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To investigate the pharmacokinetics and effects of intravenous foscarnet, 13 relatively healthy male patients
with human immunodeficiency virus infection and a mean CD4+ lymphocyte value of 0.45 x 10-9 cells per liter
were given a continuous intravenous infusion of foscarnet (0.14 to 0.19 mg/kg per min) for 8 to 21 days. Blood
and urine samples were taken during and after drug administration to monitor foscarnet concentrations.
Lumbar puncture was performed during the infusion in five patients. The concentrations in plasma showed
large variations both within and between patients. The disposition of foscarnet could be explained by a
triexponential equation (tl2,1, 0.40 to 2.52 h; t112X, 3.20 to 16.7 h; tl/2J3, 36 to 196 h). Renal clearance
accounted for most of the plasma clearance, the dilerence probably reflecting the passage of foscarnet into
bone. Up to 20% of the cumulative dose may have been deposited in bone 7 days postinfusion. Foscarnet was
distributed to the cerebrospinal fluid in a concentration varying from 13 to 68% of the simultaneous
concentration in plasma. Polyuria and polydipsia were recorded in all patients. There appears to be an
association between the degree of malaise, including symptoms such as nausea, vomiting, fatigue, and
headache, and concentrations in plasma above 350 ,umol/liter.

Foscarnet (trisodium phosphonoformate hexahydrate) is
an antiviral drug active in vitro against all human herpesvi-
ruses including cytomegalovirus (CMV) at concentrations of
100 to 300 p.mol/liter (10) and against human immunodefi-
ciency virus (HIV) (13, 14). Its mode of action is by selective
inhibition of herpesvirus DNA polymerases as well as the
HIV reverse transcriptase at concentrations not affecting
normal cell growth (10).

Intravenous foscarnet may reduce the proportion of pos-
itive HIV cultures after treatment compared with that before
treatment (4) and reduces the ability to detect HIV antigen in
serum during treatment (1, 5, 8) in patients with the acquired
immunodeficiency syndrome and the acquired immunodefi-
ciency syndrome-related complex. Clinical experience in
patients treated with intravenous foscarnet for opportunistic
CMV infections suggests a beneficial effect (9, 12, 20).

Foscarnet is rapidly cleared from blood and other soft
tissues in different animal species, but studies in mice show
that about one-third of a parenteral dose is retained in bone
and cartilage without any biotransformation (7).
Owing to poor oral absorption (17), the concentrations

achieved in plasma after oral dosing have been considered
too low for inhibition of HIV or CMV replication in vivo
compared with the required in vitro inhibitory concentration
of foscarnet (10, 13, 14). Thus, foscarnet must be adminis-
tered intravenously.

This study was performed from March 1985 to May 1986
and was part of a project to evaluate intravenous foscarnet in
the treatment of patients with culture-proven HIV infection
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to gather further pharmacokinetic knowledge of its disposi-
tion and effects in humans.

MATERIALS AND METHODS

Patients. Fourteen male patients entered the study. They
were between 20 and 42 years old, with lymphadenopathy
syndrome (n = 11) or acquired immunodeficiency syndrome-
related complex (n = 3) with a positive blood culture of HIV
and antibodies against HIV in serum confirmed by Western
blotting (immunoblotting) (Table 1). The mean CD4+ lym-
phocyte value was 0.45 x 10' cells per liter. Despite some
symptoms such as fatigue, night sweats, and periods of loose
stools, all patients with lymphadenopathy syndrome were
working full time and had no history of weight loss before
entering the study. All had normal creatinine levels in serum
before treatment and had no evidence or history of renal,
serious hepatic, or serious cardiovascular disease and were
considered to be in satisfactory nutritional condition. Diuret-
ics were not allowed during the study.
The creatinine levels in serum were used to estimate

creatinine clearance (CLCR) by the formula given by Cock-
croft and Gault (2). The body surface area was calculated by
the formula of Du Bois and Du Bois (3).
Concomitant drugs administered during foscarnet treat-

ment were analgesics, benzodiazepins, and occasionally
dimenhydrinate.

Experimental design. Each patient received a continuous
intravenous infusion of foscarnet in a peripheral vein for up
to 21 days, aiming at a steady-state concentration in plasma
on the order of 450 pLmol/liter. Plasma samples were col-
lected during infusion as well as for 6 days postinfusion.
Drug and dosage. Foscarnet solution for intravenous infu-

sion (2.4%, batch LF 1415) was provided in 500-ml bottles.
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TABLE 1. Patient characteristics

Creatinine level in
Patient Age Ht Wt Body CD4+ serum (,umol/liter)surface (cells,no. (yr) (cm) (kg) area (m2) 10-9/liter) Initial End of

treatment

1 42 172 83 1.96 0.14 99
2 31 164 60.5a 1.66 0.07 91 129
3 26 168 53.5 1.60 0.70 72 86
4 29 170 70 1.81 0.59 90 173
5 36 188 82 2.08 0.33 78 94
6 30 180 65 1.83 0.67 82 86
7 34 176 79 1.95 0.55 88 100
8 30 176 61 1.75 0.47 83 118
9 39 171 67 1.78 0.30 78 108
10 29 181 69 1.88 0.50 94 162
11 33 184 65 1.86 0.19 79 138
12 33 180 64 1.82 0.63 60 80
13 20 183 65 1.85 0.75 92 102
14 35 182 75 1.96 0.40 95 116

Mean 32 177 69 1.84 0.45 84 115
SD 6 7 9 0.13 0.22 11 29

" Body weight decreased to 56 kg during treatment.

The solution was diluted to 1.2 to 1.09% with 5% dextrose
before administration to reduce the risk of thrombophlebitis.

Foscarnet was administered as a continuous intravenous
infusion (0.14 to 0.19 mg/kg per min) with an infusion pump
(Imed 960; Imed Scandinavia, Stockholm, Sweden) for 8 to
21 days.

Sampling. The start of infusion was time zero. Blood was
collected from an arm vein by the heparin-lock technique
with an indwelling catheter or by direct puncture with
Venoject tubes (5 ml, containing heparin). The cannula and
arm used for the most recent infusion were not used for
sampling.
Samples of 4 ml each were drawn just prior to dosing and

at 1, 2, 4, 8, 12, 24, 36, 48, 60, and 72 h and thereafter every
24 h during the whole infusion period. On day 10 or 14,
additional samples were taken every 4 h between 8 a.m. and
8 p.m.
Samples of 4 to 5 ml were taken at the time infusion was

stopped and 1, 2, 3, 4, 6, 8, 10, 12, 18, 24, 36, 48, 60, and 72
h after the end of infusion and thereafter every 24 h for 6
days postinfusion.

Urine was collected at 0 to 2, 2 to 4, 4 to 8, and 8 to 12 h
after the start of infusion. Thereafter, every 12 h during
infusion, the times were selected so that the plasma sample
was taken at the end of the collection interval.

In the postinfusion period, urine samples were collected at
Oto2, 2to4, 4to6, 6to8, 8to 10, 10to 12, 12to 18, 18to
24, 24 to 36, 36 to 48, and 48 to 72 h after the end of infusion.
Thereafter, the total urinary output was collected every 24 h
for 3 additional days.

In five patients, cerebrospinal fluid (CSF) was collected
for determination of spinal fluid characteristics, HIV culture,
and HIV antibodies. These samples were also used to assay
for foscarnet.

Assay procedure. Before the plasma and urine samples
were delivered to Astra Alab AB, they were subjected to
three independent steps, each of which eliminates any infec-
tious virus. These steps consisted of ultrafiltration (Cen-
tricon 30; Amicon Corp., Lexington, Mass.), addition of
anhydrous ethanol (1/9, vol/vol), and heating to 56°C for 30
min. The main reason for ultrafiltration is to remove the

proteins from plasma and is, for noninfectious plasma sam-
ples, the only pretreatment that is necessary. Before the
ultrafiltration, urine was treated with activated charcoal to
eliminate interfering endogenous compounds.
Phosphonoformic acid was determined in the ultrafiltrate

by reversed-phase liquid chromatography with electrochem-
ical detection at Astra Alab AB, Sodertalje, Sweden, by the
method of Pettersson et al. (11). The limit of determination
was 33 i,mol/liter, and the precision calculated as the coef-
ficient of variation was 5% at 300 ,umol/liter.

Pharmacokinetic calculations. The pharmacokinetic pa-
rameters of foscarnet were estimated by a nonlinear least-
squares regression analysis (15) on the concentrations in
plasma during and after cessation of infusion by means of a
two- and three-compartment model (6). In a linear multicom-
partment model, the concentration in plasma (Cp) during (0,
7) and after (T, om) intravenous infusion can be described by
the following function of time (t):

CPt

i
, Cj'(1 - e - Ait), if 0 c t . T

i = 1

(during infusion); j = 2, 3
I
E Ci,(e - X,i( - - e - Xit), if t > T

i = 1

(after infusion); j = 2, 3

where T is time for end of infusion and Xi is the first-order
disposition rate constant of the exponential phase of the
curve. Initial parameter values for the regression analysis
were estimated postinfusion by nonlinear regression on the
concentrations in plasma and linear regression on the termi-
nal urinary excretion rates. The estimated disposition rates
were held constant in the subsequent nonlinear regression
analysis. The zero-time intercept, Ci, was related to Ci'
according to Ci = Cj'ATX,.

Total area under the plasma concentration-time curve
(AUC) after intravenous infusion was estimated from the
parameters obtained by nonlinear regression (6). Plasma
half-life (t112.) and total plasma clearance (CLT) were esti-
mated as ln S/IX and (infusion rate x I)/AUC, respectively.
The fraction of foscarnet excreted unchanged in urine at
apparent steady state (fe) was calculated as the amount of
foscarnet excreted in the urine during the interval (t, t + dt)
divided by the infusion rate. Renal clearance (CLR), nonre-
nal clearance (CLNR), the renal filtration clearance (CLRF),
and the net renal secretion clearance (CLRS) were estimated
from CLR =fe X CLT; CLNR = CL-r - CLR; CLRF =CLCR
x f,; CLRS = CLR - CLRF, where f, is the free fraction of
foscarnet in plasma (83% according to J. Lundstrom, per-
sonal communication). The apparent volume of distribution
at steady state (V,,) and of the central compartment were
calculated from the parameters obtained by nonlinear regres-
sion (6). When possible, three components (C;, Xi) were used
when estimating the parameters; otherwise, two components
were used.

Statistical methods. Changes in creatinine with time and
changes in CLR with urine flow within each patient are
dependent but were assumed to be independent between
patients. In the current model, these variables were modeled
as a linear function of time. Classical least-squares regres-
sion was used with the data from each patient to estimate the
slope. Thus, independent slopes were obtained which con-
stituted our random variables. A one-sample sign rank test
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FIG. 1. Concentrations of foscarnet in plasma of 13 HIV-infected patients given continuous intravenous infusion of foscarnet.

Estimates from nonlinear regression analysis.

was employed. When testing creatinine levels in serum, the

hypothesis was that the median slope of the distribution

underlying the sample was less than or equal to zero, against

the alternative that the median slope was positive. As

regards estimated CLCR and CLR, the hypothesis was that

the median slope was greater than or equal to zero, against

the alternative that the median slope was negative.

RESULTS

Treatment was interrupted in patient after 1 week on

foscarnet owing to psychiatric and physical problems not

considered to be drug related. The patient was therefore

excluded from the pharmacokinetic evaluation. This report

is thus based on the results from 13 patients. Patient 4
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TABLE 2. Pharmacokinetic parameters during and after
continuous intravenous infusion of foscarnet in 13 patients

with HIV infection

Infusion rate (ko) Infusion Estimated
Patient time tl/2,\l tl/2M\ tl/2)\3 C
no. mg/kg p.mol/kg (h) (h)- (h) cPl/.)

per min per min (h) (~.imoI/fiter)
2 0.14 0.47 503.6 2.0 16.7 98 255
3 0.14 0.47 503.9 1.1 196 243
4 0.14 0.47 191.8

0.16 0.53 263.4 0.4 6.2 64
5 0.16 0.53 294.3 1.4 86 180
6 0.19 0.63 311.8 1.1 4.5 60 458
7 0.16 0.53 335.8 0.8 4.8 55 381
8 0.16 0.53 335.7 1.3 3.2 53 356
9 0.16 0.53 335.9 0.8 5.5 131 201
10 0.16 0.53 335.8 1.5 95 205
11 0.16 0.53 335.8 1.4 69 184
12 0.16 0.53 336.1 2.5 4.6 82 115
13 0.16 0.53 336.2 1.7 36 155
14 0.16 0.53 245.8 1.9 112 238

Mean 0.16 0.53 1.4 6.8 88 228
SD 0.01 0.04 0.6 5.0 42 119

received foscarnet at two different infusion rates; therefore,
the nonlinear regression analysis was not applied to the
results from this patient.
The concentrations in plasma rose rapidly during the first

24 h of intravenous infusion. After that, there was a slower
increase in concentrations in plasma, with a large variation
in concentrations both within and between patients, with
concentrations in plasma on the order of 100 to 500 ,umol/
liter (Fig. 1). The largest variation was seen in patients 2 and
3. The highest concentrations in plasma were seen in patient
6, who received the highest dose, 0.19 mg/kg per min.
The t1/2s, calculated from the disposition rate constants

based on the concentrations in plasma postinfusion, varied
for 0.4 to 2.5 h (k1 phase) and 3.2 to 16.7 h (k2 phase) (Table
2). A slower terminal disposition rate (K3 phase) was esti-

100

50

10-

5-

E
E n-A

mated from the urinary excretion rate versus time at late
sampling times (Fig. 2). The terminal t112 calculated from the
postinfusion urinary excretion rate varied from 36 to 196 h
(Table 2).
The concentrations in plasma during and after intravenous

infusion were described by the three-compartment model in
patients 6, 7, 8, 9, 10, and 12 and in the others by the
two-compartment model. The mean value of the \2 disposi-
tion rate (Table 2) was successfully used in the regression
analysis of the results from patients 10 and 12, in whom a K2
phase could not be estimated from concentrations in plasma
postinfusion. In the other patients, patients 2, 3, 5, 11, 13,
and 14, the two-compartment model was based on the initial
phase (X1) and the terminal disposition rate was estimated
from urinary excretion (X3). The estimated steady-state
concentrations in plasma calculated from the model equa-
tions varied from 115 to 458 p.mol/liter (Table 2).
The fraction of foscarnet dose excreted unchanged in the

urine at apparent steady state, during the last 1 or 2 days of
infusion, varied from 0.79 to 0.92 (Table 3). CLR therefore
accounted for most of the plasma clearance. Thus, foscarnet
is mainly eliminated by the kidneys. The total CLR exceeded
the CLRF in all patients but one. The mean (± standard
deviation) glomerular filtration and net tubular secretion of
foscarnet were, respectively, 58 ± 22% and 42 ± 22% of
CLR. The CLR increased with an increase in urine flow with
a median slope of 0.38 (P < 0.01).
The Vss was large (Table 3). Vss increased markedly with

a decrease in the disposition rates (Kj) and an increase in the
number of exponents used in the calculations. As expected,
no such effect was seen in the estimates of the volume of the
central compartment.
The CSF was examined in five patients (Table 4). It had a

normal appearance as regards cells and glucose in all pa-
tients. The protein concentration was slightly increased in
three patients and markedly increased to 1.4 g/liter in one
patient, suggesting a meningeal barrier defect. Tests for HIV
antibodies and HIV culture were consistently negative. The
mean (± standard deviation) distribution ratio of foscarnet in
CSF versus plasma in samples taken within 15 min of CSF

7

Days postinfusion
FIG. 2. Urinary excretion rate versus time postinfusion after continuous intravenous infusion of foscarnet in 13 patients with HIV

infection.
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TABLE 3. Pharmacokinetic parameters after continuous intravenous infusion of foscarnet in 13 patients with HIV infection

patiet CLT CLNR CLR CLRF CLRSV V" (two- V,, (three-
no. (ml/min per (ml/min per (ml/min per f (ml/min per (ml/min per (liter/kg) compartment compartment

1.73 m2) 1.73 m2) 1.73 m2)" 1.73 m2) 1.73 m2) model) (liters/kg) model) (liters/kg)

2 114 12 102 (2) 0.90 (0.02) 55 47 0.58d 7.4
3 105 14 91 (30) 0.87 (0.29) 76 15 0.25d 10.2
4 0.87 (0.07) 64
5 199 41 158 (16) 0.79 (0.08) 77 81 0.42d 3.2"
6 85 12 73 (5) 0.86 (0.06) 78 -5 0.21 0.33 1.3
7 98 10 88 (8) 0.90 (0.08) 70 18 0.16 0.31 1.2
8 90 11 79 (10) 0.88 (0.10) 55 24 0.45 0.45 0.9
9 165 21 144 (18) 0.87 (0.11) 60 84 0.45 1.00 7.9
10 162 27 135 (36) 0.83 (0.22) 73 61 0.46 0.48 5.5
11 173 19 154 (32) 0.89 (0.18) 58 96 0.53d 6.0
12 282 22 260 (26) 0.92 (0.09) 81 179 1.15 1.16 4.8
13 210 30 180 (22) 0.86 (0.11) 71 109 0.87 5.1"
14 136 26 110 (35) 0.81 (0.26) 59 51 0.56 8.1"J

Mean 152 20 131 0.87 67 63 0.51 0.62 5.1
SD 59 9 53 0.04 9 51 0.28 0.36 3.0

"Parentheses represent standard deviation within patients.
bfe, Fraction excreted unchanged in urine at apparent steady state.
'CLRS, Net renal secretion clearance.
d Based on C1, A1, C3, and \3.

sampling was 43 19%. The distribution seems rather rapid
since a CSF concentration of 77 [Lmol/liter (68% of that in
plasma) was already achieved on day 2 of treatment in
patient 11.
The net amount of foscarnet not excreted in the urine was

calculated as the difference between cumulative dose and
cumulative amount excreted in the urine during and after
infusion. Assuming that foscarnet is eliminated from the
body solely by the kidneys, Fig. 3 shows the amount of drug
retained in each patient up to 2 to 8 days postinfusion. A
slow terminal elimination of foscarnet is indicated by the flat
curve after the end of infusion. The fraction of the intrave-
nous dose not excreted in the urine 7 days after end of
infusion varied from 3 to 20% (mean, 12%; standard devia-
tion, 5.6).

Creatinine levels in serum were usually within normal
limits but increased slightly during treatment (Table 1) with
a median slope of 0.73, which was significantly different from
zero (P < 0.01). Similarly, the estimated CLCR decreased
with a median slope of -0.44 (P < 0.01) (Fig. 4). An effect
was also seen on levels of phosphate in serum, which
decreased during the first days of infusion, thereafter in-
creased, and then decreased after the end of the intravenous
infusion (Fig. 5).

Headache was reported in 12 patients and nausea in 10 of
the 13 patients (Table 5). Three patients experienced pain
from the kidney region. Mild to moderate thrombophlebitis
was seen in six patients.
Toward the end of treatment, symptoms such as nausea,

fatigue, and headache and a very clear deterioration of
general condition such as paleness, malaise, and a reluctance
to rise from bed were especially pronounced in patients 2, 4,
6, 8, 10, and 14. Of these, the first four patients had high
concentrations in plasma (>350 ,umol/liter) for at least 4
days.

Patient 10 was bedridden after lumbar puncture with
severe headache and nausea. He was depressed and con-
sumed large quantities of benzodiazepins. His concentra-
tions in plasma were <350 ,umol/liter, and the headache may
be explained by the lumbar puncture. Patient 14 discontin-
ued treatment on day 11, after 2 days of severe malaise with
vomiting accompanied by rapidly rising concentrations in
plasma and creatinine levels in serum, although his maxi-
mum concentrations in plasma only reached 300 p.mol/liter.
Patient 5 temporarily discontinued treatment on day 10
because of abdominal pain, diarrhea and nausea. His con-
centrations in plasma had two single values of >400 Fimol/
liter, but otherwise the concentrations in plasma were con-

TABLE 4. CSF characteristics and foscarnet concentration and concentration in plasma during continuous intravenous infusion of
foscarnet in five patients with HIV infection

CSF

Patient Treatment HIV Plasma Ratio CSF/
no. day no. Cells and Protein e Intrathecal con (,mol/liter) plasma concnglucose (g/liter) ~Culture antibody (p.mnol/liter)

production

6 8 Normal 0.55 Not done Not done 63 477 0.13
10 8 Normal Normal Negative Negative 67 193 0.34
11 2 Normal Normal Negative Negative 77 113 0.68

13 Normal 0.53 Not done Not done 80 160 0.50
12 7 Normal 0.40 Negative Negative 47 120 0.39
13 9 Normal 1.40 Not done Negative 77 147 0.52

VOL. 33, 1989
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FIG. 3. Cumulative amount of foscarnet not recovered in urine

HIV-infected patients. ----, After end of infusion.

sistently below 220 ,umol/liter. Treatment was finally
discontinued on day 13 because of the same reaction. Patient
7 had high concentrations in plasma, >350 pkmol/liter, during
most of the treatment. He complained about headache and
fatigue but did not appear as sick as the others with high
concentrations in plasma.

Thus, there appears to be an association between the
degree of malaise, including symptoms such as nausea,
vomiting, fa'tigue, and headache, and concentrations in
plasma above 350 pmollliter.
Most adverse events were tolerable, intermittent, and

varying in severity curing treatment.
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FIG. 4. Estimated CLCR during and afte
infusion of foscarnet in 13 HIV-infected p

during and after continuous intravenous infusion of foscarnet in eight

toms got constantly worse over time from week two of
treatment.

Large urinary volumes were recorded in all patients (Table
6) and, as expected, were often combined with a high fluid
intake and complaints of thirst (Table 5). In patients 7, 11,
and 13, 24-h urinary volumes of 7 to 8 liters were recorded.
There were no marked changes 'in body weight during
treatment.

DISCUSSION
In six patients, symp- A high correlation has been found between plasma clear-

ance of foscarnet and renal function (1/serum creatinine)
with a zero intercept, indicating that foscarnet is mainly
eliminated by the kidneys (J. Sjovall, unpublished data).
These results as well as studies in animals (J. Lundstrom,
personal communication) suggest that there is no quantita-
tively important metabolic conversion of foscarnet. Still, the
CLNR of foscarnet in this study varied between 10 and 58
ml/min per 1.73 m2. A probable explanation for this is that
the extrarenal clearance reflects an uptake of foscarnet into
bone tissue.
Up to 20% of the cumulative intravenous dose had not

been excreted in the urine 7 days after the end of infusion
and can be assumed to have been deposited in bone (Fig. 3).
These results are in accordance with the amount of foscarnet
shown to be retained in the skeleton of animals (10).
The Vss was on the order of 1.0 to 10 liters/kg, which

represents 2 to 20 times that of'the total body water. When
only the two first disposition rates (K1, K2) were used in the
calculations, Vss was markedly underestimated compared
with estimates based on the three-compartment model.
The apparent volume of the central compartment, 0.51

liters/kg, was, as expected, not influenced by the number of
Il exponents used in the calculations.

15 20 25 Four of five patients had slightly elevated protein levels in
the CSF, in accordance with previous observations in this

er continuous intravenous patient category. Foscarnet was efficiently distributed to the
oatients. CSF. A barrier defect in these HIV-infected patients, as

1028 SJOVALL ET AL.
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FIG. 5. Changes in phosphate levels in serum in 13 HIV-infected patients given a continuous intravenous infusion of foscarnet.

reflected by the increased protein, may have contributed to
an increased passage of foscarnet.
Large urinary volumes were reported in all patients. The

large variation in renal secretion clearance of foscarnet
(Table 3) may be a consequence of polyuria leading to
changes in CLCR.
There is a substantial tubular secretion and reabsorption

of creatinine. A large increase in the excreted fraction of
creatinine has been reported following hydration, probably
owing to an increased secretion and decreased reabsorption
of creatinine (16). Another consequence of the large urinary
volumes is probably a more variable CLCR (Fig. 4).

In contrast to a previous report (17), the association
between urine flow and CLR in our study suggests that
foscarnet is reabsorbed in the renal tubuli. The CLR of drugs
that are reabsorbed should be sensitive to changes in the
urine flow (19).
The slight but significant increase in creatinine levels in

serum during the study may have contributed to the increase
in the concentration of foscarnet in plasma during infusion,
as there is a high correlation between renal function and

TABLE 5. Adverse experiences in 13 patients with HIV infection
given a continuous intravenous infusion of foscarnet

Adverse symptom No. of patients

Nausea ......................................... 11
Anorexia ......................................... 9
Thirst ......................................... 6
Vomiting ......................................... 5
Malaise ......................................... 3
Diarrhea ......................................... 2
Colonic SPaSm ......................................... 1

Headache ......................................... 13
Fatigue ......................................... 13
Fever......................................... 3
Loin pain ............... .......................... 3

Thrombophlebitis ......................................... 7

foscarnet clearance (J. Sjovall, unpublished data). The in-
crease in creatinine levels in serum from 89 to 151 ,umol/liter
on day 7 to 12 in patient 14 probably explains the peak
concentration of foscarnet in plasma seen just before the end
of the infusion (Fig. 1).

Foscarnet has been shown to be a specific competitive
inhibitor of the Na+-phosphate cotransport in renal cortical
brush border membrane vesicles of rats (18) and humans
(21). The inhibition was dose dependent and specific for
phosphate. The administration of foscarnet may therefore
decrease the tubular reabsorption and thus increase the renal
excretion of phosphate. Thus, the changes in phosphate
levels in serum may be a reflection of the incorporation of
foscarnet in bone and the interaction between foscarnet and
renal elimination of phosphate.

Although foscarnet was given as a continuous intravenous
infusion at a constant rate with an infusion pump, there was
a large variation in concentrations in plasma of patients

TABLE 6. Urinary volumes during continuous intravenous
infusion of foscarnet in 13 patients with HIV infection

Mean vol Minimum andPatient no. (ml/12 h) maximum vol (m1/12 h)

2 1,626 462 and 2,798
3 1,507 823 and 2,282
4 1,881 932 and 2,902
5 1,755 801 and 3,044
6 2,152 1,377 and 3,068
7 3,511 1,761 and 4,870
8 2,013 1,224 and 2,439
9 1,954 1,096 and 2,655
10 2,120 1,130 and 3,513
11 2,542 1,044 and 4,940
12 2,257 1,430 and 3,279
13 2,516 1,040 and 4,146
14 1,577 950 and 2,722

Mean 2,109
SD 353

2.0-

1.5-

1.0-

0.5-

0-
0
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during the infusion. The method used for bioassay of foscar-
net in plasma and urine has a high accuracy and precision,
and foscarnet has been shown to be stable during pretreat-
ment and storage (11). During the study, control samples
containing known concentrations of foscarnet were regularly
prepared and treated like the other samples to check the
performance of the analytical system. The assay method is
specific for foscarnet, and it is highly unlikely that the results
of the assay were influenced by concomitant medication.
Furthermore, there was little variation in the ascending and
descending parts of the plasma concentration-time curves
(Fig. 1). This indicates that the wide variation in concentra-
tions in plasma during infusion cannot be ascribed to the
assay method per se. The variation may be at least partly the
result of a dynamic interaction between foscarnet and phos-
phate regarding their sequestration into bone and renal
elimination. Patients with a lower apparent CLNR (Table 3),
probably reflecting less efficient uptake in bone, tended to
have higher and more variable concentrations in plasma
(Fig. 1) than patients with a higher CLNR. Variations in
polyuria (Table 6) may also have contributed to variations in
the CLR of foscarnet and consequently in concentrations in
plasma.
The estimated two- or three-compartment model functions

tended to overestimate the t1/2 postinfusion in some patients
(Fig. 1). This is probably due to poor estimates of the X2
phase, which could not be incorporated at all in some of the
regression analysis. As a consequence of this, the effect of
the longer terminal t1/2 is overestimated at early time points
postinfusion.
The apparent terminal t1/2 in this study was longer than

that reported in a pharmacokinetic study with a shorter
follow-up period (17). A more extended sampling period and
an assay method able to detect lower concentrations of
foscarnet may show a still longer terminal t112, approaching
the release rate from bone. In patient 6, three samples of
urine were collected at 12-h intervals 2.3 years posttreat-
ment. By using a more sensitive high-pressure liquid chro-
matography assay, foscarnet was still detected in the urine at
a concentration of >0.64 and <4.3 ,umol/liter (A. Persson,
personal communication). This supports the slow release of
foscarnet from bone reported in animals. Therefore, AUC
was probably underestimated in this study. Thus, the true
values of the parameters dependent on AUC (plasma clear-
ance, Vss) are expected to be smaller and larger, respec-
tively, than reported in this study if an extended sampling
period is used.
A tendency of positive HIV blood cultures to decrease

was seen in this study. Several patients reported a temporary
relief of symptoms such as night sweats, general fatigue, and
bowel disturbances. After these promising results, a con-
trolled study in which foscarnet was given by intermittent
intravenous infusions was initiated, showing an in vivo
antiviral effect of foscarnet against HIV (S. Bergdahl, A.
Sonnerborg, J. Albert, J. Sjovall, A. Larsson, M. Halvars-
son, A. Aust-Kettis, B. Jakobsson, and 0. Stranneg?ard,
Program Abstr. IVth Int. Conf. AIDS, Stockholm, abstr. no
3588, 1988).
The concentrations in plasma achieved with continuous

intravenous infusion of foscarnet appear to be adequate for
inhibiting CMV and HIV replication in vivo compared with
the foscarnet concentration required for in vitro inhibition
(10, 13, 14). Foscarnet was also shown to pass the blood-
brain barrier, which is important because HIV affects the
central nervous system. If given by intermittent infusion, the
short t1/2 of foscarnet (Xj - X2 phase) is probably relevant for

prediction of the duration of antiviral effect, while the
terminal t1,2 reflects its accumulation and retention in bone
tissue. The fact that foscarnet inhibits the replication of both
CMV and HIV may give the drug a therapeutic advantage, as
CMV infections with focal complications are common in
AIDS patients.

LITERATURE CITED
1. Bergdahl, S., A. Sonnerborg, A. Larsson, and 0. Strannegard.

1988. Declining levels of HIV P24 antigen in serum during
treatment with foscarnet. Lancet i:1052.

2. Cockcroft, D. W., and M. H. Gault. 1976. Prediction of creati-
nine clearance from serum creatinine. Nephron 16:31-41.

3. Du Bois, D., and E. F. Du Bois. 1916. Clinical calorimetry. Tenth
paper. A formula to estimate the approximate surface area if
height and weight be known. Arch. Intern. Med. 17:863-871.

4. Farthing, C. F., A. G. Dalgleish, A. Clark, M. McClure, A.
Chanas, and B. G. Gazzard. 1987. Phosphonoformate (foscar-
net): a pilot study in AIDS and AIDS related complex. AIDS
1:21-25.

5. Gaub, J., C. Pedersen, A.-G. Poulsen, L. R. Mathiesen, K.
Ulrich, B. 0. Lindhardt, V. Faber, J. Gerstoft, B. Hofmann,
J.-O. Lernestedt, C. M. Nielsen, J. 0. Nielsen, and P. Platz. 1987.
The effect of foscarnet (phosphonoformate) on human immuno-
deficiency virus isolation, T-cell subsets and lymphocyte func-
tion in AIDS patients. AIDS 1:27-33.

6. Gibaldi, M., and D. Perrier. 1982. Pharmacokinetics. Marcel
Dekker, Inc., New York.

7. Helgstrand, E., H. Flodh, J.-O. Lernestedt, J. Lundstrom, and
B. Oberg. 1980. Trisodium phosphonoformate: antiviral activi-
ties, safety evaluation and preliminary clinical results, p. 63-83.
In L. H. Collier and J. Oxford (ed.), Developments in antiviral
therapy. Academic Press, Inc., Orlando, Fla.

8. Jacobson, M., S. Crowe, J. Levy, F. Aweeka, J. Gambertoglio,
N. McManus, and J. Mills. 1988. Effect of foscarnet therapy on
infection with human immunodeficiency virus in patients with
AIDS. J. Infect. Dis. 158:862-865.

9. Klintmalm, G., B. Lonnqvist, B. Oberg, G. Gahrton, J.-O.
Lernestedt, G. Lundgren, 0. Ringdkn, K.-H. Robert, B.
Wahren, and C.-G. Groth. 1985. Intravenous foscarnet for the
treatment of severe cytomegalovirus infection in allograft recip-
ients. Scand. J. Infect. Dis. 17:157-163.

10. Oberg, B. 1983. Antiviral effects of phosphonoformate (PFA,
foscarnet sodium). Pharmacol. Ther. 19:387-415.

11. Pettersson, K.-J., T. Nordgren, and D. Westerlund. 1989. Deter-
mination of phosphonoformate (foscarnet) in biological fluids by
ion-pair reversed-phase liquid chromatography. J. Chromatogr.
488:447-455.

12. Ringden, O., B. Lonnqvist, T. Paulin, J. Ahlmen, G. Klintmalm,
B. Wahren, and J.-O. Lernestedt. 1986. Pharmacokinetics,
safety and preliminary clinical experiences using foscarnet in
the treatment of cytomegalovirus infections in bone marrow and
renal transplant recipients. J. Antimicrob. Chemother. 17:373-
387.

13. Sandstrom, E. G., J. C. Kaplan, R. E. Byington, and M. S.
Hirsch. 1985. Inhibition of human T-cell lymphotropic virus
type III in vitro by phosphonoformate. Lancet i:1480-1482.

14. Sarin, P. S., Y. Taguchi, D. Sun, A. Thornton, R. C. Gallo, and
B. Oberg. 1985. Inhibition of HTLV-III/LAV replication by
foscarnet. Biochem. Pharmacol. 34:4075-4079.

15. SAS Institute, Inc. 1985. SAS user's guide: statistics, version 5
edition. SAS Institute, Inc., Cary, N.C.

16. Sjostrom, P. A., B. G. Odlind, and M. Wolgast. 1988. Extensive
tubular secretion and reabsorption of creatinine in humans.
Scand. J. Urol. Nephrol. 22:129-131.

17. Sjovall, J., A. Karlsson, S. Ogenstad, E. Sandstrom, and M.
Saarimaki. 1988. Pharmacokinetics and absorption of foscarnet
after intravenous and oral administration to patients with human
immunodeficiency virus. Clin. Pharmacol. Ther. 44:65-73.

18. Szczepanska-Konkel, M., A. N. K. Yusufi, M. VanScoy, S. K.
Webster, and T. P. Dousa. 1986. Phosphonocarboxylic acids as

specific inhibitors of Na+-dependent transport of phosphate

1030 SJOVALL ET AL.



PHARMACOKINETICS OF FOSCARNET 1031

across renal brush border membrane. J. Biol. Chem. 261:
6375-6383.

19. Tucker, G. T. 1981. Measurement of the renal clearance of
drugs. Br. J. Clin. Pharmacol. 12:761-770.

20. Walmsley, S., E. Chew, S. E. Read, H. Vellend, I. S. Salit, M. M.
Fanning, and A. Rachlis. 1988. Treatment of cytomegalovirus

retinitis with trisodium phosphonoformate hexahydrate. J. In-

fect. Dis. 157:569-572.
21. Yusufi, A. N. K., M. Szczepanska-Konkel, S. A. Kempson, J. A.

McAteer, and T. P. Dousa. 1986. Inhibition of human renal
epithelial Na+/Pi cotransport by phosphonoformic acid. Bio-
chem. Biophys. Res. Commun. 139:679-686.

VOL. 33, 1989


