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Description of the cohort 26 

In autumn 2022, MGH reported a surge in RSV cases, with a total of 950 RSV-positive samples 27 

from Sept 1 – Nov 17 (Supplemental Table 1). In the MGH dataset, the number of positive RSV 28 

cases peaked the week of October 29, 2022, much earlier than previous years, and subsequently 29 

fell, mirroring trends that occurred at the state (Figure 1A), national (Pearson’s correlation 30 

coefficient = 0.82, p < 0.0001; Figure 1AB)1, and global levels2.  31 

The 77 patients from whom near-complete and partial RSV genomes were obtained consisted of 32 

44% (n = 34) males with a median age of 2 years, and with 18% (n = 14) collected in inpatient 33 

care, 43% (n = 33) collected in outpatient care, and 39% (n = 30) collected in the emergency 34 

department (Supplemental Table 1B). All 77 patients reported symptoms consistent with a 35 

respiratory infection (Supplemental Table 1B). This cohort was representative of the greater 36 

MGH RSV-positive patient cohort with respect to multiple demographic criteria, including sex (p 37 

= 0.12, chi-square test), age (p = 0.25, Wilcoxon rank sum test), presenting hospital unit (p = 0.07, 38 

chi-square test), and presence of symptoms (p = 1, chi-square test) (Supplemental Table 1A 39 

and B). The MGH cohorts are also consistent with the national RSV hospitalization data1 with 40 

respect to sex (p > 0.05, chi-square tests; Supplemental Table 1C) though they are slightly older 41 

than the national hospitalized cohort (median age 2 at MGH vs. < 1 nationally, p <0.0001, 42 

Supplemental Figure 1). Our study (N = 77) was not powered to investigate associations 43 

between RSV genotype and clinical symptoms or outcomes (e.g., hospitalization or need for 44 

respiratory support). More broadly, the relationship between RSV subtype and clinical severity 45 

remains unclear3-6. 46 

We identified ten instances of co-infection with RSV and another known respiratory virus (9/105 47 

rhinovirus or enterovirus, 1/105 metapneumovirus virus). We did not detect the presence of other 48 

common respiratory viruses (Supplemental Figure 3).  49 

https://paperpile.com/c/JeDX5O/mPemk
https://paperpile.com/c/JeDX5O/tKjPr
https://paperpile.com/c/JeDX5O/mPemk
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Genomic distances between samples ranged from 2 to 273 mutations for RSV-A, and 3 to 70 50 

mutations for RSV-B, with a mean pairwise distance of 181 and 36 mutations respectively. We 51 

identified a single pair of near-complete genomes identical at the consensus-level, suggestive of 52 

a transmission link between these cases.  53 

Methods 54 

Description of samples and associated clinical data 55 

For genomic analysis, we obtained 105 frozen (-80°C), archived, de-identified, residual 56 

diagnostic upper respiratory tract samples that were positive for RSV based on clinical 57 

diagnostic testing from the MGH Clinical Microbiology Laboratory, from individuals presenting 58 

with respiratory symptoms to MGH and its affiliated outpatient practices collected between 59 

November 2 – 15.  Clinical diagnostic testing for the presence of viral respiratory pathogens was 60 

performed using one of three clinically verified, Food and Drug Administration (FDA) emergency 61 

use authorized or approved assays: the Xpert Xpress SARS-CoV-2/Flu/RSV (Cepheid, 62 

Sunnyvale, CA; either the original or plus assay;  90/105 samples) or the BioFire Respiratory 63 

2.1 Panel (BioFire Diagnostics, Salt Lake City, UT; 15/105 samples). The Xpert Xpress SARS-64 

CoV-2/FLU/RSV assays contain targets for the detection of SARS-CoV-2, influenza A and B, 65 

and RSV. The BioFire Respiratory 2.1 Panel contains targets for the following viruses: SARS-66 

CoV-2, non-SARS-CoV-2 coronaviruses, human rhinovirus/enterovirus (combined target), 67 

influenza A and B, RSV, parainfluenza viruses 1-4, adenovirus, and human metapneumovirus.  68 

For the full MGH RSV-positive cohort (N = 950), decisions regarding which assay was used for 69 

viral testing were based on MGH testing policy recommendations specific to the outpatient or 70 

emergency department (ED) and inpatient (IP) settings. For outpatients, from July 11, 2022 to 71 

October 18, 2022, testing using the Cepheid Xpress SARS-CoV-2/Flu/RSV or SARS-CoV-72 
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2/Flu/RSV plus was recommended for symptomatic patients with risk factors for severe disease 73 

or complications from RSV (children < 3 years old,  immunocompromised patients, or those with 74 

chronic lung disease). Routine testing for influenza was discouraged during this time due to low 75 

influenza prevalence based on surveillance data but was automatically performed (along with 76 

testing for SARS-CoV-2) when RSV testing was requested as these viral targets are included in 77 

the Cepheid assays. On October 18, 2022, based on guidance from the Centers for Disease 78 

Control and Prevention (CDC)7 as well as an increase in influenza cases in Massachusetts, 79 

outpatient respiratory viral testing recommendations were changed to highlight appropriate 80 

indications for influenza testing, and the Cepheid assays were again used for symptomatic 81 

patients with risk factors for severe disease or complications from influenza7. RSV and SARS-82 

CoV-2 testing were automatically performed when influenza testing was requested given the 83 

targets present in the Cepheid assays. The Cepheid assays were still the diagnostics of choice 84 

when RSV was clinically suspected. However, there was no requirement or verification that 85 

patients must meet these recommendations for testing. Expanded respiratory viral testing using 86 

the BioFire Respiratory 2.1 Panel was only available in the outpatient setting after approval by 87 

the MGH Clinical Microbiology Laboratory. For ED and IP testing, all respiratory viral testing was 88 

performed using the Pandemic Respiratory Order (PRO) set, which is a clinical decision support 89 

tool that uses provider responses to a series of predefined questions targeting clinical and 90 

operational indications for respiratory virus testing; the ordering clinician does not choose the 91 

assay used. Decision support rules were developed and maintained by experts in infectious 92 

diseases, infection control, and laboratory medicine based on national guidelines (e.g., the 93 

Infectious Diseases Society of America8) and operational considerations (e.g., discharge 94 

disposition), with input from other stakeholders. In general, testing using the Cepheid assays 95 

was performed on all adult immunocompetent patients presenting with symptoms consistent 96 

with COVID-19 as well as immunocompetent pediatric patients presenting to the ED with 97 

symptoms consistent with COVID-19 with a high likelihood of discharge home. 98 
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Immunocompromised patients (pediatric and adult) and immunocompetent pediatric patients 99 

presenting to the ED with symptoms consistent with COVID-19 with a high likelihood of hospital 100 

admission were tested using the BioFire Respiratory 2.1 Panel.  101 

Patient demographics were extracted from the MGH Microbiology Sunquest Laboratory 102 

database, which collates patient information associated with all diagnostic samples collected at 103 

MGH. Symptom reports were extracted from the Mass General Brigham Enterprise Data 104 

Warehouse, which organizes Epic medical record data into an SQL database. 105 

Processing and analysis of national data 106 

Weekly 2022 national case counts were downloaded from the CDC9, and weekly national 107 

hospitalization rates (with demographic breakdowns by age and sex) were downloaded from the 108 

RSV Hospitalization Surveillance Network (RSV-NET)1. We converted hospitalization rates per 109 

100,000 individuals into case counts using demographics from the United Sates Census10. 110 

To compare monthly national case counts with MGH’s monthly positive test counts, we calculated 111 

the Pearson correlation coefficient after removing months with missing data in either data set. To 112 

determine the significance of this correlation, the monthly national case counts were then 113 

scrambled across dates 10,000 times, generating a null distribution of correlation coefficients 114 

(Figure 1B). 115 

The national hospitalization data binned ages (0-6 months, 6-12 months, 1-2 years, 2-5 years, 5-116 

11 years, 12-17 years, 18-29 years, 30-39 years, 40-49 years, 50-64 years, 65-74 years, 75-84 117 

years, 85+ years). For each case in each age bin, we randomly sampled an age uniformly across 118 

the bin. These sampled ages were compared to the ages of individuals in the MGH cohorts using 119 

the Wilcoxon rank sum test (Supplemental Figure 1). 120 

 

https://paperpile.com/c/JeDX5O/GPtMP
https://paperpile.com/c/JeDX5O/mPemk
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Unbiased metagenomic sequencing  121 

To prepare samples for sequencing, we extracted total nucleic acid from upper respiratory tract 122 

samples in transport media, removed DNA with DNase I treatment, and assessed viral quantity 123 

using an RSV-specific SYBR green RT-qPCR assay11. Human ribosomal RNA was then depleted 124 

with an RNase-H based method, and libraries were constructed using a strand-specific ligation-125 

based approach12. Briefly, RNA was heat-fragmented and first-strand cDNA was generated with 126 

randomly primed reverse transcription. Second-strand cDNA was generated with nick translation 127 

and labeled with dUTP. Full-length, y-shaped, unique-dual-index Illumina sequencing adapters 128 

containing a UMI adjacent to the i7 index were ligated to the resulting double-stranded DNA. 129 

Samples were then treated with Uracil-Specific Excision Reagent (USER enzyme) to excise dUTP 130 

from the second strand. Libraries were PCR amplified, quantified, and pooled in equimolar ratios 131 

for sequencing on Illumina MiSeq or NextSeq 550 instruments.  132 

RSV genome assembly and analysis 133 

To assemble RSV genomes, we conducted all analyses using viral-ngs 2.1.2813 on the Terra 134 

platform (app.terra.bio), available via the Dockstore Tool Registry Service 135 

(dockstore.org/organizations/BroadInstitute/collections/pgs). Briefly, samples were 136 

demultiplexed, reads were filtered for known sequencing contaminants, and de novo assembly 137 

with scaffolding against RSV-A (GenBank: KY654518.1) and RSV-B (GenBank: MZ516105.1) 138 

was performed. 139 

The mean unambiguous genome length of these genomes was 11,970 bp for RSV-A and 10,268 140 

bases for RSV-B. Assembled genomes with ≥50% completeness were deposited into NCBI 141 

GenBank (see Supplemental File 1). Raw reads for all samples (including those that did not 142 

produce a successful genome) were deposited in NCBI SRA. All NCBI data were deposited under 143 

BioProject PRJNA904288. 144 

https://paperpile.com/c/JeDX5O/QrFh3
https://paperpile.com/c/JeDX5O/TOQZw
https://paperpile.com/c/JeDX5O/RzrEd
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Phylogenetic analysis 145 

We constructed RSV-A and RSV-B specific maximum-likelihood (ML) phylogenetic trees14 with 146 

associated visualizations using an augur pipeline15 (augur_from_assemblies), part of the 147 

Nextstrain project16. We included all contextual genomes from GenBank with reported collection 148 

dates and a genome length greater than 12,160 bp, corresponding to 80% of the reference 149 

genome length (resulting in a total of RSV-A N=1,238; RSV-B N=934 genomes downloaded on 150 

December 6, 2022). Within augur, RSV-A and RSV-B genomes were aligned via MAFFT v.7 to 151 

GenBank NC_038235.1 and NC_001781.1, respectively. This alignment was further processed 152 

in both the ML and Bayesian analyses. 153 

We used the contextualized ML phylogeny to calculate the number of lineages circulating and 154 

estimate the time to tMRCA. To do so, we assigned a binary trait to each genome in the 155 

phylogeny, associated with the genome division of collection, and used Nextstrain’s ancestral 156 

inference to infer the state of that trait for each internal node in the tree. We defined a lineage at 157 

the first node attributed to contain only MA descendants. Using baltic17, we extracted these 158 

changes from the phylogenetic tree and plotted the inferred tMRCA for each lineage using 159 

matplotlib18. 160 

In parallel, we conducted molecular dating using BEAST version 1.10.519. We used the same 161 

genome length filter (80% of the reference genome) and alignment described in the ML analysis. 162 

However, we used a subset of available genomes, selected as follows: (i) all genomes generated 163 

in 2022 (79 for RSV-A, 14 for RSV-B); (ii) all descendants of the parent node of all 2022 genomes 164 

(4 additional genomes for RSV-A, 0 additional genomes for RSV-B); and (iii) genomes sampled 165 

uniformly across time (221 additional genomes for RSV-A, 290 additional genomes for RSV-B), 166 

to reach a total of 304 genomes each for RSV-A and RSV-B. In BEAUti v.1.10.4, we defined two 167 

taxon sets for which we generated posterior distributions of the tMRCAs: one including all 2022 168 

https://paperpile.com/c/JeDX5O/YbbpI
https://paperpile.com/c/JeDX5O/QphBU
https://paperpile.com/c/JeDX5O/p66id
https://paperpile.com/c/JeDX5O/pLazZ
https://paperpile.com/c/JeDX5O/8Im6o
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(i.e., MA and WA) genomes and one containing solely the 2022 MA genomes created in this 169 

study. We used dates with variable precision (i.e., retained sequences with missing day or month 170 

resolution) and used the HKY substitution model20 with 4 categories of gamma site 171 

heterogeneity21. We combined a strict clock model with a coalescent tree prior (a piecewise 172 

Bayesian skyline model22 with 5 groups). We ran BEAST twice, each with a UPGMA starting tree 173 

and 300 million MCMC steps, sampled every 1000 steps. We removed the first 10% of steps as 174 

burn-in and combined the two .log files via LogCombiner v1.10.4. We analyzed results in Tracer 175 

v.1.7.223 to ensure convergence, and isolated the molecular clock and tMRCA estimates from the 176 

combined .log file. We also combined the two trees files in LogCombiner v1.10.4, removing the 177 

first 10% as burn-in and sampling every 10,000 trees. We generated the maximum clade 178 

credibility (MCC) tree with median heights using TreeAnnotator v1.10.424 and displayed it using 179 

FigTree v1.4.4. 180 

Using the molecular clock rate calculated by BEAST, we determined the residuals (number of 181 

mutations) per sample. Samples with a residual falling outside of the 2.5–97.5th percentiles were 182 

considered to statistically deviate from the molecular clock rate. 183 

Root-to-tip plots were generated using TempEst25. 184 

Coinfection analysis 185 

Among the RSV-positive sequenced samples, one co-infection was detected clinically via the 186 

BioFire Respiratory 2.1 Panel (RSV and rhinovirus/enterovirus). However, the majority of samples 187 

were not clinically assessed for most other co-infections, as the Cepheid assays only target 188 

SARS-CoV-2, influenza, and RSV. To assess for additional coinfections in all samples that 189 

underwent unbiased sequencing, taxonomic classification of reads was performed with Kraken226 190 

using a custom database as previously described27. A viral taxon was considered present if >10 191 

reads were assigned to it. We filtered the results to include solely known human respiratory 192 

https://paperpile.com/c/JeDX5O/HSddC
https://paperpile.com/c/JeDX5O/8QOOy
https://paperpile.com/c/JeDX5O/CxJNL
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viruses. All Kraken2 classifications were verified by megablast as follows: first, megablast was 193 

run on de novo contigs. If the least common ancestor of the top e-value megablast hit agreed with 194 

the Kraken2 classification for at least one contig (≥200 bp), we considered the taxon present. If 195 

this criterion was not met, megablast was run on all reads assigned to the taxon of interest by 196 

Kraken2. If the least common ancestor of the top e-value megablast hits agreed with the Kraken2 197 

classification for at least 90% of the assigned reads, the taxon was considered present  198 

Use of data 199 

Raw reads and assembled genomes are submitted to Genbank under PRJNA904288. The data 200 

are available immediately and shared under Genbank’s use agreements to facilitate accelerated 201 

public health and scientific investigations. Files associated with the Bayesian analyses are 202 

available on GitHub at https://github.com/bpetros95/rsv-2022. 203 

Ethical statement 204 

This study was conducted at the Broad Institute and Massachusetts General Hospital with 205 

approval from the Massachusetts General Brigham Institutional Review Board under Protocol 206 

#2019P003305 and from the MIT Institutional Review Board under Protocol #1612793224. At 207 

MGH, clinical excess samples were collected from the Clinical Microbiology Laboratory, and 208 

associated clinical and demographic data were extracted from the electronic medical record and 209 

clinical laboratory information management systems under a waiver of consent. 210 

 

 

 

 

https://github.com/bpetros95/rsv-2022


 10 

 211 

Supplemental Figure S1: Age of individuals in the national and MGH data sets. Median 212 
ages, < 1 year (CDC hospitalization data), 2 (MGH patients, N = 950), 2 (MGH hospitalized 213 
patients, N = 212), and 2 (MGH sequenced cohort, N = 77). ***, p < 0.0001 via Wilcoxon rank 214 
sum test. 215 
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 216 

Supplemental Figure S2: Unambiguous genome length vs. cycle threshold (Ct). Each dot 217 
represents a unique sample in our dataset. Dashed lines are at a Ct of 30, and an unambiguous 218 
genome length of 12160, corresponding to ~80% of the RSV genome. Of the 105 samples, 92% 219 
(46/50) with a RT-qPCR Ct value ≤30 resulted in a genome, whereas only 15% (8/55) with a Ct 220 
>30 resulted in a genome. 221 
 

 

 

 

 

 

 



 12 

 222 

Supplemental Figure S3: Coinfection analysis of unbiased sequencing reads. Respiratory 223 
viral co-infections detected in patient samples by Kraken2 and megablast (Methods). Line 224 
indicates clinical testing with Xpert Xpress SARS-CoV-2/Flu/RSV (blue) or BioFire Respiratory 225 
2.1 Panel (red). Star (*) indicates a positive clinical test. 226 
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 227 

Supplemental Figure S4: Bayesian phylogenetic trees. A) Phylogenetic tree of a subset of 228 
RSV-A genomes (N=304; MA tips in blue, WA tips in green, others in black). The inset displays 229 
clades containing 2022 genomes with lines denoting their locations in the larger tree. B) 230 
Phylogenetic tree of a subset of RSV-B genomes (N=304; MA tips in red, WA tips in yellow, 231 
others in black). The inset displays the clade containing 2022 genomes with a line denoting its 232 
location in the larger tree. 233 
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 234 

Supplemental Figure S5: Molecular dating of the 2022 RSV samples. A) Posterior 235 
distribution of the tMRCA for RSV-A (95% highest posterior density interval in blue, 2009-02 – 236 
2009-08). Posterior distribution of the tMRCA for RSV-B (95% highest posterior density interval 237 
in red, 2018-03 – 2019-05). B) Root-to-tip mutation counts vs. sample collection date for RSV-A. 238 
MA tips in blue, WA tips in green. C) Root-to-tip mutation counts vs. sample collection date for 239 
RSV-B. MA tips in red, WA tips in yellow. 240 
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Supplemental Table S1A. MGH sample demographics. 241 
 

All 
Patients 
(N = 950) 

Inpatient 
(N = 212) 

Outpatient 
(N = 286) 

Emergency 
Department 

(N = 452) 

Baseline Demographics 

Median age (IQR) - yr 2 (0-5) 2 (1-5) 2 (0-6) 2 (0-4.3) 

Male - no. (%) 507 (53.4) 100 
(47.2) 

162 (56.6) 244 (54.0) 

Reported Symptoms 

Symptomatic - no. (%) 950 (100) 212 (100) 286 (100) 452 (100) 

Cough - no. (%) 719 (75.7) 168 
(79.2) 

229 (80.1) 322 (71.2) 

Fever - no. (%) 507 (53.4) 135 
(63.7) 

142 (49.7) 230 (50.9) 

Sore Throat - no. (%) 90 (9.5) 21 (9.9) 23 (8.0) 46 (10.2) 

Nasal Congestion/Runny Nose - 
no. (%) 

361 (38.0) 92 (43.4) 149 (52.1) 120 (26.5) 

Shortness of Breath - no. (%) 199 (20.9) 24 (11.3) 24 (8.4) 151 (33.4) 

Loss of Smell or Taste - no. (%) 4 (0.4) 0 (0) 1 (0.3) 3 (0.7) 

Muscle Aches - no. (%) 28 (2.9) 7 (3.3) 13 (4.5) 9 (2.0) 
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Supplemental Table S1B. Sequenced cohort demographics. 242 
 

All 
Patients 
(N = 77) 

Inpatient 
(N = 14) 

Outpatient 
(N = 33) 

Emergency 
Department 

(N = 30) 

Baseline Demographics 

Median age (IQR) - yr 2 (0-4) 1.5 (0.3-
5.5) 

1 (0-3) 2 (0.3-15.5) 

Male - no. (%) 34 (44.2) 5 (35.7) 15 (45.5) 14 (46.7) 

Reported Symptoms 

Symptomatic - no. (%) 77 (100) 14 (100) 33 (100) 30 (100) 

Cough - no. (%) 62 (80.5) 9 (64.3) 28 (84.8) 25 (83.3) 

Fever - no. (%) 43 (55.8) 9 (64.3) 17 (51.5) 17 (56.7) 

Sore Throat - no. (%) 11 (14.3) 1 (7.1) 3 (9.1) 7 (23.3) 

Nasal Congestion/Runny Nose 
- no. (%) 

37 (48.1) 9 (64.3) 19 (57.6) 9 (30.0) 

Shortness of Breath - no. (%) 15 (19.5) 0 (0) 4 (12.1) 11 (36.7) 

Loss of Smell or Taste - no. (%) 0 (0) 0 (0) 0 (0) 0 (0) 

Muscle Aches - no. (%) 3 (3.9) 0 (0) 2 (6.1) 1 (3.3) 

RSV Strain 

RSV-A - no. (%) 70 (90.9) 13 (92.9) 28 (84.8) 29 (96.7) 

RSV-B - no. (%) 7 (9.1) 1 (7.1) 5 (15.2) 1 (3.3) 
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Supplemental Table S1C. Number of cases (MGH and sequenced cohorts) or 243 
hospitalization rate per 100,000 (CDC) by sex. P-values calculated relative to the CDC data 244 
using the chi-square test. 245 
 

Female Male P-Value 

CDC (Hospitalizations per 100,000) 
24.8 27.1 ----- 

MGH 444 506 0.09 

MGH (Inpatient) 112 100 0.78 

MGH (Sequenced) 43 34 0.44 
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