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ABSTRACT
Background: Efforts to understand the impact of SARS-CoV-2 variants, vaccine status, and treat-
ment on the development and persistence of Long COVID have intensified.
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Methods: We report 4 sequential cases from a post-COVID cohort study demonstrating variabili-
ty in outcomes following differentially timed nirmatrelvir therapy, received as part of clinical care.

Results: In the first case, the participant experienced symptomatic rebound and developed Long
COVID despite early initiation of antiviral therapy. In the next 2 cases, participants reported
improvement in persistent COVID symptoms when nirmatrelvir was taken 25 and 60 days fol-
lowing initial symptom onset. In the final case, an individual with presumed Long COVID for 2
years reported substantial improvement in chronic symptoms when taking nirmatrelvir following
SARS-CoV-2 re-infection.

Conclusions: These anecdotes suggest that systematic study of antiviral therapy for Long COVID
is warranted.

KEYWORDS
SARS-CoV-2; Long COVID; post-acute sequelae of SARS-CoV-2 (PASC); antiviral therapy; nir-
matrelvir; Paxlovid

TO THE EDITOR

Many individuals do not fully recover from acute SARS-CoV-2 infection (“Long COVID,” a type
of post-acute sequelae of SARS-CoV-2[(PASC]). Efforts to prevent or reverse this potentially dis-
abling syndrome are just now emerging. Here, we report 4 cases in which individuals were treated
with nirmatrelvir/ritonavir at various stages following infection. We believe these cases provide
rationale for studying antiviral therapies in people with Long COVID.

Participants were sequential volunteers in the UCSF Long-term Impact of Infection with Novel
Coronavirus (LIINC) study (NCT04362150), who enrolled because of a history of Long-COVID
symptoms and reported a history of nirmatrelvir/ritonavir use. The study was approved by the
UCSF Institutional Review Board. Volunteers provided written informed consent prior to collec-
tion of clinical data and consented to the presentation of their cases.

Case 1

A 48-year-old man with a past medical history of presumed Bechet’s disease and taking colchicine
developed fever, worsening headache, and pharyngitis in Spring 2022. He had previously received
2 doses of the mRNA-1273 SARS-CoV-2 vaccine and 1 dose of the BNT162b2 vaccine; the most
recent was 5 months prior. A rapid antigen test was positive, as was a confirmatory PCR test. He
was prescribed a 5-day course of nirmatrelvir/ritonavir, which he initiated within 24 hours of
symptom onset, and experienced rapid improvement in his systemic symptoms. However, ap-
proximately 4 days following completion of the 5-day course, he experienced rebound symptoms
with recurrence of fever, fatigue, rhinorrhea, cough, chest pain, rash on his upper and lower ex-
tremities, and trouble concentrating (“brain fog”). During this period, he wore a personal fitness
device which recorded certain physiologic measurements including heart rate, respiratory rate,
and change from baseline body temperature (Figure 1). Approximately 3 weeks following the pos-
itive test and despite prior antiviral therapy, he experienced worsening of his fatigue and associat-
ed chest soreness, palpitations, brain fog, and symptoms of post-exertional malaise, which persist-
ed beyond 30 days following initial symptom onset. At 6 weeks, he had a normal echocardiogram
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including normal left ventricular ejection fraction of 69%, normal right and left ventricular strain,
and normal diastolic function. On orthostatic testing he had dizziness but no evidence of ortho-
static hypotension or tachycardia. On maximal symptom-limited cardiopulmonary exercise test-
ing, he had very reduced peak VO, (12.4ml/kg/min, 60% predicted) and reduced maximum heart
rate (79% predicted, adjusted heart rate reserve 64%) consistent with chronotropic incompetence.
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Figure 1. Physiologic measurements recorded by a personal fitness device used by Patient 1, showing
rebound tachycardia, tachypnea, and elevated body temperature coinciding with completion of antiviral
therapy. The individual subsequently developed additional symptoms which have persisted, consistent
with Long COVID.

Case 2

A 42-year-old man with no significant medical history developed rhinorrhea and pharyngitis in
early 2022, followed by fatigue, myalgia, and a pruritic rash on his upper extremities and groin
that persisted for approximately 10 days. He had previously received 3 doses of the BNT162b2
SARS-CoV-2 vaccine; the most recent was 2 months prior. A SARS-CoV-2 antigen test was pos-
itive when performed 2 days after symptom onset; multiple additional antigen tests were subse-
quently positive. On Day 11, an antigen test was negative, and all of his symptoms resolved. Ap-
proximately 2 weeks later, he experienced new onset of severe myalgia and bone pain across his
upper body, which he described as post-exertional soreness in the absence of exertion. There was
an associated increase in fatigue, as well as heightened awareness of breathing (described as “lung
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soreness’). These symptoms persisted, and he contacted his primary care doctor for evaluation
approximately 10 days later. At this visit, he noted that he was experiencing ongoing fatigue, and
described being at 80% of his pre-COVID baseline health. Laboratory testing was notable only for
vitamin D insufficiency (25 ng/mL); a chest X-ray showed no abnormalities.

Approximately 7 weeks following initial symptom onset, his symptoms worsened. He experienced
ongoing myalgia, severe fatigue, post-exertional malaise, and trouble concentrating (“brain fog”).
These symptoms profoundly affected his ability to perform his activities of daily living, and he

felt substantially debilitated, reporting that he was at 40%-50% of his pre-COVID baseline health,
and that he was spending the majority of the day resting. He began to seek care for Long COVID
because he was concerned about the duration of his symptoms. As his symptoms continued to
worsen, he was re-exposed to SARS-CoV-2 when his spouse and children tested positive on an-
tigen tests. A repeat antigen test was negative, but he experienced further worsening of his symp-
toms which his provider attributed to possible re-infection with SARS-CoV-2. In this context, he
received a prescription for nirmatrelvir/ritonavir.

Within days of re-exposure, the patient began to note an improvement in his persistent symp-
toms, while his family members continued to experience worsening symptoms. After symptom-
atic improvement for 1-2 days, he initiated a 5-day course of nirmatrelvir/ritonavir. During this
period, he continued to experience improvement in his symptoms. While they have not resolved
entirely as of 2 weeks later, he reports that he is gradually approaching his baseline health.

Case 3

A 43-year-old woman with no significant medical history developed cough and pharyngitis in
Spring 2022. She had previously received 3 doses of the BNT162b2 SARS-CoV-2 vaccine; the
most recent was 4 months prior. While a PCR test was initially negative, she and one of her
children subsequently tested positive on an antigen test 5 days later. She did not initially receive
antiviral therapy. Over the course of the subsequent 3 weeks, she began to experience worsening
fatigue and malaise, with associated myalgia and trouble concentrating (“brain fog”); 3 weeks
following initial symptom onset she was spending the majority of the day resting and was unable
to easily complete her activities of daily living. She received a prescription for nirmatrelvir/ritona-
vir, which she began 25 days following initial symptom onset. One day following completion of
therapy, she experienced improvement in her fatigue symptoms. While she has residual shortness
of breath and myalgias, she has now been able to re-engage with the usual activities of daily living.

Case 4

In March 2020, a 47-year-old physician with a history of asthma developed an acute viral illness
characterized by 12 days of sore throat, fatigue, diarrhea, and myalgia while working on an inpa-
tient COVID-19 ward. She was not tested for SARS-CoV-2 infection due to the lack of availability
of nucleic acid testing and the absence of fever, cough, or recent travel to China, which were strict
criteria for testing during this time period. While many of her acute symptoms improved and she
returned to work, she subsequently experienced progressive symptoms which included worsening
myalgia, trouble concentrating (“brain fog”), chest pain, chronic diarrhea, and intermittent de-
bilitating fatigue which persisted over the subsequent 20 months; this was presumed to represent
Long COVID. She received 3 doses of the BNT162b2 SARS-CoV-2 vaccine with minimal change
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in her symptoms, although the third dose resulted in a week of intensified chest pain. Her Long
Covid symptoms continued to progress to the point that she decided to take a leave of absence
from work in early Winter 2022. Two months later, she was re-infected with SARS-CoV-2 and
prescribed nirmatrelvir/ritonavir given her elevated risk for severe disease. She began treatment
on Day 2 of her acute re-infection. She reported that within two days of initiating therapy, she be-
gan to experience relief from her chronic Long COVID symptoms, with substantial improvement
in myalgia, diarrhea, and chest pain.

DISCUSSION

As the SARS-CoV-2 pandemic continues to evolve, efforts to understand variability in COVID-19
recovery, as well as the impact of factors including viral variants, vaccine status, and COVID-19
treatment on the development and persistence of Long COVID symptoms have intensified. This
case series demonstrates that variability in the timing of antiviral therapy as well as other poten-
tial determinants of Long COVID may be associated with different outcomes and underscores the
need for systematic study of antiviral therapy for this disease condition during both the acute and
convalescent stages.

It has been suggested that the viral burden during acute infection may be an important deter-
minant of Long COVID, [1] and that early antiviral therapy might mitigate this risk. In Case 1,
the individual took nirmatrelvir/ritonavir according to the recent Emergency Use Authorization
(EUA) criteria [2] and shortly thereafter experienced rebound symptoms, which were associated
with physiologic changes measured using a fitness device. Symptomatic relapses of SARS-CoV-2
infection are just now starting to be reported. [3] Although he was not re-tested during this pe-
riod, it is possible that this coincided with viral rebound upon the completion of therapy. Con-
cerningly, he subsequently experienced worsening post-infectious symptoms which now meet
US Centers for Disease Control (CDC) criteria for Long COVID [4]. In this case, the participant
already has objective findings (reduced peak VO2 and chronotropic incompetence) consistent
with PASC, which may contribute to reduced exercise capacity and have been shown to persist in
some cases. [5-7] This suggests that although a short course of early antiviral therapy is adequate
to prevent severe acute disease in high-risk patients, [8] it may be insufficient to prevent the de-
velopment of Long COVID, and those experiencing rebound symptoms could remain at risk.

A related hypothesis is that SARS-CoV-2 may persist for weeks to months in some individuals,
causing inflammation, local tissue damage, and end-organ disease. [9-11] If this turns out to be
the case, antiviral therapy during the acute and post-acute stages may prevent or even reverse
Long COVID. Although not approved under the EUA, [2] there are reports emerging about
individuals accessing oral antiviral therapy at later points in the disease course and the potential
effects of these therapies. [12] We present 3 cases in which individuals were able to access nir-
matrelvir/ritonavir for clinical care in the setting of persistent COVID-19 symptoms. There were
notable differences between these cases, including the timing of antiviral therapy from initial
infection (<30 days, >60 days, and 2 years), as well as potential lineage differences based on the
timing of infection (Spring 2022, Winter 2021-2022, and March 2020). While single anecdotes
must be interpreted with caution, these cases emphasize the urgent need for carefully designed
studies to assess the impact of antiviral therapy beyond the acute window. In particular, the final
case suggests a potential effect even in people with long-standing Long COVID symptoms. Con-
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firmation of a benefit in the context of such studies would support the hypothesis that persistent
viral activity, particularly in the tissues, [9-11, 13] could be one contributor to ongoing symptoms
in Long COVID.

An additional factor in 2 of these cases was re-exposure and/or re-infection events; in one case
the individual began to experience improvement in Long COVID symptoms which had until that
point been escalating. Although vaccines are likely to reduce the risk of developing Long COVID,
[14] there are numerous, but inconsistent, reports of the impact of SARS-CoV-2 vaccination on
pre-existing Long COVID symptoms. [15, 16] A dysregulated immune response has been pro-
posed as a potential mechanism underlying Long COVID pathophysiology. [1, 17-18] The fact
that re-exposure to viral antigen may have led to symptomatic improvement is intriguing, sug-
gesting the possibility that a dysregulated immune response, if present, could be recalibrated.

Although this case series is limited by a lack of intensive physiologic and laboratory measure-
ments throughout the disease course, we believe these clinical anecdotes are informative as
investigators try to understand the pathophysiology that drives the development and persistence
of Long COVID. They suggest that antiviral therapy and/or antigen re-exposure could potentially
alter the complex interplay between viral replication and the host immune response that likely
underlies this syndrome but raise concern that brief early antiviral therapy alone may be insuffi-
cient to prevent the development of Long COVID.

ACKNOWLEDGEMENTS
We are grateful to the participants.

FUNDING
NIH/NIAID 3R01AI141003-03S1

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

REFERENCES

1. SuY, Yuan D, Chen DG, Ng RH, Wang K, Choi ], Li S, Hong S, Zhang R, Xie ], Korni-
lov SA, Scherler K, Pavlovitch-Bedzyk AJ, Dong S, Lausted C, Lee I, Fallen S, Dai CL,
Baloni P, Smith B, Duvvuri VR, Anderson KG, Li J, Yang F, Duncombe CJ, McCulloch
DJ, Rostomily C, Troisch P, Zhou ], Mackay S, DeGottardi Q, May DH, Taniguchi R,
Gittelman RM, Klinger M, Snyder TM, Roper R, Wojciechowska G, Murray K, Ed-
mark R, Evans S, Jones L, Zhou Y, Rowen L, Liu R, Chour W, Algren HA, Berrington
WR, Wallick JA, Cochran RA, Micikas ME, Unit IS-SC-B, Wrin T, Petropoulos CJ,
Cole HR, Fischer TD, Wei W, Hoon DSB, Price ND, Subramanian N, Hill JA, Hadlock
J, Magis AT, Ribas A, Lanier LL, Boyd SD, Bluestone JA, Chu H, Hood L, Gottardo
R, Greenberg PD, Davis MM, Goldman JD, Heath JR. Multiple early factors antic-
ipate post-acute COVID-19 sequelae. Cell. 2022;185(5):881-95 €20. doi: 10.1016/].
cell.2022.01.014. PubMed PMID: 35216672; PMCID: PMC8786632.

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.1016/j.cell.2022.01.014
http://dx.doi.org/10.1016/j.cell.2022.01.014

PATHOGENS AND IMMUNITY - VOL 7, NO 1 101

10.

Paxlovid EUA. Accessed May 1, 2022. Available from: https://aspr.hhs.gov/COVID-19/
Therapeutics/Products/Paxlovid/Pages/emergency-use-authorization.aspx

Gupta K, Strymish J, Stack G, Charness M. Rapid relapse of symptomatic SARS-
CoV-2 infection following early suppression with nirmatrelvir/ritonavir. Research
Square. Preprint posted online April 26, 2022; Updated May 23, 2022.. doi: 10.21203/
rs.3.rs-1588371/v1.

CDC. Post-COVID conditions. Centers for Disease Control and Prevention. Accessed
April 30, 2022. Available from: https://www.cdc.gov/coronavirus/2019-ncov/long-
term-effects/index.html

Szekely Y, Lichter Y, Sadon S, Lupu L, Taieb P, Banai A, Sapir O, Granot Y, Hochstadt
A, Friedman S, Laufer-Perl M, Banai S, Topilsky Y. Cardiorespiratory Abnormali-
ties in Patients Recovering from Coronavirus Disease 2019. ] Am Soc Echocardiogr.
2021;34(12):1273-84 €9. doi: 10.1016/j.ech0.2021.08.022. PubMed PMID: 34508837;
PMCID: PM(C8425293.

Cassar MP, Tunnicliffe EM, Petousi N, Lewandowski AJ, Xie C, Mahmod M, Sa-
mat AHA, Evans RA, Brightling CE, Ho LP, Piechnik SK, Talbot NP, Holdsworth D,
Ferreira VM, Neubauer S, Raman B. Symptom Persistence Despite Improvement in
Cardiopulmonary Health - Insights from longitudinal CMR, CPET and lung func-
tion testing post-COVID-19. EClinicalMedicine. 2021;41:101159. doi: 10.1016/].
eclinm.2021.101159. PubMed PMID: 34693230; PMCID: PMC8527025.

Evers G, Schulze AB, Osiaevi I, Harmening K, Vollenberg R, Wiewrodt R, Pistulli R,
Boentert M, Tepasse PR, Sindermann JR, Yilmaz A, Mohr M. Sustained Impairment
in Cardiopulmonary Exercise Capacity Testing in Patients after COVID-19: A Sin-
gle Center Experience. Can Respir J. 2022;2022:2466789. doi: 10.1155/2022/2466789.
PubMed PMID: 35242250; PMCID: PMC8886771.

Hammond J, Leister-Tebbe H, Gardner A, Abreu P, Bao W, Wisemandle W, Baniecki
M, Hendrick VM, Damle B, Simon-Campos A, Pypstra R, Rusnak JM, Investigators
E-H. Oral Nirmatrelvir for High-Risk, Nonhospitalized Adults with Covid-19. N
Engl]Med. 2022;386(15):1397-408. doi: 10.1056/NEJMoa2118542. PubMed PMID:
35172054; PMCID: PM(C8908851.

Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama M, Cho A, Jankov-
ic M, Schaefer-Babajew D, Oliveira TY, Cipolla M, Viant C, Barnes CO, Bram Y, Bret-
on G, Hagglof T, Mendoza P, Hurley A, Turroja M, Gordon K, Millard KG, Ramos V,
Schmidt F, Weisblum Y, Jha D, Tankelevich M, Martinez-Delgado G, Yee ], Patel R, Di-
zon J, Unson-O’Brien C, Shimeliovich I, Robbiani DF, Zhao Z, Gazumyan A, Schwartz
RE, Hatziioannou T, Bjorkman PJ, Mehandru S, Bieniasz PD, Caskey M, Nussenzweig
MC. Evolution of antibody immunity to SARS-CoV-2. Nature. 2021;591(7851):639-44.
doi: 10.1038/s41586-021-03207-w. PubMed PMID: 33461210; PMCID: PM(C8221082.

Chertow D, Stein S, Ramelli S, Grazioli A, Chung J-Y, Singh M, Yinda CK, Winkler C,
Dickey ], Ylaya K, Ko SH, Platt A, Burbelo P, Quezado M, Pittaluga S, Purcell M, Mun-
ster V, Belinky F, Ramos-Benitez M, Boritz E, Herr D, Rabin ], Saharia K, Madathil R,
Tabatabai A, Soherwardi S, McCurdy M, Peterson K, Cohen ], de Wit E, Vannella K,

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal
https://aspr.hhs.gov/COVID-19/Therapeutics/Products/Paxlovid/Pages/emergency-use-authorization.aspx
https://aspr.hhs.gov/COVID-19/Therapeutics/Products/Paxlovid/Pages/emergency-use-authorization.aspx
http://dx.doi.org/10.21203/rs.3.rs-1588371/v1
http://dx.doi.org/10.21203/rs.3.rs-1588371/v1
https://www.cdc.gov/coronavirus/2019-ncov/long-term-effects/index.html
https://www.cdc.gov/coronavirus/2019-ncov/long-term-effects/index.html
http://dx.doi.org/10.1016/j.echo.2021.08.022
http://dx.doi.org/10.1016/j.eclinm.2021.101159
http://dx.doi.org/10.1016/j.eclinm.2021.101159
http://dx.doi.org/10.1155/2022/2466789
http://dx.doi.org/10.1056/NEJMoa2118542
http://dx.doi.org/10.1038/s41586-021-03207-w

PATHOGENS AND IMMUNITY - VOL 7, NO 1

102

11.

12.

13.

14.

15.

16.

17.

Hewitt S, Kleiner D. SARS-CoV-2 infection and persistence throughout the human
body and brain. Research Square. Preprint posted online December 10, 2021. doi:
10.21203/rs.3.rs-1139035/v1. [In Review]

Natarajan A, Zlitni S, Brooks EF, Vance SE, Dahlen A, Hedlin H, Park RM, Han A,
Schmidtke DT, Verma R, Jacobson KB, Parsonnet ], Bonilla HE, Singh U, Pinsky BA,
Andrews JR, Jagannathan P, Bhatt AS. Gastrointestinal symptoms and fecal shed-
ding of SARS-CoV-2 RNA suggest prolonged gastrointestinal infection. Med (N Y).
2022;0(0). doi: 10.1016/j.medj.2022.04.001. PubMed PMID: 35434682; PMCID:
PMC9005383.

Geng LN, Bonilla HF, Shafer RW, Miglis MG, Yang PC. Case Report of Breakthrough
Long COVID and the Use of Nirmatrelvir-Ritonavir. Research Square. Preprint posted
online March 15, 2022. doi: 10.21203/rs.3.rs-1443341/v1.

Peluso MJ, Deeks SG, Mustapic M, Kapogiannis D, Henrich TJ, Lu S, Goldberg SA,
Hoh R, Chen JY, Martinez EO, Kelly JD, Martin JN, Goetzl E]J. SARS-CoV-2 and
Mitochondrial Proteins in Neural-Derived Exosomes of COVID-19. Ann Neurol.
2022;91(6):772-81. doi: 10.1002/ana.26350. PubMed PMID: 35285072; PMCID:
PM(C9082480.

Antonelli M, Penfold RS, Merino ], Sudre CH, Molteni E, Berry S, Canas LS, Graham
MS, Klaser K, Modat M, Murray B, Kerfoot E, Chen L, Deng J, Osterdahl MF, Cheeth-
am NJ, Drew DA, Nguyen LH, Pujol JC, Hu C, Selvachandran S, Polidori L, May A,
Wolf ], Chan AT, Hammers A, Duncan EL, Spector TD, Ourselin S, Steves CJ. Risk
factors and disease profile of post-vaccination SARS-CoV-2 infection in UK users of
the COVID Symptom Study app: a prospective, community-based, nested, case-con-
trol study. Lancet Infect Dis. 2022;22(1):43-55. doi: 10.1016/S1473-3099(21)00460-6.
PubMed PMID: 34480857; PMCID: PMC8409907

Groft D, Sun A, Ssentongo AE, Ba DM, Parsons N, Poudel GR, Lekoubou A, Oh

JS, Ericson JE, Ssentongo P, Chinchilli VM. Short-term and Long-term Rates of
Postacute Sequelae of SARS-CoV-2 Infection: A Systematic Review. JAMA Netw Open.
2021;4(10):e2128568. doi: 10.1001/jamanetworkopen.2021.28568. PubMed PMID:
34643720; PMCID: PMC8515212.

Tran V-T, Perrodeau E, Saldanha ], Pane I, Ravaud P. Efficacy of COVID-19 vaccina-
tion on the symptoms of patients with long COVID: a target trial emulation using data
from the ComPaRe e-cohort in France. Research Square. Preprint posted online Febru-
ary 17, 2022. doi: 10.21203/rs.3.rs-1350429/v1.

Peluso MJ, Lu S, Tang AF, Durstenfeld MS, Ho HE, Goldberg SA, Forman CA, Munt-
er SE, Hoh R, Tai V, Chenna A, Yee BC, Winslow JW, Petropoulos CJ, Greenhouse

B, Hunt PW, Hsue PY, Martin JN, Daniel Kelly ], Glidden DV, Deeks SG, Henrich

TJ. Markers of Immune Activation and Inflammation in Individuals With Postacute
Sequelae of Severe Acute Respiratory Syndrome Coronavirus 2 Infection. ] Infect Dis.
2021;224(11):1839-48. doi: 10.1093/infdis/jiab490. PubMed PMID: 34677601; PM-
CID: PM(C8643408.

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.21203/rs.3.rs-1139035/v1
http://dx.doi.org/10.1016/j.medj.2022.04.001
https://www.researchsquare.com/article/rs-1443341/v1
http://dx.doi.org/10.1002/ana.26350
http://dx.doi.org/10.1016/S1473-3099(21)00460-6
http://dx.doi.org/10.1001/jamanetworkopen.2021.28568
https://www.researchsquare.com/article/rs-1350429/v1
http://dx.doi.org/10.1093/infdis/jiab490

PATHOGENS AND IMMUNITY - VOL 7, NO 1 103

18. Phetsouphanh C, Darley DR, Wilson DB, Howe A, Munier CML, Patel SK, Juno JA,
Burrell LM, Kent SJ, Dore GJ, Kelleher AD, Matthews GV. Immunological dysfunc-
tion persists for 8 months following initial mild-to-moderate SARS-CoV-2 infection.
Nat Immunol. 2022;23(2):210-6. doi: 10.1038/s41590-021-01113-x. PubMed PMID:
35027728.

FOOTNOTES
Submitted May 11, 2022 | Accepted May 19,2022 | Published June 24, 2022

COPYRIGHT
Copyright © 2022 Pathogens and Immunity. This is an open-access article distributed under the
terms of the Creative Commons Attribution 4.0 International License.

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal
http://dx.doi.org/10.1038/s41590-021-01113-x



