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Ribavirin, a guanosine analog, is a broad-spectrum antiviral agent. Ribavirin has been a fundamental component of the treat-
ment of hepatitis C virus (HCV) infection for decades, but there is a very limited understanding of the clinical pharmacology of
this drug. Furthermore, it is associated with a major dose-limiting toxicity, hemolytic anemia. Ribavirin undergoes intracellular
phosphorylation by host enzymes to ribavirin monophosphate (RMP), ribavirin diphosphate (RDP), and ribavirin triphosphate
(RTP). The intracellular forms have been associated with antiviral and toxic effects in vitro, but the kinetics of these phosphory-
lated moieties have not been fully elucidated in vivo. We developed a model to characterize the plasma pharmacokinetics of riba-
virin and the difference between intracellular phosphorylation kinetics in red cells (nonnucleated) and in peripheral blood
mononuclear cells (nucleated). A time-independent two-compartment model with first-order absorption described the plasma
data well. The cellular phosphorylation kinetics was described by a one-compartment model for RMP, with the formation rate
driven by plasma concentrations and the first-order degradation rate. RDP and RTP rapidly reached equilibrium with RMP.
Concomitant telaprevir use, inosine triphosphatase genetics, creatinine clearance, weight, and sex were significant covariates.
The terminal ribavirin half-life in plasma and phosphorylated anabolites in cells was approximately 224 h. We found no evi-
dence of time-dependent kinetics. These data provide a foundation for uncovering concentration-effect associations for ribavi-
rin and determining the optimal dose and duration of this drug for use in combination with newer direct-acting HCV agents.
(This study has been registered at ClinicalTrials.gov under registration no. NCT01097395.)

Ribavirin (1-�-D-ribofuranosyl-1,2,4-triazole-3-carboxamide), a
nucleoside analog first synthesized in 1972, exhibits broad-spec-

trum antiviral activity against several RNA and DNA viruses in vitro
(1, 2). For several decades, ribavirin was combined with pegylated
interferon alpha (Peg–IFN-�) as the standard of care for treating
chronic hepatitis C virus (HCV) infections. Though several direct-
acting antiviral agents have recently been approved for the treatment
of HCV and dozens more are in various stages of clinical develop-
ment, ribavirin remains an important component of several HCV
treatment regimens (3–7).

Ribavirin’s mechanism of antiviral action is not completely
understood. In vitro, ribavirin has been shown to mimic the en-
dogenous nucleoside guanosine, and its triphosphate anabolite
(ribavirin triphosphate [RTP]) may be incorporated into replicat-
ing RNA strands by viral RNA polymerases. This erroneous incor-
poration inhibits chain elongation and viral replication. Other
antiviral effects observed in vitro include immunologic modula-
tion through switching the T-cell phenotype from phenotype 2 to
phenotype 1, inhibition of host IMP dehydrogenase leading to
depletion of intracellular GTP pools, induction of mutagenesis,
and error catastrophes, as well as upregulation of genes involved
in the interferon cascade or of IFN-stimulated genes and down-
regulation of IFN-inhibitory genes (8). It is unclear which mech-
anism(s) is responsible for the antiviral effects in vivo. While the
therapeutic benefit of ribavirin in the treatment of HCV infection
is undeniable, there is significant unexplained interpatient vari-
ability in the exposure-response relationship for this drug and it is

associated with a major dose-limiting toxicity, hemolytic anemia
(9, 10).

Following oral absorption, with a bioavailability of approxi-
mately 52% (11), ribavirin exhibits extensive distribution to var-
ious cells in the body via nucleoside transporters. Once inside the
cell, it is phosphorylated to ribavirin monophosphate (RMP) by
adenosine kinase or 5= nucleotidase (12). Other cellular kinases
further phosphorylate RMP to ribavirin diphosphate (RDP) and
ribavirin triphosphate (RTP). Intracellular ribavirin accumulates
in red blood cells (RBCs) because RBCs lack the 5= nucleotidase
and alkaline phosphatase needed to dephosphorylate RMP for
transport out of the cells (13). The accumulation of RTP in RBCs
interferes with ATP-dependent transport systems, causes RBC
membrane destabilization, and induces premature RBC senes-
cence and phagocytic removal by the reticuloendothelial system
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(14), which leads to hemolytic anemia. Depending on the severity
of the anemia exhibited during treatment, a patient may require
dose reduction or treatment discontinuation. It is difficult to pre-
dict which patients will develop hemolytic anemia from ribavirin
treatment. Prior studies have found an association between hemo-
globin decline and increased ribavirin concentrations in plasma
(15, 16) and RBCs (17). Another study found that total intracel-
lular ribavirin concentrations in RBCs, but not plasma levels, were
significantly correlated with hemoglobin decline, which suggested
that ribavirin levels in RBC would be a preferable parameter for
assessing ribavirin-induced hemolytic anemia (18). In addition to
drug exposure, host genetics may also play a role in the develop-
ment of ribavirin-induced anemia. Polymorphisms in the gene
encoding the inosine triphosphatase (ITPA) enzyme have been
associated with protection against ribavirin-induced anemia (19).
A quantitative understanding of the factors that influence the in
vivo phosphorylation kinetics of ribavirin in RBCs and its rela-
tionship to hemolytic anemia may lead to improved treatment
with ribavirin.

The overall goal of the study reported here was to quantify the
relationship between the plasma concentrations of ribavirin and
its phosphorylated metabolites in both RBCs and peripheral blood
mononuclear cells (PBMCs) during the treatment of patients in-
fected with HCV. To that end, we developed a population model
for the plasma pharmacokinetics (PK) of ribavirin over the course
of treatment which incorporated the effects of covariates, includ-
ing coadministration of telaprevir as well as the ITPA phenotype,
and evaluated the potential for time-dependent kinetics. This
model was then linked to the RMP, RDP, and RTP concentrations
measured in both RBCs and PBMCs to quantitatively evaluate and
contrast ribavirin phosphorylation between these cell types. The
developed complete plasma/intracellular models provide insights
into the action of ribavirin, including the factors that affect its
interpatient variability, and may guide improved dosing of riba-
virin with direct-acting antiviral agents.

MATERIALS AND METHODS
Study design and patients. This was an open-label, randomized study
(ClinicalTrials.gov registration no. NCT01097395) of standard weight-
based ribavirin dosing or concentration-guided dosing based on first-
dose area under the concentration-time curve (AUC) data (0, 12). Thirty-
six treatment-naive genotype 1 chronic HCV infection patients were
enrolled between 2010 and 2013. Since telaprevir was approved in May
2011, the first 18 patients enrolled received Peg–IFN-�–2a at 180 �g
weekly and ribavirin at 1,000 or 1,200 mg daily (dual-therapy group),
whereas the other 18 patients enrolled after May 2011 received Peg–IFN-
�–2a at 180 �g weekly, ribavirin at 1,000 or 1,200 mg daily, and telaprevir
at 750 mg three times daily (triple-therapy group) for the first 12 weeks
and then continued treatment with Peg–IFN-�–2a and ribavirin for an
additional 12 or 24 weeks on the basis of clinical factors and antiviral
response at week 4 of treatment. Patients who met the criteria for virologic
futility discontinued treatment per the standard of care at the time. The
study was conducted in accordance with the principles for human exper-
imentation defined in the Declaration of Helsinki and was approved by
the Colorado Multiple Institutional Review Board. All participants pro-
vided written informed consent.

Plasma ribavirin measurements. Whole blood (4 ml) was obtained in
EDTA tubes at predose and 1, 2, 3, 4, 6, 8, 10, and 12 h postdose during the
12-h intensive-PK visits (day 1 and the steady state at weeks 9 to 13) and at
various times postdose (i.e., convenience sampling) at the other visits
(weeks 1, 2, 4, 16, 24, and 48) for quantification of ribavirin in plasma
using a validated high-performance liquid chromatography–UV (HPLC-

UV) detection method. The assay was linear in the range of 0.05 to 10
�g/ml and had a minimum quantifiable limit of 0.05 �g/ml using 0.2 ml
of human plasma. Interassay accuracy for the method was within �8.2%
at all concentrations, while precision was �12.3%.

Phosphorylated ribavirin measurements. Whole blood (8 ml) was
obtained in a sodium heparin cell preparation tube at predose and 2 and 6
h postdose during the 12-h intensive-PK visits (day 1 and weeks 9 to 13)
and at various times postdose at the other visits (weeks 1, 2, 4, 16, 24, and
48) for quantification of RMP, RDP, and RTP in PBMCs and RBCs. Iso-
lation and counting procedures were reported previously (20). After sep-
aration of the RMP, RDP, and RTP metabolites, the components were
dephosphorylated and analyzed using a validated LC-tandem mass spec-
trometry (LC-MS/MS) assay (21). The lower limit of quantification for
the intracellular assay of phosphorylated ribavirin was 0.50 pmol/sample,
when a range of 0.25 to 1.00 pmol/106 cells/sample was extracted. Inter-
assay accuracy for the method was within �8.9% at all concentrations,
while precision was �7.9%.

ITPA and IL-28B genotyping. DNA was extracted from whole blood
using an automated system (Qiagen Autopure LS). Genotyping was per-
formed using an ABI TaqMan allelic discrimination kit and an ABI Prism
7900HT sequence detection system (Applied Biosystems, Carlsbad, CA)
in a 5-�l reaction volume using standard TaqMan Universal PCR condi-
tions. Primer and probe sequences for the rs12979860 single nucleotide
polymorphism (SNP) of interleukin-28B (IL-28B) were as follows: for-
ward primer, 5=-GCCTGTCGTGTACTGAACCA-3=; reverse primer, 5=-
GCGCGGAGTGCAATTCAAC-3=; probe, 5=-(VIC/6-carboxyfluorescein
[FAM])-TGGTTC[G/A]CGCCTTC-3=. ITPA SNPs rs1127354 and
rs7270101 were genotyped using custom genotyping assays manufactured
by Applied Biosystems (Carlsbad, CA). Patients with the wild-type (WT)
allele for both ITPA SNPs (C and C for the rs1127354 SNP and A and A for
rs7270101) were categorized as the ITPA wild-type group, whereas pa-
tients with at least 1 variant allele were categorized as the ITPA variant
group.

Plasma and intracellular pharmacokinetic modeling. Population
analyses of plasma and intracellular phosphorylated ribavirin were each
performed using the maximum-likelihood, expectation maximization
(MLEM) algorithm in ADAPT (Version 5) software (22). Model param-
eters were assumed to follow a multivariate lognormal distribution, and
the residual error (defined as the difference between the observed and
predicted concentrations) was described using proportional-error-vari-
ance terms. Plasma and intracellular metabolite measurements below
their respective limits of quantification were incorporated into the likeli-
hood calculation (using the M3 method reported in reference 23).

The schematic diagram of the final composite model is shown in Fig. 1.
Plasma data were described using a two-compartment model with first-
order absorption. The estimated parameters were apparent total clearance
(CLt/F), apparent central compartment volume of distribution (Vc/F),
apparent absorption rate constant (ka/F), apparent distributional clear-
ance (CLd/F), and apparent peripheral compartment volume of distribu-
tion (Vp/F).

The following covariates were examined for their influence on the
plasma PK parameters: age, body weight, sex, race, creatinine clearance
(CrCl), genotype 1 subtype, ITPA phenotype, degree of fibrosis, baseline
HCV RNA level, baseline hemoglobin, and telaprevir coadministration.
CrCl was calculated via the Cockroft-Gault equation using baseline serum
creatinine level and total body weight unless the patient weight was
�130% of the ideal, in which case an adjusted body weight was used.
Covariate-parameter relationships were identified on the basis of explor-
atory graphics, scientific interest, and mechanistic plausibility. The final
covariate model was selected based on model estimate precision and the
Akaike information criterion (AIC) and backward elimination (P � 0.01).

A visual predictive check based on 500 simulation replicates for the
intensive profiles on day 1 and at the steady state was performed as a
model qualification method. Descriptive statistics of the simulated con-
centrations (median and 90% prediction intervals) were compared with
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those of the observed ribavirin plasma concentrations to assess model
adequacy.

The individual subject parameter estimates from the PK modeling
(conditional means of the MLEM algorithm) were then used to model the
intracellular ribavirin metabolite kinetics (using RMP, RDP, and RTP
simultaneously) in RBCs and also in PBMCs. In the final intracellular
metabolism model depicted in Fig. 1 (for both RBCs and PBMCs), RDP
rapidly reached equilibrium with RMP (Rdpmp � RDP/RMP) and RTP
rapidly reached equilibrium with RDP (Rtpdp � RTP/RDP). Other models
that included nonequilibrium phosphorylation and dephosphorylating
rate constants were also examined but were rejected based on AIC. In the
model, the transport of ribavirin into the cells and its initial phosphory-
lation to RMP (kmp) is driven by the plasma ribavirin concentration, while
the disappearance of RMP follows a first-order process (kmpout). The pa-
rameter kmpout represents several mechanisms, including metabolism
(dephosphorylation) of phosphorylated anabolites, degradation of
PBMCs or RBCs, and potential efflux of RMP by nucleoside transporters.

The differential equations that describe the final model are given as
follows:

dADepot

dt
� �ka · ADepot ;ADepot(0) � F · Dose (1)

dACentral

dt
� ka · ADepot �

CLt � CLd

Vc
· ACentral

�
CLd

Vp
· APeripheral ;ACentral(0) � 0 (2)

dAPeripheral

dt
�

CLd

Vc
· ACentral �

CLd

Vp
· APeripheral ;APeripheral(0) � 0

(3)

dCRMP

dt
� kmp ·

ACentral

Vc
� kmp out · CRMP;CRMP(0) � 0 (4)

CRDP � Rdpmp · CRMP (5)

CRTP � Rtpdp · CRDP (6)

Finally, the individual parameters from the intracellular models (RBCs
and PBMCs) were used to simulate time profiles for each subject at each
visit. The median and 5th to 95th percentile ranges of those predictions
were plotted and overlaid with the observed RMP, RDP, and RTP data for
PBMCs and RBCs, respectively, to assess the predictive ability of the
model.

RESULTS

Forty subjects consented to participate in the study. Thirty-six
were eligible for enrollment. Clinical, genetic, and pharmacoki-
netic data are available for all 36 subjects. The demographic and
baseline characteristics of the 36 subjects are shown in Table 1.
Based on the 2 ITPA SNPs, there were 26 subjects with a wild-type
allele for both ITPA SNPs (C and C for rs1127354 SNP and A and
A for rs7270101), associated with 100% ITPA enzyme activity. Of
the remaining 10 subjects, 4 subjects (2 subjects with 10% activity

FIG 1 Composite model describing the plasma PK of ribavirin as well as its intracellular kinetics in both RBCs and PBMCs. CLt: total clearance. Vc: central
compartment volume of distribution. CLd: distributional clearance. Vp: peripheral compartment volume of distribution. ka: absorption rate constant. kmp:
transport/formation rate constant for ribavirin monophosphate (RMP). kmpout: rate constant for the disappearance of phosphorylated ribavirin. Rdpmp: rapid
equilibrium partition coefficient between ribavirin diphosphate (RDP) and RMP. Rtpdp: rapid equilibrium partition coefficient between ribavirin triphosphate
(RTP) and RDP.

TABLE 1 Demographic and baseline characteristics of the study patientsa

Characteristic No. Mean � SD Minimum Median Maximum

Sex (male/female) 22/14
Race (white/Hispanic/black/other) 22/8/4/2
Age (yrs) 50.4 � 8.6 27 52 61
Wt (kg) 82.5 � 17.9 56 79 128
Height (cm) 172 � 10 154 172 191
Hemoglobin (g/dl) 15.5 � 1.4 12.9 15.7 17.7
Serum creatinine (mg/dl) 0.85 � 0.16 0.51 0.87 1.20
Creatinine clearance (ml/min) 102 � 27 52.1 97.7 176.8
Viral genotype (1A/1B/1) 16/12/8
ITPA phenotype (wild type/variant) 26/10
IL28B genotype (CC/CT/TT/unknown) 12/10/12/2
a Creatinine clearance was calculated based on total body weight using the Cockcroft-Gault equation. CC, both copies of the gene contain the “C” allele; CT, one copy of the gene
contains the “C” allele and the other the “T” allele; TT, both copies of the gene contain the “T” allele.
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and 2 subjects with 30% activity) received dual therapy and 6
subjects (4 subjects with 30% activity and 2 subjects with 60%
activity) received triple therapy. The 10 subjects were pooled as
representing an ITPA variant phenotype. The rate of sustained
virological response was 33% (6 of 18 subjects) in the dual-therapy
group and 78% (14 of 18 subjects) in the triple-therapy group. A
total of 8 subjects (6 in the dual-therapy group and 2 in the triple-
therapy group) had virologic failure, and 8 subjects (6 in the dual-
therapy group and 2 in the triple-therapy group) dropped out or
discontinued therapy due to an adverse event.

Plasma pharmacokinetics. Of the 36 subjects, steady-state
(weeks 9 to 13) intensive plasma concentration profiles were avail-
able for 28 subjects (15 in the dual-therapy group and 13 in the
triple-therapy group). At the steady state, the mean (standard de-
viation [SD]) plasma ribavirin trough (i.e., 12-h postdose) levels
were 2.79 � 0.80 �g/ml (2.46 � 0.58 �g/ml in the dual-therapy
group [n � 16] and 3.22 � 0.88 �g/ml in the triple-therapy group
[n � 12]) (P � 0.0177). The steady-state trough levels were higher
in subjects with a variant ITPA phenotype (n � 10) than in sub-
jects with a wild-type ITPA genotype (n � 18), but the differences
were not statistically significant (3.06 � 0.83 �g/ml versus 2.64 �
0.77 �g/ml, respectively) (P � 0.209). The non-statistically signif-
icant difference was due to the higher creatinine clearance in the
variant ITPA group than in the wild-type group (110 versus 99
ml/min), which attenuates the expected differences in CLt/F and
the steady-state trough concentrations.

A two-compartment model with the following covariate rela-
tionships described the plasma ribavirin measurements: CLt/F �
17.0 · (CrCl/98)0.885 · 0.853T · 0.779ITPA (CrCl, creatinine clear-
ance in ml/min; for T, dual-therapy group � 0 and triple-therapy
group � 1; for ITPA, ITPA wild type � 0 and ITPA variant � 1);
Vc/F � 756 · (WT/79)1.29 (WT, body weight in kg); and Vp/F �
3,460 · (WT/79)0.725 · 0.732SEX · 1.52ITPA (for SEX, males � 0 and
females � 1). After incorporating these covariate relations, the values
of interindividual variability of CLt/F, Vc/F, and Vp/F decreased from
33% to 23%, from 46% to 42%, and from 41% to 18%, respectively
(Table 2). The population means were reliably estimated, with rela-
tive standard errors of less than 50%. However, the interindividual
variability values had relative standard errors ranging from 23% to
98% (Table 2). The average individual predicted plasma concentra-
tion-time profiles for day 1 (left panel) and the steady state (right
panel) are shown in Fig. 2a for the dual-therapy group (solid line) and
for the triple-therapy group with telaprevir (dashed line), along with
the means and standard errors of the respective measured plasma
ribavirin concentrations. The plots show that the two-compartment
model describes both the first-dose PK and the steady-state plasma
PK and quantifies the role of telaprevir coadministration in ribavirin
plasma PK. The goodness-of-fit plots in Fig. 2b (upper panels) indi-
cate that the model describes the observations over the concentration
range with no systematic prediction biases. The visual predictive
check shown in Fig. 2c also confirms the model’s predictive ability.
The predicted 5th and 95th percentiles of the concentration-time
profiles at day 1 and the steady state agree with the distribution in the
observed data.

Intracellular PBMC and RBC kinetics. Over the time course
of the study in the 36 subjects, 266, 266, and 312 measurements of
RMP, RDP, and RTP, respectively, were obtained in both RBCs
and PBMCs. Gradual accumulation of RMP, RDP, and RTP was
observed (see Fig. 3a). In PBMCs, RDP levels were lower than
RMP levels, and the RTP levels were the highest. In RBCs, RDP

levels were higher than RMP levels, and the RTP levels were also
the highest among the three metabolites. These relative differences
between PBMCs and RBCs in the abundances of RMP, RDP, and
RTP were in agreement with the in vitro findings of Page and
Connor (13). Our data showed that accumulation in RBCs was
much more extensive than in PBMCs, which was also consistent
with the in vitro results (13).

The average steady-state concentrations for RMP, RDP, and
RTP were 5.70 � 9.09, 3.21 � 4.04, and 19.8 � 14.3 pmol/106 cells
in PBMCs and 5.00 � 7.03, 17.2 � 8.31, and 128 � 71.5 pmol/106

cells in RBCs. The steady-state RTP concentrations were higher in
the triple-therapy group than in the dual-therapy group: 24.0 �
15.0 versus 16.2 � 12.8 pmol/106 cells and 161 � 81.0 versus
100 � 47.0 pmol/106 cells in PBMCs and RBCs, respectively. Also,
a �2-fold difference was observed in the mean steady-state RTP
concentrations in subjects with the ITPA variant versus the wild
type: 31.3 � 17.0 versus 13.5 � 7.1 pmol/106 cells and 196 � 73
versus 91.2 � 33.8 pmol/106 cells in PBMCs and RBCs, respec-
tively.

Using the individual estimates of the plasma PK parameters,
the intracellular RMP, RDP, and RTP measurements were fitted
simultaneously, but were fitted separately for PBMCs and RBCs.
The model described the accumulation of phosphorylated ribavi-
rin over the complete duration of treatment, as well as during
washout (Fig. 3). The population means were reliably estimated,
with standard errors of less than 40% (Table 3). Interindividual
variability ranged between 22% and 85%, with standard errors
ranging from 40% to 77%. The residual errors of 31% to 50%
observed for the intracellular data were higher than the 16% re-
sidual error observed for plasma ribavirin concentrations.

TABLE 2 Population estimates for the parameters of the plasma
ribavirin PK model without and with covariatesa

Parameter (unit)

Estimate (relative SE)

Without covariates With covariates

AIC 40.9969 	20.5383

CLt (liters/h) 14.7 (7.98) 17.0 (13.1)
Vc (liters) 769 (15.7) 756 (18.3)
ka (h	1) 2.91 (32.4) 2.58 (48.9)
CLd (liters/h) 104 (11.4) 103 (16.1)
Vp (liters) 3,570 (11.1) 3,460 (13.5)

Proportional error 0.162 (2.16) 0.162 (2.70)

IIV CLt 33.2 (26.4) 22.9 (23.1)
IIV Vc 46.4 (30.8) 41.7 (58.2)
IIV ka 114 (58.7) 95.7 (89.8)
IIV CLd 42.0 (32.4) 43.1 (43.5)
IIV Vp 41.0 (33.3) 17.8 (97.8)

Value representing effect of:
WT on Vc 1.29 (50.6)
WT on Vp 0.725 (79.7)
CrCL on CLt 0.885 (30.4)
Telaprevir on CLt 0.853 (16.8)
Sex on Vp 0.732 (19.9)
ITPA on CLt 0.779 (16.9)
ITPA on Vp 1.52 (24.5)

a IIV, interindividual.
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The transport/formation rate constant (kmp) was greater in
PBMCs than in RBCs, reflecting the higher RMP concentrations at
day 1 in PBMCs (0.82 � 0.36) versus the mostly undetectable
concentrations at day 1 in RBC samples. The kmpout parameter

estimates suggested that the aggregate elimination of cellular riba-
virin phosphates was more rapid in PBMCs than in RBCs, reflect-
ing the higher degree of accumulation of ribavirin phosphates in
RBCs than in PBMCs. For example, average RTP concentrations
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in PBMCs were 3.04 � 1.72 at day 1 and 19.8 � 14.3 pmol/106 cells
at the steady state (6.5-fold accumulation), compared to the in-
crease in the average RTP concentrations in RBCs from day 1 to
the steady state of 1.52 � 0.91 to 128 � 71.5 pmol/106 cells (84-
fold accumulation). Regardless of the differences between the
rates of elimination of cellular ribavirin phosphates from PBMCs
and RBCs determined on the basis of kmpout, the values seen with
both were much higher than the typical subject’s terminal elimi-
nation half-life in plasma, which was 224 h. Therefore, the intra-
cellular kinetics of ribavirin exhibits a flip-flop phenomenon, and
as a result, we observed clinically that the phosphorylated ribavi-
rin moieties have the same terminal elimination half-life as that of
ribavirin in plasma (Fig. 3b). As shown in the figure, the plasma
concentrations and the RTP levels in PBMCs and RBCs measured
13 weeks postdose during washout appear to be higher than those
predicted for a typical subject. These data are from two subjects
who received telaprevir and who were of the ITPA variant pheno-
type— both factors contributed to the correspondingly longer
half-lives of 350 to 400 h. Since RTP accumulation is highest in
RBCs, the model predicts that it takes, on average, 14 weeks to
reach an undetectable level (�0.1 pmol/106 cells). Considering
the interindividual variability in the parameters, the validity of the
warning in the package insert to avoid pregnancy for 6 months
after the discontinuation of therapy due to the teratogenic effect
associated with ribavirin is confirmed.

Similarly, because the plasma pharmacokinetics is the rate-
limiting step, the times to near the steady state are also the same for
plasma ribavirin and RMP, RDP, and RTP in PBMCs and RBCs.
Judging on the basis of the typical population parameters, it takes
about 6 weeks to reach 95% of the concentration at the steady
state.

Telaprevir was found to be a significant covariate and to be
associated with 1.53-times-higher Rdpmp and 0.673-times-lower
Rtpdp in the PBMCs. ITPA genetics was also associated with the
PBMC concentrations. The kmpout rate was 0.693 times lower and
the Rdpmp was 1.31 times higher in subjects with ITPA variant
phenotypes (i.e., with more ITP) than in those with a 100% func-
tional phenotype. In RBCs, the ITPA variant phenotype was asso-
ciated with a 1.57-times-higher Rdpmp. Upon inclusion of the co-
variates in the PBMC model, the interindividual variability of
kmpout, Rdpmp, and Rtpdp decreased from 59% to 52%, from 36% to
28%, and from 31% to 22%, respectively, while in the RBC model,
the effect of the inclusion of the ITPA phenotype on Rdpmp low-
ered the interindividual variability from 46% to 37%.

DISCUSSION

Therapy with ribavirin remains challenging due in part to high
interindividual variability and the dose-limiting toxicity of hemo-
lytic anemia that is related to the accumulation of RTP in the
RBCs. To better understand the relation between plasma ribavirin
and intracellular RTP, including the factors that may contribute to
the interindividual variability observed clinically, we used popu-
lation modeling to quantify the relationship between ribavirin
plasma concentration and its phosphorylated metabolites in both
RBCs and PBMCs during chronic treatment of subjects infected
with genotype 1 HCV. In this first clinical study to measure and
model the intracellular RMP, RDP, and RTP in PBMCs and RBCs
following treatment in HCV-infected subjects, we also quantified
the role of coadministration of telaprevir and the ITPA phenotype
in interindividual variability. This study and the resulting model
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FIG 3 (a) Observed intracellular data overlaid with the medians (solid lines)
and 90% prediction intervals (gray-shaded area) for RMP (left), RDP (mid-
dle), and RTP (right) concentration-time profiles in PBMCs (top panels) and
RBCs (bottom panels). Gray circles represent the data observed within 12 h
postdose at different visits. D1: day 1. W1: week 1. W2: week 2. W4: week 4. SS:
steady state (weeks 9 to 13). W16: week 16. W24: week 24. W48: week 48. (b)
Simulation of ribavirin plasma and intracellular concentrations after a single
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parameter values. Data points represent the concentrations observed after the
last administered ribavirin dose (solid circles � RMP, open triangles � RDP,
solid squares � RTP).
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provide a framework for integrating cumulative knowledge of re-
lationships between ribavirin dosing, systemic and intracellular
kinetics, ribavirin-induced anemia, and HCV kinetics to achieve
higher sustained virological response rates with less-hemolytic
anemia.

Consistent with previous reports (10, 24, 25), we found that a
linear two-compartment pharmacokinetic model with first-order
absorption described ribavirin plasma concentration-time pro-
files following oral administration in the study population. The
estimates for the apparent volumes of distribution for Vc/F of 756
liters and Vp/F of 3,460 liters correspond to an apparent volume of
distribution at the steady state of 4,216 liters, which is within the
range of reported values of 2,000 to 5,000 liters (10, 26).

Some previous studies, however, reported a difference between
single-dose and multiple-dose studies in the ribavirin plasma half-
life values. Glue (26) published the first report comparing a riba-
virin plasma half-life value of 79 h after a single dose (27) to values
of 274 to 298 h after multiple doses (28). Lertora et al. also re-
ported ribavirin half-life values of 30 h following a single dose and
151 h after multiple doses (29). The population model from the
current study described single-dose and multiple-dose data over
the entire time frame of the study using the time-invariant, two-
compartment model given in Table 2. Several factors may explain
these differences. The half-life on day 1 in those prior studies may
have been underestimated due to a limited duration of the sam-
pling which captured distribution versus elimination kinetics
and/or due to insufficient bioanalytical sensitivity to quantify
samples taken during the terminal elimination phase. In our
study, availability of plasma concentration accumulation values
from day 1 and from weeks 1, 2, and 4 to the steady state (weeks 9
to 13) and washout after treatment cessation allowed accurate
estimation of time-independent CLt/F values even though we did
not have single-dose washout data. Based on the two-compart-
ment typical-population PK parameters, ribavirin terminal half-

life was calculated to be around 224 h. This is similar to the 274-to
298-h multiple-dose half-life values reported by Khakoo et al. (28)
and the 288-h multiple-dose half-life stated in the package insert
(30).

The current study found that CrCl had a significant effect on
CLt/F, which is consistent with the conclusions reported by
Bruchfeld et al. (10) and Kamar et al. (24) but not with those
reported by Jin et al. (25). Since ribavirin is eliminated in part by
renal excretion, with approximately 24% to 29% of the dose ex-
creted unchanged in urine (11, 31, 32), it is expected that CrCl
would be found to influence ribavirin clearance in studying a sam-
ple of patients exhibiting a range of CrCl values such as those
observed in the current study. In contrast to Bruchfeld et al. (10),
however, we did not find that adding body weight as a covariate
for ribavirin clearance, in addition to CrCl, explained any addi-
tional interindividual variability.

The effects of telaprevir on ribavirin pharmacokinetics have
not been studied previously via a formal population analysis. A
prior review suggested that telaprevir has no effect on ribavirin
pharmacokinetics (33). However, several studies have reported
that telaprevir impaired renal function, leading to increased se-
rum creatinine levels and thus resulting in increased ribavirin con-
centrations (34–36). Mauss et al. also reported that treatment with
telaprevir or boceprevir was associated with a reduction in the
estimation of the glomerular filtration rate (eGFR) to �60 ml/min
(37). The population analysis in the current study found that tel-
aprevir therapy was associated with a 15% decrease in plasma
ribavirin clearance (see Table 2). This effect of telaprevir on riba-
virin clearance is independent of its effect on CrCl. In the current
study, CrCl rates decreased to similar extents in the dual-therapy
and triple-therapy groups: from 112 � 26 ml/min to 100 � 29
ml/min at week 12 for the dual-therapy group versus from 100 �
29 ml/min to 88 � 21 ml/min at week 12 for the triple-therapy
group. In the triple-therapy group, when telaprevir therapy was

TABLE 3 Population estimates for the parameters of the intracellular kinetic RBC and PMBC models without and with covariatesa

Parameter (unit)

Estimate (relative SE)

PBMC PBMC with covariate RBC RBC with covariate

AIC 3,275.09 3,256.32 4,523.26 4,503.86

kmp (pmol/106 cells)/(�g/ml � h) 1.11 (14.8) 1.10 (16.2) 0.0231 (36.6) 0.0238 (39.3)
kmpout (h	1) 0.617 (14.7) 0.755 (18.6) 0.0184 (28.7) 0.0188 (29.1)
Rdpmp 0.483 (14.9) 0.379 (14.7) 4.26 (26.8) 3.59 (25.7)
Rtpdp 6.85 (12.7) 7.94 (20.2) 8.18 (8.78) 8.23 (9.08)

IIV kmp 49.4 (43.9) 49.5 (55.3) 85.8 (39.9) 85.1 (46.8)
IIV kmpout 55.7 (27.8) 49.4 (54.1) 69.9 (39.7) 70.1 (40.7)
IIV Rdpmp 35.8 (40.5) 27.6 (58.4) 46.2 (46.0) 37.3 (49.1)
IIV Rtpdp 30.8 (34.9) 22.2 (77.6) 27.0 (25.7) 27.3 (47.2)

Res RMP 0.382 (9.00) 0.390 (11.7) 0.506 (14.6) 0.503 (14.6)
Res RDP 0.471 (9.46) 0.465 (10.7) 0.395 (10.2) 0.395 (11.3)
Res RTP 0.389 (5.71) 0.395 (6.66) 0.313 (7.23) 0.315 (6.99)

Value representing effect of:
Telaprevir on Rdpmp 1.51 (20.2)
Telaprevir on Rtpdp 0.669 (17.3)
ITPA on kmpout 0.697 (31.7)
ITPA on Rdpmp 1.28 (29.6) 1.55 (15.7)

a Res, residual.
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discontinued at week 12, the mean CrCl rate returned to 99 � 22
ml/min at week 24. Telaprevir is known to inhibit the efflux trans-
porters P-glycoprotein and breast cancer resistance protein (38,
39), and it is possible that these transporters are involved in the
renal and hepatic clearance of ribavirin. Since telaprevir itself is
associated with a 15% decrease in ribavirin clearance, in addition
to the CrCl effect and ITPA phenotype effect on CLt/F in the
model, this may explain the more frequent and severe anemia
observed in patients receiving telaprevir (40).

The ITPA variant phenotype has been shown to protect against
ribavirin-induced anemia, and its effect on ribavirin plasma PK
has not previously been studied via a formal population analysis.
Our study found that the ITPA variant phenotype was associated
with 0.779-times-lower CLt/F and a 1.52-times-higher Vp/F, re-
sulting in higher plasma concentrations in these subjects. This
finding suggests that ITPA deficiency does not protect against
ribavirin-induced anemia by reducing the systemic exposure of
ribavirin but rather operates through some other mechanism(s).

In vitro studies have found that ribavirin nucleotide formation
is dependent on extracellular ribavirin concentrations (41) and
therefore, in the model, plasma concentration was assumed to
drive the formation of RMP in both cell types. Also, on the basis of
previous in vitro studies, uptake of ribavirin by RBC via equilibra-
tive nucleoside transporter 1 (ENT1) was found to be saturable,
reaching equilibrium rapidly (�10 min) (42). In addition, the
intestinal absorption processes operating through nucleoside
transporters CNT2, CNT3, ENT1, and ENT2 (43, 44), as well as
the enzymatic reactions of adenosine kinase and 5= nucleotidase,
which phosphorylate ribavirin to RMP (12, 41, 45), are all satura-
ble processes. The data in the current study, however, are not
sufficient to fully characterize these nonlinear processes. There-
fore, the first-order rate constant kmp in the model is used to de-
scribe the aggregate processes of cellular uptake and phosphory-
lation to RMP. Similarly, the parameter kmpout, which represents
the rate constant for the disappearance of phosphorylated ribavi-
rin, also represents multiple processes, including the dephosphor-
ylation of RMP to ribavirin and transport out of the cell, the fur-
ther phosphorylation to RDP and RTP, and cell lysis. In the final
model for the cellular metabolism of ribavirin, it was determined
that RDP and RTP rapidly reach equilibrium with RMP, which is
consistent with the phosphorylation kinetic models of other nu-
cleoside analogs following similarly sparse sampling designs (46).

In the population model for the cellular kinetics, telaprevir was
found to increase Rdpmp and to reduce Rtpdp in PBMCs (see Table
3), as determined from our joint plasma PBMC population anal-
ysis, indicating a potential direct effect of telaprevir on nucleoside
kinases that alters the phosphorylation/dephosphorylation equi-
librium.

The modeling results also indicate that the ITPA variant phe-
notype is associated with a higher Rdpmp in both PBMCs and
RBCs, and with a lower kmpout in PBMCs, relative to wild-type
ITPA patients. Hitomi et al. proposed that decreased activity of the
ITPA enzyme leads to higher levels of ITP, which can substitute
for GTP in generation of AMP in a reaction catalyzed by adenyl-
succinate synthase (47). Subsequently, elevated AMP levels allow
increased ATP synthesis in these subjects compared to subjects
with wild-type ITPA. It is possible that higher levels of ATP lead to
more-extensive phosphorylation of RMP to RDP; therefore,
higher values for Rdpmp were estimated in both PBMCs and RBCs
of patients with the ITPA variant phenotype. Thus, the data and

subsequent modeling results from the current study suggest that
the associated protective attribute of the ITPA variant phenotype
against ribavirin-induced anemia is not mediated through limit-
ing the RTP accumulation. We hypothesize that this may result
instead from restored ATP levels in subjects with ITPA variants.

The composite population modeling analysis of the plasma
and cellular ribavirin kinetics of the patients from the current
study resulted in an estimated phosphorylated ribavirin turnover
half-life in RBCs of 1.5 days. The half-life of ribavirin elimination
from RBC was originally reported to be approximately 40 days
(48). The latter estimate, however, was based on an analysis that
did not account for the contribution of plasma kinetics to the
elimination time course of the cellular ribavirin measurements
that were used to estimate the reported ribavirin elimination half-
life. Inspection of Fig. 4 in reference 48 shows that the slope of the
terminal mean ribavirin concentrations in RBCs is parallel to the
terminal slope of the plasma ribavirin data in that figure. Another
more recent study (49) using a modeling analysis that incorpo-
rated plasma kinetics together with total phosphorylated ribavirin
concentrations in RBCs of HCV infection patients (the data came
from reference 18) reported a loss rate constant of 0.5 day	1

(0.0208 h	1) (half-life � 33 h), which is consistent with our kmpout

in RBCs of 0.019 h	1 (half-life � 36 h). The half-life in nucleated
cells was estimated to be 1 h (13), which is shorter than in RBCs,
because RBCs appear to lack the enzymes that dephosphorylate
RMP. In addition, a report from an ex vivo study performed with
uninfected and respiratory syncytial virus-infected cells indicated
the half-lives of RTP catabolism to be in the range of 70 to 100 min
(41), which agrees with our estimate of kmpout in PBMCs (65 min).

Ribavirin has been used for decades to treat HCV and other
viruses despite an incomplete understanding of its clinical phar-
macology. This fundamental knowledge gap has prevented a more
informed use of this agent. The wide interindividual variability
results in inconsistent antiviral response, and hemolytic anemia
remains a challenge in many patient populations. Our report rep-
resents the first comprehensive assessment of both plasma and
intracellular ribavirin kinetics in treatment-naive genotype 1
chronically HCV-infected patients. We measured RMP, RDP, and
RTP concentrations in vivo in RBCs and PBMCs and, via popula-
tion modeling, found that CrCl, sex, telaprevir use, and ITPA
genetics were important predictors of ribavirin plasma kinetics
and that use of telaprevir together with ITPA explained interindi-
vidual differences in cellular metabolism of ribavirin in PBMCs
and RBCs. Integration of these pharmacokinetic findings with
clinical outcomes in larger trials may ultimately provide critical
guidance on the dose and duration of ribavirin in combination
with direct-acting antiviral agents.
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