased eryth-
ropoietin production [50]. Calcium deposits have been found
in the renal tubule lumen, tubule cells, and interstitium upon
histopathologic examination of renal tissue specimens
obtained from patients treated with AmB-d [51, 52].
Reversible renal impairment occurs within 2 weeks of ther-
apy in more than 80% of AmB-d treated patients [53]. Onset
of nephrotoxicity may occur before laboratory or clinical
signs and symptoms are evident. With the onset of nephro-
toxicity, the action taken ranges from AmB-d discontinua-
tion or dosage reduction, stopping concurrent nephrotoxic
drugs, changing to an alternate day infusion schedule, or pre-
treating patients with normal saline. There are no clinical tri-
als that identify the optimal therapeutic option.

The mechanism of AmB-d-induced nephrotoxicity is
multifaceted. Animal studies have demonstrated the vaso-
constrictive properties of AmB-d, particularly with regard
to the afferent arteriole [54]. Increased tubule permeability
has also been demonstrated [55]. Other studies suggest that
AmB-d inhibits sodium-potassium ATPases and affects
proton exchange, which could contribute to renal tubular
acidosis. Conversely, damage to the medullary thick
ascending limb was ameliorated by ouabain in a rat kidney
model, suggesting an alternative role for this pump in
AmB-d-induced nephrotoxicity. Others have suggested a
role for AmB-d-induced release of prostaglandins and leu-
kotrienes as well as oxidative injury in this process [52].
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The tubuloglomerular feedback mechanism normally
involved in renal homeostasis also plays a prominent role in
the pathogenesis of AmB-d-induced nephrotoxicity [56].
This feedback process is believed to be activated by trans-
port of sodium chloride across the macula densa cells into
the distal nephron, resulting in constriction of the afferent
arteriole, possibly mediated by adenosine, and subsequent
impairment of glomerular filtration [51]. Dehydration and
sodium depletion accentuate this response and exacerbate
AmB-d related renal failure. Sodium loading with intrave-
nous administration of 500—1,000 mL of normal saline prior
to initiation of AmB-d, when tolerated by the patient, is rec-
ommended in order to decrease the likelihood of renal tox-
icity [57].

Idiosyncratic reactions are rare, unpredictable, and include
anaphylaxis, liver failure, hypertension, and respiratory
failure.

Drug Interactions

Corticosteroids and nonsteroidal antiinflammatory drugs
(NSAIDs) are the agents most frequently used to prevent
infusion-related toxicities [58]. Controversy exists concern-
ing the risk:benefit ratio of corticosteroids for prevention of
infusion-related reactions. Clinical experience overwhelm-
ingly supports the therapeutic benefit of administering hydro-
cortisone to patients suffering infusion-related reactions.
However, circumstantial evidence suggests that administra-
tion of this immunosuppressant could be detrimental to the
therapeutic success of AmB-d [59, 60]. Although further
investigation of this therapeutic issue is required, it seems
prudent to limit the dose and duration of corticosteroids by a
therapeutic taper once infusion-related reactions are amelio-
rated. Likewise, routine use of NSAIDs for premedication
should be avoided owing to their potential to enhance AmB-d
related renal insufficiency. Intravenous meperidine has
proven useful in abrogating infusion-related rigors [61].

Enhanced nephrotoxicity associated with AmB-d admin-
istration has been observed with cyclosporine or tacrolimus,
diuretics, NSAIDs, pentamidine [62], and other nephrotoxic
agents, such as aminoglycosides or radio-opaque dyes.
Diligent monitoring of renal function is warranted in patients
treated concurrently with these nephrotoxic agents.

A variety of other therapeutic agents may result in
AmB-d associated adverse events that require diligent mon-
itoring. Pulmonary leukostasis and respiratory failure asso-
ciated with concomitant leukocyte transfusions or
indium-labeled leukocyte scanning can be life-threatening
[63, 64]. However, the incidence of this reaction has mark-
edly decreased with less frequent use of leukocyte infusions.
Skeletal muscle relaxants and neuromuscular blocking

agents have been reported to enhance curariform effects
related to hypokalemia. AmB-d-induced hypokalemia can
also enhance the cardiac effects of digitalis glycosides. In
these cases, patients suffered cardiac dysfunction that would
be difficult to differentiate from the direct effects of AmB-d
on the myocardial tissue [46]. Amiloride has been suggested
for concomitant administration to decrease the hypokalemia
in patients receiving digitalis glycosides. However, the
effect is difficult to predict and requires further study.
Cyclophosphamide and doxorubicin appear to penetrate
cells more effectively when administered with AmB-d and
this results in enhanced toxicity [65].

Drug interactions also encompass incompatibilities of
pharmaceuticals in solution. AmB-d, and the AmB lipid for-
mulations are incompatible in solutions with high saline con-
tent, including lactated Ringer’s or normal (0.9%) sodium
chloride. In addition, the infusion of AmB formulations con-
comitantly with other antiinfectives (amikacin, ampicillin,
aztreonam, carbenicillin, clindamycin, cotrimoxazole, flu-
conazole, gentamicin, linezolid, nitrofurantoin, penicillin G,
and piperacillin) may induce precipitation of either agent.

Combination Therapy

One approach to improving the activity and/or toxicity pro-
file of AmB-d is its administration in combination with
another antifungal or pharmacologic agent. Animal data and
anecdotal experience suggest that colony-stimulating fac-
tors, rifampin, or tetracyclines may be effective adjuvants
[66, 67]. A more traditional approach would be to use
another antifungal in combination with AmB-d. While many
in vitro studies of antifungal combinations with AmB-d
have been performed, the results of these have not been con-
sistent. For example, pretreatment with an imidazole prior to
the administration of AmB-d has been reported to be antag-
onistic [68]. Other studies, however, have documented addi-
tive or synergistic activity when triazoles were combined
with AmB-d [69]. Owing to these differing results, the rou-
tine use of an azole with AmB-d has not been recommended.
However, one randomized blinded clinical trial showed no
antagonism and actually improvement in clearing candi-
demia when fluconazole was combined with AmB-d [70]. In
contrast to studies with the azoles, the clinical benefit of
using AmB-d in combination with flucytosine for the treat-
ment of cryptococcal meningitis has been clearly docu-
mented in both AIDS and non-AIDS patients [71-73]. In
addition, smaller cohorts of patients with candidemia and
other serious candidal infections have been treated success-
fully with AmB-d combined with flucytosine. Unfortunately,
clinical studies evaluating the efficacy of other antifungal
combinations are relatively few [74].
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Administration

There are no well-controlled trials that delineate the optimal
dosing regimen for AmB-d. The daily dose has traditionally
ranged from 0.3 mg/kg up to 1.5 mg/kg depending on the
specific mycosis and severity of disease. The duration of
therapy for most systemic fungal infections has varied from
4 to 12 weeks, although courses of many months have been
reported. The availability of the triazoles, however, has
resulted in AmB-d being used for shorter treatment courses,
usually until clinical improvement is evident, before step-
down therapy is initiated with a less toxic azole.

Specific administration and dosing recommendations are
as variable as the number of institutions that utilize this anti-
fungal polyene. Selection of dosing regimens, including pre-
medications, is often based on clinicians’ concerns for
toxicity, rather than achievement of efficacy. Dosing recom-
mendations that have been approved by the Food and Drug
Administration are outlined in Table 1. Specific recommen-
dations for the administration of AmB-d, based on the
authors’ clinical experiences, are outlined in Table 2.

The practice of administering a 1 mg test dose of AmB
prior to the initial dose, while recommended by the manufac-
turer, is controversial among clinicians [75]. The dose is
administered as 1 mg AmB-d in 50 mL of D5W adminis-
tered over 30—60 min. In most instances, however, the test

Table 2 Amphotericin B infusion protocol

dose is given as part of the initial dose, which in turn is then
given in full if no adverse effects are observed. The test dose
is designed to identify patients who will experience immedi-
ate type hypersensitivity reactions or pronounced infusion-
related reactions. While evidence supporting this practice is
sparse, many experienced clinicians continue to use this
approach. Others argue that immediate type hypersensitivity
would be observed with the test dose, whereas the AmB-d
concentration provided by a test dose would be insufficient
to produce the proinflammatory response responsible for
fever and chills. Also of concern is the potential delay in
therapy that may occur with the use of an initial test dose
[75]. The authors do not recommend a test dose.

A second controversy centers around the length of infu-
sions, e.g., short versus long. Several studies have explored
toxicity and tolerability of standard infusion times (46 h)
versus more rapid infusions of 2—4 h and even less than an
hour [76]. The results of these studies indicate that rapid infu-
sion times are equally well tolerated and have similar rates of
adverse events as compared to infusions given over 4—6 h. Due
to the risk of cardiac arrhythmias, rapid infusions should not
be used in patients with renal failure, heart disease, and history
of cardiac arrhythmias, and in those receiving AmB-d through
a central venous catheter [77, 78]. A recent study reported less
toxicity, including nephrotoxicity, in febrile neutropenic patients
treated with continuous-infusion AmB-d when compared to

Administration and dosing

Dilute amphotericin B in D5W, the final concentration not exceeding 0.1 mg/mL. Infuse the dose over 2—4 h. Record temperature, pulse rate, and
blood pressure every 30 min for 4 h. If patient develops significant chills, fever, respiratory distress, or hypotension, administer adjunctive
medication prior to next infusion. Consult an Infectious Diseases clinician for any questions concerning maximum daily dose, total dose, and
duration of therapy

Adjunctive medications

1. Heparin 1,000 units may diminish thrombophlebitis for peripheral lines. Please observe the contraindications to the use of heparin;
thrombocytopenia, increased risk of hemorrhage, and concomitant anticoagulation

2. Administration of 250 mL of normal saline prior to amphotericin B may help decrease renal dysfunction

Acetaminophen administered 30 min prior to amphotericin B infusion may ameliorate the fever

4. Hydrocortisone 0.7 mg/kg (Solu-Cortef) can be added to the amphotericin B infusion. Hydrocortisone is given to decrease the infusion-
related reactions. This should only be used for significant fever (>2.0°F elevation from baseline), and chills with infusions and should be
discontinued as soon as possible (3—5 days). It is not necessary to add hydrocortisone if the patient is receiving supraphysiologic doses of
corticosteroids

5. Meperidine hydrochloride 25-50 mg parenterally in adults may be utilized to prevent or ameliorate chills

bl

Monitoring

1. At least twice weekly for the first 4 weeks, then weekly: hematocrit, reticulocyte count, magnesium, potassium, BUN, creatinine, bicarbon-
ate, urinalysis. The GFR may fall 40% before stabilizing in these patients. Discontinue for 2-5 days if renal function continues to deteriorate
and reinstate after improvement. Hematocrit frequently falls from 22% to 35% of baseline

2. Monitor closely for hypokalemia and hypomagnesemia

Caveats and patients requiring closer monitoring

1. Electrolytes: Addition of an electrolyte to the amphotericin B solution causes the colloid to aggregate and probably gives a suboptimal

therapeutic effect. This includes IV piggyback medications containing electrolytes

Filtering: The colloidal solution is partially retained by 0.22-um pore membrane filter, so do not use filters

The infusion bottle need not be light-shielded

Patients with adrenal insufficiency tolerate infusions poorly. Treatment with corticosteroids improves patient tolerance

Patients should not receive granulocyte transfusions

Patients with anuria or previous cardiac history may have an increased risk of arrhythmias and slower infusion rates are recommended
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patients treated with 4-h infusions [79]. However, clinical
experience with continuous infusion of AmB-d is limited,
and there is concern about achieving adequate serum concen-
trations for maximum efficacy of AmB. Until safety and effi-
cacy are better documented, continuous infusion cannot be
recommended at this time.

Other routes of administration for AmB-d are used when
therapeutic goals are not or cannot be achieved with intrave-
nous dosing [6, 69]. Topical preparations (3% lotion, creams,
or ointments, 10-mg lozenges or oral suspension, 100 mg/
mL) may be compounded as needed for the treatment of
superficial or cutaneous yeast infections. Intrathecal or intra-
ventricular routes have been used in refractory cases of fun-
gal meningitis, most frequently coccidioidal meningitis [6,
69, 80]. Intrathecal administration is problematic due to the
poor distribution and the development of arachnoiditis at the
injection site. Intraventricular administration is preferred.
Long-term administration should be performed using a sub-
cutaneous Ommaya or Rickham reservoir. AmB-d should be
mixed with sterile water to a final concentration of 250 pg/
mL. Initial dosing (10-25 pg) can be escalated slowly up to
a dose of 250 pg/day to as high as 500 pg/day day, depend-
ing on the mycosis being treated and patient’s tolerance of
this therapy. This route of administration is often limited by
local reactions (radicular pain, headache, vomiting, and
arachnoiditis). More severe neurologic complications include
ventricular hemorrhage and bacterial superinfection [80].

Ocular administration of AmB-d is frequently used for
the treatment of fungal eye infections [6, 81]. Topical oph-
thalmic application (0.25-1.5% solution) or subconjunctival
injection (100-200 pg/0.5 mL) is appropriate for most super-
ficial infections. However, little medication penetrates into
the vitreous body, and intravitreal injection of 5-10 pg/0.1
mL is often used for vitritis [81].

The therapeutic benefit and optimal dose of nonparenteral
routes of administration are not well established, and local
inflammatory responses specific to the sites of administra-
tion are common and are frequently dose limiting [6, 69].
Intraperitoneal administration for the treatment of peritoneal
dialysis-associated Candida infections can be achieved by
administering AmB-d within the dialysate or intraperitone-
ally, but this is extremely irritating and is no longer recom-
mended [82]. Intraarticular doses (5—-15 mg) administered
for fungal arthritis are rarely indicated. Bladder instillation/
irrigation with an AmB-d solution (50 mg/L) by continuous
infusion through a triple-lumen catheter for 5 days has been
used for candidal cystitis and candiduria [§3] AmB-d (10 mg)
in 5 ml has been administered twice a day via nebulization
for prevention of pulmonary aspergillosis in neutropenic
patients [84, 85]. Specific adverse reactions with aerosolized
AmB-d include dyguesia, gastrointestinal distress, dyspnea,
and cough. Less frequently, intracavitary irrigation has been
used for treatment of pulmonary aspergilloma.

Use in Pregnancy

AmB is the antifungal agent with which there has been the
most experience in pregnancy [86, 87]. Both the deoxy-
cholate and lipid-based formulations are assigned to risk cat-
egory B by their manufacturers. While the pharmacokinetics
of AmB in pregnancy have not been studied, the drug appears
to cross the placenta and enter the fetal circulation [85].
Among case reports of AmB use in pregnancy, azotemia was
the most common maternal adverse drug reaction reported,
followed by anemia, hypokalemia, acute nephrotoxicity,
fever, chills, headache, nausea, and vomiting. Individual
cases of possible fetal toxicity include transient acidosis with
azotemia, anemia, transient maculopapular rash, and respira-
tory failure requiring mechanical ventilation. Only a single
case of congenital malformation (microcephaly with a pilo-
nidal dimple) has been associated with AmB-d [86]. To date
there have been no reports of animal teratogenesis attributed
to AmB [86, 87].

Lipid Preparations of Amphotericin B

Three lipid-based products are currently available in the
United States: AmB colloidal dispersion (ABCD), liposomal
AmB (L-AmB), and AmB lipid complex (ABLC) (Fig. 2).
In addition to these commercial formulations, lipid-based
preparations have been admixed by individual institutions by
combining AmB deoxycholate and 20% lipid emulsion
[88, 89]. While AmB lipid emulsion is attractive from the
standpoint of cost, several concerns have been raised, encom-
passing the stability of the emulsion, the need for filtration,
and the possibility of fat overload syndrome. One pharma-
ceutical company pursued development of this formulation
for several years, but a stable suspension was not achieved.
Administration of this formulation is, therefore, not recom-
mended [90].

Chemistry

The commercial lipid formulations are distinct as regards
their phospholipid content, particle size and shape, electro-
static charge, and bilayer rigidity [91]. Liposomal AmB is
formulated as a unilamellar spherical vesicle with a single
lipid bilayer comprised of hydrogenated phosphatidylcho-
line, cholesterol, and distearoyl phosphatidylglycerol in a
2:1:0.8 ratio. Amphotericin is located on the inside and out-
side of the vesicle. L-AmB has the smallest particle size.
ABCD was developed by complexing AmB with cholesteryl
sulfate in a 1:1 molar ratio. These complexes form tetramers
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Fig.2 Amphotericin B lipid-based formulations represented in artistic drawings: (a) liposomal amphotericin B; (b) amphotericin B lipid complex;

(¢) amphotericin B colloidal dispersion

that have a hydrophobic and a hydrophilic portion. The
tetramers aggregate to form disk-like structures that are
larger in size than L-AmB. ABLC consists of nonliposomal
AmB-complexed ribbon structures and was originally
derived from multilaminar liposomes prepared by mixing
two phospholipids, dimyristoyl phosphatidylcholine (DMPC)
and dimyristoyl phosphatidylglycerol (DMPG) in a 7:3
molar ratio. ABLC is much larger than the other two formu-
lations [91-93] (Table 1).

Proposed Mechanisms for Enhanced
Therapeutic Index

Although the lipid formulations have been shown to have an
improved therapeutic index as compared to AmB-d, the
mechanism(s) by which this occurs has not been ade-
quately defined. Several mechanisms have been proposed.

The unifying concept in all of these proposals involves the
ability of lipid formulations to prevent binding to the kidney
and the selective distribution of lipid-bound AmB to other
tissues [91].

The first mechanism involves the rapid endocytic uptake
of lipid-associated AmB by macrophages in tissues, often at
the sites of infection. Following this targeted delivery, AmB
is then slowly released into the tissues and the circulation. In
addition to this selective tissue targeting, macrophage uptake
of AmB also limits the amount of free drug, and presumably
also LDL-bound drug, in the circulation capable of binding
to human cells. The second mechanism involves the selective
transfer of AmB from the lipid carrier to the fungal cell
membrane. In this instance, AmB has a stronger affinity for
the lipid carrier than for the cholesterol in mammalian cells.
On the other hand, the affinity of AmB for ergosterol in the
fungal cell is stronger than its affinity for either the lipid car-
rier or cholesterol. A third mechanism proposes that the
lipid-based formulations are less nephrotoxic by limiting the
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amount of free drug in the blood and by preventing AmB
binding to circulating LDL. Free AmB and LDL-bound
AmB are considered to be more nephrotoxic than either HDL
or other lipid-bound AmB. The fourth mechanism proposes
that the lipid-based formulations elicit reduced cytokines,
such as TNF-a or IL-1 from human cells as compared with
AmB-d. These proinflammatory cytokines are putative medi-
ators for infusion-related reactions and nephrotoxicity. This
fourth hypothesis is supported primarily by in vitro data. The
final purported mechanism involves the action of extracellu-
lar phospholipases produced by yeasts and moulds in releas-
ing the lipid-bound AmB at the site of infection. As such,
more AmB is released in the infected tissues. The phospho-
lipid carrier of ABLC is especially susceptible to these fun-
gal phospholipases.

Therapeutic Indications

In general, all three lipid formulations are indicated for the
treatment of systemic fungal infection in patients refractory
to or intolerant of therapy with AmB-d (Table 1) [91, 93].
L-AmB has also been approved for the empiric therapy of
presumed fungal infection in febrile neutropenic patients
[94]. In routine clinical practice, however, lipid formulations
are frequently used as primary therapy for patients with
baseline renal insufficiency and in patients at high risk for
renal failure, including transplant recipients and patients
receiving concurrent treatment with other nephrotoxic
agents. Lipid preparations, however, should not be used as
primary therapy for dialysis-dependent patients unless they
fail therapy with AmB-d. Some authors consider the lipid
formulations, due to their high concentrations in the liver and
spleen, to be ideal for the treatment of patients with chronic
disseminated candidiasis [95]. Finally, many infectious dis-
ease physicians consider lipid formulations of AmB to be
superior to AmB-d for the treatment of patients with aggres-
sive mould infections, such as invasive aspergillosis and
zygomycosis. The data supporting this use are anecdotal,
and comparative trials documenting the superiority of lipid
formulations for these infections are lacking at present.

Pharmacology and Pharmacokinetics

The lipid agents’ biochemical/biophysical properties have a
profound effect on the pharmacology of these lipid formula-
tions (Table 1). For example, L-AmB is not as readily taken
up by macrophages, and L-AmB achieves higher serum con-
centrations and a greater area under the curve (AUC) in blood
compared to AmB-d or the other lipid preparations. On the

other hand, the larger lipid formulation, ABLC, is more read-
ily taken up by the tissues and has the greatest volume of
distribution. Comparative data on the pharmacokinetic
parameters of the lipid formulations, either compared to each
other or to AmB-d, are limited. However, profound differ-
ences in some of the parameters have been documented and
have led to unique therapeutic options (Table 1) [92, 96]. In
amimals, ABLC lung penetration far exceeds (70- to 375-
fold) the penetration by other formulations [97]. This tissue
saturation also results in increased drug clearance from the
serum. Whether any of these pharmacologic differences sig-
nificantly affect clinical outcome or toxicity has not been
studied adequately.

Pharmacodynamics

Owing to a variety of confounding variables, the pharmaco-
dynamic information obtained with AmB-d cannot be
directly extrapolated to the lipid formulations. In general,
studies utilizing AmB lipid formulations have revealed a
poor correlation between pharmacodynamic parameters
and outcome [43]. Measurement of free AmB has been
hypothesized to potentially resolve these discrepancies.
However, the ability to accurately measure or predict free
AmB is difficult [95].

As mentioned earlier, L-AmB achieves serum concentra-
tions many-fold higher than the other lipid formulations of
AmB, leading to a tremendously increased AUC versus time
curve that in turn impacts all pharmacodynamic calculations.
Using traditional calculations, L-AmB would not be predicted
to be an effective therapy for central nervous system infec-
tions. To the contrary, L-AmB proved effective in animal studies
[43] and a clinical trial of patients with AIDS-associated
cryptococcal meningitis [98]. Although cerebrospinal fluid
levels were low or undetectable, brain tissue concentrations
exceeded expectations and, in the animal studies, were higher
than those found with either AmB-d or the other lipid formu-
lations. Brain tissue concentrations in patients receiving
L-AmB were not as high as those documented in the animal
studies [43, 98].

After 7 days of parenteral treatment of rabbits, mean AmB
concentrations in inflamed eyes were significantly higher in
the aqueous humor for L-AmB (0.73 pg/mL) compared with
ABLC (0.03 pg/mL) and AmB-d (0.13 pg/mL). Levels in
the vitreous body were also higher for L-AmB (0.47 pg/mL)
than for ABLC (0.27 pg/mL) and AmB-d (0.16 pg/mL).
Little, if any AmB-d can be detected in noninflamed eyes
[99, 100].

Disproportionate distribution into the reticuloendothelial
system has been observed for two lipid formulations, ABLC
and L-AmB. As a result, very high tissue concentrations of
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these agents are detected in the liver and spleen relative to
serum. These high tissue concentrations have been hypoth-
esized to be a therapeutic advantage for these agents in
treating patients with chronic disseminated candidiasis
[95]. In support of this theory, clearance of C. albicans from
the liver was superior in mice treated with L-AmB (1.5 mg/
kg) compared to mice treated with AmB-d at equal doses
[101]. In contrast, clearance of yeasts from lung was not
enhanced in L-AmB-treated mice, but high concentrations
of ABLC were detected in lung tissue, suggesting that this
fomulation may be optimal for the treatment of pulmonary
mycoses.

Adverse Events

All three lipid-based preparations currently available in the
United States exhibit less nephrotoxicity than AmB-d [91,
102]. However, infusion-related toxicities similar to AmB-d
are still observed [103, 104]. Several studies have demon-
strated significantly fewer infusion-related adverse events
associated with L-AmB when compared with AmB-d or with
ABLC [91, 94, 102].

Although uncommon, acute respiratory events have been
associated with administration of AmB and are typically
characterized by tachypnea, dyspnea, and wheezing.
Recently, there have also been reports of chest discomfort
and altered pulmonary function associated with the lipid-
based preparations of AmB [105, 106]. In fact, a triad of
symptoms including: (1) chest pain, dyspnea, and hypoxia;
(2) severe abdominal, flank, and leg pain; and (3) flushing
and urticaria, has been reported with L-AmB [107]. These
reactions appear in approximately 20% of patients, start
within 5 min of infusion, and respond to antihistamines
(diphenydramine).

The mechanisms causing these “uncommon” reactions
are unclear, but may be related to the ability of AmB to elicit
chemokine production from monocytes [14, 48]. The ability
of IL-8 to recruit neutrophils could then mediate the pulmo-
nary toxicity occasionally observed during administration of
this agent. The lipid formulations of AmB deliver higher
amounts of drug to the pulmonary tissue [105]. Thus, it is
conceivable that enhanced pulmonary neutrophil recruit-
ment in response to elevated local concentrations of IL-8
could lead to pulmonary leukostasis and thereby explain in
part the pulmonary toxicity associated with AmB prepara-
tions. Indeed, studies in animal models have demonstrated
that AmB pulmonary toxicity involves neutrophil recruit-
ment to the lungs [108, 109]. Another possibility is that the
lipid component of these preparations may itself contribute
to these physiologic effects. Irrespective of the cause of the
pulmonary toxicity, it seems prudent to administer the initial

dose of any of the AmB lipid formulations under close
observation and to reduce the rate of infusion in instances in
which these effects are observed [105, 106].

Other adverse events reported with the lipid preparations
include headache, hypotension, hypertension, diarrhea, nau-
sea, vomiting, and rashes. Laboratory abnormalities reported
include hypokalemia, hypomagnesemia, hypocalcemia, ele-
vated liver function tests, and thrombocytopenia [91].
Regarding frequency of infusion-related adverse events of
available AmB preparations, data suggest the following rank
order by greatest to least frequency: AmB-d > ABCD >
ABLC > L-AmB.

Comparative Trials

Comparative trials between lipid AmB preparations and
AmB-d are enlightening. Empiric therapy for febrile neu-
tropenic patients has received the most attention. In two
different studies, ABCD (4 mg/kg/day) and L-AmB (3 mg/
kg/day) were each compared to standard therapy with
AmB-d (0.6-0.8 mg/kg/day) [94, 104]. In both studies,
patients treated with the lipid preparations had a more rapid
defervescence and lower death rate, although in neither
study were these clinical differences statistically signifi-
cant. In contrast, patients receiving either of the lipid prep-
arations had statistically superior outcomes compared to
patients treated with AmB-d for (1) the time to onset and
rates of renal dysfunction; (2) rates of infusion-related reac-
tions; and (3) prevention of breakthrough invasive fungal
infections [94, 104]. Another study of therapy for febrile
neutropenic patients compared two different doses of
L-AmB (3 mg/kg/day and 5 mg/kg/day) to ABLC (5 mg/
kg/day). Clinical outcomes were equivalent for all patient
groups, except that the rates of renal dysfunction were sig-
nificantly less for both doses of L-AmB compared to the
ABLC formulation [102].

Comparative studies of the different AmB formulations
in the treatment of documented infections have been pri-
marily nonblinded and limited in number. ABCD (0.5-8
mg/kg/day), L-AmB (4 mg/kg/day) and ABLC (1.2-5 mg/
kg/day) have been compared with AmB-d (0.1-1.5 mg/kg/
day) for the treatment of invasive aspergillosis [103, 110]
and cryptococcal meningitis [98, 111]. Patients with proven
or probable aspergillosis who received ABCD experienced
higher response rates (50%) compared to a historical con-
trol group treated with AmB-d [103]. However, in a ran-
domized, double-blind trial, ABCD showed equal but no
better efficacy than AmB-d as therapy for invasive aspergil-
losis (52% vs 51%) [110]. In two open label, randomized
trials comparing a lipid formulation for the treatment of
AIDS-associated cryptococcal meningitis, the clinical and
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microbiologic responses rates favored the lipid preparations
[98, 111]. Of note, in these studies, significantly lower rates
of nephrotoxicity were observed in patients treated with the
lipid formulations.

A randomized, blinded treatment trial compared AmB-d,
0.7 mg/kg daily, with L-AmB, 3 mg/kg daily, for AIDS
patients who had moderately severe to severe disseminated
histoplasmosis. L-AmB was found to be superior in regard to
efficacy and time to defervescence and there were fewer
adverse reactions in the L-AmB arm [112].

Administration and Dosage

The approved daily dose and rate of administration are dif-
ferent for each lipid formulation. Other than for ABCD, the
maximal daily dose that can be safely administered in humans
has not been adequately defined. More interestingly, the
equivalent doses of the individual lipid formulations that
compare to the recommended dose of AmB-d for a particular
fungal infection has not been established.

The recommended initial dose of L-AmB is 3 mg/kg/day
for empiric therapy and 3-5 mg/kg/day for documented sys-
temic fungal infections. The drug is usually infused over 2
h, but the infusion time can be decreased to 1 h if tolerated.
The currently approved daily dose of ABLC is 5 mg/kg, and
this is infused at a rate of 2.5 mg/kg/h. Daily doses of
L-AmB and ABLC have been titrated considerably higher
than the recommended daily doses and appear to be well
tolerated in selected patients with refractory diseases.
Treatment with ABCD should be initiated with a daily dose
of 3—4 mg/kg. The dose can then be escalated to 6 mg/kg/
day based on patient tolerance and clinical response. The
recommended maximal daily dose is 7.5 mg/kg. Infusion-
related toxicities with ABCD become more severe with
doses of 8 mg/kg or greater.

Costs

A major consideration regarding the lipid-based formula-
tions of AmB is their high cost in comparison to AmB-d.
Data indicate that the lipid formulations range from 10- to
50-fold higher in acquisition cost per dose [113]. These
agents are less nephrotoxic than AmB-d, and their overall
therapeutic:toxic ratio is clearly improved over that of the
parent drug. However, superiority in clinical efficacy has
been definitively established in head-to-head comparative
trials only in the case of disseminated histoplasmosis.
Consequently, well-done pharmacoeconomic studies are
needed to justify the higher cost of the lipid formulations.
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