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Importance/Background: During current public health emergency of COVID-19 pandemic, repurposing of existing antiviral drugs may be an efficient strategy since there is no proven effective treatment. Published literature shows Remdesivir has broad-spectrum antiviral activity against numerous RNA viruses and has been recently recognized as a promising therapy against SARS-CoV-2.

Methods: A systematic search was conducted for full length manuscripts published between inception and July 19th, 2020 focussing on efficacy and safety of Remdesivir in COVID-19. The primary outcomes were defined as mortality rate and median days to recovery based on the available pooled data. The secondary outcome was adverse events rate and drug discontinuation rate.

Statistical Analysis: All outcomes were performed using Comprehensive Meta-Analysis software package (Bio stat, Englewood, NJ, USA).

Results: A total of 1,895 patients from 9 studies were included in this qualitative synthesis. In patients treated with Remdesivir, the mean recovery time was 15.84 days (95% CI 11.68–20, SE 2.12; I2 = 97.24) and the pooled mortality rate was 11.3% (95% CI 7.9–16%; I2 = 74.85). However, treatment with Remdesivir was associated with adverse effects (55.3%, 95% CI 31.5–76.9%; I2 = 97.66) eventually warranting the discontinuation of the drug (17.8%, 95% CI 8.6–33.1%; I2 = 95.64). The meta-analysis of three clinical trials indicated that administration of Remdesivir significantly reduces the mortality compared to the placebo (OR 0.70, 95% CI 0.58–0.84, p ≤ 0.001; I2 = 16.6).

Conclusions and Relevance: The result of contemporary meta-analysis suggests mortality benefit with Remdesivir in COVID-19 and median recovery time was over 2 weeks. The pooled mortality with Remdesivir was found to be very low, and this analysis can shed light on this potential treatment for COVID-19 patients.
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HIGHLIGHTS

What We Already Know About This Topic

- COVID-19 is global pandemic and Remdesivir is emerging as a promising therapeutic drug.

- Preliminary clinical trial results propose that there may be a satisfactory safety profile and better clinical outcome for Remdesivir group compared with placebo or standard of care; however, data is limited at the current time.

What This Article Tells Us That Is New

- Our systematic review and meta-analysis provides a detailed overview of existing literature on Remdesivir in COVID-19 to evaluate the mortality benefits and adverse events.



INTRODUCTION

The city of Wuhan in China initially noted and reported the first case of coronavirus, termed as SARS-CoV-2, in December 2019 (1). The World Health Organization (WHO) confirmed the coronavirus outbreak as a worldwide public health emergency on January 30th, 2020, and a pandemic on March 11th, 2020 (2). The WHO estimated that significant illness could happen in as high as 13.8%, and as high as 6.1% could be serious (3). The 2019–2020 pandemic has infected more than 12 million people (4). This has resulted in more than 550,000 fatalities and correspond to a crude case mortality rate of ~4.57% (4, 5).

In current medical and public health emergency, the rapid detection of effective treatment option against SARS-CoV-2 remains challenge. The utilization of existing antiviral drugs and screening of available databases could be considered as an efficient strategy. Remdesivir, an antiviral drug, has been recently recognized as a potential therapy against SARS-CoV-2 (6, 7). On April 21st, 2020, “Solidarity,” an international clinical trial, was launched by the World Health Organization (8). The aim of the study is to compare four treatment options, including Remdesivir, to find effective therapies. On May 1st, 2020, the U.S. Food and Drug Administration allowed the emergency use of Remdesivir for the management of COVID-19 in critically ill hospitalized patients (9).

Given the limited information known about Remdesivir in COVID-19, our systemic review and meta-analysis provide a detailed overview of existing literature on Remdesivir in COVID-19 to evaluate the benefits and adverse events. This may help plan future randomized controlled trials with an appropriate size to establish the efficacy and safety of Remdesivir.



METHODS


Search Method and Strategy

A systematic search was conducted from COVID19 inception through July 19th, 2020, for full-length articles focusing on the efficacy and safety of Remdesivir in COVID-19. The search strategy consisted of keywords “Remdesivir,” “SARS-CoV-2,” and “COVID-19” across the COVID 19 database provided by WHO Global Research Database, CDC COVID-19 Research Articles Downloadable Database, and LitCovid database. All available databases were automatically searched from inception through July 2020 for articles describing the outcomes of COVID-19 which include Medline (Ovid and PubMed), Embase, Academic Search Complete, CAB Abstracts, Africa Wide Information, Global Health, ProQuest Central, PsycInfo, Cochrane Library, Scopus, the Virtual Health Library, CINAHL, SciFinder, and LitCovid. Other literature sources such as the Euro surveillance, China CDC Weekly, Homeland Security Digital Library, ClinicalTrials.gov, bioRxiv (preprints), medRxiv (preprints), chemRxiv (preprints), and SSRN (preprints) were searched as well. After a thorough search was performed, full-length articles meeting the inclusion criteria were evaluated. Subsequently, a manual search of the references of the included articles was accomplished. Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines were used [(10); Figure 1].
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FIGURE 1. PRISMA study flow diagram.


The inclusion criteria for the systematic review are as follows:

1. Studies reporting outcomes such as mortality and adverse events of Remdesivir in hospitalized patients with COVID-19.

2. Full text, peer-reviewed articles (Meta-analysis, case-studies and case series, systematic reviews, randomized controlled trials).

Once the studies met the inclusion criteria, each study was reviewed by two reviewers (KM and IG) independently, and disagreements were discussed amongst all author-reviewers and resolved via a consensus. Subsequently, the data was collected and tabulated using Microsoft Excel. The included data was checked for accuracy by all authors. Studies focussing on patients <18 years of age, pregnant females, and studies limited to particular co-morbidities and organ dysfunctions were excluded to avoid selection bias. Also, in-vitro studies not pertaining to the efficacy of Remdesivir in COVID-19 were excluded from quantitative synthesis (Supplementary Table 1). The data was extracted from publicly available studies; thus, IRB approval was not necessary.



Outcomes

Primary outcomes were defined as Mortality benefit for the patients on Remdesivir in COVID-19. The mortality rate was evaluated in comparison to the control group (placebo or no Remdesivir). The defined secondary outcome was pooled adverse events rate, pooled mortality rate, the median time to recovery, and pooled drug discontinuation rate.



Statistical Analysis

All outcomes were analyzed utilizing the Comprehensive Meta-Analysis software package (Biostat, Englewood, NJ, USA) (11). The final pooled risk estimates were obtained using random effects models (12). Raw data for events and non-events from each study were used to calculate crude odd's ratio (OR) for each study with respective 95% confidence intervals (CI) by using a random-effects model (12). To evaluate continuous outcomes, the median was converted to mean by a previously validated method (13). Subsequently, the estimates for mean recovery time were obtained using the random effects model. The Cochrane Q and the I2 statistics were evaluated to estimate heterogeneity between studies (14). P < 0.10 for the chi-square test and I2 < 20% were interpreted as low-level heterogeneity (14). The possibility of publication bias was estimated using funnel plots and with Egger's test (15).



Risk of Bias

Two authors (KM and IG) independently assessed the risk of bias of each study included. All disagreements were discussed with all the authors, and the decision was made via a consensus. Cochrane tool for Risk of Bias (16) was used for Randomized controlled trials, and Correlation of Quality measures with estimates of treatment effects in meta-analyses of randomized controlled trials tool (17) was used for quality assessment of the same (Table 1A: Quality assessment and Risk of Bias assessment for RCT).


Table 1A. Quality assessment for RCT studies.
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Non-randomized studies were evaluated using the NIH Quality Assessment Tool for Case Series Studies (18). Quality assessments were conducted independently, and discrepancies were resolved by consensus (Table 1B: Quality Assessment of Case series).


Table 1B. NIH quality assessment tool for case series studies.
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RESULTS


Search Results

The initial library search identified potentially relevant citations from PubMed, Medline, CENTRAL, EMBASE, Scopus, Web of Sciences, and clinical trial registries, comprised of 1,46,756 articles. Subsequently, 61,660 duplicates were removed. Out of the remaining 85,096 articles, 8,806 were focusing on the treatment of COVID-19, out of which 680 articles described Remdesivir. A total of 82 articles fulfilled the inclusion criteria, while 598 did not. The remaining manuscripts were scrutinized further, and 48 were further excluded: 39 due to non-relevance to the objective of the manuscript while 9 being in-vitro studies. Out of the remaining 34 articles, 26 were additionally excluded due to unclear evidence, unavailable outcome, and no reference regarding Remdesivir treatment. Thus, 9 studies were included in their entirety as shown in the qualitative synthesis, and 7 in the quantitative synthesis (2 Case series, 3 Randomized controlled trials, and 2 open-labeled prospective studies) as 2 case reports were excluded due to non-suitability for qualitative synthesis (Figure 1).



Study Characteristics

A total of 1,895 patients from 9 articles (6, 19–26) were included in qualitative synthesis, and 7 studies were included for quantitative synthesis. Out of these, 1,237 patients were treated with Remdesivir, and 656 were not treated with Remdesivir. Among these articles, a total of three studies compared outcomes of Remdesivir in COVID-19 with placebo treatment; two were double-blinded randomized controlled trials (19, 24) while one was a simulated two-arm controlled study (22). A randomized open-label study by Goldman et al. (20) compared outcomes of 5 days course vs. 10 days course of Remdesivir. Similarly, another, open-label study also reported clinical outcomes on the 10th and 28th day of Remdesivir treatment (26). The other included studies were 2 case series (6, 23), including the study describing the compassionate use of Remdesivir in COVID-19. The study characteristics and outcomes are mentioned in Table 2.


Table 2. Study characteristics and outcomes.
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Dose and Treatment Regimen of Remdesivir

According to the INMI COVID-19 Treatment Group (ICOTRE Guidelines), the standard dose of Remdesivir is a loading dose of 200 mg given as an intravenous (IV) infusion over 30 min and a maintenance dose of 100 mg per day for 10 days (27). This dosing regimen was consistent with all the articles included in the analysis except one. Goldman et al. (20) compared the outcomes of a 5 vs. 10-day IV Remdesivir course in a randomized trial and found that clinical improvement on an ordinal scale was similar in both groups (P = 0.14).



Primary Outcomes


Mortality Benefits in Remdesivir Treated Patients

Three studies described mortality in patients treated with Remdesivir compare to No-Remdesivir. Wang et al. (24) reported 28-day mortality; Beigel et al. (19) described 14-day mortality; and Hsu et al. (22) observed a statistically significant reduction of death using Remdesivir.

The meta-analysis on the available 3 RCTs indicated that the administration of Remdesivir significantly reduces the mortality in comparison to placebo (OR 0.70, 95% CI 0.58–0.84, p < 0.0001; I2 = 16.59) (Figure 2).


[image: Figure 2]
FIGURE 2. Remdesivir and mortality outcome.





Secondary Outcomes


Pooled Mortality Rate in Remdesivir Treated Patients

The pooled mortality from all studies in patients treated with Remdesivir was 11.3% (95% CI 7.9–16%; I2 = 74.85) (Supplementary Figure 1A). Wang et al. (24) reported the highest mortality rate (14%), while Beigel et al. (19) described the lowest mortality rate (7.1%).



Recovery Time in Remdesivir Treated Patients

In patients treated with Remdesivir, the pooled mean recovery time from five studies was 15.84 days (95% CI 11.68–20.00, SE = 2.125) (Supplementary Figure 1B). As per the studies included in the analysis, average days of hospitalization in patients treated with Remdesivir ranged between 14 and 37 days. A 4-day reduction in hospital length of stay was noted by Beigel et al. (19) with a 31% shorter recovery time in the treatment arm compared to placebo (Table 2). According to Hsu et al. (22), Remdesivir treated patients had a 33% (95% CI 28–38%) increased odds of discharge than the control group and had a shorter hospital stay (Table 2). Hsu et al. (22) also found that the severity of COVID-19 was directly associated with a longer recovery time (Table 2). The shortest recovery time was noted in the case-report by Holshue et al. (21), were within 48 h of administration of Remdesivir, the clinical condition of the patients improved remarkably. This result was also reflected by the resolution of these patient's pulmonary lesions within 48–72 h [(21); Table 2].



Adverse Effects of Remdesivir

The pooled adverse event rate from six studies with Remdesivir was 55.3% (95% CI 31.5–76.9%; I2 = 97.66) (Supplementary Figure 1C). Common adverse effects reported are constipation, increased total bilirubin, increased aminotransferase levels (reversible), infusion site reactions, hypoalbuminemia, hypokalaemia, anemia, thrombocytopenia, hypoglycaemia, and pyrexia. Serious adverse effects reported are multiple-organ-dysfunction syndrome, septic shock, and acute kidney injury (Table 2).




Discontinuation Rate

The pooled Remdesivir discontinuation rate from five studies with Remdesivir was 17.8% (95% CI 8.6–33.1%; I2 = 95.64) (Supplementary Figure 1D). The reasons for discontinuation of Remdesivir were the serious adverse effects in all the cases, and no drop cases reported in any studies (Table 2).



Publication Bias

The funnel plot along with Egger's test (as shown in Supplementary Figure 2) revealed no publication bias. However, as there were <10 studies included in the analysis; thus publication bias cannot be completely excluded.



Quality Assessment of Included Studies

The quality of the studies was assessed using the Cochrane Risk of Bias Tool for RCTs [(16); Table 1A]. All RCTs had adequate selection criteria. Hsu et al. (22) did not report adequate concealment, whereas Goldman et al. (20) also did not describe concealment measures. Wang et al. (24) reported adequate measures of randomization. Overall, the modified risk of bias tool showed that the included studies had low to medium risk bias.

The NIH Quality Assessment Tool (18) for Case Series was used for case series (Table 1B). Both included studies reported and fully described the population with adequate follow up. Therefore, both the studies were rated as useful on the scale.



Narrative Synthesis in-vitro Studies

Remdesivir is a broad-spectrum antiviral agent that demonstrated in vitro and in vivo activity against RNA viruses (Supplementary Table 1). Remdesivir has also established broad-spectrum antiviral activity against an array of RNA virus families including Coronaviridae [SARS, MERS, and other CoV (alpha-FIP, beta-MHV, SARS1, MERS, SARS-2, and delta)], Filoviridae (Flaviviridae-Marburg and Ebola, VHF), Paramyxoviridae [Paramyxovirus (Mumps and Para-influenza), Pneumovirus (RSV), Morbillivirus (Measles), and Henipavirus (Nipah, Hendra)] (28–36); Supplementary Table 2.




DISCUSSION

To combat the urgent medical and public health emergency due to COVID-19, the use of existing antiviral drugs based on systematic review and meta-analysis provides the most trustworthy data regarding the outcomes of Remdesivir in COVID-19. As the information about this promising drug is limited to small sample size trials and studies, we conducted a meta-analysis and systematic review to provide high-quality evidence on the outcomes of Remdesivir in COVID-19. This provides an overview of Remdesivir's in-vitro studies and analyses published clinical data regarding Remdesivir's use in COVID-19.This is the first systematic review and meta-analysis to provide evidence on the efficacy and safety of Remdesivir in COVID-19.

Recently, the results from the first randomized, double-blind, placebo-controlled clinical trial using Remdesivir in COVID-19 was published (24). The study suggested a non-significant reduction in the median time to clinical improvement. However, the study may have been underpowered to detect significant differences. The Adaptive COVID-19 Treatment Trial (ACTT) (19) reported a significant reduction in recovery time in the Remdesivir group as compared to the placebo group. Additionally, the study reported a decrease in mortality amongst Remdesivir cohort as compared to placebo (19). A decision was then made by the National Institute of Allergy and Infectious Diseases (NIAID) to end this trial earlier than expected due to significant benefit of Remdesivir determined in the interim analysis (37). Similar to these findings, our result also supports the published data and confirms that Remdesivir may even reduce mortality compared with placebo or standard of care and improves time to recovery.

Our analysis also suggests a lower pooled mortality rate of 11.3% (95% CI 7.9–16%, I2 = 74.85) in COVID-19 patients. One of the reasons for lower pooled mortality could be that at the beginning of the pandemic, due to potential side effects of Remdesivir, many of the most serious patients may not have been considered to treatment and later, the inclusion of the drug in treatment protocols in less severely ill, may have introduced a confounding factor as Remdesivir treated patients are less severe.

The study which contributed significantly to the mortality benefit in our meta-analysis was the study by Hsu et al. (22). They reported 29% (95% CI 22–35%) reduction in odds of mortality with Remdesivir and a 39% decrease in the risk for the combined endpoint of severe status and death compared to the control group (22). This suggests that Remdesivir might be more effective as compared to the use in Ebola (34). A possible explanation of the improved clinical outcomes with Remdesivir could be the multiple mechanisms of action such as mutagenesis, chain termination, and perturbation of natural nucleotide triphosphate pools (33, 38). This has been shown in multiple prior in vitro studies (Supplementary Table 2). Remdesivir has revealed antiviral and clinical effects against SARS-CoV-1 and MERS-CoV infections in various animal models (28, 29, 31, 32, 35).

Even though some studies suggested that Remdesivir could be effective at a relatively low micro molar concentration compared with its cytotoxic concentration (29, 31), the safety of the drug in humans is still uncertain. The pooled adverse event rate from all studies with Remdesivir was 55.3% (95% CI 31.5–76.9%; I2 = 97.66). Even though some patients reported severe adverse events in the Remdesivir group compared with the placebo cohort, a higher number of patients discontinued Remdesivir (24). However, it is unknown if the liver enzyme abnormalities are a consequence of the COVID-19 itself or related to the drug. However, these abnormalities were also noticed in healthy volunteers, which may indicate that Remdesivir could be the culprit. Similar to Remdesivir, other nucleoside analogs are known to lead to liver enzyme elevations (39, 40). The most frequent mechanism postulated for increase the liver enzyme elevation is the inhibition of mitochondrial DNA synthesis. The subsequent mitochondrial dysfunction leads to multiple manifestations such as liver enzyme elevation, myopathy, pancreatitis or bone marrow suppression (39, 40). Another mechanism could be via hypersensitivity reaction or the production of toxic metabolites (39). However, these elevations tend to be idiosyncratic and uncommon, whereas liver enzyme elevations are frequently described in Remdesivir cohort. We observed that the Remdesivir discontinuation rate is relatively high 17.8% (95% CI 8.6–33.1%; I2 = 95.64). The most common reason for discontinuation of the drug was worsening respiratory failure or acute respiratory distress syndrome (24). Other reasons being elevated liver enzymes (24). The adverse events rate and drug discontinuation rate should be interpreted with caution, as causality cannot be inferred.

The strengths of our study lie in the modest number of patients across the included studies. The meta-analysis relies on shared subjectivity rather than objectivity and deals with the main effects so that results can be generalized to the target population.

Despite a large number of patients in the analysis, the meta-analysis has some limitations. A limitation of our meta-analysis based on mortality rate is inherent to the methodology. Summarizing large amounts of varying information that are useful for clinical outcomes in terms of a single number may ignore essential differences between studies. However, this limitation is a controversial aspect of meta-analysis (41). However, a meta-analysis generalizes results despite differences in primary research and does not merely report a summary effect. We observed a significant amount of heterogeneity in our studies primarily related to recovery time, pooled adverse event rate, and drug discontinuation rate. This observed heterogeneity might be due to the geographical location of the studies along with the clinical practice differences in the COVID-19 care. Another reason for heterogeneity could be the dissimilar time periods in the background of the evolving clinical evidence. The timing of Remdesivir therapy in COVID-19 may also influence outcomes, as seen in ACTT-1 trial (19). However, we were unable to pool data according to the severity of COVID-19 subgroups due to lack of available information. We would like to mention that our study predominantly describes the clinical data and incidence rates in hospitalized patients. Also the number of included studies is very few, and the analysis relied on data from case-series and clinical trials in the early phase, with a low level of evidence. Lastly, case series could also have publication bias. However, the case series were not utilized for evaluation of primary outcome and therefore less likely to influence the results overall. Even though no publication was found on visual examination of the funnel plot, further studies are needed to confirm the same. Larger scale studies (42) estimating the various systemic involvements are needed to confirm the findings.



CONCLUSION

Our systemic review and meta-analysis suggest that there may be a favorable risk-benefit profile for Remdesivir compared with placebo in severe COVID-19 infection. Presently, there are no pharmacologic therapies that have shown significant benefit in COVID-19. The present COVID-19 management strategy is focused on providing supportive care and preventing complications (43, 44). Effective agents are, therefore, urgently required to relieve the burden on healthcare systems. The larger observational studies (42) and clinical trials are warranted to confirm these findings (Supplementary Table 3).



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

KM and VB contributed equally in the defining the study outline and manuscript writing. Data review and collection done by KM, IG, SH, JM, and NM. Statistical analysis was done by VB and AB. Study design and critical review done by IM and RK. VB, KM, and AB were guarantor of the paper, taking responsibility for the integrity of the work as a whole, from inception to published article. All authors contributed to the article and approved the submitted version.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2020.606429/full#supplementary-material



ABBREVIATIONS

ACTT, the Adaptive COVID-19 Treatment Trial; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CI, confidence Interval; COVID 19, Coronavirus Disease 2019; DNA, deoxyribonucleic acid; FDA, Food and Drug Administration; HIV, Human Immunodeficiency Virus; HR, Hazard Ratio; IV, intravenous; MERS, Middle Eastern Respiratory Syndrome; MERS-CoV 1, Middle Eastern Respiratory Syndrome Coronavirus 1; NJ, New Jersey; NIH, National Institute of Health; NAID, National Institute of Allergy and Infectious Diseases; OR, Odds Ratio; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analysis; PREVAIL study, Partnership for Research on Ebola Virus in Liberia study; PALM study, PAmoja TuLinde Maisha study; RNA, ribonucleic acid; RCT, Randomized Clinical Trial; RSV, Respiratory Syncytial Virus; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; SARS-CoV-1, Severe Acute Respiratory Syndrome Coronavirus 1; USA, United States of America; VHF, Viral Hemorrhagic Fever; WHO, World Health Organization.



REFERENCES

 1. Shah A, Kashyap R, Tosh P, Sampathkumar P, O'Horo JC. Guide to understanding the 2019 novel coronavirus. Mayo Clin Proc. (2020) 95:646–52. doi: 10.1016/j.mayocp.2020.02.003

 2. Cucinotta D, Vanelli M. WHO declares COVID-19 a pandemic. Acta Biomed. (2020) 91:157–60. doi: 10.23750/abm.v91i1.9397

 3. World Health Organization. Report of the WHO-China Joint Mission on Coronavirus Disease 2019 (COVID-19). Geneva. Available online at: https://www.who.int/docs/default-source/coronaviruse/who-china-joint-mission-on-covid-19-final-report (accessed February 16–24, 2020).

 4. Dong E, Du H, Gardner L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect Dis. (2020) 20:533–4. doi: 10.1016/S1473-3099(20)30120-1

 5. Roser M, Ritchie H, Ortiz-Ospina E, Hasell J. Coronavirus Pandemic (COVID-19): Mortality Risk of COVID-19 - Statistics and Research. Our World in Data Web Site. (2020). Available online at: https://www.ourworldindata.org/mortality-risk-covid#the-case-fatality-rate (accessed August 19, 2020).

 6. Grein J, Ohmagari N, Shin D, Diaz G, Asperges E, Castagna A, et al. Compassionate use of Remdesivir for patients with severe covid-19. N Engl J Med. (2020) 382:2327–36. doi: 10.1056/NEJMc2015312

 7. McCreary EK, Pogue JM. Coronavirus disease 2019 treatment: a review of early and emerging options. Open Forum Infect Dis. (2020) 7:ofaa105. doi: 10.1093/ofid/ofaa105

 8. World Health Organization. Solidarity” Clinical Trial for COVID-19 Treatments. World Health Organization (WHO). Situation reports. Geneva: WHO. (2020). Available online at: https://www.who.int/emergencies/diseases/novel-coronavirus-2019/global-research-on-novel-coronavirus-2019-ncov/solidarity-clinical-trial-for-covid-19-treatments (accessed April 5, 2020).

 9. FDA. Fact Sheet for Health Care Providers Emergency Use Authorization (EUA) of Remdesivir (GS-5734™). (2020). Available online at: https://www.fda.gov/media/137566/download (accessed August 19, 2020).

 10. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, Ioannidis JP, et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate healthcare interventions: explanation and elaboration. BMJ. (2009) 339:b2700. doi: 10.1136/bmj.b2700

 11. Borenstein M, Hedges L, Higgins J, Rothstein H. Comprehensive Meta-Analysis Version 3. Englewood, NJ: Biostat. (2013). Available online at: https://www.meta-analysis.com/index.php?cart=BBFA4702757 (accessed August 26, 2020).

 12. Deeks JJ, Higgins JPT, Altman DG, Cochrane Statistical Methods Group. Chapter 10: Analysing data and undertaking meta-analyses. In: Higgins J, Thomas J, Chandler J, et al. editors. Cochrane Handbook for Systematic Reviews of Interventions version 6.0 (updated July 2019). Chichester: John Wiley & Sons (2019). p. 241–84. doi: 10.1002/9781119536604.ch10

 13. Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard deviation from the sample size, median, range and/or interquartile range. BMC Med Res Methodol. (2014) 14:135. doi: 10.1186/1471-2288-14-135

 14. Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, et al. Cochrane Handbook for Systematic Reviews of Interventions. Hoboken, NJ: John Wiley & Sons (2019). doi: 10.1002/9781119536604

 15. Page MJ, Higgins JPT, Sterne JAC. Chapter 13: Assessing risk of bias due to missing results in a synthesis. In: Higgins J, Thomas J, Chandler J, et al. editors. Cochrane Handbook for Systematic Reviews of Interventions Version 6.0 (Updated July 2019). Chichester: John Wiley & Sons (2019). p. 349–74. doi: 10.1002/9781119536604.ch13

 16. Higgins JPT, Savović J, Page MJ, Elbers RG, Sterne JAC. Chapter 8: Assessing risk of bias in a randomized trial. In: Higgins J, Thomas J, Chandler J, et al. editors. Cochrane Handbook for Systematic Reviews of Interventions version 6.0 (updated July 2019). Chichester: John Wiley & Sons (2019). p. 205–28. doi: 10.1002/9781119536604.ch8

 17. Balk EM, Bonis PA, Moskowitz H, Schmid CH, Ioannidis JP, Wang C, et al. Correlation of quality measures with estimates of treatment effect in meta-analyses of randomized controlled trials. JAMA. (2002) 287:2973–82. doi: 10.1001/jama.287.22.2973

 18. National Heart L, and Blood Institute (NHLBI). Study Quality Assessment Tools. Available online at: https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools (accessed August 26, 2020).

 19. Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC, et al. Remdesivir for the treatment of covid-19 - preliminary report. N Engl J Med. (2020) 383:1813–26. doi: 10.1056/NEJMoa2007764

 20. Goldman JD, Lye DCB, Hui DS, Marks KM, Bruno R, Montejano R, et al. Remdesivir for 5 or 10 days in patients with severe covid-19. N Engl J Med. (2020) 383:1827–37. doi: 10.1056/NEJMoa2015301

 21. Holshue ML, DeBolt C, Lindquist S, Lofy KH, Wiesman J, Bruce H, et al. First case of 2019 novel coronavirus in the United States. N Engl J Med. (2020) 382:929–36. doi: 10.1056/NEJMoa2001191

 22. Hsu CY, Lai CC, Yen AMF, Chen SLS, Chen HH. Efficacy of Remdesivir in COVID-19 patients with a simulated two-arm controlled study. medRxiv [Preprint]. doi: 10.1101/2020.05.02.20088559

 23. Kujawski SA, Wong KK, Collins JP, Epstein L, Killerby ME, Midgley CM, et al. Clinical and virologic characteristics of the first 12 patients with coronavirus disease 2019 (COVID-19) in the united states. Nat Med. (2020) 26:861–8. doi: 10.1038/s41591-020-0877-5

 24. Wang Y, Zhang D, Du G, Du R, Zhao J, Jin Y, et al. Remdesivir in adults with severe COVID-19: a randomised, double-blind, placebo-controlled, multicentre trial. Lancet. (2020) 395:1569–78. doi: 10.1016/S0140-6736(20)31022-9

 25. Hillaker E, Belfer JJ, Bondici A, Murad H, Dumkow LE. Delayed initiation of Remdesivir in a COVID-19-positive patient. Pharmacotherapy. (2020) 40:592–8. doi: 10.1002/phar.2403

 26. Antinori S, Cossu MV, Ridolfo AL, Rech R, Bonazzetti C, Pagani G, et al. Compassionate Remdesivir treatment of severe covid-19 pneumonia in intensive care unit (ICU) and Non-ICU patients: clinical outcome and differences in post-treatment hospitalisation status. Pharmacol Res. (2020) 158:104899. doi: 10.1016/j.phrs.2020.104899

 27. Nicastri E, Petrosillo N, Ascoli Bartoli T, Lepore L, Mondi A, Palmieri F, et al. National institute for the infectious diseases “L. Spallanzani,” IRCCS. Recommendations for COVID-19 clinical management. Infect Dis Rep. (2020) 12:8543. doi: 10.4081/idr.2020.8543

 28. Brown AJ, Won JJ, Graham RL, Dinnon KH 3rd, Sims AC, Feng JY, et al. Broad spectrum antiviral Remdesivir inhibits human endemic and zoonotic deltacoronaviruses with a highly divergent RNA dependent RNA polymerase. Antiviral Res. (2019) 169:104541. doi: 10.1016/j.antiviral.2019.104541

 29. Sheahan TP, Sims AC, Graham RL, Menachery VD, Gralinski LE, Case JB, et al. Broad-spectrum antiviral GS-5734 inhibits both epidemic and zoonotic coronaviruses. Sci Transl Med. (2017) 9:eaal3653. doi: 10.1126/scitranslmed.aal3653

 30. Murphy BG, Perron M, Murakami E, Bauer K, Park Y, Eckstrand C, et al. The nucleoside analog GS-441524 strongly inhibits feline infectious peritonitis (FIP) virus in tissue culture and experimental cat infection studies. Vet Microbiol. (2018) 219:226–33. doi: 10.1016/j.vetmic.2018.04.026

 31. Sheahan TP, Sims AC, Leist SR, Schafer A, Won J, Brown AJ, et al. Comparative therapeutic efficacy of Remdesivir and combination lopinavir, ritonavir, and interferon beta against MERS-CoV. Nat Commun. (2020) 11:222. doi: 10.1038/s41467-019-13940-6

 32. de Wit E, Feldmann F, Cronin J, Jordan R, Okumura A, Thomas T, et al. Prophylactic and therapeutic Remdesivir (GS-5734) treatment in the rhesus macaque model of MERS-CoV infection. Proc Natl Acad Sci USA. (2020) 117:6771–6. doi: 10.1073/pnas.1922083117

 33. Agostini ML, Andres EL, Sims AC, Graham RL, Sheahan TP, Lu X, et al. Coronavirus susceptibility to the antiviral Remdesivir (GS-5734) is mediated by the viral polymerase and the proofreading exoribonuclease. mBio. (2018) 9:e00221–18. doi: 10.1128/mBio.00221-18

 34. Mulangu S, Dodd LE, Davey RT Jr, Tshiani Mbaya O, Proschan M, Mukadi D, et al. A randomized, controlled trial of Ebola virus disease therapeutics. N Engl J Med. (2019) 381:2293–303. doi: 10.1056/NEJMoa1910993

 35. Warren TK, Jordan R, Lo MK, Ray AS, Mackman RL, Soloveva V, et al. Therapeutic efficacy of the small molecule GS-5734 against Ebola virus in rhesus monkeys. Nature. (2016) 531:381–5. doi: 10.1038/nature17180

 36. Lo MK, Feldmann F, Gary JM, Jordan R, Bannister R, Cronin J, et al. Remdesivir (GS-5734) protects African green monkeys from Nipah virus challenge. Sci Transl Med. (2019) 11:eaau9242. doi: 10.1126/scitranslmed.aau9242

 37. Herper M. Inside the NIH's Controversial Decision to Stop its Big Remdesivir Study. (2020). Available online at: https://www.statnews.com/2020/05/11/inside-the-nihs-controversial-decision-to-stop-its-big-remdesivir-study/ (accessed July 19, 2020).

 38. Guo YR, Cao QD, Hong ZS, Tan YY, Chen SD, Jin HJ, et al. The origin, transmission and clinical therapies on coronavirus disease 2019 (COVID-19) outbreak - an update on the status. Mil Med Res. (2020) 7:11. doi: 10.1186/s40779-020-00240-0

 39. Nucleoside Analogues. In: LiverTox: Clinical and Research Information on Drug-Induced Liver Injury. Bethesda, MD: National Institute of Diabetes and Digestive and Kidney Diseases (2012).

 40. Salazar E, Perez KK, Ashraf M, Chen J, Castillo B, Christensen PA, et al. Treatment of coronavirus disease 2019 (COVID-19) patients with convalescent plasma. Am J Pathol. (2020) 190:1680–90. doi: 10.1016/j.ajpath.2020.05.014

 41. Garg AX, Hackam D, Tonelli M. Systematic review and meta-analysis: when one study is just not enough. Clin J Am Soc Nephrol. (2008) 3:253–60. doi: 10.2215/CJN.01430307

 42. Walkey AJ, Kumar VK, Harhay MO, Bolesta S, Bansal V, Gajic O, et al. The viral infection and respiratory illness universal study (VIRUS): an international registry of coronavirus 2019-related critical illness. Crit Care Explor. (2020) 2:e0113. doi: 10.1097/CCE.0000000000000113

 43. Tamblyn S, Salvadori M, St-Louis P, Yeung T, Haroon B, Fox-Robichaud A, et al. Clinical Management of Patients with Moderate to Severe COVID-19-Interim Guidance (2020). Geneva.

 44. Bhimraj A, Morgan RL, Shumaker AH, Lavergne V, Baden L, Cheng VC, et al. Infectious diseases society of America guidelines on the treatment and management of patients with COVID-19. Clin Infect Dis. (2020). doi: 10.1093/cid/ciaa478. [Epub ahead of print].

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Bansal, Mahapure, Bhurwal, Gupta, Hassanain, Makadia, Madas, Armaly, Singh, Mehra, O'Horo and Kashyap. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-07-606429-t003.jpg
Study

Grein et al. (6)

Kujawski et al./

COVID-Investigation

Team (23)

Holshue et al. (21)

Hillaker et al. (25)

Wang et al. (24)

Hsu et al. (22)

Beigel et al. (19)

NCT04292899/
Goldman et al. (20)

Antinori et al. (26)

Type of study

Case series

Case series

Case report

Case report

RCT

RCT

RCT

Prospective
compassionate
open-label
study

Total
patients

53

2@

hospitalizec)

236

106

1,059

397

35

Treatment Control

arm

53

3

158

53

538

397

35

arm

0

78

53

521

Defined outcome

Decrease of 2 points
or more on 6 point
ordinal scale or
discharge at day 28

Recovery in ciinical
symptoms and
maintaining SpO2
above 94

Giinical improvement
and radiological
findings resolution

Clinical improvement
and radiological
findings resolution
Clinical improvement
up to day 28,
defined as decline of
two levels on a
six-point ordinal
scale of clinical
status or discharged
alive from hospital,
whichever carme first

Reduction in
mortality and
increase in
probabiity of
discharge

Time to recovery,
defined by either
discharge from the
hospital or
hospitalization for
infection control
purposes

Two or more points
improvement in
ordinal scale

Change in ciinical
status based ona
7-category ordinal
scale

Average
recovery time

18 days

Mean 14 days
(6-37 days)

2days

2-4 days

Mean 19 days
in treatment
group vs. 21
days in control
group

55, 16.5, and
295 days for
low-, medium-,
and high-risk
state

Mean 11 days
for cases vs. 15
days for the
placebo group
(P <0001)

14 days

28 days follow
up. Not
provided mean
or median
recovery time

Clinical improvement

Discontinued for
36/53 (68%) and
/53 (15%)
worsened

Not applicable

Discontinued (for
1/ 100%)
maintained
sp02-96%
Discontinued (for
1/1100%)

Discontinued for
88% in
treatment group
and 83% in
control group

Not mentioned

Not mentioned

Not mentioned

20/35discharged,
nine died, three
mecharically
ventiated, and
three improved

20/34
[17/30-67% OF
IMV, 3/4 (75%)
OF ECMO]

Not applicable

NA

1/1(100%)
extubated

4/6 (67%) in
treatment group
and 1/4 (25%)
in control group
extubated

Not mentioned

Not mentioned

Not mentioned

Not applicable

Days of
hospitalization

28 days

Mean 14 days
(6-37 days)

<28 days

<28 days

Mean 25 days in
treatment group
and 24 days in
control group

55,165, and
29.5 days for low-,
medium-, and
high-risk state

31% shorter in
treatment arm
than in those who
received placebo,
with a 4-day
reduction in
hospitalization
time

14 days

28 days

Mortality

7/53 (13%)

Not
mentioned

22 (14%) in
treatment
amys. 10
(13%) in
control
group

7/53 (13.2%)

71%in
treatment
am vs.
11.9% with
placebo

37/397
©.31%)

9/35

Adverse events

32/53 (60%),
12/53 (239%)
serious side
effects and 4/32
(8%) needed
discontinuation
due to organ
failure

Al patients had
transient
gastrointestinal
symptoms,
including
nausea,
vomiting,
gastroparesis or
rectal bleeding

0

102 (86%) in
treatment arm
vs. 50 (64%) in
the control
group, 18(12%)
of Remdesivir
group, and
4(5%) of control
group needed
discontinuation
due to organ
failure

Not mentioned

114/541 (21.1%)
in the treatment
armvs. 141/622
(27.0%)in the
placebo group

286/396
(72.04%), 29
needed
discontinuation
8/35
discontinued
due to any
adverse effects





OPS/images/fmed-07-606429-t001.jpg
Study ID

DOl

Biegel et al.

10.1056/NEJM0a2007764

Wang et al.

10.1016/80140
6736(20)31022-9

Hsuetal.

10.1101/
2020.05.02.
20088559

Goldman etal.

10.1066/NEJM0a2015301

Correlation of quality measures with estimates of treatment effects in meta-analyses of randomized controlled trials

Study question well-defined
in introduction and methods

Study question well defined
anywhere in the article
Placebo control

Appropriate outcome
studied

Multicenter Study
Study country

Adequate selection criteria

Randomization methods
described

Central randomization site
Allocation concealment
Patients biinded

Caregivers blinded
Outcome assessors binded
Data analysts blinded
Double blinded

Vital statistical measures

Statistician author or
acknowledged

Intention-to-treat analysis
Power calculation reported
Stopping rules described

Baseline characteristios
reported

Groups similar at baseline
Confounders accounted for
Percentage dropouts
Reasons for dropout given
Findings support conclusion

Adequate
Adequate

Adequate
Adequate

Multicenter

United States (45 sites),
Denmark (8), the

United Kingdom (5), Greece
(@), Germany (3), Korea (2),
Mexico (2), Spain (2), Japan
(1), and Singapore (1).

Adequate
Not described

Not described
Adequate

Yes

Yes

Not described
Yes

Yes

Adequate

Yes

Yes
Yes
Yes
Yes

Yes
Not described
Not described
Yes
Yes

Adequate
Adequate

Adequate
Adequate

Multicenter
China

Adequate

The permuted block
(30 patients per
block) randomization
sequence, including
stratification, was.
prepared by a
statistician not
involved in the tral
using SAS software,
version 9.4

Not described
Adequate

Yes

Yes

Not described
Not described
Yes

Adequate

Yes

Yes
Not described
Yes
Yes

Yes

Not described
10%

Not described
Yes

Risk of bias as per “cochrane modified cochrane risk of bias tool” 2019

Randorm sequence
generation (selection bias)
Allocation concealment
(selection bias)

Selective reporting
(reporting bias)

Other sources of bias (other
bias)

Blinding (participants and
personnel) (performance
bias)

Blinding (outcome
assessment) (performance
bias)

Incomplete outcome data
(attrition bias)

Overal

Medium risk

Low risk

Medium risk

Low risk

Low risk

Low risk

Low risk

The study is judged to raise
some concerns in at least
one domain for this result,
but not to be at high risk of
bias for any domain.

Low risk

Low risk

Low risk

Low risk

Low risk

Low risk

Low risk

The study is judged
to be at low risk of
bias for all domains
for this result.

Adequate
Adequate

Not Defined
Adequate

Single-center
Taiwan

Adequate
Not described

Not described
Inadequate

Not described
Not described
Not described
Not described
Not described
Not described
Not described

Not described
Not described
Not described
Not described

Yes
Not described
Not described
Not described
Yes

Low risk
Low risk
Low risk
Low risk

Low risk

Medium risk

Low risk

The study is judged
to raise some
concerns in at least
one domain for this
result, but not to be
at high risk of bias
for any domain.

Adequate
Adequate

Not described
Adequate

Multicenter

United States, China, France,
Germany, Hong Kong, ltaly,
Japan, Korea, the Netherlands,
Singapore, Spain, Sweden,
Switzerland, Taiwan, and the
United Kingdom.

Adequate
Randomized

Not described
Not described
Not described
Not described
Not described
Not described
Not described
Not described
Not described

Not described
Not described
Not described
Not described

Yes

Not described
Not described
Not described
Not described

Low risk
Unclear risk
Medium risk
Low risk

High risk

High risk

Low risk

The study is judged to have
some concerns for multiple
domains in a way that
substantially lowers confidence
in the result.

Antinori et al.

10.1016/
jphrs.2020.104899

Adequate
Adequate

Not Defined
Adequate

Single-center
taly

Adequate
Not described

Not described
Inadequate
Not described
Not described
Not described
Not described
Not described
Adequate

Not described

Not described
Not described
Not described
Yes

Yes

Not described
27%

Yes

Yes

Medium risk
Medium risk.
Low risk
Low risk

Low risk

Low risk

Low risk

The study is judged
to have some
concerns for multiple
domains in a way
that substantially
lowers confidence in
the result,





OPS/images/fmed-07-606429-t002.jpg
Study ID

1. Was the study question or objective clearly
stated?

2. Was the study population clearly and fully
described, including a case definition?

3. Were the cases consecutive?
4. Were the subjects comparable?
5. Was the intervention clearly described?

6. Were the outcome measures clearly defined,
valid, reliable, and implemented consistently
across all study participants?

7. Was the length of follow-up adequate?
8. Were the statistical methods well described?
9. Were the results well described?
Quality rating (Good, Fair, and Poor)

Grein
etal.

Yes

Yes

Yes
Yes
Yes
Yes

Yes
N/A
Yes
Good

Kajawski
etal.

Yes

Yes

Yes
Yes
Yes
Yes

Yes
N/A
Yes
Good





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Mortality Benefit of Remdesivir in COVID-19: A Systematic Review and Meta-Analysis



		Highlights



		Introduction



		Methods



		Search Method and Strategy



		Outcomes



		Statistical Analysis



		Risk of Bias







		Results



		Search Results



		Study Characteristics



		Dose and Treatment Regimen of Remdesivir



		Primary Outcomes



		Mortality Benefits in Remdesivir Treated Patients









		Secondary Outcomes



		Pooled Mortality Rate in Remdesivir Treated Patients



		Recovery Time in Remdesivir Treated Patients



		Adverse Effects of Remdesivir









		Discontinuation Rate



		Publication Bias



		Quality Assessment of Included Studies



		Narrative Synthesis in-vitro Studies







		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Mortality Benefit of Remdesivir in
COVID-19: A Systematic Review
and Meta-Analysis





OPS/images/fmed-07-606429-g001.gif





OPS/images/fmed-07-606429-g002.gif
‘Comparison of Mortality rate in patients on Remdesivir versus Non-Remdesivir treatment

Py

e

P
W

o "
s v









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





