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Summary: The true-positive rate of RSNA COVID-19 typical chest CT scans for PCR-confirmed COVID-

19 infection was lower among vaccinated subjects compared with unvaccinated subjects except during 

periods of COVID-19 peaks.  

 

Key Results:  

 In this retrospective study, true-positive rates of RSNA COVID-19 typical chest CT scans in 652 

subjects were lower among fully vaccinated versus unvaccinated (41% vs 73%; P < .001). 

 Unvaccinated subjects were more likely than vaccinated subjects to have true-positive CT scans 

during peaks of Alpha (OR, 16; P < .001) and Delta (OR, 8.3; P < .001) variants. 

 

Abbreviations 

VOC = variants of concern 

PCR = polymerase chain reaction 

RT-PCR = reverse transcription polymerase chain reaction  

IQR = interquartile range 

EMR = electronic medical record 
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Abstract  

Background: RSNA COVID-19 chest CT consensus guidelines are widely used, but their true positive rate 

for COVID-19 pneumonia has not been assessed among vaccinated patients. 

Purpose: To assess true positive rate of RSNA typical chest CT findings of COVID-19 among fully 

vaccinated subjects with PCR-confirmed COVID-19 infection compared with unvaccinated subjects.  

Materials and Methods:  Patients with COVID Typical chest CT findings and one positive or two 

negative PCR tests for COVID-19 within 7 days of their chest CT between January 2021 – January 2022 

at a quaternary academic medical center were included. True positives were defined as chest CTs 

interpreted as COVID Typical and PCR-confirmed COVID-19 infection within 7 days. Logistic 

regression models were constructed to quantify the association between PCR results and vaccination 

status, vaccination status and COVID-19 variants, and vaccination status and months.  

Results:  652 subjects (median age 59, [IQR, 48–72]); 371 [57%] men) with CT scans classified as COVID 

Typical were included. 483 (74%) were unvaccinated and 169 (26%) were fully vaccinated. The overall 

true positive rate of COVID Typical CTs was lower among vaccinated versus unvaccinated (70/169 [41%; 

95% CI: 34, 49%] vs 352/483 [73%; 69, 77%]; OR (95% CI): 3.8 (2.6, 5.5); P < .001). Unvaccinated 

subjects were more likely to have true positive CTs compared with fully vaccinated subjects during the 

peaks of COVID-19 variants Alpha (OR, 16 [95% CI: 6.1, 42]; P < .001) and Delta (OR, 8.3 [95% CI: 4.2, 

16]; P < .001), but no statistical differences were found during the peak of Omicron variant (OR, 1.7 [95% 

CI: 0.27, 11]; P = .56)  

Conclusion: Fully vaccinated subjects with confirmed COVID-19 breakthrough infections had lower true 

positive rates of COVID Typical chest CT findings.     
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Introduction 

The COVID-19 pandemic continues to cause substantial morbidity and mortality worldwide 

despite the development of vaccines proven to be effective in reducing the risk of severe illness. This is in 

part due to heterogeneity of vaccination in the general population, waning vaccine immunity leading to 

breakthrough infections, and the rise of highly contagious variants of concern (VOC) such as Delta and 

Omicron.1-5 

Nucleic acid amplification testing with the reverse transcription polymerase chain reaction (RT-

PCR) has been the reference standard for detecting COVID-19 infections due to the high sensitivity and 

specificity. However, false negative rates have been reported from <5% to 40% depending on test type and 

specimen quality.6,7 Radiology has played a central role in the pandemic, particularly chest CT, which has 

been used in diagnosis, triage, and outcomes assessment of patients presenting with COVID-19 

pneumonia.8 To aid in these efforts, the Radiological Society of North America (RSNA) released consensus 

guidelines to standardize reporting of chest CT findings related to COVID-19 pneumonia among patients 

with suspected or confirmed COVID-19 infection.9 These guidelines classify chest CT findings of COVID-

19 pneumonia into four categories and have been widely adopted across radiology practices worldwide.8  

The RSNA guidelines were developed before COVID-19 tests and vaccines were widely available. 

Since 2021, COVID-19 test results are often available before the radiologists interpret the CT. Our 

institution continues to use the RSNA COVID-19 classification system in patients with and without 

COVID-19 PCR results for triage and placement of potential COVID patients to prevent spread of the virus 

in the hospital setting. Although chest CTs remain a key component in the evaluation of patients to detect 

occult COVID infections given the false negative rate of PCR, the applicability of chest CT scan utilization 

and reporting guidelines among an increasingly vaccinated population has not been well characterized. 

Therefore, the purpose of this study was to assess whether vaccination influences the true positive rate of 

CT in diagnosis of COVID-19 pneumonia by evaluating the performance of RSNA COVID-19 Typical CT 

findings among patients with RT-PCR-confirmed COVID-19 infection.  
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Materials and Methods 

Study setting 

This HIPAA-compliant retrospective cohort study performed at a large, quaternary academic 

medical center was approved by the Institutional Review Board with a waiver of informed consent. 

Study cohort 

The institutional electronic database was queried for chest CT examinations performed between 

January 2021 and January 2022 that contained the classification of RSNA Typical Chest CT findings for 

COVID-19 pneumonia (COVID Typical) included in the radiology report. All COVID Typical results were 

identified through an institutional decision support reporting tool utilizing the RSNA COVID-19 consensus 

guidelines. This tool was used to standardize reporting of chest CT findings, assist in triage of patients with 

confirmed or suspected COVID-19 infection, and label each scan using one of four RSNA categories: 

Negative, Atypical, Indeterminate, and Typical. 

Study inclusion criteria included: Patients with COVID Typical chest CT findings, as identified 

using the decision support reporting tool, and one positive or two negative PCR tests for COVID-19 within 

7 days of their chest CT. For subjects who had two COVID Typical chest CTs from separate clinical 

encounters, only the earliest encounter was considered.  Patients with only one negative test or no PCR test 

result for COVID-19 within 7 days of their CT and subjects with COVID-19 Typical on non-chest CT 

studies (i.e., abdominal CT) were excluded.  

Data sources and independent variables 

Demographic data, medical comorbidities, oxygen requirement (i.e., supplemental oxygen use, no 

supplemental oxygen use, and intubation), and clinical status (i.e., hospitalization, intensive care unit 

admission, emergency department visit, outpatient visit, and deceased status at time of analysis) were 

extracted from the electronic medical record (EMR; Epic Hyperspace, November 2021; Epic Systems 
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Corporation). The following comorbidities were included based on CDC classification as risk factors for 

severe COVID-19: cancer history, chronic kidney disease, chronic obstructive pulmonary disease, diabetes, 

obesity, heart conditions (e.g., heart failure, arrhythmias, hypertension), and immunocompromised 

status.10,11  

Vaccination status and presenting symptoms 

Documented vaccination status was obtained through EMR review. Subjects were considered fully 

vaccinated if they were ≥14 days from a second mRNA-1273 (Moderna), BNT162b2 (Pfizer-BioNTech), 

or single Janssen (Johnson and Johnson) vaccine dose. Subjects were considered fully boosted if they were 

≥14 days after their booster. 

Reported symptoms up to a week before subjects’ presentations were obtained through EMR 

review. The most common presenting symptoms associated with COVID-19 included cough, shortness of 

breath, fatigue, chills, chest pain, gastrointestinal complaints, myalgias, cognitive change, and fever.12 

COVID-19 status and true positives 

Through EMR chart review, COVID-19 status was defined as having one positive (COVID positive 

infection) or two negative (COVID negative infection) RT-PCR tests for COVID-19 within 7 days of 

having a COVID Typical chest CT report. True positive CT scans were defined as COVID-19 PCR-positive 

scans with a COVID Typical chest CT report.  

VOC Dominance 

A VOC was considered dominant during a period when it represented >50% of all sequenced 

COVID-19 strains in Massachusetts. The VOCs (date ranges) include: Alpha (January 1, 2021 – July 2, 

2021), Delta (July 3, 2021 – December 24, 2021), and Omicron (December 25, 2021 – Present). 

Statistical analyses and power calculation 
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A random sample of eligible subjects was used for analysis. Given the previously reported 

institutional true positive rate of 85% among unvaccinated subjects, 400 unvaccinated and 200 vaccinated 

subjects were needed to detect at least a 10% decrease in the true positive rate between vaccination status 

groups when using a one-sided two-sample test of proportions, type-I error (α) of .05, and power (1-β) of 

.9.8   

Descriptive summaries were computed for the entire sample. Continuous variables were 

summarized as the median and IQR (interquartile range) and categorical variables as frequencies 

(percent). Differences in the distributions of categorical/continuous variables by vaccination status were 

assessed using either the Chi-square/Fisher’s exact test or the Wilcoxon test, respectively. Three logistic 

regression models were constructed to quantify the association between RT-PCR results and: 1) 

vaccination status, 2) vaccination status and the VOC peak at CT assessment, and 3) vaccination status 

and calendar month. We considered accounting for subject age, but after adjusting for VOC peak, the 

inclusion of age did not significantly improve the model fit and was omitted. A second definition of 

vaccination status and VOC peak was utilized to investigate the effect of timings of CT imaging and 

vaccination relative to VOC peak. Among vaccinated subjects, we recoded VOC peak to include the VOC 

at times of CT imaging and vaccination (e.g., AlphaCT AlphaVac denotes the subgroup that both received 

the vaccine and obtained a chest CT during the Alpha VOC). For all models, linear combinations of 

parameter estimates were computed to summarize true positive rates by vaccination status (percent, 95% 

confidence intervals [CI]) and time period (i.e., overall, VOC peak, calendar month) as well as 

vaccination status comparisons (odds ratios [OR], 95% CIs, p-values).  All analyses were performed 

using R (version 4.2.0; R Foundation for Statistical Computing).  

Results  

Cohort characteristics 
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The initial database query resulted in 2069 results, of which 652 met inclusion criteria (Figure 1) 

with COVID Typical Chest CT findings (Figure 2). The median subject age was 59 years (IQR, 48–72); 

57% (371/652) were men, 65% (422/652) were COVID-19 positive by RT-PCR, and 26% (169/652) were 

fully vaccinated against COVID-19 with a median time from vaccination to COVID Typical CT of 119 

(IQR, 55–193 days) (Table 1). The most common presenting symptom (Table 1) was shortness of breath 

(72% [469/652]) and the most common comorbidity was hypertension (56% [364/652]). Most subjects 

were hospitalized (58% [377/652]) and used supplemental oxygen (60% [389/652]; Table 1).  

Among fully vaccinated subjects, the majority were vaccinated with BNT162b2 (Pfizer-BioNTech) 

(62% [104/169]), while fewer were vaccinated with mRNA-1273 (Moderna) (25% [42/169]), and Janssen 

(Johnson & Johnson) (14% [23/169]). Compared with unvaccinated subjects, fully vaccinated subjects were 

significantly older (median age 69 years [IQR, 56–79] versus median age 56 years [IQR, 46–68]; P < .001), 

had higher rates of supplemental oxygen use (67% [113/169] versus 57% [276/483]; P = .03), and higher 

hospitalization rates (68% [115/169] versus 54% [262/483]; P = .002). Compared with unvaccinated 

subjects, fully vaccinated subjects had significantly higher rates of many comorbidities associated with 

COVID-19 disease severity10,11 (Table E1). Similarly, true positive fully vaccinated subjects compared with 

true positive unvaccinated subjects retained higher rates of most of these comorbidities and additionally 

were more likely to be immunocompromised (39% [27/70] versus 11% [38/352]; P < .001; Table E2). Fully 

vaccinated subjects in the true positive group also had longer time from vaccination to COVID-19 Typical 

CT scan (median 175 days [IQR, 122–220]) compared with PCR-negative subjects (median 70 days [IQR, 

40–150]; P < .001; Table 1). The most common final diagnoses of PCR-negative subjects from clinical 

encounters corresponding to their COVID-19 Typical CTs were pulmonary edema (23% [70/311]), 

interstitial lung disease (13% [40/311]), and aspiration (13% [39/311]) (Figure E1). 

COVID-19 true positive subjects 

Overall, the COVID Typical true positive rate (Table 2) was higher among unvaccinated subjects 

[73% (352/483)] compared with fully vaccinated subjects [41% (70/169); OR: 3.8 (2.6, 5.5); P < .001]. 
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True positive rates also varied with new VOC. Compared with fully vaccinated subjects, unvaccinated 

subjects had higher true positive rates during Alpha variant predominance [67% (62, 72) versus 11% (5, 

25); OR: 16 (6.1, 42); P < .001] and Delta variant predominance [88% (81, 93) versus 47% (38, 57); OR: 

8.3 (4.2, 16); P < .001], while differences in true positive rates were not detected between vaccination status 

groups during Omicron variant predominance [87% (60, 97) versus 79% (55, 92); OR: 1.7 (0.27, 11); P = 

0.56].  

In a monthly comparison of the true positive rate of COVID Typical chest CT (Table 2), 

unvaccinated subjects were significantly more likely to have true positive CT scans between April 2021 

(OR, 20; 95% CI: 4.1, 94; P < .001) and July 2021 (OR, 11; 95% CI: 1.1, 106; P = .04). Between April 1, 

2021 – July 1, 2021, the vaccination rate in Massachusetts rose from 20% to 60%, while COVID-19 cases 

decreased from 4750 to 61 cases between January 5 – July 1, 2021 (Figure 3 A-B). The months with no 

significant differences in true positive rates between fully vaccinated and unvaccinated subjects coincided 

with the rise of dominant VOC in August – October 2021 (Delta), and January 2022 (Omicron; Table 2).  

A secondary analysis explored the relationship between the true positive rate based on predominant 

VOC and time from vaccination to true positive COVID Typical CT (Figure 3). The odds of having a true 

positive chest CT during Delta predominance in unvaccinated subjects was higher than in subjects who 

were either vaccinated during the period of Delta predominance (OR 22, 95% CI: 7.6, 66) or vaccinated 

during Alpha predominance (OR, 6.4; 95% CI: 3.2, 13). Fully vaccinated subjects who were vaccinated 

during the period of Alpha predominance were more likely to have true positive CT scans when imaged 

during a period of Delta predominance (OR, 9; 95% CI: 3.2, 25) or Omicron predominance (OR, 39; 95% 

CI: 3.8, 405; estimated from values in Table 3) when compared with those who were also imaged during 

Alpha predominance.  

Exploratory analyses of true positive rates stratifying by booster status in November 2021 – January 

2022 was performed (Table E3). Unvaccinated subjects were more likely to have true positive CT scans 

compared with fully vaccinated subjects in November (OR, 6.8; 95% CI: 1.1, 43; P = .043) and December 
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(OR, 13; 95% CI: 2.3, 69; P = .003), and even more likely to have true positive CT scans compared with 

fully boosted subjects during November (OR, 95; 95% CI: 7.7, 1180; P < .001) and December (fully 

boosted 0 of 6 [0%; 95% CI: 0%, 39%]).  

Discussion 

The RSNA consensus guidelines, adopted by many institutions, have provided a standardized 

framework for interpreting and reporting CT findings associated with COVID-19 pneumonia.8,9 This study 

showed that among an increasingly vaccinated population, these guidelines continue to provide valuable 

information for triage and disposition of patients being evaluated for suspected or confirmed COVID-19 

infections, as  unvaccinated subjects had a higher overall true positive rate of COVID Typical Chest CTs 

compared with fully vaccinated subjects (352/483 [73%; 69, 77%] versus 70/169 [41%; 95% CI: 34, 49%]; 

OR (95% CI): 3.8 (2.6, 5.5), P < .001). Additionally, the overall true positive rate of 65% among all subjects 

with RSNA COVID Typical CT during the study period at our institution represents a substantial decrease 

from the true positive rate of 85% during the initial peak of the pandemic in 2020, likely due to the decrease 

in disease severity among the vaccinated.8  

Breakthrough infections among vaccinated patients have been reported to have distinct imaging 

characteristics compared with those of unvaccinated patients, including higher rates of CTs negative for 

pneumonia or with mild severity scores.17-19 In one study, the majority of subjects were immunosuppressed 

and all but one subject with immunosuppression (80%) had abnormalities on imaging.18 Our study was 

concordant with previous literature, showing that fully vaccinated subjects were less likely to have true 

positive COVID Typical Chest CT and more likely to be immunocompromised compared with true positive 

unvaccinated subjects.18,20 The increasing vaccination rates and evolving data may result in a decreasing 

proportion of patients presenting with true positive COVID Typical Chest CTs and may result in an update 

in RSNA COVID-19 reporting guidelines.  
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True positive rates, like positive predictive values, are influenced by disease prevalence in the 

population and are expected to fluctuate with factors that decrease or increase COVID-19 prevalence, such 

as vaccination rates or increased transmissibility of COVID variants.21,22 For example, the Delta variant 

arose as the dominant-state VOC in mid-2021 and was more transmissible than Alpha.4 This rise in the 

Delta VOC coincided with the increasing true positive rate among fully vaccinated subjects between July 

and September 2021.13 Omicron became the dominant-state VOC on December 25, 2021, and its mutations 

caused increased transmissibility, leading to more breakthrough cases among vaccinated patients.14-16 This 

may explain why there was no difference in the likelihood of true positive Typical Chest CT between fully 

vaccinated and unvaccinated subjects during January 2022.  

The monthly true positive rate among fully vaccinated subjects was likely influenced by the time 

from vaccination, with true positive fully vaccinated subjects having longer time from vaccination to CT 

scan compared with fully vaccinated subjects with COVID Typical CTs and negative PCR. The subjects in 

this study were more likely to have true positive CTs with longer intervals between vaccination and CT, 

suggesting an attenuation in vaccine effectiveness with time. Recent studies have shown that the effect of 

time from receipt of vaccination and booster was noted to be particularly striking with Omicron, with 

vaccine efficacy against symptomatic disease after two doses of BNT162b2 reported to be 65% at 2–4 

weeks post-vaccine, dropping to 9% after 25 or more weeks; similar waning immunity has been seen with 

other vaccine and VOC types.23-25 This study also showed that unvaccinated subjects were even more likely 

to have a true positive scan compared with fully vaccinated subjects who received a booster, thus 

underscoring the role of vaccine boosters in COVID-19 severity.26-28   

This study has several limitations. Although prior studies have shown concordance among 

radiologists interpreting chest CTs using the RSNA guidelines, this study is limited by the lack of a formal 

over-read of the included studies.8 COVID-19 variant information was not available at the patient level, 

limiting our ability to assess the contribution of different VOC to the observed true positive rates. The 

greater availability and quicker processing of COVID PCR tests may have influenced interpretation, but 
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this was not captured in the study. The decreased severity of breakthrough infections noted in recent 

literature may have influenced the true positive rate.17-19  

In summary, the overall true positive rate of COVID Typical chest CTs was lower in fully 

vaccinated subjects compared with unvaccinated subjects. Our study and previous literature have shown 

that several mechanisms likely contribute to the lower true positive rate observed among fully vaccinated 

subjects, including proportion of population vaccinated. Thus, the utility of CT in detecting COVID-19 

pneumonia among a vaccinated population should be considered in this context. While fully vaccinated 

subjects with confirmed COVID-19 infections had significantly lower true positive rates of COVID Typical 

chest CT findings in the study, Chest CT and the RSNA consensus guidelines maintain a key role in 

assisting radiologists and referring clinicians in the triage and evaluation of patients with suspected or 

confirmed COVID-19 infection among an increasingly vaccinated patient population. 

 

  



In 
pre

ss
Conflict of Interest Disclosures: Avik Som is co-founder of CareSignal, LLC and is a consultant to Boston 

Scientific, which is unrelated to the current study. Avik Som is supported by a Phillips/RSNA Resident 

Research Award.  

 

Author Contributions:  

AS – Conceived of the study, study design, and reviewed and edited the data 

NP – Conducted and reviewed the study 

JDC – Assisted in data collection and review of the study 

BL and EF – Supervised and helped develop the study, manuscript preparation, and revisions.  

NM – Performed revised statistical analysis of original dataset and manuscript preparation. 



In 
pre

ss
References 

1. Dagan N, Barda N, Kepten E, et al. BNT162b2 mRNA Covid-19 Vaccine in a Nationwide Mass 

Vaccination Setting. New England Journal of Medicine. 2021;384(15):1412-1423. 

Doi:10.1056/NEJMoa2101765 

2. Baden LR, el Sahly HM, Essink B, et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 

Vaccine. New England Journal of Medicine. 2020;384(5):403-416. Doi:10.1056/NEJMoa2035389 

3. COVID-19 Vaccine Breakthrough Infections Reported to CDC — United States, January 1–April 

30, 2021. MMWR Morb Mortal Wkly. 2021;70:792-793. 

4. Brown CM, Vostok J, Johnson H, et al. Outbreak of SARS-CoV-2 Infections, Including COVID-

19 Vaccine Breakthrough Infections, Associated with Large Public Gatherings — Barnstable County, 

Massachusetts, July 2021. MMWR Morbidity and Mortality Weekly Report. 2021;70(31). 

Doi:10.15585/mmwr.mm7031e2 

5. CDC COVID-19 Response Team.  SARS-CoV-2 B.1.1.529 (Omicron) variant—United States, 

December 1-8, 2021. MMWR Morb Mortal Wkly Rep. 2021;70(50):1731-1734. 

Doi:10.15585/mmwr.mm7050e1 

6. Cheng MP, Papenburg J, Desjardins M, et al. Diagnostic Testing for Severe Acute Respiratory 

Syndrome-Related Coronavirus 2: A Narrative Review. Annals of Internal Medicine. 2020;172(11). 

Doi:10.7326/M20-1301 

7. Weissleder R, Lee H, Ko J, Pittet MJ. COVID-19 diagnostics in context. Science Translational 

Medicine. 2020;12(546). Doi:10.1126/scitranslmed.abc1931 

8. Som A, Lang M, Yeung T, et al. Implementation of the Radiological Society of North America 

Expert Consensus Guidelines on Reporting Chest CT Findings Related to COVID-19: A Multireader 

Performance Study. Radiology: Cardiothoracic Imaging. 2020;2(5). Doi:10.1148/ryct.2020200276 



In 
pre

ss
9. Simpson S, Kay FU, Abbara S, et al. Radiological Society of North America Expert Consensus 

Document on Reporting Chest CT Findings Related to COVID-19: Endorsed by the Society of Thoracic 

Radiology, the American College of Radiology, and RSNA. Radiology: Cardiothoracic Imaging. 2020;2(2). 

Doi:10.1148/ryct.2020200152 

10. Center for Disease Control. Underlying Medical Conditions Associated with Higher Risk for 

Severe COVID-19: Information for Healthcare Professionals. Accessed March 5, 2022. 

https://www.cdc.gov/coronavirus/2019-ncov/science/science-briefs/underlying-evidence-table.html 

11. Center for Disease Control. Science Brief: Evidence Used to Update the List of Underlying Medical 

Conditions Associated with Higher Risk for Severe COVID-19 (Pending). Accessed March 5, 2022. 

https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-care/underlyingconditions.html 

12. Stokes EK, Zambrano LD, Anderson KN, et al. Coronavirus Disease 2019 Case Surveillance — 

United States, January 22–May 30, 2020. MMWR Morb Mortal Wkly Rep 2020;69:759–765. DOI: 

http://dx.doi.org/10.15585/mmwr.mm6924e2. 

13. DOC Coronavirus Information Guide. COVID-19 Response Reporting. Accessed 3/5/2022. 

https://covid.cdc.gov/covid-data-tracker/#variant-proportion 

14. Accorsi EK, Britton A, Fleming-Dutra KE, et al. Association Between 3 Doses of mRNA COVID-

19 Vaccine and Symptomatic Infection Caused by the SARS-CoV-2 Omicron and Delta 

Variants. JAMA. 2022;327(7):639–651. Doi:10.1001/jama.2022.0470 

15. Wang  L, Cheng  G.  Sequence analysis of the emerging SARS-CoV-2 variant Omicron in South 

Africa.   J Med Virol. 2021;1-6. Doi:10.1002/jmv.27516PubMedGoogle Scholar 

16. GISAID. Tracking of variants. Accessed March 5, 2022. https://www.gisaid.org/hcov19-variants/ 



In 
pre

ss
17. Lee JE, Hwang M, Kim YH, et al. Imaging and Clinical Features of COVID-19 Breakthrough 

Infections: A Multicenter Study [published online ahead of print, 2022 Feb 1]. Radiology. 2022;213072. 

Doi:10.1148/radiol.213072 

18. Hossain R, Jeudy J, White CS. Chest Radiographic and CT Findings in Patients Hospitalized with 

Breakthrough COVID-19. Radiology: Cardiothoracic Imaging. 2021;3(6):e210248. 

Doi:10.1148/ryct.210248 

19.  Tsakok MT, Watson RA, Saujani SJ, et al. Chest CT and Hospital Outcomes in Patients with 

Omicron Compared with Delta Variant SARS-CoV-2 Infection [published online ahead of print, 2022 Jun 

21]. Radiology. 2022;220533. doi:10.1148/radiol.220533 

20.  Embi PJ, Levy ME, Naleway AL, et al. Effectiveness of 2-Dose Vaccination with mRNA COVID-

19 Vaccines Against COVID-19-Associated Hospitalizations Among Immunocompromised Adults - Nine 

States, January-September 2021. MMWR Morb Mortal Wkly Rep. 2021;70(44):1553-1559. Published 2021 

Nov 5. doi:10.15585/mmwr.mm7044e3 

21.  Callaway E. Beyond Omicron: what's next for COVID's viral evolution. Nature. 

2021;600(7888):204-207. doi:10.1038/d41586-021-03619-8 

22.  Eyre DW, Taylor D, Purver M, et al. Effect of Covid-19 Vaccination on Transmission of Alpha 

and Delta Variants. N Engl J Med. 2022;386(8):744-756. doi:10.1056/NEJMoa2116597 

           23. Andrews N, Stowe J, Kirsebom F, et al. Covid-19 Vaccine Effectiveness against the Omicron 

(B.1.1.529) Variant. New England Journal of Medicine. Published online March 2, 2022. 

Doi:10.1056/NEJMoa2119451 

24. Lin DY, Gu Y, Wheeler B, et al. Effectiveness of Covid-19 Vaccines over a 9-Month Period in 

North Carolina. New England Journal of Medicine. Published online January 12, 2022. 

Doi:10.1056/NEJMoa2117128 



In 
pre

ss
25. Andrews N, Tessier E, Stowe J, et al. Duration of Protection against Mild and Severe Disease by 

Covid-19 Vaccines. New England Journal of Medicine. 2022;386(4):340-350. 

Doi:10.1056/NEJMoa2115481 

26.  Accorsi EK, Britton A, Shang N, et al. Effectiveness of Homologous and Heterologous Covid-19 

Boosters against Omicron. N Engl J Med. 2022;386(25):2433-2435. doi:10.1056/NEJMc2203165 

27.  Thompson MG, Natarajan K, Irving SA, et al. Effectiveness of a Third Dose of mRNA Vaccines 

Against COVID-19-Associated Emergency Department and Urgent Care Encounters and Hospitalizations 

Among Adults During Periods of Delta and Omicron Variant Predominance - VISION Network, 10 States, 

August 2021-January 2022. MMWR Morb Mortal Wkly Rep. 2022;71(4):139-145. Published 2022 Jan 21. 

doi:10.15585/mmwr.mm7104e3 

28.  Tai CG, Maragakis LL, Connolly S, et al. Association Between COVID-19 Booster Vaccination 

and Omicron Infection in a Highly Vaccinated Cohort of Players and Staff in the National Basketball 

Association [published online ahead of print, 2022 Jun 2]. JAMA. 2022;e229479. 

doi:10.1001/jama.2022.9479 

29. United States Census Bureau. QuickFacts Massachusetts. Accessed 3/5/2021. 

https://www.census.gov/quickfacts/fact/table 

30. Center for Disease Control. Massachusetts COVID-19 vaccination data and updates. Accessed 

March 5, 2022. https://www.mass.gov/info-details/massachusetts-covid-19-vaccination-data-and-

updates#daily-covid-19-vaccine-report- 

 

  



In 
pre

ss
Table 1: Characteristics of Subjects with COVID-19 Typical CT Findings 
 

Subject Characteristics 
All Subjects  

(n = 652) 

COVID-19 
PCR-Positive 

(n = 422) 

COVID-19 
PCR-Negative 

(n = 230) 
P value 

Demographics     
Age (y)* 59 (48–72) 57 (47–70) 64 (50–75) <.001† 

Female sex 281 (43) 178 (42) 103 (45) .58‡ 
COVID-19 PCR-positive 422 (65) - - - 

Time from vaccination to CT 
(days)* 

119 (55–193) 175 (122–220) 70 (40–150) <.001† 

Presenting Symptoms     
Cough 415 (64) 307 (73) 108 (47) <.001‡ 

Shortness of breath 469 (72) 317 (75) 152 (66) .02‡ 
Fatigue 223 (34) 171 (41) 52 (23) <.001‡ 
Chills 134 (21) 101 (24) 33 (14) .005‡ 

Chest pain 182 (28) 142 (34) 40 (17) <.001‡ 
GI symptoms 256 (39) 182 (43) 74 (32) .008‡ 

Myalgia 147 (23) 133 (32) 14 (6) <.001‡ 
Cognitive Change 62 (10) 27 (6) 35 (15) <.001‡ 

Fever 280 (43) 211 (50) 69 (30) <.001‡ 
Comorbidities     

Current smoker 70 (11) 27 (6) 43 (19) <.001‡ 
Never-smoker 351 (54) 260 (62) 91 (40) <.001‡ 
Hypertension 364 (56) 211 (50) 153 (67) <.001‡ 

Diabetes 166 (26) 101 (24) 65 (28) .27‡ 
Obesity 264 (41) 182 (43) 82 (36) .08‡ 

Heart failure 83 (13) 31 (7) 52 (23) <.001‡ 
COPD 50 (8) 22 (5) 28 (12) .002‡ 

History of malignancy 167 (26) 94 (22) 73 (32) .01‡ 
Arrhythmias 102 (16) 52 (12) 50 (22) .002‡ 

Chronic kidney disease 91 (14) 43 (10) 48 (21) <.001‡ 
Vaccination Status     
Fully vaccinated 169 (26) 70 (17) 99 (43) <.001‡ 

Vaccinated with BNT162b2 
(Pfizer-BioNTech)¶ 

104 (62) 38 (54) 66 (67) .18‡ 

Vaccinated with mRNA-1273 
(Moderna)¶ 42 (25) 19 (27) 23 (23) .18‡ 

Vaccinated with Janssen (Johnson 
& Johnson)¶ 

23 (14) 13 (19) 10 (10) .18‡ 

Boosted 26 (4) 9 (2) 17 (7) .003§ 
Oxygen requirement     

No supplemental oxygen 158 (24) 117 (28) 41 (18) .01‡ 

Supplemental oxygen 389 (60) 247 (59) 142 (62) .48‡ 

Intubation 105 (16) 58 (14) 47 (20) .04‡ 
Clinical Status     

Hospital admission 377 (58) 228 (54) 149 (65) .01‡ 
ICU 169 (26) 104 (25) 65 (28) .36‡ 

ED visit 98 (15) 85 (20) 13 (6) <.001§ 
Outpatient visit 8 (1) 5 (1) 3 (1) 1.0§ 

Deceased 87 (13) 39 (9) 48 (21) <.001§ 

 
Note.—Unless otherwise indicated, data are numbers of subjects and data in parentheses are percentages. COPD = chronic 
obstructive pulmonary disease, ED = emergency department, GI = gastrointestinal, ICU = intensive care unit, PCR = polymerase 
chain reaction, RSNA = Radiological Society of North America. 
* Data are median, with interquartile range in parentheses. 
† P values were calculated with a Wilcoxon Rank Sum test. 
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‡ P values were calculated with a Chi-square test. 
§ P values were calculated with a Fisher’s exact test. 
¶ Percentages in parentheses are relative to the fully vaccinated group (n = 169). 
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Table 2: True-Positive Rate by Vaccination Status and by Vaccination Status and Calendar Period/Month 

Time Period  

Unvaccinated 
True Positive 

CT 
(95% CI) 

Fully 
Vaccinated  

True Positive 
CT (95% CI) 

Odds Ratio 
(95% CI) 

P value 

All 
(Jan. 1, 2021 – 
Jan. 31, 2022) 

    

 73 (69, 77) 41 (34, 49) 3.8 (2.6, 5.5) <.001 

Dominant VOC*     
Alpha 

(Jan. 1, 2021 – 
July 2, 2021) 

67 (62, 72) 11 (4.8, 25) 16 (6.1, 42) <.001 

Delta  
(July 3, 2021 –  
Dec. 24, 2021) 

88 (81, 93) 47 (38, 57) 8.3 (4.2, 16) <.001 

Omicron 
(Dec 25, 2021 +) 

87 (60, 97) 79 (55, 92) 1.7 (0.27, 11) .56 

Calendar Month     

Jan. 2021  63 (54, 72)  -  -  - 
Feb.  65 (53, 75)  -  -  - 
Mar.  69 (57, 78)  25 (1, 70)  6.6 (0.64, 67)  .11 
April  74 (62, 82)  13 (4, 36)  20 (4.1, 94)  <.001 
May  73 (56, 86)  13 (4, 38)  18 (3.3, 97)  .001 
June  50 (19, 81)  0 (0, 32)  -  - 

July  67 (30, 90)  15 (4, 42)  11 (1.1, 106)  .04 

Aug. 84 (68, 93) 60 (39, 78) 3.6 (0.97, 13) .06 
Sept. 94 (72, 100) 75 (47, 91) 5.0 (0.45, 56) .19 
Oct. 79 (52, 92) 59 (36, 78) 2.6 (0.52, 13) .25 
Nov. 91 (71, 97) 35 (19, 55) 18 (3.3, 97) .001 

Dec. 93 (79, 98) 40 (23, 59) 21 (4.1, 109) <.001 

Jan. 2022 87 (62, 96) 88 (64, 97) 0.93 (0.11, 7.6) .95 

 
Note.— Calendar periods were defined according to the dominant COVID-19 variant of concern (VOC) identified 
in Massachusetts. True positive rates are presented as percentages and their associated 95% confidence intervals and 
comparisons, by vaccine status, are presented as odds ratios (95% confidence intervals). All estimates were obtained 
via separate logistic regression models (All: COVID-19 PCR status ~ vaccine status, Dominat VOC: COVID-19 
PCR status ~ vaccine status * phase, Calander Month: COVID-19 PCR status ~ vaccine * month). 
* Refers to dominant VOC at the time of imaging 
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Table 3. True-Positive Rate by Vaccination Status and Dominant COVID-19 Variant of Concern (VOC) 
Identified in Massachusetts and by Time from Vaccination to CT 

 

 Unvaccinated Vaccinated Comparisons  
Predominant 

COVID 
variant at time 
of CT scan or 
vaccination 

Proportion True 
Positive CT 
(95% CI) 

Proportion True 
Positive CT 

(95% CI) 

Odds Ratio 
(95% CI) 

P value 

AlphaCT  67 (62, 72)    
AlphaVac - 11 (5, 25) 16 (6.1, 42) <0.001 
DeltaCT 88 (81, 93)    
AlphaVac - 54 (43, 64) 6.4 (3.2, 13) <0.001 
DeltaVac - 24 (12, 46) 22 (7.6, 66) <0.001 

OmicronCT 87 (60, 97)    
AlphaVac - 83 (37, 98) 1.3 (0.10, 18) .84 
DeltaVac - 77 (48, 92) 2.0 (0.27, 14) .51 

     
 
Note.—True positive rates are presented as percentages and their associated 95% confidence intervals and 
comparisons, by vaccine status and by predominant COVID variant at time of CT scan, are presented as odds ratios 
(95% confidence intervals). Row sections summarize predominant COVID variant at time of CT scan (e.g., 
AlphaCT) and rows within each section summarize  predominant COVID variant at time of vaccination (e.g., 
AlphaVac).  For unvaccinated subjects, all true positive rates are labeled relative to the row (e.g., 
Alpha=AlphaCT=AlphaVac). 
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Figures 

 

 

Figure 1: Flow chart of the study. PCR = polymerase chain reaction, RSNA = Radiological Society of 

North America. 
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Figure 2: At the time of interpretation, all chest CT scans in this figure were classified as RSNA COVID-

19 Typical based on the RSNA consensus guidelines for classification of COVID-19 pneumonia. (A): 

Left: An axial chest CT pulmonary angiogram with contrast showing lung window of an unvaccinated 53-

year-old male subject with a past medical history of hypertension and no smoking history at initial 

presentation during a period of COVID-19 Alpha variant predominance (February 2021). Right: An axial 

chest CT pulmonary angiogram with contrast showing lung window of a fully vaccinated 74-year-old 

female subject with a past medical history of hypertension, supraventricular tachycardia, and no smoking 

history at initial presentation during a period COVID-19 Alpha variant predominance (March 2021). (B): 
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Left: An axial chest CT pulmonary angiogram with contrast showing lung window of an unvaccinated 43-

year-old female subject with a past medical history of active smoking and obesity at initial presentation 

during a period of COVID-19 Delta variant predominance (August 2021). Right: An axial chest CT 

pulmonary angiogram of a fully vaccinated 80-year-old male subject with a past medical history of 

hypertension, type 2 diabetes, and nonsustained ventricular tachycardia at initial presentation during a 

period of COVID-19 Delta variant predominance (September 2021). (C): Left: An axial chest CT 

pulmonary angiogram with contrast showing lung window of an unvaccinated 58-year-old male subject 

with a past medical history of active smoking, type 2 diabetes, obesity, heart failure with reduced ejection 

fraction, and stage 5 chronic kidney disease at initial presentation during a period of COVID-19 Omicron 

variant predominance (January 2022). Right: An axial CT chest without contrast of a fully vaccinated 80-

year-old male with a past medical history of heart transplant, stage 4 chronic kidney disease, 

hypertension, chronic obstructive pulmonary disease, and complete heart block status post permanent 

pacemaker at initial presentation during a period of COVID-19 Omicron variant predominance (January 

2022).  
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Figure 3: (A): Monthly absolute number of fully vaccinated and unvaccinated subjects with RSNA 

COVID-19 Typical CT scans between January 1, 2021, and January 31, 2022. Grey line represents the 

proportion of Massachusetts population fully vaccinated against COVID-19, with line generated from 

datapoints corresponding to the first day of each month.29,30 The vaccination rates used for February 2021 

and January 2021 corresponded to February 3, 2021, and January 5, 2021, because data closer the first 

days of those months were not available. (B): Proportion positive for COVID-19 of fully vaccinated and 

unvaccinated subjects with RSNA COVID-19 Typical CT scans between January 1, 2021, and January 
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31, 2022. Grey line represents incident PCR-confirmed COVID-19 cases in Massachusetts at the 

beginning of each month, with line generated using 7-day averages containing the first day of each month 

as proxies for incident cases.30 PCR = polymerase chain reaction, RSNA = Radiological Society of North 

America. 
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Appendix E1 

 
Table E1: Fully Vaccinated vs Unvaccinated Subjects with RSNA COVID-19 Typical CT Scans 
 

Subject 
Characteristics 

All Subjects 
(n = 652) 

Unvaccinated 
(n = 483) 

Fully Vaccinated  
(n = 169) 

P value 

Demographics     
Age (y)* 59 (48–72) 56 (46–68) 69 (56–79) <.001† 

Female sex 281 (43) 200 (41) 81 (48) .17‡ 
COVID-19 PCR-

positive 
422 (65) 352 (73) 70 (41) <.001‡ 

Comorbidities     
Current smoker 70 (11) 59 (12) 11 (7) .001‡ 
Never-smoker 351 (54) 272 (56) 79 (47) .001‡ 
Hypertension 364 (56) 243 (50) 121 (72) <.001‡ 

Diabetes 166 (26) 111 (23) 55 (33) .02‡ 
Obesity 264 (41) 207 (43) 57 (34) .047‡ 

Heart failure 83 (13) 48 (10) 35 (21) <.001‡ 
COPD 50 (8) 34 (7) 16 (10) .39‡ 

History of 
malignancy 

167 (26) 99 (21) 68 (40) <.001‡ 

Arrhythmias 102 (16) 54 (11) 48 (28) <.001‡ 
Chronic kidney 

disease 
91 (14) 46 (10) 45 (27) <.001‡ 

Oxygen requirement     

No supplemental 
oxygen 

158 (24) 129 (27) 29 (17) .02‡ 

Supplemental 
oxygen 

389 (60) 276 (57) 113 (67) .03‡ 

Intubation 105 (16) 78 (16) 27 (16) 1.0‡ 
Clinical Status     

Hospital admission 377 (58) 262 (54) 115 (68) .002‡ 

ICU 169 (26) 130 (27) 39 (23) .38‡ 
ED visit 98 (15) 84 (17) 14 (8) .01‡ 

Outpatient visit 8 (1) 7 (1) 1 (1) .69§ 
Deceased 87 (13) 57 (12) 30 (18) .07‡ 

 
Note.—Unless otherwise indicated, data are numbers of subjects and data in parentheses are percentages. COPD = 
chronic obstructive pulmonary disease, ED = emergency department, GI = gastrointestinal, ICU = intensive care 
unit, PCR = polymerase chain reaction, RSNA = Radiological Society of North America. 
* Data are median, with the interquartile range in parentheses. 
† P values were calculated with a Wilcoxon Rank Sum test.  
‡ P values were calculated with a Chi-square test. 
§ P values were calculated with a Fisher’s exact test. 
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Table E2: Fully Vaccinated vs Unvaccinated Subjects with True-Positive COVID-19 CT Scans 
 

Subject 
Characteristics 

COVID-19 PCR-
Positive Subjects  

(n = 422) 

COVID-19 PCR 
Positive Fully 

Vaccinated 
(n = 70) 

COVID-19 PCR-
Positive 

Unvaccinated 
(n = 352) 

P value 

Demographics     
Age (y)* 57 (47–70) 66 (55–77) 55 (44–68) <.001† 

Female sex 178 (42) 147 (42) 31 (44) .80‡ 
Comorbidities     

Current smoker 27 (6) 1 (1) 26 (7) .04§ 
Never-smoker 260 (62) 39 (56) 221 (63) .29‡ 
Hypertension 211 (50) 45 (64) 166 (47) .01‡ 

Diabetes 101 (24) 21 (30) 80 (23) .26‡ 
Obesity 182 (43) 26 (37) 156 (44) .33‡ 

Heart failure 31 (7) 10 (14) 21 (6) .03§ 
COPD 22 (5) 4 (6) 18 (5) .77§ 

History of malignancy 94 (22) 27 (39) 67 (19) .001‡ 
Arrhythmias 52 (12) 16 (23) 36 (10) .01‡ 

Chronic kidney 
disease 

43 (10) 15 (21) 28 (8) .001‡ 

Immunocompromised¶ 65 (15) 27 (39) 38 (11) <.001‡ 
Oxygen requirement     

No supplemental 
oxygen 

117 (28) 15 (21) 102 (29) .25‡ 

Supplemental oxygen 247 (59) 43 (61) 204 (58) .69‡ 
Intubation 58 (14) 12 (17) 46 (13) .48 

Clinical Status     
Hospital admission 228 (54) 42 (60) 186 (53) .33‡ 

ICU 104 (25) 17 (24) 87 (25) 1.0‡ 
ED visit 85 (20) 11 (16) 74 (21) .40‡ 

Outpatient visit 5 (1) 0 5 (1) .60§ 
Deceased 39 (9) 10 (14) 29 (8) .17‡ 

 
Note.—Unless otherwise indicated, data are numbers of subjects and data in parentheses are percentages. COPD = 
chronic obstructive pulmonary disease, ED = emergency department, GI = gastrointestinal, ICU = intensive care 
unit, PCR = polymerase chain reaction, RSNA = Radiological Society of North America. 
* Data are median, with the interquartile range in parentheses. 
† P values were calculated with a Wilcoxon Rank Sum test.  
‡ P values were calculated with a Chi-square test. 
§ P values were calculated with a Fisher’s exact test. 
¶ 1) Taking high dose corticosteroids (>2 mg/kg or 20 mg/day of prednisone or equivalent administered for ≥2 
weeks), alkylating agents, antimetabolites, any chemotherapeutic known to cause immunosuppression, transplant-
related immunosuppressive drugs, and immunosuppressive agents for autoimmune conditions. 
2) Having an inherited immunodeficiency such as combined variable immunodeficiency or leukocyte adhesion 
deficiency. 
3) Having an acquired immunodeficiency such as HIV with CD4 count <200, asplenia, and 
hypogammaglobulinemia. 
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Table E3: True-Positive Rate by Booster Status and Calendar Month   

  
Unvaccinated  

Fully Vaccinated 
Without Booster    

Fully Vaccinated 
With Booster 

  

Month No. 
True Positive CT 

(%) No. True Positive CT (%) 
Odds Ratio 
(95% CI) 

P* 
value No. 

True Positive CT 
(%) 

Odds Ratio 
(95% CI) 

P* 
value 

Nov. 21 91 (71, 97) 12 58 (32, 81) 6.8 (1.1, 43) .04 11 9 (1, 38) 6.8 (1.1, 43) .04 
Dec. 30 93 (79, 98) 19 53 (32, 73) 13 (2.3, 69) .003 6 0 (0, 39) - - 
Jan 

2022 
15 87 (62, 96) 7 86 (49, 99) 1.1 (.08, 14) .95 9 89 (57, 99) 1 (.08, 14) .95 

Total 483 73 (69, 77) 143 43 (35, 51) 3.6 (2.5, 5.3) <.001 26 35 (19, 54) 3.6 (2.5, 5.3) <.001 
 
Note.— True positive rates are presented as percentages and their associated 95% confidence intervals and 
comparisons, by vaccine status, are presented as odds ratios (95% confidence intervals). PCR = polymerase chain 
reaction, RSNA = Radiological Society of North America 
* P values and odds ratios correspond to comparison of each vaccinated group with unvaccinated subjects. 
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Supplemental Figure 

 

Figure E1: Alternative diagnoses in COVID-19 PCR-negative subjects with RSNA COVID-19 Typical 

CT findings. Categories assigned based on microbiological laboratory evidence included “Community 

acquired pneumonia”, “Hospital acquired pneumonia”, and “Viral or atypical pneumonia”. Categories 

assigned based on clinical suspicion with or without laboratory evidence included “Aspiration 

pneumonia/pneumonitis”, “Unconfirmed/suspected pneumonia”, “Post-COVID lung findings”, 

“Pulmonary edema” and “Interstitial lung disease”. PCR = polymerase chain reaction, RSNA = 

Radiological Society of North America. 

* The diagnoses in the “Other” category and associated frequencies included bronchiectasis x2, 

lymphangitic carcinomatosis x2, ANCA-associated vasculitis x2, diffuse alveolar hemorrhage x2, hepatic 

hydrothorax x2, cytokine release syndrome x1, pulmonary hemorrhage x1, loculated pleural effusion x1, 

pulmonary lymphoma x1, and differentiation syndrome x1. 

 




