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I

nfluenza is an important cause of morbidity and mortality in
children and adults and is associated with an annual excess
number of hospitalizations among children aged ⬍5 years (1).
Because the efficacy of vaccination varies among seasons, depending on the evolution of major viral antigens (2), antiviral agents,
e.g., the neuraminidase (NA) inhibitors (NAIs) oseltamivir, zanamivir, and laninamivir, have become a primary option to treat
patients with influenza virus infection. Because the clinical efficacy of a single intravenous peramivir administration in children
and adults is reportedly noninferior to that of oseltamivir therapy
for 5 days (3, 4), peramivir is administered only once a day to
patients with mild illness after hospitalization. Once-daily administration of peramivir is also approved in Japan for patients with
severe complications such as viral pneumonia. However, the
pharmacokinetics (PK)/pharmacodynamics (PD) of peramivir in
the respiratory tract and sequential viral load after a single peramivir administration have not been studied in children.
Since the 2009-2010 influenza season, after seasonal H1N1 was
replaced by the pandemic A H1N1 in 2009 (H1N1 pdm09), few
oseltamivir-resistant H1N1 pdm09 viruses have been isolated,
and those circulating in 2009-2010 represented ⬍1% of viruses
detected in the United States, with the majority being recovered
from patients who received oseltamivir (5, 6). However, in December 2013, H1N1 pdm09 with an H275Y substitution in NA
(H1N1 pdm09 H275Y) was identified in Japanese patients who
had not been exposed to oseltamivir (7). This suggests that this
variant will circulate worldwide and all H1N1 pdm09 cases will be
resistant to oseltamivir in the near future, according to trends
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observed for seasonal H1N1 until the 2008-2009 influenza season
(8). The most serious concern regarding this issue is that the option to treat patients with severe pneumonia caused by H1N1
pdm09, similar to the situation during the 2009-2010 influenza
pandemic (9), is limited when this strain has an H275Y substitution and is resistant to oseltamivir (8). A therapeutic option for
controlling H7N9 with an R292K substitution in NA (H7N9
R292K), which has a highly decreased susceptibility to NAIs and
causes severe pneumonia (10, 11), is also required.
The inhaled NAIs zanamivir and laninamivir are not suitable
for treating patients with severe pneumonia caused by H1N1
pdm09 H275Y or H7N9 R292K, even if these strains are susceptible to inhalation NAIs. Therefore, intravenous peramivir admin-
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We estimated the efficacy of the current single administration of peramivir on the basis of peramivir pharmacokinetics in the
upper respiratory tract (URT) and determined the predictive peramivir concentration-time curve to assess its efficacy against
viruses with decreased susceptibility to neuraminidase inhibitors. Serum, nasal swab, or aspiration samples were collected from
28 patients treated with 10 mg/kg body weight peramivir. The sequential influenza viral RNA load and susceptibility after
peramivir administration were measured using a quantitative real-time reverse transcription-PCR and neuraminidase inhibition assay. The peramivir concentrations in the serum and URT after a single administration at 10 mg/kg were measured, and the
predictive blood and URT peramivir concentration-time curves were determined to assess various administration regimens
against resistant variants. The peramivir concentration decreased to <0.1% of the maximum concentration of drug in serum
(Cmax) at 24 h after administration. Rapid elimination of peramivir from the URT by 48 h after administration may contribute to
an increase in the influenza A viral load after day 3 but not to a decrease in the influenza B viral load, despite the absence of a decrease in the susceptibility to peramivir. A longer maintenance of a high level of peramivir in the URT is expected by divided administration rather than once-daily administration. When no clinical improvement is observed in patients with normal susceptibility influenza A and B, peramivir readministration should be considered. In severe cases caused by resistant variants, better
inhibitory effectiveness and less frequent adverse events are expected by divided administration rather than once-daily administration with an increased dosage.
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istration should be the primary option for treating these patients
at present because of its extremely high serum concentrations exceeding the 50% inhibitory concentration (IC50) of resistant
strains after intravenous administration. However, because these
strains have decreased susceptibility to peramivir, the current regimen of peramivir administration should be reconsidered.
In this study, we measured the sequential viral load and
peramivir concentration in the blood and upper respiratory tract
(URT) after a single administration in children to assess the efficacy of the current regimen of peramivir administration. We also
aimed to propose a suitable regimen for peramivir administration
in patients infected with NAI-resistant viruses using the predicted
peramivir concentration-time curve in the blood and URT.

Patients and samples. During the 2011-2012, 2012-2013, and 2013-2014
influenza seasons, 28 children diagnosed with influenza A or B via a rapid
antigen test were hospitalized at the Soma General Hospital, Ohara General Hospital, Hoshi General Hospital, Iwase Hospital, South Aizu Hospital, or Fukushima Medical University Hospital because of dehydration
or respiratory complications. A single 8- to 12-mg/kg body weight dose of
peramivir was intravenously administered over 30 to 60 min after hospitalization. The day on which a patient was admitted to the hospital was
defined as day 0. Serum and nasal swab samples were collected from patients before and 0.5 to 2 h after peramivir administration and on days 1,
2, and 5. During the 2013-2014 influenza season, nasal aspiration samples
were collected at the same time as serum samples, if possible. When a
patient was discharged on days 3 or 4, samples were collected on the day of
discharge. Each sample was stored at ⫺80°C and transferred to the Department of Pediatrics, Fukushima Medical University, for subsequent
analyses. The time of illness onset was defined as the time when a patient
had fever with a body temperature of ⬎37.5°C, and the time from the
onset of illness to the hospital visit was recorded. Body temperature was
recorded every 8 h, and the time of fever decline was defined as that when
a patient had a fever of ⬍37.5°C for ⬎24 h. This study protocol and
amendments were approved by the independent ethics committees and
institutional review boards of each institution, and informed consent was
obtained from the patients’ parents.
Quantitative real-time reverse transcription-PCR. Viral RNAs were
extracted using the QIAamp MinElute virus spin kit (Qiagen, Valencia,
CA, USA), and cDNA for quantitative real-time reverse transcription
(qRT)-PCR was synthesized using the Prime-Script RT reagent kit (TaKaRa Bio Inc., Shiga, Japan), according to the manufacturer’s instructions. The primers and probes used to detect the M gene of influenza A
and B viruses, to measure viral load, and to subtype influenza A (i.e.,
H1N1 pdm09 and H3N2) were synthesized as described previously (12–
14). The PCR mix consisted of final concentrations of 1⫻ Premix Ex Taq
(TaKaRa Bio Inc.), 900 nM each primer, 100 nM the probe, and 2 l of
target cDNA, and the final volume was eventually made 20 l with nuclease-free water. cDNA was amplified in 40 two-step cycles (5 s at 95°C
for denaturation and 31 s at 60°C for annealing and extension) using an
ABI-7300 instrument (Life Technologies Corp., Carlsbad, CA, USA) (15).
Virus copy numbers were determined via comparison with a serially diluted plasmid standard with a known concentration. Copy numbers of the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase were
measured in each sample for normalization. The viral RNA load was measured in duplicates of all samples.
Virus isolation. Viruses were isolated from the samples stored at
⫺80°C for subsequent NA inhibition assays, as described previously (15).
In brief, 100 l of nasal aspiration samples was inoculated on MDCK cells
in a 12-well plate, and the cells were washed after a 1-h incubation at room
temperature. The MDCK cells were incubated in 1 ml Eagle’s minimum
essential medium (MEM) containing MEM vitamin solution (Life Technologies), 0.2% bovine serum albumin (fraction V) (Calbiochem, La
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Jolla, CA, USA), 2 g/ml of trypsin (Sigma-Aldrich, St. Louis, MO, USA),
2 mg/ml of glucose, 0.72 mg/ml of L-glutamine, an appropriate volume of
NaHCO3 (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and
20,000 U/ml of penicillin and 200 mg/ml of streptomycin (Meiji Seika
Pharma Co., Ltd., Tokyo, Japan) for 7 days at 37°C in 5% CO2-95% air.
Phenol red-free medium was used for virus isolation to prevent the interference of phenol red with the chemiluminescence-based NA inhibition
assay. The supernatant of the cultured MDCK cells that showed cytopathic effects during or at the end of the observation period was collected
and stored at ⫺80°C. To avoid virus selection because of repeated passage,
virus passage was not performed more than twice.
Neuraminidase inhibition assay. Susceptibility of the isolated viruses
to peramivir was determined using the NA-XTD chemiluminescencebased NA inhibition assay kit (Life Technologies), according to the manufacturer’s instructions. In brief, 25 l of diluted virus was incubated for
20 min in duplicate with 25 l of serially diluted peramivir, followed by a
30-min incubation with the chemical substrate, according to the manufacturer’s instructions. The chemiluminescent signal intensity was measured on a Chameleon V plate reader (Hidex, Turku, Finland). Peramivir
was provided by Shionogi Pharma Ltd. (Osaka, Japan). The IC50 was
calculated using GraphPad Prism 6 software (GraphPad Software Inc., La
Jolla, CA, USA).
Determination of the peramivir concentration-time curve and simulation of peramivir pharmacokinetics/pharmacodynamics against
neuraminidase inhibitor-resistant viruses. The peramivir concentrations in serum and nasal aspiration samples were measured via validated
liquid chromatography-tandem mass spectrometry at Sumika Chemical
Analysis Service, Ltd. (Osaka, Japan), as described previously (3). The
blood peramivir concentration-time curve for a single 10-mg/kg dose was
determined using GraphPad Prism 6 software, and its stability and robustness were evaluated using a bootstrap resampling procedure in 5,000 data
sets obtained from the original data. The peramivir concentration-time
curve in the URT for a single 10-mg/kg dose, which is assumed to follow a
one-compartment model, was determined. When the peramivir concentrations of nasal aspiration samples collected on day 1 and after day 2 were
less than the lower limit of quantification (3 nM), the concentrations in
those samples were defined as 1 nM and 0 nM, respectively, for statistical
analysis. As described previously (16, 17), the urea concentrations in serum and nasal aspiration samples obtained at the same time were measured using the QuantiChrom urea assay kit (BioAssay Systems, Hayward
CA, USA) to correct the dilution of peramivir in nasal aspiration samples,
according to the manufacturer’s instructions.
Based on the assumption that the maximum concentrations of drug in
serum (Cmax) and the URT were positively correlated after administration
of a single dose of peramivir and that the same concentration-time curve
obtained on the basis of the single dose repeatedly appeared at subsequent
administrations (18), predictive curves for the following peramivir regimens were plotted: a 5-mg/kg dose every 12 h for 5 days (regimen 1), a
10-mg/kg dose every 24 h for 5 days (regimen 2); a 10-mg/kg dose every 12
h for 5 days (regimen 3), and a 20-mg/kg dose every 24 h for 5 days
(regimen 4). To determine the PK/PD of each regimen for inhibiting NA
activity continuously from the initial peramivir administration to 120 h,
we tested the efficacy of the following four hypothetical peramivir concentrations in the URT: 50 and 100 nM for H1N1 pdm09 H275Y and 200
and 300 nM for H7N9 R292K. These concentrations were selected because
the IC50s of the drug for H1N1 pdm09 H275Y and H7N9 R292K are 22.35
to 35.28 (7) and 101.89 to 127.60 nM (11), respectively.
Statistical analyses. The Steel-Dwass test, Fisher’s exact test, the
Mann-Whitney U test, and the Wilcoxon signed-rank test, which were
performed using Ekuseru-Toukei 2012 Excel add-in statistical analysis
software (Social Survey Research Information Co. Ltd., Tokyo, Japan),
were used for data analyses. A P value of ⬍0.05 was considered statistically
significant.

Peramivir against Drug-Resistant Viruses

TABLE 1 Characteristics of the 28 patients treated with peramivira
Results for patients with type A influenza
Clinical characteristic

Total (n ⫽ 28)b

H1N1 pdm09 (n ⫽ 6)

H3N2 (n ⫽ 11)

Results for patients with
type B (n ⫽ 9)

Age (yr)c
No. of males
No. of vaccinationsd
Time after onset (h)c
Body temp (°C)c
Duration of fever (h)c
BUN (mg/dl)c
Crea (mg/dl)c

4.7 ⫾ 4.1 (2.9, 0.6–14.8)
17
9
19.0 ⫾ 20.4 (16.0, 3.0–85.5)
39.2 ⫾ 0.7 (39.2, 37.7–40.3)
26.9 ⫾ 12.0 (27.0, 11.5–43.0)
12.3 ⫾ 4.8 (11.6, 3.6–24.0)
0.3 ⫾ 0.2 (0.3, 0.2–0.9)

4.0 ⫾ 3.0 (4.0, 0.8–9.2)
3
3
32.1 ⫾ 30.6 (22.8, 5.0–85.5)
39.5 ⫾ 0.7 (39.8, 38.2–40.0)
26.5 ⫾ 14.6 (39.0, 11.5–43.0)
12.0 ⫾ 6.7 (11.5, 3.6–24.0)
0.3 ⫾ 0.1 (0.3, 0.3–0.4)

4.7 ⫾ 5.0 (2.8, 0.6–14.8)
6
1
11.8 ⫾ 6.8 (9.5, 3.0–22.0)
39.5 ⫾ 0.5 (39.6, 39.0–40.3)
27.1 ⫾ 11.2 (27.0, 13.0–42.0)
12.5 ⫾ 3.8 (11.6, 7.5–20.0)
0.4 ⫾ 0.2 (0.3, 0.2–0.9)

6.0 ⫾ 3.9 (6.6, 1.1–11.8)
6
4
20.3 ⫾ 15.3 (19.3, 3.0–42.0)
38.9 ⫾ 0.7 (38.6, 38.0–39.8)
25.6 ⫾ 22.7 (17.0, 5.0–66.0)
10.6 ⫾ 2.0 (10.5, 8.0–14.0)
0.4 ⫾ 0.1 (0.4, 0.2–0.6)

a

RESULTS

Patients and samples. Among the 28 patients enrolled, 19 and 9
were diagnosed with influenza A and B, respectively, using a rapid
antigen test. Of 19 patients diagnosed with influenza A, 2 were
negative for influenza A by PCR, whereas 6 and 11 were positive
for H1N1 pdm09 and H3N2, respectively. Peramivir was administered to 27 of 28 patients enrolled in this study within 48 h after
the onset of illness.
No renal dysfunction was observed in any patient, and the
clinical backgrounds of the patients are shown in Table 1. In total,
92 serum samples from 28 patients and 26 nasal aspiration samples from 9 patients were available to determine the peramivir
concentration-time curve in the serum and URT, respectively.
Among 91 nasal swab or aspiration samples available for measuring the viral RNA load, 73 were available for virus isolation.
Sequential viral load. The means of the viral RNA loads in
patients with influenza H1N1 pdm09, H3N2, and B upon hospital
admission were 5.4 log10 copies/ml, 4.8 log10 copies/ml, and 5.7
log10 copies/ml, respectively. The percentages of residual viral
RNA loads in patients with influenza H1N1 pdm09, H3N2, and B
on day 2 were 0.5% ⫾ 0.9% (mean ⫾ standard deviation [SD])
(0.1%, 0% to 2.0% [median, range]), 3.8% ⫾ 6.5% (0.5%, 0% to
19.8%), and 344.4% ⫾ 624.8% (79.6%, 14.3% to 1,829.8%), respectively; a significant difference was observed in the percentages
of the residual viral RNA loads between type A and type B (P ⬍
0.05) (Fig. 1). After day 3, the influenza A viral RNA load increased
in 9 of 12 patients (75%) whose nasal swab or nasal aspiration
samples were collected after day 3 (see Fig. S1 in the supplemental
material). Although these 9 patients were younger than the remaining 3 patients who did not exhibit an increased viral RNA
load, no significant differences were observed between those patients (P ⫽ 0.19) (Table 2). No increase in the viral RNA load after
day 3 was observed in patients with influenza B. Although there
was a significant difference in the percentages of residual viral
RNA loads on day 5 between influenza H1N1 pdm09 and B (P ⫽
0.03), no significant difference was observed between H3N2 and B
(H1N1 pdm09, 0.9% ⫾ 1.3% [mean ⫾ SD] [0.3%, 0.03% to 2.7%
(median, range)]; H3N2, 10.9% ⫾ 20.5% [1.4%, 0% to 47.4%];
and B, 6.6% ⫾ 1.3% [3.9%, 3.0% to 13.0%]).
Virus isolation and susceptibility to peramivir. Among the 73
nasal swab samples or nasal aspiration samples for virus isolation,
19, 29, and 25 were obtained from patients with H1N1 pdm09,
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H3N2, and B, respectively, and isolates were obtained from 7, 20,
and 23 samples, respectively (see Table S1 in the supplemental
material). The mean IC50s of peramivir on day 0 were 0.15, 0.18,
and 1.05 nM for H1N1 pdm09, H3N2, and B, respectively (Table
3). No increases were observed in the mean IC50s of isolates that
were recovered after treatment (Table 3).
Peramivir concentration over time in the serum and upper
respiratory tract. The serum peramivir concentration measured
at 0.5 h after the initial dose was 88,883.6 ⫾ 32,199.2 nM (mean ⫾
SD) (88,000.6 nM, 40,803.0 to 165,039.1 nM [median, range]).
The average time intervals from the first peramivir administration
to serum sample collection at days 1, 2, 3, 4, and 5 were 20.6, 44.4,
69.9, 93.8, and 116.3 h, respectively, and the serum peramivir
concentrations measured at these times were 83.2 ⫾ 52.0 nM (66.1
nM, 33.5 to 265.2 nM), 25.1 ⫾ 9.3 nM (22.6 nM, 14.4 to 49.0 nM),
17.1 ⫾ 11.4 nM (12.0 nM, 10.1 to 34.1 nM), 6.2 ⫾ 1.4 nM (6.1 nM,
4.9 to 7.7 nM), and 4.6 ⫾ 1.2 nM (4.6 nM, 2.7 to 6.8 nM), respectively. The peramivir concentrations in the URT measured at 0.5 h
after administration and on day 1 were 5,193.3 ⫾ 2,758.4 nM
(4,425.7 nM, 2,800.5 to 9,121.2 nM) and 48.3 ⫾ 45.3 nM (36.5
nM, 1.0 to 117.4 nM), respectively; however, the drug was not

FIG 1 Sequential viral RNA loads (log10 copies/ml) of influenza H1N1
pdm09, H3N2, or B viruses after peramivir administration. The error bars
represent the standard deviation of the mean. Although the influenza viral
RNA loads of both H1N1 pdm09 and H3N2 on day 2 were significantly decreased compared with those on day 0 (H1N1 pdm09, P ⫽ 0.043; H3N2, P ⫽
0.005), no statistical differences in the viral RNA loads were observed between
day 0 and day 5 for H1N1 pdm09 (P ⫽ 0.068), H3N2 (P ⫽ 0.180), and B (P ⫽
0.109) viruses. The Wilcoxon signed-rank test was used for data analysis.
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There was no statistically significant difference in clinical characteristics between each group. The Steel-Dwass test was used to analyze age, hours after onset, body temperature,
duration of fever, blood urea nitrogen (BUN), and creatinine (Crea); Fisher’s exact test was used to analyze sex and vaccination for comparisons between each group.
b
Two patients with false-positive results on the rapid antigen test were included.
c
Data are mean ⫾ SD (median, range).
d
Influenza vaccines were received prior to each influenza season.
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TABLE 2 Characteristics of patients with or without an increase in influenza A viral RNA load after day 3a
Clinical characteristic

Results for increasing group
(n ⫽ 9)

Results for no increasing
group (n ⫽ 3)

Subtype
H1N1 pdm09
H3N2
Age (yr)b
No. of males
No. of vaccinationsc
Time after onsetb
Body temp (°C)b
Duration of fever (h)b

3
6
2.1 ⫾ 1.5 (1.3, 0.6–4.8)
4
2
14.3 ⫾ 8.3 (18.0, 5.0–26.5)
39.7 ⫾ 0.5 (39.8, 39.0–40.2)
24.8 ⫾ 11.9 (25.0, 11.5–43.0)

1
2
3.1 ⫾ 0.3 (3.0, 2.8–3.5)
2
1
18.8 ⫾ 25.3 (5.5, 3.0–48.0)
39.9 ⫾ 0.4 (39.9, 39.6–40.3)
38.7 ⫾ 4.5 (40.5, 33.5–42.0)

detected after day 2. The blood and URT peramivir concentrationtime curves are shown in Fig. 2. The formulae obtained for the blood
and URT peramivir concentration-time curve, respectively, were as
follows: Y ⫽ 7.772639 ⫻ exp(⫺0.1308 ⫻ t) ⫺ 3.672405 ⫻
exp(⫺0.001516 ⫻ t) ⫹ 20.629766 ⫻ exp(⫺0.001516 ⫻ t) ⫺ 12.70
and Y ⫽ ⫺0.2511 ⫻ t ⫹ 8.6501 (r2 ⫽ 0.7713, P ⫽ 0.002) (Y,
peramivir concentration [loge nM]; t, time after peramivir administration). The fitness of the predictive blood peramivir concentration-time curve was confirmed via a comparison between predicted and measured values (see Fig. S2 in the supplemental
material). The predicted blood and URT half-lives of peramivir
during the rapid decreasing period were calculated as 2.1 h and 2.8
h, respectively.
The predicted minimum blood and URT peramivir concentrations in the period between 0 and 120 h after the administration of
the initial dose for regimens 1, 2, 3, and 4 were 134.9 and 152.8
nM, 54.0 and 13.8 nM, 263.1 and 280.6 nM, and 178.5 and 22.8
nM, respectively. (Fig. 3). The area under the concentration-time
curve (AUC) (0 to 120 h) in the URT for regimens 1, 2, 3, and 4
was 109,104, 113,439, 216,254, and 223,946 nM · h, respectively
(Table 4). The percentages of time above the proposed four
peramivir concentrations in the URT in the period between 0 and
120 h after the initial doses for regimens 1, 2, 3, and 4 are shown in
Table 4.
DISCUSSION

This study was the first report of peramivir PK in the URT in
children. The mean duration of fever after a single administration
of peramivir at 10 mg/kg was ⬍30 h for influenza A and B, which
was similar to that observed for oseltamivir or zanamivir admin-

istration for 5 days (19–21). However, in this study, the susceptibility of influenza A and B to peramivir did not decrease after
peramivir administration: the influenza A viral RNA loads increased after day 3 in 9 of 12 patients, and the influenza B viral
RNA loads did not decrease by day 2. This result may be attributed
to the decline in drug efficacy to inhibit influenza A and B viral
replication within 48 and 24 h after the initial peramivir administration, respectively, and the higher IC50 of type B than type A; the
rapid peramivir elimination from the URT supports this contention. Therefore, when the progress of illness is attributable to an
increase or lesser decrease in the viral load, even in the presence of
susceptibility to peramivir, a second administration of peramivir
must be considered at 48 and 24 h after the first administration in
cases of influenza A and B, respectively.
Peramivir has hydrophobic and guanidine groups, which are
responsible for inhibiting the NA activity of oseltamivir and zanamivir, respectively (22); thus, oseltamivir-resistant strains show
decreased susceptibility to peramivir. However, because of the
function of the guanidine group of peramivir and its extremely
high concentration in the serum and respiratory tract exceeding
the IC50s of resistant strains after intravenous administration, the
clinical efficacy of such administration may be expected, even
against oseltamivir-resistant viruses (H1N1 pdm09 H275Y or
H7N9 R292K), when the drug is delivered within 48 h after the
onset of illness.
The AUC/IC50 is the optimal PK/PD index for peramivir (23);
however, the authors of that study did not consider the route of
administration, i.e., gavage. In contrast, the time above the IC50
(time ⬎ IC50) and the AUC/IC50 are suggested as PK/PD indices

TABLE 3 Influenza virus susceptibility to peramivir
Peramivir IC50 (nM) fora:
Day after treatment

H1N1 pdm09

H3N2

B

Day 0 (n ⫽ 2/6/7)b
Day 1 (n ⫽ 3/6/6)
Day 2 (n ⫽ 1/6/6)
Day 3 (n ⫽ none/1/1)
Day 4 (n ⫽ none/1/0)
Day 5 (n ⫽ 1/0/3)

0.15 ⫾ 0.02 (0.15, 0.14–0.17)
0.13 ⫾ 0.05 (0.11, 0.10–0.19)
0.24
None
None
0.10

0.18 ⫾ 0.04 (0.20, 0.12–0.22)
0.20 ⫾ 0.02 (0.20, 0.18–0.24)
0.16 ⫾ 0.02 (0.16, 0.13–0.20)
0.17
0.22
None

1.05 ⫾ 0.27 (1.00, 0.72–1.49)
1.45 ⫾ 0.43 (1.37, 0.97–1.22)
1.09 ⫾ 0.20 (1.02, 0.83–1.36)
0.94
None
1.04 ⫾ 0.12 (0.99, 0.96–1.19)

a
b

Data are mean ⫾ SD (median, range).
Number of H1N1 pdm09/H3N2/B isolates.
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a
There was no statistically significant difference in clinical characteristics between the groups. The Mann-Whitney U test was used to analyze age, hours after onset, body
temperature, and duration of fever; Fisher’s exact test was used to analyze sex and vaccination for comparisons between each group.
b
Data are mean ⫾ SD (median, range).
c
Influenza vaccines were received prior to each influenza season.
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that predict the inhibition of viral replication by intravenous
zanamivir administration at a clinical 2.5-h half-life and an
artificially prolonged 8-h half-life, respectively (24). Because
the peramivir concentrations in both the serum and URT rapidly
decreased after intravenous administration (Fig. 2) and the guanidine group is considered to be the main inhibitory mechanism
(similar to zanamivir) against oseltamivir-resistant viruses (H1N1
pdm09 H275Y and H7N9 R292K), the time ⬎ IC50 was hypothesized to be the optimal PK/PD index for intravenous peramivir
administration, similar to intravenous zanamivir administration,
for the clinical 2.5-h half-life.
In this report, peramivir was readministered to two children
17.5 and 40.5 h after the first peramivir administration, and the
serum peramivir concentrations after the second administration
almost matched the predictive curve (data not shown). This finding indicates that the predictive curve determined here is appro-

FIG 3 Predictive blood (solid lines) and URT (broken lines) peramivir concentration-time curves for the following peramivir regimens: a 5-mg/kg dose every
12 h for 5 days (regimen 1) (top left panel), a 10-mg/kg dose every 24 h for 5 days (regimen 2) (top right panel), a 10-mg/kg dose every 12 h for 5 days (regimen
3) (bottom left panel), and a 20-mg/kg dose every 24 h for 5 days (regimen 4) (bottom right panel). Lines a, b, c, and d represent 300, 200, 100, and 50 nM,
respectively. URT, upper respiratory tract.
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FIG 2 Observed peramivir concentration (nM) in the serum and URT over
time after a single intravenous administration of the drug and predictive blood
and URT peramivir concentration-time curve. Peramivir in the URT was not
detected after day 2, and the concentration in those samples was defined as 0
nM. URT, upper respiratory tract.

priate as a simulation for other regimens, although the validity of
the predictive curve was estimated in only two patients. The efficacy of a single peramivir administration at a 10-mg/kg dose
within 48 h after the onset of illness was demonstrated in Japan (3,
4). The regimen 4 simulated here, at a 20-mg/kg dose, was theoretically expected to be effective against strains with highly decreased susceptibility to oseltamivir and peramivir. However, because the Cmax at 10 mg/kg in children is almost equal to that at a
600-mg/dose in adults, which is the approved maximum dose for
a single administration in adults (3), and the Cmax at 20 mg/kg in
children will be greater than that at a 600-mg/dose in adults, concerns of unexpected systemic side effects caused by the elevation of
Cmax in the blood peramivir concentration must be considered,
and a Cmax in children of less than that observed at 10 mg/kg is
preferable. Moreover, it will be expected that Cmax will not be
elevated even when peramivir is administered at 10 mg/kg every
12 h (regimen 3) because of its short half-life of 2.1 h in blood, and
regimen 3 is expected to maintain a high concentration in the
blood and URT for longer times than regimen 4 (20 mg/kg every
24 h), although the total dose administered is the same between
the regimens (Table 4 and Fig. 3). Therefore, regimen 3 rather
than regimen 4 is preferable for treating patients with severe illness
caused by influenza viral strains with decreased susceptibility to
the drug. Moreover, when a physician is considering an increase in
the total administered dose but the peramivir concentration in the
URT must be maintained at ⬎50 nM, the administration of 5
mg/kg peramivir every 12 h (regimen 1) rather than 10 mg/kg
every 24 h (regimen 2) should be considered based on the PK/PD
index (Table 4). In summary, clinicians should consider dividing
the dose to twice a day rather than increasing the dosage to maintain an effective concentration in the URT. However, because the
emergence of a resistant variant during peramivir treatment after
oseltamivir administration for several days has been demonstrated (25), our proposed regimens for maintaining a high concentration of peramivir should be applied to patients with a severe
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TABLE 4 Predictive peramivir PK/PD in the upper respiratory tract
Predicted % time (h) above ICd at required peramivir concn in the upper respiratory tract atc:

Administration
regimena

AUC (nM · h)

50 nM

100 nM

200 nM

300 nM

1
2
3
4

109,103
113,439
216,254
224,383

100
78.6 (94.3)e
100
87.4 (104.9)e

100
67.1 (80.5)e
100
76.3 (91.5)e

90.7 (108.9)e
55.6 (66.7)e
100
65.2 (78.2)e

76.8 (92.2)e
48.9 (58.7)e
97.8 (117.4)e
58.7 (70.4)e

b

c

a

Regimen 1, 5 mg/kg every 12 h for 5 days; regimen 2, 10 mg/kg every 24 h for 5 days; regimen 3, 10 mg/kg every 12 h for 5 days; and regimen 4, 20 mg/kg every 24 h for 5 days.
AUC, area under the concentration-time curve.
c
From 0 to 120 h after the initial peramivir administration.
d
IC, inhibitory concentration.
e
Duration above the IC from 0 to 120 h after the initial administration of peramivir.
b
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course of illness, and the emergence of resistant variants must be
surveyed during and after treatment with peramivir. Informed
consent should be obtained when peramivir is administered twice
a day at 5 or 10 mg/kg every 12 h because this regimen has not been
approved.
We proposed a regimen of peramivir administration against
viruses with decreased susceptibility to NAIs. However, it should
be emphasized that NAIs, including peramivir, are most effective
when administered within 48 h after the onset of illness and that
an early diagnosis followed by early antiviral therapy using NAIs is
key to treating patients with influenza virus infection.
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