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Omicron, the predominant variant of concern of 
SARS-CoV-2,1 is more transmissible but does not 
increase — and even decreases2,3 — risks of hospi-

talization4–7 and death8,9 compared with previous variants.
From March 2020 to July 2022, COVID-19 waves in 

Canada10 were driven by wild-type, Alpha, Delta and 
Omicron variants, and mortality decreased after wave 
18,9,11–16 except in hospitalized patients aged 65 years or 
older in Ontario.17

Mortality of patients hospitalized during previous 
COVID-19 waves in Canada16 had decreased from waves 1 
to 3 because of differing demographic characteristics, man-
agement (e.g., dexamethasone use, other COVID-19 thera-
pies18,19) and vaccines.20 Overall, Omicron fatality rates 
decreased community wide.8,9

This study focuses on patients hospitalized with COVID-
19 in 3 Canadian provinces (British Columbia, Ontario and 
Quebec) during the Omicron and first 3 waves. Our objec-
tives were to compare outcomes of patients in the Omicron 
wave by vaccination status, and also to compare outcomes 
between patients hospitalized during the Omicron wave and 
patients in previous waves.
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Background: Omicron is the current predominant variant of concern of SARS-CoV-2. We hypothesized that vaccination alters out-
comes of patients hospitalized with COVID-19 during the Omicron wave and that these patients have different characteristics and 
outcomes than in previous waves.

Methods: This is a substudy of the Host Response Mediators in Coronavirus (COVID-19) Infection (ARBs CORONA I) trial, which 
included adults admitted to hospital with acute COVID-19 up to July 2022 from 9 hospitals in British Columbia, Ontario and Quebec. 
We excluded emergency department visits without hospital admission, readmissions and admissions for another reason. Using 
adjusted regression analysis, we compared mortality and organ dysfunction between vaccinated (≥  2 doses) and unvaccinated 
patients during the Omicron wave, as well as between all patients in the Omicron and first 3 waves of the COVID-19 pandemic.

Results: During the Omicron wave, 28-day mortality was significantly lower in vaccinated (n = 19/237) than unvaccinated hospital-
ized patients (n = 12/127) (adjusted odds ratio [OR] 0.36, 95% confidence interval [CI] 0.15–0.89); vaccinated patients had lower risk 
of admission to the intensive care unit, invasive ventilation and acute respiratory distress syndrome and shorter hospital length of 
stay. Patients hospitalized during the Omicron wave had more comorbidities than in previous waves, and lower 28-day mortality than  
in waves 1 and 2 (adjusted OR 0.38, 95% CI 0.24–0.59; and 0.42, 95% CI 0.26–0.65) but not wave 3 (adjusted OR 0.81, 95% CI 
0.43–1.51) and had less organ dysfunction than in the first 2 waves.

Interpretation: Patients who were at least double vaccinated had lower mortality than unvaccinated patients hospitalized during the 
Omicron wave. Patients hospitalized during the Omicron wave had more chronic disease and lower mortality than in the first 
2 waves, but not wave 3. Changes in vaccination, treatments and predominant SARS-CoV-2 variant may have decreased mortality in 
patients hospitalized during the Omicron wave.
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Methods

Study design
This substudy of the Host Response Mediators in Coronavirus 
(COVID-19) Infection (ARBs CORONA I) trial,21 a multi-
centre Canadian pragmatic observational cohort study 
examining pre-existing use of angiotensin receptor blockers and 
outcomes in patients hospitalized with COVID-19, is reported 
in accordance with the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) checklist.22

Setting
Sites that took part in ARBs CORONA I included commun-
ity and teaching hospitals in BC, Ontario and Quebec 
(9  sites; Appendix 1, Table E1, available at www.cmajopen.
ca/content/11/4/E672/suppl/DC1) that saw large numbers 
of patients hospitalized with acute COVID-19 (Mar. 2, 

2020, to July 28, 2022). We chose these 3 provinces because 
they had a large number of COVID-19 patients and we 
could recruit sites for these provinces. Patients hospitalized 
during the Omicron wave were defined by admission to hos-
pital for acute COVID-19 after Dec. 1, 2021, because Omi-
cron had replaced Delta by then.23 Definitions of waves 1, 2 
and 3 in BC, Ontario and Quebec were derived from the 
Canadian national COVID-19 daily epidemiology update 
website,24 as per our previous analysis16 (Figure 1). Patients 
were defined as being at least double vaccinated if they had 
received 2 or more doses of any type of SARS-CoV-2 vac-
cine (BNT162b2, mRNA-1273, ChAdOx1 and Ad26.
COV2.S) before hospital admission (except for Ad26.
COV2.S, for which a single vaccine dose would be consid-
ered double vaccinated). We used 2 vaccine doses to define 
“fully vaccinated” because that was the definition used by the 
Public Health Agency of Canada as of Sept. 1, 2022.25

Individuals older than 18 yr with confirmed COVID-19 
admitted to hospital from Mar. 2, 2020, to Apr. 14, 2021, 

and from Dec. 1, 2021, to July 28, 2022
n = 2767

Excluded  n = 966

•   Acute COVID-19 readmissions  n = 83
•   Emergency room visits without hospitalization  n = 149
•   Admitted to hospital but not because of acute COVID-19  n = 362 
•   Unknown discharge outcome or currently still hospitalized  n = 19
•   Patients from sites that enrolled only ICU patients  n = 353

Evaluable patients  n = 1801 

Wave 1: 2020

BC: Mar. 2–Sept. 30

ON: Mar. 2–Aug. 31

QC: Mar. 2–Aug. 31

n = 520

Wave 2: 2020–2021

BC: Oct. 1–Feb. 14

ON: Sept. 1–Feb. 14

QC: Sept. 1–Feb. 28

n = 575

Wave 3: 2021

BC: Feb. 15–Apr. 14

ON: Feb. 15–Apr. 14

QC: Mar. 1–Apr. 14

n = 265

Omicron wave:

2021–2022

Dec. 1–July 28

n = 441

Excluded  n = 69
•   Vaccinated with only 1 dose  n = 18*
•   Unknown vaccination status or timing  n = 51

Unvaccinated
n = 130

Vaccinated with at 
least 2 doses

n = 242

Figure 1: Flow diagram showing patient selection. Note: BC = British Columbia, ICU = intensive care unit, ON = Ontario, QC = Quebec. *BC 
(n = 10/226; 4.4%) and ON (n = 8/184; 4.3%).
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Participants
Inclusion criteria for ARBs CORONA I were people older 
than 18 years (regardless of pre-existing angiotensin 
receptor blockers usage) with SARS-CoV-2 infection con-
firmed by a clinically approved laboratory SARS-CoV-2 
test from a local hospital or provincial laboratory, who 
were admitted to hospital for acute COVID-19, based on 
best evidence.26–30 Site investigators judged that the admit-
ting illness was consistent with acute COVID-19. For the 
current study, we included all patients enrolled in ARBs 
CORONA I except for those with acute COVID-19 
re admissions, emergency department visits without hospi-
tal admission and hospital admissions with positive SARS-
CoV-2 test but whose illness was not acute COVID-19 
(e.g., chest pain, appendicitis, fracture; Appendix 1, Table 
S1). We excluded sites that enrolled only patients admit-
ted to the intensive care unit (ICU), as crude comparisons 
between waves would be confounded by the percentage of 
patients from these sites in each wave (Figure 1 and 
Appendix 1, Table S1).

Data sources
Patients were identified prospectively by research 
coordin ators at each site, and data were collected on spe-
cifically designed electronic Case Report Forms (Appen-
dix 2, available at www.cmajopen.ca/content/11/4/E672/
suppl/DC1). Baseline data were available within 24 hours 
of admission. Booster vaccine dose data were not col-
lected. Quebec sites did not recruit in wave 3, owing to 
research coordinator shortages.

Outcomes
The primary outcome was 28-day mortality; we assumed 
patients discharged alive before day 28 and lost to follow-up 
were day 28 survivors.19,31,32

Secondary outcomes included in-hospital mortality, 
ICU admission, organ dysfunction, hospital length of stay 
and concomitant treatments. We scored organ dysfunc-
tion first as frequency of septic shock, acute respiratory 
distress syndrome, acute kidney injury and acute cardiac 
injury, and second as frequency of the use of invasive 
mechanical ventilation, vasopressors and renal replace-
ment therapy (RRT) and as days alive and free (DAF) of 
these therapies within the first 14  days.33 The DAF of 
ventilation, vasopressors and RRT calculation presents 
use of these therapies while adjusting for deaths in the 
first 14 days because many patients died within the first 
14  days.26–30 Therefore, if we reported only duration of 
ventilation in a patient who died on day 2, the short dura-
tion of ventilation is biased by the early death. For 
patients who survived the first 14 days, DAF was simply 
the total number of days free from these therapies. 
Because mortality was a competing risk for the use of 
vasopressors, ventilation and RRT, patients who died 
within 14 days were assigned a DAF of 0 to increase the 
penalty for nonsurvival. We calculated DAF over 14 days, 
as in other trials in critically ill patients.34

Sample size
We performed no formal sample size calculation, as this was a 
substudy of ARBs CORONA I. The initial planned sample 
size of ARBs CORONA I was 49721 and was later changed to 
an open cohort because we obtained increased funding.

Statistical analyses
We compared baseline characteristics using the χ2 test, Fisher 
exact test (when > 20% of cells have expected cell counts < 5 
or any expected cell count is < 1), analysis of variance 
(ANOVA) or Kruskal–Wallis test. We performed unadjusted 
and adjusted regression analyses to compare outcomes 
between vaccination groups, and between patients during the 
Omicron and previous waves.

To compare patients who were unvaccinated and 
patients with 2 or more vaccine doses in the Omicron wave, 
we adjusted for age, sex and comorbidities that were poten-
tially associated with death, based on previous literature, 
and were significantly different between groups (chronic 
heart, kidney, hematologic diseases, hypertension and can-
cer). Patients with only 1 vaccine dose were not considered 
in the between-vaccination group comparisons, given the 
limited number.

For wave comparisons, we adjusted for predefined factors: 
age, sex, comorbidities (chronic heart disease, hypertension, 
chronic kidney disease and diabetes), commonest comorbid-
ities associated with death,35–37 baseline systolic blood pres-
sure, organ dysfunction confounders that were different 
across waves (baseline heart rate, arterial oxygen saturation 
[Sao2] and serum creatinine), and comorbidities that were dif-
ferent across waves (chronic pulmonary disease, chronic neu-
rologic disorder, cancer and chronic hematologic disease). We 
accounted for site effect in unadjusted and adjusted compari-
sons between waves by including a hospital site effect term in 
the regression model, as the regional distribution of patients 
was different across waves, owing to the varying levels of site 
participation over time.

Given the smaller sample size for comparisons within the 
Omicron wave by vaccination status, we used a different strat-
egy of adjustment variables selection than the wave compari-
sons to reduce the possibility of overfitting.

We used logistic and censored quantile38 regression to 
compare binary outcomes and length of stay, respectively. 
The observed DAF data exhibited a U-shape distribution, 
with most data concentrated at 0 and 14. We thus used 0–1 
inflated β regression39 to model the data.32,40 Days alive and 
free were expressed as proportion of days (i.e., divided by 
14) in the regression model and then back-transformed for 
interpretation. The R package gamlss was used to fit the 0–1 
inflated β model with the default logit and log link func-
tions. Given that the regression model was adjusted for 
covariates, we computed the marginal mean DAF by vaccin-
ation status and wave by averaging the model predictions 
obtained from the predict function (i.e., fixed vaccination 
status/wave at a specific value and integrating over the 
remaining covariates). We obtained estimated mean differ-
ence between vaccination statuses and waves by taking the 
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difference between the marginal means. We obtained 95% 
confidence intervals (CIs) using 1000 bootstrap samples, 
and obtained p values for the comparisons by resampling 
under the null hypothesis of no difference (1000 samples).

For comparison within the Omicron wave by vaccination 
status, we applied Firth’s penalized method to logistic 
regression because of the number of adjustment factors and 
low event count for some outcomes. For wave comparisons, 
we considered hospital site as a random effect in logistic 
regression and as fixed in censored quantile and 0–1 inflated β 
regression, owing to numerical issues and computational 
limitations. Results were expressed as odds ratio (OR), mean 
difference in DAF and difference in median length of stay 
(ΔM) with 95% CIs. For length-of-stay analysis, we 
considered in-hospital deaths as never discharged and 
censored them at the largest observed length of stay.41

Missing data were minimal, so we excluded patients with 
missing data from the corresponding analysis (about 5% for the 
adjusted analysis). We conducted analyses using SAS 9.4 (SAS 
Institute Inc.) and R 4.0.4 (R Foundation for Statis tical Com-
puting). We considered p < 0.05 to be statistically significant 
without adjustment for multiple testing.

Ethics approval
This study was approved by Providence Health Care and Uni-
versity of British Columbia Human Research Committee and by 
each of the contributing clinical sites. Anonymized clinical data 
were deemed low risk and informed consent was not required.

Results

Comparison by vaccination status within the 
Omicron wave
More than half of patients hospitalized during the Omicron 
wave had had 2 or more doses of SARS-CoV-2 vaccine before 
hospital admission (242/390 [62%]; 92% were mRNA vac-
cines [222/242]; all had received the second dose > 14 days 
before admission). Patients with 2 or more vaccine doses were 
older and had more frequent comorbidities (chronic cardiac, 
kidney and hematologic diseases, hypertension, cancer and 
dementia) but less ICU admission on hospital admission day 
(Table 1; Appendix 1, Table E2; and Figure 2). Treatments 
during hospital stay were similar, except for less dexametha-
sone use in the group with 2 or more vaccine doses (65.7% v. 
76.2%, p = 0.04; Appendix 1, Table E3).

Vaccine appeared protective. Crude 28-day mortality was 
slightly lower in the group with 2 or more doses than in the 
unvaccinated group (8.0% v. 9.4%; OR 0.84, 95% CI 0.39–
1.78; Table 2); in the adjusted comparison, mortality was 
signifi cantly lower for the group with 2 or more doses (adjusted 
OR 0.36, 95% CI 0.15–0.89; Figure 3). Admission to the ICU, 
invasive ventilation and acute respiratory distress syndrome 
were less likely in the group with 2 or more doses group 
(respectively: adjusted OR 0.57, 95% CI 0.34–0.95; 0.47, 95% 
CI 0.25–0.90; and 0.35, 95% CI 0.18–0.68). Hospital length of 
stay was significantly shorter in the group with 2 or more doses 
(adjusted ΔM –5.3 d, 95% CI –9.1 to –1.6) (Figure 3).

Comparison of Omicron wave with previous waves

Baseline characteristics
Patients hospitalized during the Omicron wave (n = 441) had 
more frequent comorbidities (chronic cardiac, kidney, pul-
monary, neurologic and hematologic diseases; hypertension; 
and cancer) than patients hospitalized during previous waves 
(Appendix 1, Table E4 and Figure E1). Vaccination propor-
tions were 0%, 0.5%, 8.2% and 66.8% in waves 1, 2, 3 and 
Omicron, respectively (p  < 0.001). D-dimer levels were ele-
vated in patients hospitalized during the Omicron wave ver-
sus during previous waves.

Treatment
Patients admitted during the Omicron wave had more remde-
sivir use (22.6%) than those in previous waves (wave 1: 1.6%, 
p < 0.001; wave 2: 16.8%, p = 0.02; wave 3: 10.2%, p < 0.001), 
but less dexamethasone use (67.1%) than patients during wave 
2 (84.2%, p < 0.001) and wave 3 (88.7%, p < 0.001) (Figure 4 
and Appendix 1, Table E5).

Outcomes
The 28-day mortality of patients hospitalized during the 
Omicron wave was significantly lower than in the first 2 
waves (adjusted OR 0.38, 95% CI 0.24–0.59; and 0.42, 95% 
CI 0.26–0.65 v. waves 1 and 2, respectively), but not wave 3 
(adjusted OR 0.81, 95% CI 0.43–1.51). During the Omi-
cron wave, patients admitted to hospital had less organ dys-
function than those admitted in waves 1 and 2, but not in 
wave 3 (Figure 5 and Appendix 1, Table E6). During the 
Omicron wave, patients admitted to hospital had signifi-
cantly more acute kidney injury than those in wave 3 
(adjusted OR 1.80, 95% CI 1.06–3.05). Hospital stay was 
shorter during Omicron than all 3 earlier waves.

The magnitude of the wave effect on 28-day mortality 
in the supplementary analysis restricted to unvaccinated 
patients (Appendix 1, Figure E2) was slightly smaller 
(adjusted OR 0.47, 95% CI 0.23–0.96; 0.53, 95% CI 0.26–
1.08; and 1.00, 95% CI 0.42–2.36 for the Omicron wave 
than waves 1, 2 and 3, respectively), and with much wider 
CIs, as the sample size for the Omicron wave was reduced 
by two-thirds.

Interpretation

Patients hospitalized during the Omicron wave with at 
least 2 doses of SARS-CoV-2 vaccine had significantly 
more comorbidities than non-vaccinated patients admitted 
at that time. Vaccination mitigates hospitalization risk,5,42–46 
but it could be less effective in patients with comorbid-
ities.44,47 Thus, we expected that hospitalization among 
vaccinated patients would be concentrated in those with 
many comorbidities, and that was what we observed. Mor-
tality (and ICU admission, invasive ventilation and acute 
respiratory distress syndrome) of the vaccinated patients 
was significantly lower than in unvaccinated patients after 
adjustment for confounders.
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Table 1: Baseline characteristics of patients admitted to hospital during the Omicron wave with acute COVID-19, by SARS-CoV-2 
vaccination status

Variable

Vaccination status*

p value

No. (%)† of all 
patients
n = 441

No. (%)† of 
unvaccinated 

patients
n = 130

No. (%)† of 
patients with 

≥ 2 doses
n = 242

Sex 0.528

    Unknown, n 1 1 0 –

    Male 261 (59.3) 74 (57.4) 147 (60.7) –

    Female 179 (40.7) 55 (42.6) 95 (39.3) –

Age, mean ± SD 70.1 ± 15.2 67.9 ± 15.0 71.2 ± 15.3 0.046

Received any SARS-CoV-2 vaccine before admission 261/391 (66.8) – – –

Received at least 2 doses of SARS-CoV-2 vaccine before 
admission

242/390 (62.1) – – –

Admitted to ICU on hospital admission day 64 (14.5) 29 (22.5) 25 (10.3) 0.002

Organ support on admission day

    Invasive mechanical ventilation 20/441 (4.5) 10/130 (7.7) 7/242 (2.9) 0.035

    RRT or dialysis 8/439 (1.8) 1/129 (0.8) 6/241 (2.5) 0.429

    Vasopressors 18/440 (4.1) 8/129 (6.2) 6/242 (2.5) 0.073

Temperature (°C), mean ± SD 37.1 ± 0.9 37.1 ± 1.0 37.1 ± 0.9 0.830

    Missing, n 16 8 5 –

Heart rate (beats/min), mean ± SD 92.6 ± 21.5 93.3 ± 22.7 91.1 ± 20.3 0.352

    Missing, n 2 1 1 –

Respiratory rate (breaths/min), mean ± SD 23.2 ± 7.7 24.0 ± 9.3 22.7 ± 6.6 0.118

    Missing, n 12 5 4 –

sBP, mean ± SD 131.2 ± 26.9 127.7 ± 24.3 133.6 ± 29.0 0.054

    Missing, n 7 5 0 –

dBP, mean ± SD 72.5 ± 13.9 72.3 ± 13.3 72.7 ± 14.0 0.776

    Missing, n 10 6 1 –

Oxygen saturation (Sao2; %), mean ± SD 93.1 ± 6.7 91.7 ± 7.8 93.6 ± 6.5 0.014

    Missing, n 5 2 0 –

Required oxygen therapy 147/426 (34.5) 49/127 (38.6) 79/234 (33.8) 0.360

Leukocyte count (× 103/μL), median IQR 7.3 (5.1–9.9) 6.8 (4.6–9.5) 7.5 (5.2–10.0) 0.064

    Missing, n 3 2 1 –

Hemoglobin (g/L), median IQR 127 (111–141) 136 (124–146) 120 (107–138) < 0.001

    Missing, n 3 2 1 –

Creatinine (μmol/L), median IQR 95.0 (70.0–136.0) 90.5 (66.5–112.0) 104.0 (74.0–154.0) 0.001

    Missing, n 4 2 1 –

ALT (U/L), median IQR 23.0 (16.0–38.0) 28.0 (17.0–45.5) 21.0 (15.0–34.0) 0.007

    Missing 122 30 73 –

AST (U/L), median IQR 38.5 (23.0–59.0) 50.0 (37.0–80.0) 29.0 (22.0–59.0) 0.006

    Missing 343 99 191 –

Note: ALT = alanine aminotransferase, AST = aspartate transferase, dBP = diastolic blood pressure, ICU = intensive care unit, IQR = interquartile range, RRT = renal 
replacement therapy, sBP = systolic blood pressure, SD = standard deviation.
*Patients who received only a single dose of vaccine (n = 18) or with uncertain vaccination status (n = 51) were excluded from the stratified summary.
†Unless otherwise indicated.
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The significantly higher rates of chronic kidney, pulmon-
ary and hematologic disease, and malignancy of patients hos-
pitalized during the Omicron wave suggested evidence of 
more underlying immunosuppression, which could increase 
risk of hospitalization.44,48

Patients admitted during the Omicron wave had more fre-
quent vaccination before hospitalization than in previous 
waves, as SARS-CoV-2 vaccines were not previously available. 
Vaccines were rolled out in various stages in each province, so 
the proportions of vaccinated patients would be expected to be 
lower at the beginning of the pandemic. Indeed, we found that 
the proportions of vaccinated patients were 0%, 0.5%, 8.2% 

and 66.8% in waves 1, 2, 3 and Omicron, respectively. The 
proportions of vaccinated patients in each wave probably do 
not explain the lack of differences in mortality between waves 
3 and Omicron because of the large differences in vaccination 
rates but similar mortality rates (Appendix 1, Tables E4–E6).

Double vaccination appears somewhat less effective 
against infection with the Omicron variant than earlier vari-
ants in mitigating hospitalization and death rates.5,42–46 How-
ever, SARS-CoV-2 vaccination immunity may wane, 
increasing later risk of acute COVID-19 illness sever-
ity.5,43,44,46 Booster vaccination increases immunity49 and 
decreases severe infection risk during the Omicron wave.50–52 

%

0 20 40 60 80

Malnutrition
p = 1.000

Dementia
p = 0.007

Rheumatologic disorder
p = 0.621

AIDS/HIV
p = 0.278

Chronic hematologic disease
p < 0.001

Malignant neoplasm
p = 0.004

Chronic neurological disorder
p = 0.299

Liver disease
p = 0.052

Chronic pulmonary disease
p = 0.285

Any of the 4 above
p < 0.001

Diabetes
p = 0.165

Hypertension
p = 0.001

Chronic kidney disease
p < 0.001

Chronic cardiac disease
p = 0.002

Unvaccinated

At least 2 doses

Figure 2: Comorbidities of patients hospitalized during the Omicron wave, by vaccination group. P value based on χ2 test or Fisher exact test, 
as appropriate.
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Table 2: Outcomes of patients admitted to hospital for acute COVID-19 during the Omicron wave by SARS-CoV-2 vaccination 
status

Variable

Vaccination status*

p value

No. (%)† of all 
patients
n = 441

No. (%)† of 
unvaccinated 

patients
n = 130

No. (%)† of 
patients with 

≥ 2 doses
n = 242

28-day mortality 42/433 (9.7) 12/127 (9.4) 19/237 (8.0) 0.64

In-hospital death 63/441 (14.3) 19/130 (14.6) 30/242 (12.4) 0.55

Admitted to ICU 121/441 (27.4) 49/130 (37.7) 57/242 (23.6) 0.004

Septic shock 39/430 (9.1) 11/125 (8.8) 23/237 (9.7) 0.78

Acute respiratory distress syndrome 66/437 (15.1) 31/129 (24.0) 25/239 (10.5) < 0.001

Acute kidney injury 119/429 (27.7) 32/129 (24.8) 76/232 (32.8) 0.11

Acute cardiac injury 18/418 (4.3) 4/126 (3.2) 12/226 (5.3) 0.36

Organ support while hospitalized

    Invasive mechanical ventilation 61/441 (13.8) 28/130 (21.5) 26/242 (10.7) 0.005

    RRT or dialysis 30/439 (6.8) 7/129 (5.4) 20/241 (8.3) 0.31

    Vasopressors 70/440 (15.9) 26/129 (20.2) 34/242 (14.0) 0.13

Organ support during first 14 days

    Invasive mechanical ventilation 53/439 (12.1) 24/128 (18.8) 22/242 (9.1) 0.007

    RRT or dialysis 23/436 (5.3) 5/128 (3.9) 15/239 (6.3) 0.34

    Vasopressors 62/437 (14.2) 23/129 (17.8) 29/239 (12.1) 0.13

DAF invasive mechanical ventilation, first 14 days 0.04

    Mean ± SD 12.5 ± 4.0 12.1 ± 4.3 12.9 ± 3.4 –

    Unknown, n 18 10 6 –

DAF RRT — first 14 days – – – 0.43

    Mean ± SD 13.1 ± 3.2 13.4 ± 2.8 13.3 ± 2.9 –

    Unknown, n 23 10 11 –

DAF vasopressors, first 14 days – – – 0.24

    Mean ± SD 12.6 ± 3.8 12.4 ± 3.9 12.9 ± 3.4 –

    Unknown, n 20 9 9 –

Hospital length of stay, decedents – – – 0.23

    n 48 12 24 –

    Median (IQR) 16.5 (9.5–35.5) 32.5 (14.0–77.5) 18.5 (10.5–33.5) –

    Range (2.0–246.0) (3.0–246.0) (4.0–97.0) –

Hospital length of stay, survivors – – – 0.01

    n 378 111 212 –

    Median (IQR) 8.0 (4.0–16.0) 11.0 (5.0–18.0) 7.0 (4.0–13.0) –

    Range (1.0–143.0) (2.0–143.0) (1.0–110.0) –

ICU length of stay, decedents – – – 0.18

    n 37 12 17

    Median (IQR) 15.0 (10.0– 29.0) 23.0 (14.0–66.5) 16.0 (10.0–29.0) –

    Range (0.0–246.0) (4.0–246.0) (1.0–84.0) –

ICU length of stay, survivors – – – 0.73

    n 77 36 35

    Median (IQR) 6.0 (3.0–12.0) 6.5 (3.5–11.0) 6.0 (3.0–13.0) –

    Range (0.0–85.0) (1.0–85.0) (0.0–29.0) –

Note: DAF = days alive and free, ICU = intensive care unit, IQR = interquartile rage, RRT = renal replacement therapy, SD = standard deviation.
*Patients who received only a single dose of vaccine (n = 18) or with uncertain vaccination status (n = 51) were excluded from the stratified summary.
†Unless otherwise indicated.
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Difference in median, days (95% CI)

Outcome

28-day mortality

In-hospital mortality

Admitted to ICU

Septic shock

Acute respiratory distress syndrome

Acute kidney injury

Acute cardiac injury
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DAF invasive ventilation

DAF renal replacement therapy*

DAF vasopressors
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Figure 3: Comparison of outcomes of hospitalized patients with ≥ 2 doses of SARS-CoV-2 vaccine versus no vaccine during the Omicron wave, 
by regression analysis. Note: CI = confidence interval, DAF = days alive and free, ICU = intensive care unit. Note: The following factors were 
accounted for in the adjusted analysis: age, sex, chronic heart disease, chronic kidney disease, hematologic disease, hypertension and cancer. 
*Adjusted regression analysis was not feasible numerically as too few patients received renal replacement therapy during the first 14 days.
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A fourth dose of SARS-CoV-2 vaccine53 and previous SARS-
CoV-2 infection plus boosters were most protective. More 
frequent vaccination during the Omicron wave than in pre-
vious waves may have affected the patient mix.5,46

Patients hospitalized during the Omicron wave had more 
remdesivir use than in previous waves but less dexametha-
sone use than in waves 2 and 3. They had lower 28-day 
mortality and less organ dysfunction than patients from 
waves 1 and 2, but not wave 3. However, there appeared to 
be a higher rate of acute kidney injury in patients hospital-
ized during the Omicron wave than in wave 3. A study from 
Italy with 65 critically ill patients found that the Omicron 
variant was associated with more acute kidney injury than 
the Delta variant.54

Severe COVID-19 may be associated with a procoagulant 
state and greater risk of venous thromboembolic disease.55,56 
We found that D-dimer levels were very commonly elevated in 
patients hospitalized during the Omicron wave: a procoagulant 
state may be as important in these patients as in those hospital-
ized during previous waves.

Omicron is more transmissible but has lower risk of hospital 
admission and death than previous variants of concern.7,15,57,58 
Our study sheds new light on the Omicron wave: the risk of 
hospitalization may be lower with Omicron than previous vari-
ants of concern, and once these patients are hospitalized, the 
mortality rate is lower (about 10%) than in patients during the 
first 2 waves. This could be the result of changes in vaccination, 
treatments and predominant SARS-CoV-2 variant.
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Figure 4: COVID-19 therapies administered during patients’ hospital stay across COVID-19 waves. p value was based on χ2 test or Fisher 
exact test, as appropriate.
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Other studies outside Canada that compared Omicron 
with other variants also found lower rates of ICU admis-
sion and mortality in hospitalized patients.2,3,5,59 We extend 
those reports and our previous study16 by showing lower 
mortality during the Omicron wave than in waves 1 and 2, 
but similar mortality to wave 3 in Canada, and highlight 

specific organ dysfunction and support needs during the 
Omicron wave.

Our study strengths include the multicentre open cohort 
design, the detailed phenotyping of inpatients, and the large 
control group of patients from previous COVID-19 waves 
in Canada.
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Figure 5: Comparison of outcomes of patients hospitalized with COVID-19 during the Omicron versus previous waves, by regression analysis. Note: 
The following factors were accounted for in the adjusted analysis: age, sex, comorbidities (chronic heart disease, hypertension, chronic kidney dis-
ease, diabetes, chronic pulmonary disease, chronic neurologic disorder, cancer and chronic hematologic disease), baseline systolic blood pressure, 
heart rate, oxygen saturation of arterial blood (Sao2 ) and serum creatinine. Note: CI = confidence interval, DAF = days alive and free, ICU = intensive 
care unit. *Adjusted regression analysis was not feasible numerically as too few patients received renal replacement therapy during the first 14 days.
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Limitations
In this observational study, we could not determine causa-
tion, but add evidence regarding differences in characteris-
tics, treatments and outcomes between vaccination groups, 
as well as COVID-19 waves. The sample size for the com-
parison by vaccination status within the Omicron wave was 
limited and the number of events for some outcomes were 
low. This may limit statistical power and reliability of the 
adjusted analysis. We also performed a large number of 
hypothesis tests without adjustment for multiplicity. We 
did not collect data on booster vaccine doses and so cannot 
determine the timing between the last vaccine dose and 
hospital admission and, thus, are unable to tease out their 
impact on outcomes. Comorbidities were identified at time 
of admission, but the duration was not recorded; nor was 
treatment and level of control for these comorbidities, and 
these comorbidity variables may have affected mortality 
risk. A more effective risk adjustment on mortality would 
have been achieved by using the Charlson or Elixhauser 
comorbidity indices. However, we did not collect several of 
the variables that are used in each index and so cannot 
report a post hoc calculation of either index.

We did not capture use of other COVID-19 therapies — 
in particular, anticoagulants and immunomodulatory 
drugs — which could alter patient outcomes. We did not 
assess neurologic function because neurologic dysfunction 
assessment in patients who are critically ill is difficult, owing 
to the confounding effects of sedation. Hospital and ICU 
admission for COVID-19 is primarily for respiratory, cardio-
vascular and renal support; we measured use of ventilation, 
vaso  pressors and RRT and calculated DAF of such sup-
port.16,33 We did not adjudicate whether patients had acute 
COVID-19; however, we engaged large centres with exten-
sive experience of acute COVID-19 in BC, Ontario and 
Quebec. Having only 3 provinces somewhat limits the repre-
sentativeness of our study.

Further limitations are that we did not have variants of 
concern determined for individual patients, but the national 
data during the time frame we defined as the Omicron wave 
demonstrated that more than 90% of cases of SARS-CoV-2 
infection were the Omicron variant.24 We confirmed by 
genome sequencing that 94% of patients during the Omicron 
wave were infected with Omicron, in a BC subset (n = 141; 
December 2021 to April 2022). However, this may not rule 
out overlapping variants. Our research coordinators used 
SARS-CoV-2–positive tests in the hospital laboratory to iden-
tify patients, but some patients may have been missed.

Conclusion
At-least double-vaccinated patients had lower mortality than 
unvaccinated patients hospitalized with COVID-19 during 
the Omicron wave. These patients had more chronic disease 
and lower mortality than those admitted in waves 1 and 2, 
but not in wave 3. Changes in vaccination, treatments and 
predominant SARS-CoV-2 variant may have decreased mor-
tality in patients hospitalized with COVID-19 during the 
Omicron wave.

References
 1. Weekly epidemiological update on COVID-19 — 17 August 2022. Geneva: 

World Health Organization; 2022. Available: https://www.who.int/
publications/m/item/weekly-epidemiological-update-on-covid-19---17-august 
-2022 (accessed 2022 Sept. 1). 

 2. Bager P, Wohlfahrt J, Bhatt S, et al. Risk of hospitalisation associated with 
infection with SARS-CoV-2 Omicron variant versus delta variant in Denmark: 
an observational cohort study. Lancet Infect Dis 2022;22:967-76.

 3. Davies MA, Kassanjee R, Rousseau P, et al. Outcomes of laboratory-confirmed 
SARS-CoV-2 infection in the Omicron-driven fourth wave compared with pre-
vious waves in the Western Cape Province, South Africa. Trop Med Int Health 
2022;27:564-73.

 4. Nyberg T, Ferguson NM, Nash SG, et al. Comparative analysis of the risks of 
hospitalisation and death associated with SARS-CoV-2 Omicron (B.1.1.529) and 
delta (B.1.617.2) variants in England: a cohort study. Lancet 2022;399:1303-12.

 5. Sheikh A, Kerr S, Woolhouse M, et al. Severity of Omicron variant of concern 
and effectiveness of vaccine boosters against symptomatic disease in Scotland 
(EAVE II): a national cohort study with nested test-negative design. Lancet 
Infect Dis 2022;22:959-66.

 6. Menni C, Valdes AM, Polidori L, et al. Symptom prevalence, duration, and 
risk of hospital admission in individuals infected with SARS-CoV-2 during 
periods of Omicron and delta variant dominance: a prospective observational 
study from the ZOE COVID Study. Lancet 2022;399:1618-24.

 7. Harrigan SP, Wilton J, Chong M, et al. Clinical severity of Omicron SARS-
CoV-2 variant relative to Delta in British Columbia, Canada: a retrospective 
analysis of whole genome sequenced cases. Clin Infect Dis 2022;Aug 30:ciac705.

 8. Erikstrup C, Laksafoss AD, Gladov J, et al. Seroprevalence and infection fatality 
rate of the SARS-CoV-2 Omicron variant in Denmark: a nationwide serosur-
veillance study. Lancet Reg Health Eur 2022;21:100479.

 9. Liu Y, Yu Y, Zhao Y, et al. Reduction in the infection fatality rate of Omicron 
variant compared with previous variants in South Africa. Int J Infect Dis 2022; 120: 
146-9.

10. Federal, provincial, territorial public health response plan for ongoing manage-
ment of COVID-19. Ottawa: Public Health Agency of Canada; 2022 Available: 
https://www.canada.ca/en/public-health/services/diseases/2019-novel-coronavirus 
-infection/guidance-documents/federal-provincial-territorial-public-health 
-response-plan-ongoing-management-covid-19.html (accessed 2022 Sept. 1).

11. Soriano V, de Mendoza C, Gomez-Gallego F, et al. Third wave of COVID-19 
in Madrid, Spain. Int J Infect Dis 2021;107:212-4.

12. Fan G, Yang Z, Lin Q, et al. Decreased case fatality rate of COVID-19 in the sec-
ond wave: a study in 53 countries or regions. Transbound Emerg Dis 2021;68:213-5.

13. McAlister FA, Nabipoor M, Chu A, et al. The impact of shifting demograph-
ics, variants of concern and vaccination on outcomes during the first 3 
COVID-19 waves in Alberta and Ontario: a retrospective cohort study. 
CMAJ Open 2022;10:E400-8.

14. Domingo P, Pomar V, Mur I, et al. Not all COVID-19 pandemic waves are 
alike. Clin Microbiol Infect 2021;27:1040.e7-1040.e10.

15. Ulloa AC, Buchan SA, Daneman N, et al. Estimates of SARS-CoV-2 Omicron 
variant severity in Ontario, Canada. JAMA 2022;327:1286-8.

16. Lee T, Cheng MP, Vinh DC, et al. Organ dysfunction and death in patients 
admitted to hospital with COVID-19 in pandemic waves 1 to 3 in British 
Columbia, Ontario and Quebec, Canada: a cohort study. CMAJ Open 2022;10: 
E379-89.

17. Wong EKC, Watt J, Zou H, et al. Mortality in hospitalized older adults with 
COVID-19 during three waves: a multicenter retrospective cohort study. 
Health Sci Rep 2022;5:e603.

18. ATTACC Investigators; ACTIV-4a Investigators; REMAP-CAP Investigators; 
Lawler PR, Goligher EC, Berger JS, et al. Therapeutic anticoagulation with hep-
arin in noncritically ill patients with COVID-19. N Engl J Med 2021;385:790-802.

19. RECOVERY Collaborative Group; Horby P, Lim WS, et al. Dexamethasone 
in hospitalized patients with COVID-19. N Engl J Med 2021;384:693-704.

20. Tenforde MW, Self WH, Adams K, et al. Association between mRNA vaccination 
and COVID-19 hospitalization and disease severity. JAMA 2021;326:2043-54.

21. Russell JA, Marshall JC, Slutsky A, et al. Study protocol for a multicentre, pro-
spective cohort study of the association of angiotensin II type 1 receptor block-
ers on outcomes of coronavirus infection. BMJ Open 2020;10:e040768.

22. von Elm E, Altman DG, Egger M, et al. The Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) statement: guidelines for 
reporting observational studies. J Clin Epidemiol 2008;61:344-9.

23. Update on COVID-19 in Canada: Epidemiology and Modelling. Ottawa: Public 
Health Agency of Canada; 2022. Available: https://www.canada.ca/content/dam/
phac-aspc/documents/services/diseases-maladies/coronavirus-disease-covid-19/
epidemiological-economic-research-data/update-covid-19-canada-epidemiology 
-modelling-20220114-en.pdf (accessed 2022 Sept. 1).  

24. COVID-19 daily epidemiology update: key updates. Ottawa: Government 
of Canada; updated 2023 Feb. 27. Available: https://health-infobase.canada.
ca/covid-19/epidemiological-summary-covid-19-cases.html (accessed 2022 
Sept. 1). 

25. COVID-19 vaccination in Canada. Ottawa: Government of Canada; modified 
2023 Feb. 3. Available: https://health-infobase.canada.ca/covid-19/vaccination 
-coverage/technical-notes.html#a5/ (accessed 2022 Sept. 1).  



Research

 CMAJ OPEN, 11(4) E683    

26. Huang C, Wang Y, Li X, et al. Clinical features of patients infected with 2019 
novel coronavirus in Wuhan, China. Lancet 2020;395:497-506.

27. Murthy S, Archambault PM, Atique A, et al. Characteristics and outcomes of 
patients with COVID-19 admitted to hospital and intensive care in the first 
phase of the pandemic in Canada: a national cohort study. CMAJ Open 2021;9: 
E181-8.

28. Piroth L, Cottenet J, Mariet AS, et al. Comparison of the characteristics, mor-
bidity, and mortality of COVID-19 and seasonal influenza: a nationwide, popu-
lation-based retrospective cohort study. Lancet Respir Med 2021;9:251-9.

29. Wang D, Hu B, Hu C, et al. Clinical characteristics of 138 hospitalized 
patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China. 
JAMA 2020;323:1061-9.

30. Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortality of 
adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort 
study. Lancet 2020;395:1054-62.

31. RECOVERY Collaborative Group. Aspirin in patients admitted to hospital 
with COVID-19 (RECOVERY): a randomised, controlled, open-label, plat-
form trial. Lancet 2022;399:143-51.

32. Tomazini BM, Maia IS, Cavalcanti AB, et al. Effect of dexamethasone on days 
alive and ventilator-free in patients with moderate or severe acute respiratory 
distress syndrome and COVID-19: the CoDEX randomized clinical trial. 
JAMA 2020;324:1307-16.

33. Russell JA, Lee T, Singer J, et al. Days alive and free as an alternative to a mor-
tality outcome in pivotal vasopressor and septic shock trials. J Crit Care 
2018;47:333-7.

34. National Heart, Lung, and Blood Institute ARDS Clinical Trials Network; 
Truwit JD, Bernard GR, Steingrub J, et al. Rosuvastatin for sepsis-associated 
acute respiratory distress syndrome. N Engl J Med 2014;370:2191-200.

35. Chen N, Zhou M, Dong X, et al. Epidemiological and clinical characteristics of 
99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive 
study. Lancet 2020;395:507-13.

36. Huang C, Wang Y, Li X, et al. Clinical features of patients infected with 2019 
novel coronavirus in Wuhan, China. Lancet 2020;395:497-506.

37. Wang D, Hu B, Hu C, et al. Clinical characteristics of 138 hospitalized 
patients with 2019 novel coronavirus-infected pneumonia in Wuhan, China. 
JAMA 2020;323:1061-9.

38. Peng L, Huang Y. Survival analysis with quantile regression models. J Am Stat 
Assoc 2008;103:637-49.

39. Ospina R, Ferrari SLP. Inflated beta distributions. Stat Papers 2010;51:111-26.
40. Writing Committee and Steering Committee for the RELAx Collaborative 

Group; Algera AG, Pisani L, Neto AS, et al. Effect of a lower vs higher positive 
end-expiratory pressure strategy on ventilator-free days in ICU patients with-
out ARDS: a randomized clinical trial. JAMA 2020;324:2509-20.

41. Brock GN, Barnes C, Ramirez JA, et al. How to handle mortality when investi-
gating length of hospital stay and time to clinical stability. BMC Med Res Meth-
odol 2011;11:144.

42. El Sahly HM, Baden LR, Essink B, et al. Efficacy of the mRNA-1273 SARS-
CoV-2 vaccine at completion of blinded phase. N Engl J Med 2021;385:1774-85.

43. Goldberg Y, Mandel M, Bar-On YM, et al. Waning immunity after the 
BNT162b2 vaccine in Israel. N Engl J Med 2021;385:e85.

44. Lauring AS, Tenforde MW, Chappell JD, et al. Clinical severity of, and effect-
iveness of mRNA vaccines against, COVID-19 from Omicron, delta, and alpha 
SARS-CoV-2 variants in the United States: prospective observational study. 
BMJ 2022;376:e069761.

45. Lazarus R, Baos S, Cappel-Porter H, et al. Safety and immunogenicity of con-
comitant administration of COVID-19 vaccines (ChAdOx1 or BNT162b2) 
with seasonal influenza vaccines in adults in the UK (ComFluCOV): a multi-
centre, randomised, controlled, phase 4 trial. Lancet 2021;398:2277-87.

46. Tartof SY, Slezak JM, Puzniak L, et al. Durability of BNT162b2 vaccine 
against hospital and emergency department admissions due to the Omicron 
and Delta variants in a large health system in the USA: a test-negative case-
control study. Lancet Respir Med 2022;10:689-9.

47. Choi WS, Cheong HJ. COVID-19 vaccination for people with comorbidities. 
Infect Chemother 2021;53:155-8.

48. Ebinger J, Driver M, Joung S, et al. Hypertension and excess risk for severe 
COVID-19 illness despite booster vaccination. Hypertension 2022;79:e132-e134.

49. Pajon R, Doria-Rose NA, Shen X, et al. SARS-CoV-2 Omicron variant neutral-
ization after mRNA-1273 booster vaccination. N Engl J Med 2022;386:1088-91.

50. Andrews N, Stowe J, Kirsebom F, et al. Covid-19 vaccine effectiveness against 
the Omicron (B.1.1.529) variant. N Engl J Med 2022;386:1532-46.

51. Abu-Raddad LJ, Chemaitelly H, Ayoub HH, et al. Effect of mRNA vaccine 
boosters against SARS-CoV-2 Omicron infection in qatar. N Engl J Med 2022; 
386: 1804-16.

52. Altarawneh HN, Chemaitelly H, Ayoub HH, et al. Effects of previous infection 
and vaccination on symptomatic Omicron infections. N Engl J Med 2022; 
387:21-34.

53. Magen O, Waxman JG, Makov-Assif M, et al. Fourth dose of BNT162b2 
mRNA COVID-19 vaccine in a nationwide setting. N Engl J Med 2022; 
386:1603-14.

54. Corriero A, Ribezzi M, Mele F, et al. COVID-19 variants in critically ill 
patients: a comparison of the Delta and Omicron variant profiles. Infect Dis Rep 
2022;14:492-500.

55. Abou-Ismail MY, Diamond A, Kapoor S, et al. The hypercoagulable state in 
COVID-19: incidence, pathophysiology, and management. Thromb Res 
2020;194:101-15.

56. Maslove DM, Sibley S, Boyd JG, et al. Complications of critical COVID-19: 
diagnostic and therapeutic considerations for the mechanically ventilated 
patient. Chest 2022;161:989-98.

57. Bhattacharyya RP, Hanage WP. Challenges in inferring intrinsic severity of 
the SARS-CoV-2 Omicron variant. N Engl J Med 2022;386:e14.

58. Madhi SA, Kwatra G, Myers JE, et al. Population immunity and COVID-19 
severity with Omicron variant in South Africa. N Engl J Med 2022;386:1314-26.

59. Bouzid D, Visseaux B, Kassasseya C, et al. Comparison of patients infected 
with Delta versus Omicron COVID-19 variants presenting to Paris emergency 
departments: a retrospective cohort study. Ann Intern Med 2022;175:831-7.

Competing interests: Keith Walley reports receiving a Canadian Insti-
tutes of Health Research (CIHR) Foundation grant, paid to the Univer-
sity of British Columbia. Dr. Walley has also participated on data safety 
monitoring boards (unpaid) for Northern Therapeutics and the Cellular 
Immuno-Therapy for COVID-19 Acute Respiratory Distress Syndrome 
(CIRCA-19) trial. Allison McGeer reports receiving grants from Sanofi, 
Merck and Pfizer (paid to institution), as well as payment or honoraria 
from AstraZeneca, Merck, Biogen and Moderna. Dr. McGeer has also 
received travel support from Moderna and has participated on a data 
safety monitoring or advisory board for Pfizer, GlaxoSmithKline, Mod-
erna, Medicago, Janssen, AstraZeneca, Novavax and Sanofi.   

Affiliations: Centre for Health Evaluation and Outcome Science, St. 
Paul’s Hospital, University of British Columbia (Lee, Singer), Vancouver, 
BC; Division of Infectious Diseases, Department of Medicine (Cheng, 
Vinh, Lee), McGill University Health Centre, Montréal, Que.; Division of 
General Internal Medicine, Vancouver General Hospital; University of 
British Columbia (Tran), Vancouver, BC; Departments of Critical Care 
Medicine, Medicine and Biochemistry and Molecular Biology (Winston), 
Foothills Medical Centre; University of Calgary, Calgary, Alta.; Division 
of Critical Care Medicine (Sweet), Vancouver General Hospital; Univer-
sity of British Columbia; Centre for Heart Lung Innovation (Boyd, 
Walley, Russell), St. Paul’s Hospital, University of British Columbia, Divi-
sion of Critical Care Medicine, St. Paul’s Hospital, University of British 
Columbia (Boyd, Walley, Russell), Vancouver, BC; Department of Medi-
cine (Haljan), Surrey Memorial Hospital, Surrey, BC; Mt. Sinai Hospital 
and University of Toronto (McGeer), Toronto, Ont.; University of Sher-
brooke (Lamontagne), Sherbrooke, Que.; Sunnybrook Health Sciences 
Centre (Fowler), Toronto, Ont.; Department of Critical Care, Kingston 
General Hospital and Queen’s University (Maslove), Kingston, Ont.; Brit-
ish Columbia Centre for Disease Control and University of British 
Columbia (Patrick), Vancouver, BC; Department of Surgery (Marshall), 
St. Michael’s Hospital, Toronto, Ont.; Division of Nephrology, Depart-
ment of Medicine (Burns), Ottawa Hospital Research Institute, University 
of Ottawa, Ottawa, Ont.; BC Children’s Hospital and University of British 
Columbia (Murthy), Vancouver, BC; Black Tusk Research Group (Mann, 
Hernandez, Donohoe), Vancouver, BC

Contributors: Terry Lee, Joel Singer, Karen Tran, Puneet Mann, 
Kathryn Donohoe, Geraldine Hernandez and James Russell contributed 
to the conception and design of the work. Terry Lee contributed to the 
analysis of the data. All of the authors contributed to the interpretation of 
the data, drafted the manuscript, revised it critically for important intel-
lectual content, gave final approval of the version to be published and 
agreed to be accountable for all aspects of the work.

Funding: This study is funded by grants from the Canadian Institutes of 
Health Research (CIHR #439993) to James A. Russell and St. Paul’s 
Foundation to James A. Russell. 

Content licence: This is an Open Access article distributed in accordance 
with the terms of the Creative Commons Attribution (CC BY-NC-ND 4.0) 
licence, which permits use, distribution and reproduction in any medium, 
provided that the original publication is properly cited, the use is noncom-
mercial (i.e., research or educational use), and no modifications or adapta-
tions are made. See: https://creativecommons.org/licenses/by-nc-nd/4.0/

Data sharing: The data are not available for use by other researchers.

Supplemental information: For reviewer comments and the original 
submission of this manuscript, please see www.cmajopen.ca/content/11/4/
E672/suppl/DC1.


