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We recently showed in a proof-of-concept study that real-time 
modeling-based response-guided therapy can shorten hepa-
titis C virus treatment duration with sofosbuvir-velpatasvir, 
elbasvir-grazoprevir, and sofosbuvir-ledipasvir without com-
promising efficacy, confirming our retrospective modeling re-
ports in >200 patients. However, retrospective modeling of 
pibrentasvir-glecaprevir (P/G) treatment  has yet to be evalu-
ated. In the current study, modeling hepatitis C virus kinetics in 
44 cirrhotic and noncirrhotic patients predicts that P/G treat-
ment might have been reduced to 4, 6, and 7 weeks in 16%, 34%, 
and 14% of patients, respectively. These results support the fur-
ther evaluation of a modeling-based response-guided therapy 
approach using P/G.

Keywords.  hepatitis C virus; direct-acting antivirals; 
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An estimated 71 million people are chronically infected with 
hepatitis C virus (HCV) worldwide [1] and are at risk of de-
veloping cirrhosis and/or hepatocellular carcinoma, which can 
ultimately lead to death if left untreated [2]. Data have shown 

that direct-acting antivirals (DAAs) for the treatment of HCV 
can achieve cure rates exceeding 90% after 8–12 weeks of treat-
ment in all patient populations [3]. However, high costs of these 
medications has limited access to treatment and has placed sub-
stantial financial burdens on insurers and national healthcare 
systems [4].

We have shown in retrospective analyses that viral kinetic 
modeling might allow for a reduction in the duration of DAA 
therapy [5–8]. We subsequently demonstrated in a prospec-
tive proof-of-concept study (NCT03603327) that real-time 
modeling-based response guided-therapy (RGT) can shorten 
treatment duration with sofosbuvir-velpatasvir, elbasvir-
grazoprevir, and sofosbuvir-ledipasvir without compromising 
efficacy (relapse occurred after treatment in only a single 
noncirrhotic male patient with genotype 3, who was treated 
with sofosbuvir-velpatasvir for 6 weeks) or patient safety [9]. 
However, retrospective viral kinetic analysis of pibrentasvir-
glecaprevir (P/G) had not been performed, and our prospective 
study included only 4 patients treated with P/G. 

The recent Food and Drug Administration approval of P/G 
for 8 weeks in treatment-naive compensated cirrhotic as well 
as noncirrhotic patients with genotype 1–6 infection [10] raises 
the question whether the duration of P/G therapy can be re-
duced. The aim of the current study was therefore to retrospec-
tively examine whether mathematical modeling of viral kinetics 
could be used to guide the duration of P/G therapy in compen-
sated cirrhotic and noncirrhotic patients with chronic HCV 
infection.

METHODS

Patients

From December 2017 to June 2018, 58 consecutive patients 
with a diagnosis of chronic HCV infection based on a pos-
itive test for HCV RNA (GT3 [n  =  2], GT2 [n  =  26], GT1 
[n  =  30]) for >6  months were treated with P/G combina-
tion therapy. Blood samples were obtained for HCV RNA 
measurement at days 0, 1, 7, 14, and every 2 weeks during 
treatment. Patients who had a diagnosis of cirrhosis based 
on a Fibrosis-4 index >3.25 [11], ultrasonographic features 
of cirrhosis, or clinical evidence of portal hypertension were 
treated with P/G combination therapy for 12 weeks, while 
patients without cirrhosis were treated for 8 weeks. Patients 
with decompensated cirrhosis or who were positive for hep-
atitis B virus or human immunodeficiency virus were not in-
cluded in this study. All patients provided written informed 
consent. The study was approved by the ethical committee of 
Hiroshima University (approval no. E-109).
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HCV RNA Measurements

HCV RNA levels were measured at days 0, 1, 7, and 14, every 2 
weeks during treatment, and at posttreatment weeks 12 and/or 
24, using the COBAS TaqMan assay (v2.0).

Mathematical Modeling

HCV kinetics during therapy was assumed to follow the 
standard biphasic model [6], as in the following differential 
equations:
dI/dt = βT0V – δI
and
dV/dt = (1 – ε)pI – cV,
where T0 represents the number of target cells (ie, hepatocytes); 
I, the number of infected cells; and V, the viral load in blood. 
Virus, V, infects target cells with rate constant β, generating 
productively infected cells, I, which produce new virions at rate 
p per infected cell. Infected cells are lost at a rate δ per infected 
cell and virions are assumed to be cleared from blood at rate c 
per virion. Similar to our previous real-time modeling-based 
RGT approach [12], we assumed that the target cell level re-
mained constant during therapy at pretreatment level T0 = cδ/
βp. The DAA effect ε is defined as therapy effectiveness 0 ≤ ε ≤ 1 
in preventing viral production and/or secretion.

Parameter Estimations

Viral host parameter estimates were obtained using a con-
strained optimization by linear approximation (COBYLA) al-
gorithm [13]. The initial viral load was set during fitting based 
on each patient’s measured pretreatment HCV RNA.

Cure Boundaries

The time to cure was defined as the time to reach <1 HCV particle in 
the entire extracellular body fluid adjusted to body weight. A value of 
1 virus copy in 15 L of extracellular body fluid volume (7 × 10ˉ 5) for 
V (in international units per milliliter) was used as the threshold for 
cure. A sensitivity analysis was performed assuming 5–20 L of extra-
cellular body fluid volume corresponding to cure threshold values of 
2 × 10ˉ 4 and 5 × 10ˉ 5 IU/mL, respectively. 

Statistical Analysis

Associations between patients’ baseline characteristics or prior 
treatment experience and their viral kinetics, fitted model 
parameters, and predicted cure times were evaluated with non-
parametric tests. Fisher exact tests were used for checking asso-
ciations between categorical variables, and Wilcoxon rank sum 
tests were used for continuous variables. For all analyses, differ-
ences were considered statistically significant at P ≤  .05. Data 
analyses were performed using R 3.5.0 software.

RESULTS

Baseline Characteristics

The mean patient age (standard deviation [SD]) was 66  (16) 
years, and the mean body mass index (SD; calculated as weight 

in kilograms divided by height in meters squared), 23.6 (3.6); 29 
patients (50%) were male. Twenty-one patients were treatment-
experienced with interferon (n = 11), DAA (n = 5), or both in-
terferon and DAA (n = 5). Baseline levels for HCV RNA ranged 
from 3.83 to 7.83 log IU/mL, with a trend toward higher levels 
among treatment-experienced patients (P  =  .07). Cirrhosis 
was also more common among treatment-experienced pa-
tients than among treatment-naive patients (67% vs 27%, re-
spectively; P  <  .01). In total, 25 patients (43%) had cirrhosis 
(Table 1). Age, body mass index, and baseline levels of the virus 
did not differ significantly between cirrhotic and noncirrhotic 
patients (P > .11).

Viral Kinetics and Sustained Virological Response Rates

Sustained virological response (SVR) was achieved in 56 pa-
tients (97%), 1 patient relapsed, and 1 patient completed therapy 
but was lost to follow-up. The typical viral decline was biphasic 
(Figure 1A). The viral load was below the limit of quantifica-
tion (<15 log IU/mL) for 14 patients after 1 week, 40 after 2 
weeks, and all 58 after 4 weeks (Figure 1B). The viral load was 
not detected in 2 patients after day 1, in 9 after week 1, in 26 
after week 2, in 49 after week 4, and in all patients after week 6 
(Figure 1B). Notably, the mean time until viral load was unde-
tected (22–23 days) did not differ between treatment-naive and 
treatment-experienced patients (Supplementary Figure 1).

Viral Kinetic Parameter Estimation

Sufficient viral kinetic sampling data was available for mod-
eling in 44 of the 58 patients (11 interferon experienced, 5 
interferon/DAA experienced, 5 DAA experienced, and 23 
treatment naive). Of the 44 modeled patients, 1 patient dis-
continued therapy after 3 weeks, 23 noncirrhotic patients were 
treated for 8 weeks, and 20 cirrhotic patients were treated for 12 
weeks. The biphasic model described the data well (Figure 1A 
and Supplementary Figure 2). Parameters were estimated for 
each patient (Supplementary Table 1), and averages of the in-
dividual fits were also computed. The mean treatment effi-
cacy in blocking viral infection was ε = 0.998 (standard error 
[SE], 0.0060). The mean (SE) estimated serum virus clearance 
rate c was 7.60/d (0.46/d), corresponding to a mean (SE) HCV 
half-life of 2.4 (SE, 0.095) hours. Across all patients, the mean 
(SE) death/loss rate of infected cells δ was estimated at 0.45/d 
(0.030/d), corresponding to a mean (SE) infected cell half-life of 
1.87 (0.13) days. Notably, however, the estimates for this param-
eter differed significantly between cirrhotic (δ = 0.383/d) and 
noncirrhotic (δ = 0.507/d) patients, giving rise to a longer pre-
dicted infected cell half-life for patients in the cirrhotic group 
(P = .03) (Supplementary Table 2).

Predicting Time to Cure

Using the individual model fits, we calculated the time for 
each patient to achieve cure. The predicted time to cure ranged 
from 17 to 96 days of treatment, with a mean (SD) of 6.5 (2.7) 
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Table 1. Baseline Characteristics

Patient Characteristics Full Cohort (n = 58) Treatment-Naive Patients (n = 34) Treatment-Experienced Patients (n = 24)

Age, mean (SD) 65.97 (15.79) 63.38 (18.41) 69.62 (10.38)

Weight, mean (SD), kg 59.42 (12.80) 56.87 (13.13) 63.04 (11.62)

Male sex, no. (%) 29 (50) 13 (38) 16 (67)

Cirrhosis, no. (%)a 25 (43) 9 (26) 16 (67)

IL28B genotype, no. (%)    

 GG 3 (6) 2 (7) 1 (4)

 TG 12 (22) 5 (17) 7 (29)

 TT 35 (65) 19 (63) 16 (67)

 Unknown 8 (14) 8 (24) 0 (0)

Baseline HCV load,  mean (SD), log IU/mL 6.50 (0.87) 6.28 (1.00) 6.81 (0.52)

HCV genotype, no. (%)    

 1B 29 (50) 15 (44) 14 (58)

 1B and 2B 1 (2) 1 (3) 0 (0)

 2B 11 (19) 6 (18) 5 (21)

 2A 15 (26) 11 (32) 4 (17)

 3A 2 (3) 1 (3) 1 (4)

Abbreviations HCV, hepatitis C virus; SD; standard deviation.
aCirrhosis is more common among treatment-experienced than among treatment-naive patients (P < .01). 
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Figure 1. Viral kinetics and modeling results. A, Observed viral kinetics and model predicted curves in 6 representative patients. Black circles represent quantifiable hep-
atitis C virus (HCV); gray circles; lower level of quantification; open circles, observed HCV load below the limit of detection; solid lines, biphasic model best-fit curve, ending 
when cure threshold is reached. Abbreviations: DAA, direct-acting antiviral experienced: naive, treatment naive: interferon/DAA, interferon and DAA experienced; and Pt, 
patient. B, Time to reach HCV below the limit of quantification (LoQ; <16 IU/mL) or target not detected (TND) among all 58 patients. C, Projected treatment duration to reach 
<1 viral copy in entire extracellular fluid. Noncirrhotic patients were treated for 8 weeks, and cirrhotic patients for 12 weeks; a single noncirrhotic patient who was treated 
for only 3 weeks is excluded. 
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weeks (Figure 1C). The predicted time to cure was shorter for 
noncirrhotic than for cirrhotic patients (mean [SD], 40  [18] 
vs 52  [18] days, respectively; P  =  .02) (Supplementary Table 
2) with an average 15-day reduction (95% confidence interval, 
7–23  days) for noncirrhotic patients treated for 8 weeks and 
a 32-day reduction (24–40 days) for cirrhotic patients treated 
for 12 weeks. To be conservative, we stratified the duration of 
therapy needed to achieve virus eradication based on model 
predictions as follows: patients with predicted viral eradica-
tion in <4 weeks could be assigned to 4 weeks of therapy; those 
with predicted eradication in 6–8 weeks, to 8 weeks of therapy; 
those with predicted eradication in 8–10 weeks, to 10 weeks of 
therapy; and those with predicted eradication in 10–2 weeks, to 
12 weeks of therapy. 
As such, among the group of noncirrhotic patients, the model 
predicts that cure would be achieved in 4 patients after 4 weeks 
of therapy, in 12 after 6 weeks, and in 5 after the full 8 weeks 
(Figure 1C). For those with cirrhosis, the modeling suggests that 
cure would be achieved in 3 patients after 4 weeks of therapy, in 
4 after 6 weeks, in 4 after 8 weeks, in 7 after 10 weeks, and 3 after 
the full 12 weeks (Figure 1C). Overall, the model predicts that 
P/G treatment duration might be reduced to <7 weeks in 64% 
of the 44 patients (to 4 weeks in 16%, to 6 weeks in 34%, and to 
7 weeks in 14%; Supplementary Table 1).

In 4 patients (patients 10, 13, 23, and 50; Supplementary 
Table 1), the model suggested a treatment duration of 
2–40  days longer than the treatment actually received. In 
cirrhotic patient 10 and noncirrhotic patient 23, the pre-
dicted treatment duration was only 2  days longer than re-
quired, and the length of treatment fell within the sensitivity 
range of the model’s predictions. For patients 13 and 50, 
both noncirrhotic patients treated for 8 weeks, the model 
overestimated the required length of therapy by 12 and 
40  days, respectively. The model predicted a cure time of 
30 days of therapy for the single patient who relapsed, likely 
owing to the development of resistance to pibrentasvir, as 
our group recently reported [14]. There was no association 
between predicted time to cure and IL28B genotypes.

DISCUSSION

In a recent study of the efficacy of 8 weeks of P/G therapy in 
343 treatment-naive, HCV-infected patients with compensated 
cirrhosis, a 99.7% SVR rate was achieved [10]. The modeling 
performed in the current study, which includes both treatment-
naive and treatment-experienced cirrhotic patients predicts 
a cure time of <8 weeks in only about half (11 of 21)  of the 
modeled cirrhotic patients. However, in the majority (67%) of 
treatment-naive cirrhotic patients (n = 6), the model suggests 
<8 weeks of P/G therapy (Supplementary Table 1), which is in 
agreement with the findings by Brown et al [10] and highlights 
the importance of treatment history when evaluating thera-
peutic options.

Overall, the current modeling-based RGT approach predicts 
that 64% of patients (28 of 44) might have been cured with <7 
weeks of P/G therapy. The high SVR rate (97%) achieved in this 
study and by Brown et al [10] suggest that in many patients with 
chronic HCV infection cure was achieved with <8 weeks of P/G 
therapy, supporting our modeling predictions. Interestingly, a 
pilot study of people with recent HCV infection treated with ul-
trashort P/G therapy (6 weeks) demonstrated a high SVR rate of 
96% [15]. A previous kinetic-based RGT study by Lau et al [16]
showed that ultrashort (3 weeks) DAA therapy is possible in 
patients in whom low viral load is reached at day 2. The current 
study thus underscores the potential usefulness of a personal-
ized modeling-based RGT approach for identifying opportun-
ities to shorten the duration of P/G therapy and indicates that 
additional prospective studies are warranted.
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