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We evaluated the population-level benefits of expanding
treatment with the antiviral drug Paxlovid (nirmatrelvir/
ritonavir) in the United States for SARS-CoV-2 Omicron
variant infections. Using a multiscale mathematical mod-
el, we found that treating 20% of symptomatic case-pa-
tients with Paxlovid over a period of 300 days beginning
in January 2022 resulted in life and cost savings. In a
low-transmission scenario (effective reproduction num-
ber of 1.2), this approach could avert 0.28 million (95% CI
0.03-0.59 million) hospitalizations and save US $56.95
billion (95% CI US $2.62-$122.63 billion). In a higher
transmission scenario (effective reproduction number
of 3), the benefits increase, potentially preventing 0.85
million (95% CI 0.36—1.38 million) hospitalizations and
saving US $170.17 billion (95% CI US $60.49-$286.14
billion). Our findings suggest that timely and widespread
use of Paxlovid could be an effective and economical ap-
proach to mitigate the effects of COVID-19.

Antiviral drugs can substantially reduce illness
and deaths from human infections. For exam-
ple, antiretroviral therapy has prevented millions of
HIV/AIDS deaths globally since the late 1980s (1).
During the 2009 influenza A(H1N1) pandemic, osel-
tamivir was widely administered in the United States
(28.4 prescriptions/1,000 persons) (2); rapid treat-
ment after symptom onset reduced the risk for hos-
pitalization by an estimated 63% (95% CI 17%-81%)
(3). The reduction in viral load might reduce the risk
for onward transmission while accelerating recov-
ery. A counterfactual analysis suggests that treating
even 10% of infected patients with baloxavir shortly

after symptom onset would have prevented millions
of infections and thousands of deaths in the United
States during the severe 2017-18 influenza season (4).
A fast-acting SARS-CoV-2 antiviral could similarly
be deployed to curtail transmission on a population
scale and directly save lives (5).

Paxlovid (Pfizer, https:/ /www.pfizer.com), which
received Food and Drug Administration Emergency
Use Authorization on December 22, 2021, for treating
SARS-CoV-2 infections in persons >12 years of age, com-
bines 2 different antiviral agents, nirmatrelvir and rito-
navir. Treating symptomatic COVID-19 patients with
Paxlovid reduces hospitalization risks by an estimated
0.59 (95% C10.48-0.71) for adults 18-49 years of age, 0.40
(95% C10.34-0.48) for adults 50-64 years of age, and 0.53
(95% CI 0.48-0.58) for adults >64 years of age (6). Pax-
lovid has proven effective against the Omicron variant
(7). In January 2022, the United States ordered 20 million
courses of Paxlovid to be delivered within 9 months (8).

In this study, we analyzed the population-level
benefits of expanding the clinical use of Paxlovid
to treat COVID-19. By fitting a within-host model
of viral replication to viral titer data from >2,000
COVID-19 patients, we provide early estimates for the
efficacy of Paxlovid in curtailing viral load, depend-
ing on the timing of treatment after infection. Then,
using a population-level SARS-CoV-2 transmission
model, we estimated the effects of Paxlovid-based in-
terventions on reducing the healthcare and economic
burden of future COVID-19 epidemics. Specifically,
we estimated the number of cases, hospitalizations,
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and deaths, as well as healthcare costs averted under
a range of transmission scenarios, in which we vary
both the between-individual transmission rate of the
virus and the proportion of case-patients who receive
rapid treatment with Paxlovid. This 2-level analytic
framework can broadly support the rapid evalua-
tion of antiviral-based mitigation strategies against
COVID-19 and other respiratory viruses (4).

Materials and Methods

Within-Host Model of SARS-CoV-2 Replication Dynamics
We simulated SARS-CoV-2 virus kinetics in an infect-
ed person and the effect of Paxlovid treatment on viral
growth using a standard target-cell limited virus ki-
netic model that tracks the number of uninfected cells,
infected cells, and free viral particles (9,10) (Appendix,
https:/ /wwwnc.cdc.gov/EID/article/30/2/23-0835-
Appl.pdf). We used individual patient viral load data
from a Paxlovid clinical trial data to estimate the 5 key
parameters of the model: the infection rate of suscep-
tible cells (b), the rate at which infected cells die (5),
the rate at which active viruses were cleared (c), the vi-
rus production rate (p), and the efficacy of Paxlovid at
suppressing viral replication (€). Specifically, we used
a stochastic approximation expectation-maximization
algorithm to fit the model to 14-day viral titer data
from 1,126 infected adults treated with a placebo and
1,120 infected adults treated with Paxlovid during a
clinical trial in late 2021 (11) (Appendix).

Modeling the Infectiousness of Treated

and Untreated Cases

On the basis of previous studies (12,13), we assumed
that a person’s infectiousness is logarithmically relat-
ed to their viral titer (Appendix). In this transmission
model, we assumed that the daily infectiousness of a
case-patient depends on whether they received treat-
ment and, if so, the time at which treatment was initi-
ated after symptom onset. To estimate the daily infec-
tiousness of a given untreated or treated case-patient,
we first used the within-host model to simulate the
viral load on each day of the infection and set the viral
load to zero when the estimated value dropped below
the detection threshold of 100 (14). We then used a
logarithmic equation (Appendix) to estimate the cor-
responding daily infectiousness.

Modeling Population-Level SARS-CoV-2 Transmission
Dynamics and Effects of Antiviral Treatment

We developed a stochastic individual-based network
model of SARS-CoV-2 transmission dynamics in which
susceptible persons can be infected by infected contacts
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(Appendix Figure 1). The underlying contact network
included 9,961 persons living in 5,000 households with
sociodemographic characteristics provided in the 2017
National Household Travel Survey (15,16) (Appendix).
At every time point, each person was in one of
11 possible states: unvaccinated susceptible (S), vac-
cinated susceptible (S,), exposed (E), presymptomatic
(P), symptomatic infectious before becoming eligible
for Paxlovid treatment (Y), symptomatic treated (Y,),
symptomatic untreated (Y)), asymptomatic infectious
(A), recovered (R), hospitalized (H), or deceased (D).
We assumed that hospitalized patients were isolated
and not able to infect others. Upon infection, a sus-
ceptible person progresses to the exposed state and
then to either the presymptomatic state (probability
) or asymptomatic state (probability 1 — ). Asymp-
tomatic case-patients recover without experiencing
symptoms or seeking treatment. Presymptomatic
case-patients progress to the symptomatic state at a
rate ®, where they might be hospitalized according to
published age-specific infection hospitalization rates
(h)) and eventually recover or die from the infection,
according to age-specific infection fatality rates (u ). A
fraction p of symptomatic case-patients receive Pax-
lovid, initiated an average of 3 days after symptom
onset, which is assumed to reduce the risk for hospi-
talization (¢, ), as well as the infectiousness of the per-
son. The infectiousness of a case-patient depends on
the timing of Paxlovid administration after infection,
according to the daily infectiousness curves described
in the previous section. Vaccinated persons initially
have vaccine-derived immunity against infection w,,
symptomatic disease y,, and death 6,, which wanes
gradually after vaccination. Similarly, recovered
persons initially have infection-derived immunity
against reinfection ®,, symptomatic disease y,, and
death 6, which wanes more slowly than vaccine-
derived immunity. Persons who are vaccinated and
previously infected are assumed to have the higher
of the 2 levels of immunity (i.e., infection-acquired vs.
immune-acquired) (Table 1; Appendix Tables 1, 2).

Antiviral Treatment and Transmission Scenarios

We analyzed 24 different scenarios, each with an ef-
fective reproduction number (R) (1.2, 1.5, 1.7, 2, 3,
or 5) and Paxlovid treatment rate (20%, 50%, 80%, or
100%). For each scenario (s), we compared 4 varia-
tions of the antiviral strategy: no treatment (i.e., treat-
ment rate set to zero); treatment with Paxlovid at the
given treatment rate; treatment with a hypothetical
antiviral that reduces infectiousness with the same ef-
ficacy as Paxlovid but does not reduce severity; and
treatment with a hypothetical antiviral that reduces
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Table 1. Between-host parameter estimates used in study of public health impact of Paxlovid in treatment of COVID-19, United States*

Key parameter

Estimated value

Symptomatic proportion, % (y) 75
Transition rate out of exposed state (d") (o) 1/3
Time lag between infection and recovery in days for asymptomatic patients (d™") (7a) 1/9
Time lag between symptom onset and recovery in days for symptomatic patients (d~") (y7) 1/4
Transition rate from the presymptomatic to the symptomatic stage (d™") (w) 1/2
Age-specific efficacy of Paxlovid in reducing the hospitalization rate, y (¢.)
04 0.59 (95% CI 0.48-0.71)
5-17 0.59 (95% CI 0.48-0.71)
18-49 0.59 (95% CI 0.48-0.71)
50-64 0.40 (95% CI 0.34-0.48)
>65 0.53 (95% CI 0.48-0.58)
Life expectancy, y, for age group a, adjusted assuming a 3% yearly discount rate (1,)
04 30.3
5-17 29.3
18-49 25.8
50-64 1837
>65 12.9

*We use the between-host model to project population-level impacts of Paxlovid treatment. Key parameter values used in the model are listed below, with
more details in Appendix Table 1 (https://wwwnc.cdc.gov/EID/article/30/2/23-0835-App1.pdf).

severity with the same efficacy as Paxlovid but does
not reduce infectiousness. The last 2 variations en-
abled us to separate the direct therapeutic benefits
from the indirect transmission-blocking benefits of
Paxlovid. To estimate the health and economic costs
associated with each scenario, we ran 100 stochastic
simulations of each of the 4 strategy variations and
calculated the mean and 95% CI across simulations of
the years of life lost (YLL) averted and monetary costs
attributable to Paxlovid treatment.

Estimating YLL Averted and Monetary Costs
For each set of stochastic simulations, we esti-
mated YLL averted for each antiviral strategy t by
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comparing it to the no treatment strategy (Appen-
dix). The willingness to pay per YLL averted is the
maximum price a society is willing to pay to prevent
the loss of 1 year of life. Health economists have in-
ferred from healthcare expenditure that the United
States is willing to pay US $100,000 per quality-
adjusted life-year (17), of which YLL is 1 com-
ponent. For a given willingness to pay for a YLL
averted (), we calculated the net monetary benefit
(NMB) of each strategy (Appendix).

Sensitivity Analyses and Model Validation
We assessed the robustness of the results with respect
to the relationship between infectiousness and viral
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Figure 1. Estimated and observed viral load following treatment with placebo (A) or Paxlovid (B) in large-scale campaign treating
COVID-19, United States. The left y-axes, black lines, and blue shading indicate the means and 95% CI of SARS-CoV-2 viral load (RNA
log,, copies/mL) as estimated by the fitted within-host model. The right y-axes, black dots, and error bars indicate the means and 95% CI of
the decrease in viral load since the initiation of treatment as reported in a clinical trial in which 1,126 patients received a placebo and 1,120
patients received Paxlovid during July 16-December 9, 2021 (17). Day one corresponds to the initiation of treatment. Gray circles denote
the assumed initial viral load upon infection (V) corresponding to 1 infectious virus particle in the upper respiratory tract (78).
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Table 2. Within-host parameter estimates used in study of public health impact of Paxlovid in treatment of COVID-19, United States™

Parameter

Mean (95% ClI)

Cell infection rate in 107® mL/copies/day (b)
Infected cell death rate per day (§)

Virus production rate in copies/mL/day/cell (p)
Virus death rate per day (c)

Antiviral efficacy (€)

3.92 (2.82-5.38)
0.62 (0.42-0.92)
3.19 (2.35-4.35)
2.21(2.10-2.33)

0.9937 (0.9917-0.9952)

*We fit the within-host model to the mean viral load dynamics reported from a clinical trial involving 2,246 infected adults treated with either Paxlovid or a
placebo (77) using nonlinear mixed-effects model method (79). This method allows between-subject variability to improve the precision and accuracy of
estimates (20). Values are means and 95% CI of parameter values in population, assuming that antiviral efficacy follows logit-normal distribution, and all

other individual parameters follow log-normal distributions.

load by investigating 3 alternative functions (i.e., sig-
moid, log-proportional, and step) (Appendix Tables 5,
6). To validate our within-host viral replication mode,
we compared model-estimated mean viral load tra-
jectories for untreated and treated case-patients to
corresponding clinical trial data for patients receiving
placebo or Paxlovid treatment (1). We found that the
observed mean decreases in viral load fall within the
estimated 95% CI and vice versa (Figure 1, Appendix
Figure 3).

To validate our transmission dynamic model, we
compared model projections to observed incidence
data during the early 2022 and late 2022 Omicron
waves in the United States (Appendix Figure 2). For
each of these waves, we fitted the model to reported
case data to estimate the initial R and then simulated

the expected reported infections, assuming a 25%
case-reporting rate (7).

Results

By fitting the within-host model to the mean viral
load dynamics reported from a clinical trial (Table 2;
Figure 1), we estimated that the rate at which viral
particles infect susceptible cells (b) is 3.92 (95% CI
2.82-5.38) x 10°° mL/copies/day), the clearance rate
for infected cells (8) is 0.62 (95% C10.42-0.92) per day,
the rate at which infected cells release virus (p) is 3.19
(95% CI 2.35-4.35) copies/mL/day/cell, and the rate
at which free virus particles are cleared (c) is 2.21 (95%
CI2.10-2.33) per day. Treatment with Paxlovid is esti-
mated to repress viral replication by 99.37% (95% CI
99.17%-99.52%) per day.

Table 3. Projected health and economic impacts of a large-scale SARS-CoV-2 Paxlovid campaign, United States

Qutcome Ry Treatment rate, % Mean (95% CI)
Infections averted, millions 1.2 20 10.54 (3.03-21.12)
50 25.65 (12.59-41.19)
1.7 20 4.25 (0.00-8.30)
50 10.65 (5.77-16.70)
3 20 0.67 (-0.13 to 1.45)
50 1.68 (0.79-2.77)
Hospitalizations averted, millions 1.2 20 0.28 (0.03-0.59)
50 0.67 (0.33—1.25)
1.7 20 0.48 (0.07-0.92)
50 1.16 (0.49-1.85)
3 20 0.85 (0.36—1.38)
50 2.08 (1.12-2.83)
Deaths averted, thousands 1.2 20 33.85 (1.69-71.15)
50 79.11 (35.78-146.51)
1.7 20 59.43 (9.13-129.86)
50 145.44 (45.60-221.34)
3 20 109.67 (35.95-179.83)
50 266.69 (156.71-362.77)
NMB, USD billions 1.2 20 $56.95 ($2.62-$122.63)
50 $135.60 ($62.52-$261.32)
1.7 20 $95.66 ($8.54-$196.23)
50 $232.35 ($80.45-$379.51)
3 20 $170.17 ($60.49-$286.14)
50 $417.18 ($208.34-$580.13)
Courses of treatment used, millions 1.2 20 5.77 (4.38-7.15)
50 12.13 (8.86-14.89)
1.7 20 13.57 (12.42-15.12)
50 32.85 (30.87-34.76)
3 20 24.41 (22.34-26.56)
50 60.21 (57.07-63.16)

*For each combination of treatment rate and reproduction number, the table provides the estimated mean and 95% ClI of cases, hospitalizations, and
deaths averted in the United States, NMB, and number of courses of treatment administered based on 100 pairs of stochastic simulations (treatment vs.
no treatment simulations). NMB, net monetary benefit; R, effective reproduction number; USD, US dollars.
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We estimated the number of cases, hospitaliza-
tions, and deaths, as well as healthcare costs, averted
under a range of transmission scenarios, in which
we varied both the between-individual transmission
rate of the virus and the proportion of case-patients
who received rapid treatment with Paxlovid (Table
3; Figures 2, 3). Under a low-transmission scenario
in which the R, of the virus is 1.2, we estimated that
treating 20% of symptomatic cases with Paxlovid
would avert 10.54 million (95% CI 3.03-21.12 mil-
lion) cases, 280,000 (95% CI 30,000-590,000) hospital-
izations, and 33,850 (95% CI 1,690-71,150) deaths in
the United States over a 300-day period (Appendix
Table 4). Assuming a cost of US $530 per course of
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treatment (22) and willingness to pay per YLL avert-
ed of US $100,000, we estimated that the optimal
strategy is always the highest achievable treatment
rate. A 20% treatment rate would be expected to yield
an NMB of US $56.95 billion (95% CI $2.62-$122.63
billion) averted.

To separate the direct (therapeutic) benefits of
Paxlovid treatment from its indirect (transmission-
reducing) effects, we conducted 2 additional analy-
ses, 1 assuming the drug reduces severity but not in-
fectivity and another assuming the opposite (Appen-
dix Table 4). Assuming an R of 1.2, we estimated that
direct therapeutic effects of treating 20% of symptom-
atic cases with Paxlovid would not affect the overall
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attack rate but would avert 140,000 (95% CI =130,000
to 400,000) hospitalizations and 16,470 (95% CI
-19,470 to 48,110) deaths over a 300-day period, re-
sulting in an NMB of US $25.35 (95% CI —-$34.98 to
$84.22) billion. The reduced infectivity of the treated
cases would be expected to avert an additional 10.57
(95% CI 3.03-21.19) million infections, 160,000 (95%
CI -130,000 to 530,000) hospitalizations, and 19,460
(95% CI —14,140 to 58,520) deaths, resulting in an
NMB of US $31.17 (95% CI —$32.77 to $103.74) billion.

Discussion
Our results show that the widespread administra-
tion of Paxlovid would not only improve outcomes
in treated patients but also concomitantly reduce
risks of onward transmission. In this population-
level assessment of expanding rapid treatment of
symptomatic COVID-19 infections with Paxlovid,
we found that the direct (therapeutic) effects of
treatment would substantially reduce both deaths
and socioeconomic costs. Of note, the indirect
(transmission-blocking) effects would be expected
to reduce burden by just as much, as well as sub-
stantially reducing the overall attack rate (Appendix
Table 4). We would expect mass treatment cam-
paigns to have even greater health and economic
effects in countries that have adopted zero-COVID
strategies and thus have lower levels of population-
level immunity than the United States (23).

Drugs like Paxlovid could profoundly reduce the
severity of COVID-19 and enable a global transition

A

Figure 3. Projected health and
economic impacts of a large-
scale campaign using Paxlovid
to treat COVID-19 over 300 days
in the United States, across

a range of transmission and
treatment scenarios. Points

and error bars correspond to
means and 95% Cl in number 0

400 =] Percent treated

Cases, millions
N
o
o
L

Paxlovid as Treatment for COVID-19, United States

to manageable coexistence with the virus. Howev-
er, providing equitable and effective global access
to SARS-CoV-2 antiviral drugs would require both
ample supplies and broad-reaching test-and-treat
programs. The pharmaceutical industry and global
health agencies are working to produce enough Pax-
lovid to treat a large fraction of symptomatic cases
(8). Online healthcare services (e.g., telemedicine)
and community test-to-treat programs (24), such as
those piloted in Pennsylvania and New Jersey (25),
could be expanded nationally, and even globally, to
accelerate and broaden access to antiviral drugs (26).
For example, in 2020, China began an initiative to ex-
pand remote internet-based COVID-19 care (27). The
country established 1,500 internet hospitals (either by
extending existing hospitals or by opening new insti-
tutions) during 2019-2021 (28). The new services in-
cluded follow-up consultations for common ailments
(29) and served >239 million patients during Decem-
ber 2020-June 2021 (30). In addition, avoiding testing
and treating infected individuals in person reduces
the risk for SARS-CoV-2 transmission by patients to
healthcare providers.

We highlight 3 limitations of our analyses that
could be addressed as additional epidemiologic and
clinical trial data become available. First, our fitted
within-host model slightly overestimated viral lev-
els for patients treated with placebo and underes-
timated those for patients receiving Paxlovid. The
discrepancies might stem from limitations in the
model structure or from unmodeled variation in
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of Paxlovid within 3 days of symptom onset. Distributions are based on 100 stochastic simulations for each scenario. The results are
scaled assuming a US population of 328.2 million (27). R, effective reproduction number; USD, US dollars.
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viral kinetics and treatment efficacy across age or
risk groups. In estimating model parameters, we
considered only the mean in viral load of patients
from 20 countries (4,31) (Figure 1). Incorporating
such variability would enable us to analyze age-
prioritized or risk-prioritized interventions and im-
prove our estimates of the health and economic ben-
efits of mass treatment. Second, we did not consider
the emergence and spread of Paxlovid-resistant vi-
ruses, which could substantially undermine the
utility of new drugs and exacerbate epidemics on a
population level (32). Conversely, suppressed viral
replication attributable to Paxlovid might limit viral
evolution in treated patients. Depending on the im-
munological conditions of the individual person and
population, reducing opportunities for viral growth
and mutations could hinder the emergence of new
variants (33). Third, we did not incorporate several
economic, social, and logistical factors that might af-
fect the expansion of Paxlovid treatment, including
commercial impediments faced by the pharmaceuti-
cal companies that manufacture the drug (34); the
costs of administering tests before treatment; and
low levels of uptake stemming from misinforma-
tion, limited healthcare access, or pandemic fatigue.
For example, in the 2009 HIN1 pandemic, only 40%
of case-patients sought medical care within 3 days
after symptom onset (35).

In conclusion, fast-acting antiviral drugs like
Paxlovid can serve as invaluable tools to mitigate
COVID-19 epidemics. By increasing supplies and
improving infrastructure to enable rapid and eq-
uitable distribution, such drugs could substan-
tially mitigate the health and societal burdens
of COVID-19.

The computer code referenced in this study is available
from Github (https:/ / github.com/ZhanweiDU/Pax).

Financial support was provided by the AIR@InnoHK
Programme from Innovation and Technology Commission
of the Government of the Hong Kong Special Administrative
Region, the US National Institutes of Health (grant no. R01
ATI151176), the Centers for Disease Control and Prevention
COVID Supplement (grant no. U011P001136), Health and
Medical Research Fund, Food and Health Bureau,
Government of the Hong Kong Special Administrative
Region (grant no. 21200632) and National Natural Science
Foundation of China (grant no. 82304204). The funders of
the study had no role in study design, data collection, data
analysis, data interpretation, or writing of the report.

Y.B.,ZD,BJ.C,AP.G, RMK, and L.A.M. designed
research; Y.B., and Z.D. performed research; L.W.,
E.H.Y.L, I.CHF, and P.H. contributed analytic method

268

comments. Y.B., Z.D., LW, EH.Y.L,1LCHF., P.H,BJ.C,
APG, RMK, and L.AM. wrote the paper.

B.].C. consults for AstraZeneca, GSK, Moderna, Roche,
Sanofi Pasteur, and Pfizer.

About the Author

Dr. Bai is a postdoctoral fellow at the Laboratory of Data
Discovery for Health Limited, Hong Kong Science and
Technology Park, Hong Kong, China. Her research
interests include optimizing infectious disease surveillance
strategies, modeling disease transmission dynamics,

and controlling interventions.

References

1. Dadonaite B. Antiretroviral therapy has saved millions of
lives from AIDS and could save more [cited 2021 Feb 22].
https:/ /ourworldindata.org/art-lives-saved

2. Suda KJ, Hunkler RJ, Matusiak LM, Schumock GT.
Influenza antiviral expenditures and outpatient
prescriptions in the United States, 2003-2012.
Pharmacotherapy. 2015;35:991-7. https:/ / doi.org/10.1002/
phar.1656

3. Dobson J, Whitley R], Pocock S, Monto AS. Oseltamivir
treatment for influenza in adults: a meta-analysis of
randomised controlled trials. Lancet. 2015;385:1729-37.
https://doi.org/10.1016/S0140-6736(14)62449-1

4. Du Z, Nugent C, Galvani AP, Krug RM, Meyers LA.
Modeling mitigation of influenza epidemics by baloxavir.
Nat Commun. 2020;11:2750. https:/ /doi.org/10.1038/
541467-020-16585-y

5. Wahl A, Gralinski LE, Johnson CE, Yao W, Kovarova M,
Dinnon KH III, et al. SARS-CoV-2 infection is effectively
treated and prevented by EIDD-2801. Nature. 2021;591:451-7.
https://doi.org/10.1038/s41586-021-03312-w

6. Shah MM, Joyce B, Plumb ID, Sahakian S, Feldstein LR,
Barkley E, et al. Paxlovid associated with decreased
hospitalization rate among adults with COVID-19 — United
States, April-September 2022. MMWR Morb Mortal Wkly
Rep. 2022;71:1531-7. https:/ /doi.org/10.15585/ mmwr.
mm7148e2

7. Pfizer. Pfizer shares in vitro efficacy of novel COVID-19
oral treatment against Omicron variant [cited 2022
Mar 21]. https:/ /www.pfizer.com/news/ press-release/
press-release-detail / pfizer-shares-vitro-efficacy-novel-
covid-19-oral-treatment
Pfizer. Pfizer to provide U.S. government with an additional
10 million treatment courses of its oral therapy to help
combat COVID-19 [cited 2022 Mar 25]. https:/ /www.pfizer.
com/news/ press-release/ press-release-detail / pfizer-
provide-us-government-additional-10-million

9. Jenner AL, Aogo RA, Alfonso S, Crowe V, Deng X,
Smith AP, et al. COVID-19 virtual patient cohort suggests
immune mechanisms driving disease outcomes. PLoS Pat-
hog. 2021;17:€1009753. https:/ /doi.org/10.1371/
journal.ppat.1009753

10. Kim KS, Ejima K, Iwanami S, Fujita Y, Ohashi H, Koizumi Y,

etal. A quantitative model used to compare within-host
SARS-CoV-2, MERS-CoV, and SARS-CoV dynamics provides
insights into the pathogenesis and treatment of SARS-CoV-2.
PLoS Biol. 2021;19:e3001128. https:/ /doi.org/10.1371/
journal.pbio.3001128

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 30, No. 2, February 2024



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Hammond J, Leister-Tebbe H, Gardner A, Abreu P, Bao W,
Wisemandle W, et al.; EPIC-HR Investigators. Oral
nirmatrelvir for high-risk, nonhospitalized adults with
Covid-19. N Engl ] Med. 2022;386:1397-408. https:/ /doi.org/
10.1056/NEJMo0a2118542

Handel A, Rohani P. Crossing the scale from within-host
infection dynamics to between-host transmission fitness: a
discussion of current assumptions and knowledge. Philos
Trans R Soc Lond B Biol Sci. 2015;370:20140302.

Néant N, Lingas G, Le Hingrat Q, Ghosn ], Engelmann I,
Lepiller Q, et al.; French COVID Cohort Investigators and
French Cohort Study groups. Modeling SARS-CoV-2 viral
kinetics and association with mortality in hospitalized
patients from the French COVID cohort. Proc Natl Acad
Sci U S A. 2021;118:e2017962118. https:/ /doi.org/10.1073/
pnas.2017962118

Wolfel R, Corman VM, Guggemos W, Seilmaier M,

Zange S, Miiller MA, et al. Virological assessment of
hospitalized patients with COVID-2019. Nature.
2020;581:465-9. https:/ /doi.org/10.1038 /s41586-020-2196-x
Du Z, Pandey A, Bai Y, Fitzpatrick MC, Chinazzi M,
Pastore Y Piontti A, et al. Comparative cost-effectiveness of
SARS-CoV-2 testing strategies in the USA: a modelling study.
Lancet Public Health. 2021;6:184-91. https:/ /doi.org/
10.1016/S2468-2667(21)00002-5

U.S. Federal Highway Administration. 2017 national
household travel survey [cited 2020 Jun 16].

https:/ /nhts.ornl.gov/downloads

Neumann PJ, Cohen JT, Weinstein MC. Updating
cost-effectiveness — the curious resilience of the $50,000-
per-QALY threshold. N Engl ] Med. 2014;371:796-7.

https:/ /doi.org/10.1056/ NEJMp1405158

Czuppon P, Débarre F, Gongalves A, Tenaillon O,

Perelson AS, Gued; ], et al. Success of prophylactic antiviral
therapy for SARS-CoV-2: predicted critical efficacies and
impact of different drug-specific mechanisms of action. PLOS
Comput Biol. 2021;17:€1008752. https:/ /doi.org/10.1371/
journal.pcbi.1008752

Traynard P, Ayral G, Twarogowska M, Chauvin J.

Efficient pharmacokinetic modeling workflow with the
MonolixSuite: a case study of remifentanil. CPT
Pharmacometrics Syst Pharmacol. 2020;9:198-210.

https:/ /doi.org/10.1002/psp4.12500

Lavielle M, Mentré F. Estimation of population
pharmacokinetic parameters of saquinavir in HIV patients
with the MONOLIX software. ] Pharmacokinet
Pharmacodyn. 2007;34:229-49. https:/ / doi.org/10.1007/
$10928-006-9043-z

US Census Bureau. National population by characteristics:
2010-2019 [cited 2020 Oct 1]. https:/ /www.census.gov/
data/tables/time-series/demo/ popest/2010s-national-
detail.html

Robbins R, Zimmer C. FDA clears Pfizer’s Covid pill for
high-risk patients 12 and older. 2021 Dec 22 [cited 2022 Apr
29]. https:/ /www.nytimes.com/2021/12/22/health/
pfizer-covid-pill-fda-paxlovid.html

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 2, February 2024

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Paxlovid as Treatment for COVID-19, United States

TIME. China’s approval of Pfizer pill opens door to

ending COVID Zero. 2022 Feb 14 [cited 2023 Jan 21].
https:/ /time.com/ 6147924/ china-pfizer-covid-19-pill
COVID.gov. Find COVID-19 guidance for your community
[cited 2022 Apr 29]. https:/ /www.covid.gov

Joshi AU, Lewiss RE, Aini M, Babula B, Henwood PC.
Solving community SARS-CoV-2 testing with telehealth:
development and implementation for screening, evaluation
and testing. JMIR Mhealth Uhealth. 2020;8:e20419.

https:/ /doi.org/10.2196/20419

Centers for Disease Control and Prevention. New
COVID-19 test to treat initiative and locator tool [cited
2022 Apr 6]. https:/ /emergency.cdc.gov/newsletters/
coca/ 040422 htm

Huang F, Liu H. The impact of the COVID-19 pandemic
and related policy responses on non-COVID-19 healthcare
utilization in China. Health Econ. 2023;32:620-38.

https:/ /doi.org/10.1002/hec.4636

National Health Commission of the People’s Republic of
China. China’s internet health services gathering steam
amid COVID-19 [cited 2022 Dec 7]. http:/ /en.nhc.gov.cn/
2021-08/24/c_85005.htm

HeD,GuY, ShiY, Wang M, Lou Z, Jin C. COVID-19 in
China: the role and activities of Internet-based healthcare
platforms. Glob Health Med. 2020;2:89-95. https:/ /doi.org/
10.35772/ ghm.2020.01017

China Internet Network Information Center. 48th
statistical report on internet development in China

[cited 2021 Nov 19]. https:/ /www.cnnic.com.cn/IDR/
ReportDownloads/202111/P020211119394556095096.pdf
Vegvari C, Hadjichrysanthou C, Cauét E, Lawrence E,

Cori A, de Wolf F, et al. How can viral dynamics models
inform endpoint measures in clinical trials of therapies for
acute viral infections? PLoS One. 2016;11:e0158237.

https:/ /doi.org/10.1371/journal.pone.0158237

Iketani S, Mohri H, Culbertson B, Hong SJ, Duan Y, Luck MI,
et al. Multiple pathways for SARS-CoV-2 resistance to
nirmatrelvir. Nature. 2023;613:558-64. https://doi.org/
10.1038/s41586-022-05514-2

Callaway E. How months-long COVID infections could
seed dangerous new variants. Nature. 2022;606:452-5.
https:/ /doi.org/10.1038 / d41586-022-01613-2

Herxheimer A. Relationships between the pharmaceutical
industry and patients’ organisations. BM]. 2003;326:1208-10.
https:/ /doi.org/10.1136/bm;.326.7400.1208

Biggerstaff M, Jhung MA, Reed C, Fry AM, Balluz L,
Finelli L. Influenza-like illness, the time to seek healthcare,
and influenza antiviral receipt during the 2010-2011
influenza season — United States. ] Infect Dis. 2014;210:535-
44. https:/ /doi.org/10.1093/infdis/jiu224

Address for correspondence: Lauren Ancel Meyers, Department

of Integrative Biology, University of Texas at Austin, 2415
Speedway #C0930, Austin, TX 78712, USA; email:
laurenmeyers@austin.utexas.edu

269



