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ABSTRACT

Twenty-seven patients with refractory leukemia were treated with 1-
0-D-arabinofuranosylcytosine (ara-C), 0.3 to 3.0 g/m2 as i.v. infusions
over 1, 2, 4, or 24 h. The pharmacokinetics of ara-C in plasma and its
5'-triphosphate (ara-CTP) in leukemic cells from peripheral blood were
studied after a single infusion of 3 g/m2 over 2 h in 13 patients. Accu

mulation of ara-CTP in leukemic cells remained linear until 1 to 2 h after
the infusion. At the time when the rate of ara-CTP accumulation deviated
from linearity, the plasma concentration of ara-C was 5- to 20-fold lower
[8.1 Â±4.4 (SD) *IM)than the steady-state level during the infusion.
Plasma ara-C and cellular ara-CTP pharmacokinetics were studied after
two serial infusions in 14 additional patients. Varying the duration of
infusion of an ara-C dose between 1, 2, and 4 h (corresponding to infu
sion rates of 3000, 1500, and 750 mg/m2/h) did not substantially
change the rate of ara-CTP accumulation by leukemic cells. The peak
ara-CTP concentration and the area under the concentration times time
curve (AUC) of ara-CTP in leukemic cells increased with prolongation
of the infusion. Although steady-state concentration of ara-C and AUC
of ara-C in plasma were proportionally reduced by 1.0 or 0.5 g/m2 infusion

over 2 h, ara-CTP accumulation rate and AUC in leukemic cells did not
change compared with administration of 3 g/m2 over 2 h. However, when
the infusion rate was further reduced to 0.4 or 0.3 g/m2 over 2 h, resulting
in steady-state plasma ara-C concentrations of less than 7 JIM, the
accumulation rate of ara-CTP was substantially reduced as was the ara-
CTP intracellular AUC. The cellular elimination rate of ara-CTP re
mained constant under all infusion conditions. These findings support the
conclusion that high-dose ara-C therapy, as currently administered, re
sults in plasma ara-C concentrations that saturate the accumulation of
ara-CTP by circulating leukemic cells. We recommend that intermediate
dose rates, 200 to 250 mg/m2/h, be evaluated in future studies as an
alternative to the substantially higher ara-C dose rates currently in use.

INTRODUCTION

ara-C3 is the most effective drug in the treatment of patients

with adult acute myelogenous leukemia (1, 2). In recent years,
hd-ara-C therapy (3, 4), generally administered as intermittent
infusions of 3 g/m2 over 1 to 3 h at 12-h intervals for 4 to 12
doses, has been evaluated as a treatment regimen for hemato-
logical malignancies and solid tumors. It has proved to be
effective therapy for patients with relapsed acute leukemias (5-
8), chronic myelogenous leukemia (9, 10), non-Hodgkin's lym-

phoma ( 11,12), and secondary leukemia (13). Since these initial
evaluations, hd-ara-C has been used in combinations with L-
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asparaginase (14, 15) anthracyclines (16), and amsacrine (17)
to induce remissions in patients who have acute leukemia.

After being transported into the cell by carrier-mediated
facilitated diffusion (18-21), ara-C is successively phosphoryl-
ated to the active metabolite, ara-CTP (22). The ability of
human leukemic cells in vitro to retain cellular concentrations
of the active metabolite ara-CTP has been correlated with the
duration of remission in patients subsequently treated with ara-
C and an anthracycline (23, 24). Similarly, the cellular retention
of ara-CTP by leukemic blasts in vivo during hd-ara-C therapy
was correlated with the probability of remission induction in
patients with relapsed acute leukemia (25, 26).

The ability of human leukemic cells in vitro to accumulate
ara-CTP is saturated at exogenous ara-C concentrations in
excess of 10 fiM (19, 27-29). Investigations of the pharmaco
kinetics of ara-C during hd-ara-C therapy have consistently
demonstrated that plasma ara-C concentrations exceed this
value 5- to 10-fold (30-35). This suggests that ara-C infusion
rates generally in clinical use produce plasma ara-C levels that
are considerably higher than those required to achieve maxi
mum accumulation of ara-CTP by leukemic cells. The present
investigation was undertaken to evaluate the significance of the
saturable bioactivation of ara-C during hd-ara-C therapy. The
objective of this study was to determine the lowest infusion rate
that would support the maximum accumulation of ara-CTP in
leukemic cells. Preliminary results of these studies have been
reported (36, 37).

MATERIALS AND METHODS

Patients. Twenty-seven patients, all of whom were being treated for
leukemia in relapse, were included in this study. The pharmacokinetics
of ara-C in plasma and of ara-CTP in circulating leukemic cells were
determined after a 2-h infusion of 3 g/m2 in the first 13 individuals.

Six of these patients had a diagnosis of acute myelogenous leukemia,
three were being treated for acute lymphoblastic leukemia, two for
refractory CLL, and one each for CML-BC and leukemia transformed
lymphoblastic lymphoma. The next 14 patients, whose diagnoses and
ara-C infusion regimens are detailed in the text, were studied after the
first two doses of ara-C in their respective treatment regimens. For
clarity and ease of reference, these latter patients are referred to con
secutively by number in the text. However, it should be noted that all
CLL patients were of the B-cell variety and that Patient 1 had CML-
BC with myeloid markers while the leukemic blasts of Patient 4 were
undifferentiated. The leukemic cells of Patient 6, referred with acute
lymphoblastic leukemia in relapse, were not studied for surface markers.
One patient (Patient 5) was studied during two treatment courses, 3
months apart. All patients had an absolute count of leukemic cells in
peripheral blood of >20,000/mm3.

Drug Administration. All patients were treated with ara-C as a single
drug during the time that pharmacology studies were being conducted.
Except where otherwise specified, ara-C was infused i.v. by pump over
a 2-h duration. Patients being treated for refractory CLL received ara-
C infusions at 24-h intervals, whereas the interval between doses for all
others was 12 h.

Pharmacology Studies. Peripheral blood samples were generally ob-
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tained from patients at O.S-h intervals up to 4 h after the start of the
infusion. Thereafter, samples were taken at 1- to 2-h intervals. Ten ml
of peripheral blood were collected in heparinized tubes containing
tetrahydrouridine at 500 UMfinal concentration (generously provided
by Dr. Ven Narayanan, Drug Synthesis and Chemistry Branch, Na
tional Cancer Institute) and placed immediately in an ice slurry. After
centrifugation to separate cells and plasma, mononuclear cells were
isolated by step-gradient centrifugation on Ficoll-Hypaque (38). All
cells analyzed after this procedure were buoyant in Ficoll-Hypaque,
ensuring membrane integrity and viability. After isolation, leukemic
cells comprised at least 90% of all cell samples.

The concentration of ara-C in plasma was determined by radioim-
munoassay using the method of Piali et al. (39). Anti-ara-C rabbit
serum was purchased from the University of Surrey (Guildford, United
Kingdom). Duplicate determinations in dual dilutions were made in a
range of 2.0 to 20 nivi; the coefficient of variation was generally less
than 10%. Determination of the amount of ara-CTP in the leukemic
cells was performed with high-pressure liquid chromatography as pre
viously described (40). The concentration of ara-CTP in leukemic cells
was calculated by dividing the amount of ara-CTP extracted by the
number of cells and the mean cell volume. The latter information was
determined on each sample by use of a Model ZM Coulter Counter
equipped with a model C-1000 Coulter Channelyzer (Coulter Inc.,
Hialeah, FL).

Pharmacokinetics. The AUC of ara-C in plasma was calculated
according to the trapezoid method previously utilized (35). Steady-state
concentrations of ara-C in plasma were generally the median value of
three determinations made during the second h of drug infusion. Plasma
ara-C pharmacological data were obtained for 3 of the 28 infusions
reported. The blood samples from Patient 6 were not placed in tubes
containing tetrahydrouridine. While this error has been demonstrated
to have little effect on celluar ara-CTP levels, plasma ara-C levels were
judged to be unreliable. The AUC of ara-CTP in leukemic cells was
calculated as described earlier (35,41), assuming a linear accumulation
and a monophasic exponential elimination of ara-CTP from the leu
kemic cells. When calculating the AUC of intracellular ara-CTP after
two consecutive doses of ara-C, the ara-CTP AUC observed after the
second dose was corrected for residual ara-CTP following the first dose.
The rates of ara-CTP accumulation were generally determined from
four points taken during the linear phase, whereas ara-CTP elimination
rates were calculated using a minimum of five data points.

RESULTS

findings lead to several predictions that can be evaluated in the
clinical setting. To begin with, because ara-C is eliminated so
rapidly after high-dose infusions (30-35), a plasma concentra
tion of ara-C higher than one that saturates ara-C phosphoryl-
ation would be expected not to augment ara-CTP accumulation
in leukemic cells. Thus, a doubling of the infusion rate of a
fixed total dose might result in less ara-CTP accumulation by
circulating leukemic cells. To evaluate this prediction, Patient
1 was infused with consecutive identical doses of 3 g/m2 of ara-

C, but the drug was administered first over 2 h and subsequently
over 1 h. Fig. 1 shows that the accumulation of ara-CTP by
circulating leukemic cells of this patient after the 1-h infusion
was only 35% of that achieved after the 2-h infusion. The
shaded area in Fig. 1 represents the difference in ara-CTP AUC
between the two doses. The steady-state concentrations of ara-
C in plasma at the end of each infusion were approximately
proportional to the infusion rates, 77 /ZMfor the 1-h and 24 Â¿Â¿M
for the 2-h infusion (data not shown). The initial rates of ara-
CTP accumulation and the half-lives of ara-CTP elimination
were not affected by the different infusion rates. These data and
those derived from another patient treated with the same infu
sion durations are summarized in Table 1.

To determine whether the accumulation of ara-CTP after a
1-h infusion would be affected by the previous infusion of ara-

C for 2 h, the order of the infusions was reversed during the
treatment of Patient 2. The data in Table 1 indicate that after
a 1-h infusion of ara-C, the second patient's cells were capable

of accumulating only 63% of the ara-CTP accumulated after a
subsequent infusion of the same dose over 2 h. Thus the
sequence of ara-C administration at the different infusion rates
was not a determining factor. Again, neither initial rates of ara-
CTP accumulation nor the rates of its elimination were affected
(Table 1).

Conversely, it would be predicted that a more prolonged
infusion of a unit dose of ara-C would result in increased ara-
CTP accumulation as long as the accumulation rate remained
limiting. To evaluate this possibility, Patient 3 was infused with

Indications that Cellular Accumulation of ara-CTP Is Satu
rated after High-Dose ara-C Infusions. Previous investigations
demonstrated that peak cellular concentrations of ara-CTP
accumulated by leukemic cells are not achieved until 1 to 2 h
after the end of the ara-C infusion (25, 34, 42). This suggests
that the levels of ara-C remaining in the plasma at these times
is adequate to maintain rates of ara-CTP synthesis that exceed
the rates of degradation.

To investigate this possibility further, we determined the
pharmacokinetics of ara-C in plasma and ara-CTP in circulating
leukemic cells of 13 patients who had experienced relapses of
acute leukemia. Accumulation of ara-CTP was linear for an
average of 1.4 Â±0.5 (SD) h after the end of a 2-h infusion of 3
g/m2 of ara-C (data not shown). Compared in each individual,
the average concentration of ara-C in plasma was 8.1 Â±4.4 fiM
at the time when ara-CTP accumulation was last observed to
be linear (data not shown). The average value of the six patients
with AML, 9.4 Â±5.8 ^M, was not significantly different from
the other patients taken as a group, 7.6 Â±2.1 ÃŸM.These results
are consistent with in vitro investigations in human leukemic
cells (27, 28) and in cell lines (18, 19) that demonstrated the
rate of ara-CTP accumulation to be saturated at exogenous ara-
C levels in the range of 3 to 10 IJ.M.

Effect of Infusion Time on ara-CTP Accumulation. These
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Fig. l. Effect of infusion time on the accumulation and retention of ara-CTP
by circulating leukemic cells. Infusions of 3 g/m2 of ara-C were administered first
over 2 h (O) and after a 12-h interval again over 1 h (*) to Patient 1. Leukemic
cells were isolated and ara-CTP was quantitated as described in "Materials and
Methods." To facilitate comparison of the ara-CTP pharmacokinetics after each
infusion, the cellular ara-CTP concentrations were plotted on a linear ordinate
relative to the time after the start of each ara-C infusion. The pharmacokinetic
data are summarized in Table 1.
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Table 1 PharmacokinetÃcs of ara-CTP in leukemic cells after ara-C infusion over different durations
Two doses of 3 g/m2 were administered to all patients over the indicated durations at 12-h intervals.

Infusion
duration

Patient Diagnosis(h)1

CML-BC212

Acute myelogenous leukemia123

Acute myelogenous leukemia 2424Accumulation

rate
GiM/h)94891701203428Peak

concentration(fM)19090190280100160tv,
Of

elimination
(h)1.21.13.12.92.11.5AUCGiM-h)54019086013704407402620

two consecutive doses of 3 g/m2 of ara-C; the first dose was

administered over 2 h and the second dose over 4 h (Table 1).
The AUC of ara-CTP in circulating leukemic cells was in
creased by 68% over that accumulated by this patient's cells

following a 2-h infusion of the same dose. Twelve h after the
second infusion, this patient received an infusion of 3 g/m2/

day of ara-C that was maintained for 4 days. This treatment
regimen gave us the opportunity to determine the ara-CTP
AUC in circulating cells during prolonged infusion. The ara-
CTP AUC during a 24-h period was 6-fold that of the 2-h
infusion of the same total dose of ara-C.

Effect of ara-C Dose Reduction on ara-CTP Accumulation.
From the data presented, it would be predicted that a substan
tially lower dose of ara-C would not diminish the ability of
circulating leukemic cells to accumulate ara-CTP as long as the
resulting plasma level of ara-C saturated the ara-CTP accumu
lation pathway. To evaluate this possibility, we administered
two consecutive infusions of unequal ara-C doses to Patient 4,
first the standard dose of 3 and then 1 g/m2, both over 2 h and
separated by a 12-h interval. The ara-CTP levels determined
during this treatment are presented in Fig. 2. It is clear that
there was no significant difference in the ability of this patient's

cells to accumulate ara-CTP after consecutive infusions of ara-
C doses that differed by 3-fold.

We subsequently used this approach in a stepwise manner
for 10 additional patients to determine the lowest dose of ara-
C that would support the accumulation of a unit level of ara-
CTP in leukemic cells. The AUC of ara-C in plasma was
proportional to the dose infused, as is seen by comparing the
ratio of the two doses administered to the ratio of the observed
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Fig. 2. Accumulation and retention of ara-CTP by circulating leukemic cells
after serial infusions of unequal doses of ara-C. Patient 4 received 2-h infusions
of. first. 3 g/m2 (â€¢)and then, after a 12-h interval, l g/m2 (O). Blood samples
were analyzed for plasma ara-C and ara-CTP in leukemic cells as described in
"Material and Methods." The pharmacokinetic parameters are summarized in

Tables 2 and 3.

ara-C AUC (Table 2). However, when considering the ratio of
the intracellular ara-CTP values in relation to the ratio of the
doses of ara-C infused, at doses of 3, 1, and 0.5 g/m2 infused
over 2 h the ara-CTP AUC in the second, lower dose remained
equal to that produced by the first dose, as is shown by the ara-
CTP AUC ratio that was close to unity (Table 2). Only after
the second dose of ara-C was decreased to 0.4 or 0.3 g/m2 was
the accumulation of ara-CTP significantly affected, as seen by
an increase in the value of the ara-CTP AUC ratio (P < 0.05).
For comparison, the median value of the ratio of ara-CTP AUC
values determined in five patients after consecutive, equal ara-
C doses of 3 g/m2 was 1.05 (43).

Other aspects of the cellular pharmacokinetics of ara-CTP
were examined to determine whether the decreased ability to
accumulate ara-CTP at 0.4 and 0.3 mg/m2 was caused by a

reduced rate of phosphorylation or an increased rate of cellular
elimination of the triphosphate (Table 3). During infusions of
1.0 and 0.5 g/m2, the ara-CTP accumulation rates were similar

to or greater than those observed after infusions of a larger
dose (Table 3, Patients 4 to 8). In contrast, the cells of six of
the seven patients who received second doses of 0.4 or 0.3 g/
m2 (Table 3, Patients 9 to 14 and Patient 5, second course)

exhibited substantially lower rates of ara-CTP accumulation
than were observed during infusion of 1 g/m2. The exception

in this group, Patient 11, was also outstanding with respect to
ara-CTP accumulation in that hers were the only cells in this
study to accumulate a greater ara-CTP AUC after the second
ara-C dose (Table 2). The rates of ara-CTP elimination differed
widely among patients but within individuals they were not
affected by the different doses of ara-C (Table 3). There was no
apparent relationship between the rate of ara-CTP accumula
tion after the larger dose (when ara-CTP accumulation was
saturated) and the rate of ara-CTP elimination. Thus, phospho
rylation of ara-C to ara-CTP appeared to be the critical factor
in determining the extent of ara-CTP accumulation with respect
to ara-C dose rate.

The proportionality between ara-C dose rate and steady-state
plasma concentration has been demonstrated (34, 35) and was
evident again in this study (Table 3). The relationship between
the steady-state level of ara-C achieved during the second,
lower-dose rate infusion of ara-C and the ratio of ara-CTP AUC
values resulting from the two unequal doses (data from Table
2) were compared graphically to determine the lower range of
plasma ara-C concentrations that saturate ara-CTP accumula
tion in leukemic cells during therapy (Fig. 3). This plot sug
gested that infusion rates that produce steady-state ara-C
plasma concentrations in excess of 7 n\\ resulted in maximum
ara-CTP accumulation by circulating leukemic cells as indicated
by the value of unity for the ara-CTP AUC ratio. Plasma ara-
C concentrations of less than 7 ^M were generally not capable
of supporting the same level of ara-CTP accumulation as did
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Table 2 Relationship between dose ofara-C and pharmacokinetics ofara-C in plasma and of ara-CTP in circulating leukemic cells
All patients were studied during the first two doses of their treatment regimens. Each dose ofara-C was infused over 2 h. The areas under the curve of plasma ara-

C and ara-CTP in circulating leukemic cells were determined as described in "Materials and Methods."

Patientara-C

dose(g/m2)Diagnosis

First Second1:24

CML-BC 3 135
(first) CLL 3 136

Acute lymphoblastic 3 0.5 6Area

under the curve(>iM/h)Plasma

ara-C Cellularara-CTPFirst

Second 1:2 First Second1:2227

66 3.5 1,970 1,8601.06250
86 2.9 6,570 6,4301.025,170

4,4101.17leukemia7

CLL 0.528
CLL 0.529

CLL 0.42.55
(second) CLL 0.42.510

CLL 0.42.511
CLL 0.42.512
CLL 0.42.513

CLL 0.33.314
CLL 0.33.3Table

3 Relationship between dose ofara-C infused and rates of ara-CTP
accumulation and elimination by circulating leukemiccellsara-Cdose

Patient(g/m2)4

3
15

(first)316

3
0.57

10.5

81i
0.59
10.45

(second)10.410

10.4

1110.412

1
0413r0.314
1

0.32.0OÃŒ.â„¢

1-5Q-
..u1"ton

1.0O

BSteady-state

rwofplasma
ara- ara-CTPara-CTPC

(,i\i: accumulation elimination
mean Â±SD) (jiM/h)(h)81

Â±3.8 703.522
Â±1.0 953.779
Â±6.4 1398.229
Â±2.6 959.2106

5.0
1196.517.8

Â±2.7 1015.86.0
+ 0.5 150 6.1

19.7 Â±2.1 855.56.4
Â±0.3 726.113.5
Â±1.8 1827.22.5
Â±0.5 507.936.4
Â±4.5 1524.14.4
Â±0.1 1144.72

1.7 Â±3.6 606.05.8
Â±0.5 31 8.1

15.3 + 0.3 2149.08.3
Â±0.5 27510.319.4+1.1

187 5.1
5.7 Â±0.3 1444.522.4

+ 4.4 798.36.5
Â±0.6 317.614.4
Â±2.0 232 8.0

5.5 Â±1.0 1357.2~Â°

O.

O000tÃ

.A
*A- A oÂ»0

10 2030Steady-state
ara-C,p/MFig.

3. Relationship between the relative ability of circulating leukemic cells
to accumulate and retain ara-CTP after serial infusions of unequal doses of ara-
C and the steady-state concentrations of ara-C observed during thelower-doseinfusion.

The ratio of the cellular ara-CTP AUC values given in Table 2 were
plotted against the steady-state concentration of ara-C in the plasma after the
lower dose (Table 3) for each patient. â€¢.1.0 c/m2; A, 0.5 E/m2; O, 0.4 g/m2;O,0.3

g/m2.37

17 2.1 2,990 2,9601.0129
17 1.7 3,370 3,0301.1117

7.6 2.3 4,130 2,1401.9363
17 3.7 3,390 2,8801.1852
19 2.7 1,040 7901.3244
21 2.1 9,590 10,1600.9443
16 2.7 3,670 3,1501.1734

16 2.1 1,870 9801.9133
16 2.1 4,950 3,2101.54higher

dose rates, as is indicated by the rising value of theara-PTP
AI IPratin*1 I fH^VÂ« 1iliU'.DISCUSSIONThis

study showed that the accumulation of ara-CTPbyhuman
leukemic cells in vivo was saturated at ara-Cplasmaconcentrations

achieved by hd-ara-C regimens. Thisconclusionwas
supported by the finding of a linear accumulation ofara-CTP
by circulating leukemic cells after a 2-h infusion of 3g/m2

of ara-C, an accumulation that continued until theplasmaara-C
concentration decreased to a median value of 8/*M.Additional

supporting data, shown in Fig. 3 and Table2,demonstrated
that a reduction of the ara-C infusion ratedoesnot

impair ara-CTP accumulation until the ara-C plasmalevelis
in the 5 to 7 UMrange.There

was a direct proportionality between the dose ofara-Cadministered
and the AUC ofara-C in the plasma ofindividuals(Table

2). Thus the saturability of the ara-CTP formationrateis
a cellular phenomenon, unrelated to alterations in the dis

position of the parent drug. When the steady-state concentra
tion of ara-C in plasma was greater than 7 Â¿Â¿M,theobservedrates

of ara-CTP accumulation were constant aftersequentialunequal
doses, regardless of the actual plasma ara-C concentra

tions. However, the rate of ara-CTP accumulation wasreducedin
the cells of 7 of 8 patients when steady state ara-Clevelswere

less than 7 IÂ¿M(Table 3). Differential rates ofintracellularara-CTP
degradation were not a factor since the rates ofara-CTP

elimination were constant and independent ofintracellularara-CTP
concentrations and plasma ara-C levels (Table 3).Thisresult

indicated that plasma ara-C concentrations in therangeof
5 to 7 ^M represent the lower limits for achievingmaximumrates

of ara-CTP accumulation. In practical terms, plasmalevelsin
this range were achieved by infusion rates of 200 to 250mg/m2/h

(Table3).These

studies included investigations of severalleukemicmorphologies.
No differences in the relationship of the satura

tion of ara-CTP accumulation and plasma ara-C levelswerediscerned
among the disease categories studied. Thus, aswellas

the data permit us to judge, the saturation of ara-CTP
accumulation at plasma ara-C concentrations achieved byhd-ara-C

regimens appears to be independent of cellular morphol
ogy. This effect is in contrast to other cellularpharmacokineticparameters

such as the rate of ara-CTP elimination whichis3008
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more rapid in CML-BC [/./, = 2.4 h (44)] and acute leukemia
[tv, = 3.5 h (45)] than in CLL (t* = 6.6 h, Table 3, after the

first dose).
In Patient 5, whom we studied during two courses of treat

ment for refractory CLL, the cellular ara-CTP AUC after
infusion of 1 g/m2 on the first course was twice the value

observed after infusion of the same dose on the second course
(Table 2). Neither the steady-state ara-C concentration (Table
3) nor the ara-C plasma AUC (Table 2) appeared to differ
significantly for the two courses. Although the rates of ara-CTP
accumulation for the two courses were similar, ara-CTP was
eliminated twice as fast after the second course as after the first
(Table 3). This suggested that increased rates of ara-CTP deg
radation represents a likely metabolic basis for the selection of
resistance to serial treatment with ara-C. The evaluation of ara-
CTP pharmacokinetics in leukemic cells after serial courses of
treatment will be the subject of a subsequent report.

The step at which ara-CTP accumulation is saturated is not
clear. ara-C enters leukemic cells by carrier-mediated facilitated
diffusion (18-21). The Kmfor this is in the range of 200 to 450
Â¡IMin human leukemic cells (20, 21). Although it has been
suggested that transport is limiting to ara-CTP formation at
ara-C concentrations of less than 1 Â¿Â¿M,it is unlikely that this
process is saturated at plasma ara-C concentrations of 5 to 7
MM(20); rather, at ara-C concentrations greater than 1 /Â¿M,
there is a rapid transmembrane equilibration that results in an
equality of the intra- and extracellular ara-C concentrations.

In the cell, ara-C is phosphorylated to ara-CTP by a series of
kinases. Cytoplasmatic deoxycytidine kinase converts ara-C to
ara-CMP. This enzyme is believed to represent the rate-limiting
step in the conversion of ara-C to ara-CTP (19, 46). The Kmof
this enzyme for ara-C has been determined to be in the range
of 25 to 40 UM(47-52). The sensitivity of deoxycytidine kinase
to feedback regulation and inhibition by reactants is well known,
but the influence that the factors may exert in whole cells is
difficult to evaluate in the context of cell extracts. Chou et al.
(27) assumed that deoxycytidine kinase was rate limiting to ara-
CTP accumulation. They estimated the Km of deoxycytidine
kinase in intact human leukemic cells to range between 3 and
10 /Â¿M.Thus, it is possible that the Km of this enzyme deter
mined in cell extracts does not accurately reflect the Km in
intact cells and that the enzyme may be saturated at substan
tially lower ara-C concentrations.

Pyrimidine nucleoside monophosphate kinase and nucleoside
diphosphokinase phosphorylate ara-C monophosphate and ara-
C diphosphate, respectively. Each of these enzymes has a con
siderably higher Km for its respective substrate than does de
oxycytidine kinase (46, 53). Analysis of the ara-C mono- and
diphosphate levels by radioimmunoassay in cell extracts frac
tionated by high-pressure liquid chromatography indicated that
these pools constituted less than 10% of the ara-CTP pool after
infusion of 3 g/m2 over 2 h (not shown). Thus is seems unlikely
that an expanded pool of ara-CMP or ara-CDP would contrib
ute significantly to the continued accumulation of ara-CTP
subsequent to the end of the ara-C infusion. In summary,
although the Kmvalues for reactions that contribute to ara-CTP
accumulation are greater than the plasma ara-C concentration
at which the ara-CTP accumulation rate is saturated, most of
the existing data indicate that deoxycytidine kinase is rate
limiting to this process at ara-C plasma concentrations achieved
by current hd-ara-C regimens.

Single-drug hd-ara-C treatment regimens are effective in
patients whose leukemias are not responsive to multiple drug
therapy. Severe toxic reactions that accompany these treat

ments compromise the outcome of therapy, however, and may
impair the patients' quality of life (54-56). These toxicities also

limit the intensity of hd-ara-C regimens that may be combined
with other effective antileukemic drugs. The frequency with
which these adverse effects occurs is apparently related to the
total dose of ara-C and to its infusion rate (7, 8). Thus there is
a demand for new strategies of ara-C administration that aim
to decrease the toxicity but do not impair the antileukemic
effect of treatment.

Infusion rates of 1000 to 3000 mg/m2/h that are used in hd-
ara-C treatment regimens produce plasma ara-C concentrations
of 50 to 150 MM(30-35). The present studies indicate that
infusion rates of 200 to 250 mg/m2/h, about 10-fold lower than
those commonly in use, produce adequate levels of ara-C in
plasma to support the maximum rate of ara-CTP accumulation.
It is likely that plasma ara-C in excess of the amount leukemic
cells can use to make ara-CTP contribute to the observed
systemic toxicity, either directly or after deamination to arabi-
nosyluracil. The adoption of intermediate infusion rates, 200
to 250 mg/m2/h, for treatment regimens in which ara-C is

administered on an intermittent schedule would result in a
substantial decrease in both peak plasma levels achieved and
the total dosage of ara-C administered. Intermediate dosage
rates may permit an increase in the total number of doses
infused at given intervals, thus increasing the duration of ex
posure of leukemic cells to the maximum cellular levels of ara-
CTP. In addition, the anticipated decrease in toxicity resulting
from intermediate infusion rates of ara-C should permit in
creased exposure times, for example, a greater number of doses,
when combined with other antileukemic drugs. Recent reports
of intermittent regimens using infusion rates of 500 mg/m2

over 1 or 2 h in combination with an anthracycline or amsacrine
have demonstrated clinical responses that are comparable to
those achieved with hd-ara-C in combinations (57-59).

The identification of a range of ara-C infusion rates that
permits maximal ara-CTP accumulation indicates that clinical
studies on the efficacy and tolerability of prolonged infusions
of ara-C at these doses is warranted. Data from Patient 3 (Table
1) and earlier published reports (25, 26) indicated that at a
given dose of ara-C the accumulation of ara-CTP in leukemic
cells is maximal when administered as a continuous infusion.
Clinical experience with continuous infusion of ara-C at dose
rates of 200 to 250 mg/m2/h over several days is limited.

Although pronounced antileukemic effects have been demon
strated, the toxic reactions have been severe (60-62). Our recent
experience with continuous infusions of ara-C at lower dose
rates of 50 to 125 mg/m2/h over 96 h suggests that this range

of infusion rates is both clinically efficacious and tolerable (25,
26, 63).
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