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M Check for updates

We estimated the effectiveness of booster doses of monovalent mRNA COVID-
19 vaccines against Omicron-associated severe outcomes among adults

in Ontario, Canada. We used a test-negative design to estimate vaccine
effectiveness (VE) against hospitalization or death among SARS-CoV-2-tested
adults aged =50 years from January 2 to October 1, 2022, stratified by age and
time since vaccination. We also compared VE during BA.1/BA.2 and BA.4/
BA.5 sublineage predominance. We included 11,160 cases and 62,880 tests for
test-negative controls. Depending on the age group, compared to unvacci-
nated adults, VE was 91-98% 7-59 days after a third dose, waned to 76-87%
after 240 days, was restored to 92-97% 7-59 days after a fourth dose, and
waned to 86-89% after =120 days. VE was lower and declined faster during
BA.4/BA.5 versus BA.1/BA.2 predominance, particularly after >120 days. Here
we show that booster doses of monovalent mRNA COVID-19 vaccines restored
strong protection against severe outcomes for at least 3 months after vacci-
nation. Across the entire study period, protection declined slightly over time,
but waned more during BA.4/BA.5 predominance.

COVID-19 vaccines first became available in Ontario, Canada in began offering fourth doses (second boosters) to adults aged =260

December 2020. Due to concerns about waning protection from
the primary series and the emergence of more transmissible SARS-
CoV-2 variants, third doses (first boosters) were offered to high-
risk groups, including community-dwelling adults aged >70 years
in November 2021'. With the emergence of Omicron, the most
transmissible and immune-evasive variant to date?, third dose
eligibility was expanded to all adults in December 2021°. Ontario

years in April 2022*, and to all adults in July 2022°. Booster dose
policies differed for residents of long-term care facilities®. Bivalent
COVID-19 vaccines were introduced to Canadian vaccination pro-
grams starting in September 2022 and are now preferred’?,
but monovalent vaccines are still authorized for use as boosters
and are the products that have been most commonly received
to date.

Public Health Ontario, Toronto, ON, Canada. 2ICES, Toronto, ON, Canada. 3Dalla Lana School of Public Health, University of Toronto, Toronto, ON, Canada.
4Centre for Vaccine Preventable Diseases, University of Toronto, Toronto, ON, Canada. ®Institute of Health Policy, Management and Evaluation, University of
Toronto, Toronto, ON, Canada. School of Epidemiology and Public Health, University of Ottawa, Ottawa, ON, Canada. ’Children’s Hospital of Eastern Ontario
Research Institute, Ottawa, ON, Canada. ®Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, ON, Canada. ®*Women's
College Hospital, Toronto, ON, Canada. "°Leslie Dan Faculty of Pharmacy, University of Toronto, Toronto, ON, Canada. "Department of Medicine, University of
Ottawa, Ottawa, ON, Canada. ?Ottawa Hospital Research Institute, Ottawa, ON, Canada. "*Bruyere Research Institute, Ottawa, ON, Canada. Department of
Family and Community Medicine, University of Toronto, Toronto, ON, Canada. "University Health Network, Toronto, ON, Canada.
e-mail: jeff. kwong@utoronto.ca

Nature Communications | (2023)14:1273 1


http://orcid.org/0000-0002-1922-2442
http://orcid.org/0000-0002-1922-2442
http://orcid.org/0000-0002-1922-2442
http://orcid.org/0000-0002-1922-2442
http://orcid.org/0000-0002-1922-2442
http://orcid.org/0000-0002-9793-113X
http://orcid.org/0000-0002-9793-113X
http://orcid.org/0000-0002-9793-113X
http://orcid.org/0000-0002-9793-113X
http://orcid.org/0000-0002-9793-113X
http://orcid.org/0000-0002-5548-3228
http://orcid.org/0000-0002-5548-3228
http://orcid.org/0000-0002-5548-3228
http://orcid.org/0000-0002-5548-3228
http://orcid.org/0000-0002-5548-3228
http://orcid.org/0000-0002-3666-7005
http://orcid.org/0000-0002-3666-7005
http://orcid.org/0000-0002-3666-7005
http://orcid.org/0000-0002-3666-7005
http://orcid.org/0000-0002-3666-7005
http://orcid.org/0000-0002-7820-2046
http://orcid.org/0000-0002-7820-2046
http://orcid.org/0000-0002-7820-2046
http://orcid.org/0000-0002-7820-2046
http://orcid.org/0000-0002-7820-2046
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36566-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36566-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36566-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-36566-1&domain=pdf
mailto:jeff.kwong@utoronto.ca

https://doi.org/10.1038/s41467-023-36566-1

Article

€00 (%S°0) S (%L0)zL 00 (%6°0) 9T (%90)v9 000 (%0°1) 6L (%0°1) 9SL  ¢0'0 (%L1 2L (%6°0) €1T Buissin
90  (%8'8l) ¢96 (%8Cl)€0eL L0 (%0°0T) 565 (%6°Sl) ¥¥8L  00°0 (%8'6l) C8€ (%8'6l) €0CE  LO'O (%S°02) €€ (%€°€2) ¥28s (Ls-1e) s
800 (%C'12) 8oL (%6°L1) 228l €00  (%6°8L) 195 (%6°61) 80€C Y00 (%9°81) 6SE (%€°02) 69¢¢ 800 (%8°61) G2 (%0°€2) LVLS (0e-Lv
€00 (%E VL) TeL (%ecel) svel 200 (%8°€l) Ly (%0°€l) GOSL €00 (%9°71) 18T (%S€l) 8l 200 (%8'71) 89L (%6°€l) 08YE (9z-520) €
L0 (%L'8l) 856 (%l'€g) vree OL'0  (%¥'6l) LLS (%9°€2) €€L SO0 (%9°02) 96€ (%8'C2) 89 000 (%L°02) GET (%6°02) 0TCs (wez-zoe
zl'o0  (%9'92) ¢oclL (%c'ce)89¢€ 000  (%l'LT) SO8 (%0°L2) LELE  LO'O (%¥°S2) 68V (%922) Lv9E €10 (%C'€2) €9¢ (%L°81) 8LS¥ (L'z-0) L
a)iuinb Bumamp Jad suosied
€00 (%¥°0) LT (%9'0)19 200 (%8'0) €T (%9'0)99 000 (%8°0) 9L (%6°0) YL 20’0 (%L'1) 2L (%8'0) LT Buissin
200 (%9'8l) €56 (%e'6l)296L LO'0  (%0OVT) vIL (%0°1L2) LEVZ 600 (%1'S2) €81 (%l'lg) eove 120 (%0°L2) LOE (%v°8l) G6SY (%001-%S'LS) §
LOO (%L°12) TlIL (%L'61) 8€6L €00  (%0°CT) V59 (%0'12) 62VC €00 (%L°22) LEY (%€le) OvvE 000 (%L°02) GECT (%9°02) LSLS (%S'LS-%0"08) ¥
€00 (%C'12) L80L (%€T2) ¥92C 200  (%6°02) L29 (%9°12) €06 00°0 (%8°12) Ocy (%6°12) 5e5€ 200 (%8°02) 9T (%L°12) 62VS (%8'67-%ECY) €
20’0 (%C'1T) S80L (%0'22) 0€2C 200  (%S'6l)18S (%¥°'02) 89€C SO0 (%L°81) L9€ (%8°02) ¥SeE SO0 (%8°02) 9T (%L°22) 6995 (%E°2r-%S"CE) T
000  (%69l) 598 (%L91)669L LOO  (%8'CL)C8E (%¥'Sl) z8LL  OL'O (%6°01) 60T (%0°71) 992  8L'0 (%L°6) OLL (%8'Sl) Ly6e (%S'2€-%0) L
9)luInb siayJom jenusssy
700 (%C'0) 1L (%50)8y v00 (%9°0) 6L (%€0)6E 100 (%€0) & (%€0)0S 000 (%€0) € (%€°0) €9 Buissin
700 (%€'Sl) 8L (%991) £89L €10 (%Lv1) 6LY (%L81) 89l 8L0 (%0°€1) 05T (%S76l) CSlE  ¥T0 (%L°2l) vyl (%9'L2) LOVS (1saybiy) g
00 (%€Ll) 688 (%L°L1) L6LL SO0 (%L'9l) 86¥ (%8'8l) vl  ¥0°0 (%cL1) TEE (%6°8l) £€50€ 00 (%6°81) Sle (%¥°02) L60S 14
20’0 (%0°02) veol (%e6l)€96L L00  (%9'8l) 2SS (%L'6l) Glze €00 (%v°L1) 9€€ (%9°81) LOOE 200 (%0°61) 9Lz (%8°61) GS617 ©
L0'0  (%82C) OLLL (%9'C2) 162C V00 (%ETT) €99 (%8°02) Slvz 00 (%L°22) 9zv (%9'02) Leee 000 (%S76l) Lee (%v'6l) Ly8y 4
200  (%¥ve) 8rel (%€°€2)89¢€C  €L'0  (%L'LT) ¥C8 (%cC2) vLST  8L'0 (%0°0€) LLS (%0°22) ¢sSE 920 (%L°62) LEE (%9°81) Sv9v (1sem0y) |
913uINb awoodul ployasnoH
[40)0] (%€°0) Gl (%v'0) vy 500 (%S°0) V1 (%C'0) ¥ 000 (%7°0) L (%€0) S €00 (%9°0) L (%¥°0) 56 Buissin
Le'0 (%¥'8) TEV (%L71)69L L0 (%L°2) olg (%€€) 28 600 (%L°9) 6TL (%L'7)09L SO0 (%S9) vL (%€°S) 6C€L SHOA
GT0 (%¥'12) 860L (%c)veel 600 (%61l Ty (%6°LL) ¥8€L 600 (%8'71) 982 (%L°11) 888l 00°0 (%9°2l) evL (%S°2l) cele ojuolo]
620  (%8'll) ¥09 (%S'ce) 88  6L0  (%L'EL) 6OV (%6°02) Scve - Tl'o (%Lv1) LLT (%S'8l) 086 100 (%SvL) 9L (%8'Sl) 196€ 1S9M yinos
€10 (%E°LL) 6L (%6°G1) €191 200 (%1°Cl) 6S€ (%8°Cl) 987l 200 (%0°LL) 2lT (%€°0l) 0£9L 900 (%0°LL) Gzl (%1°6) 992¢ 193d
[<]N0] (%L¥) Ove (%8°1) L8l 0CT0 (%6'7) Lyl (%¥1)99L  SL'O (%ev) €8 (CANVE 7k A 4N0] (%0°G) LS (%17°2) 66S EMENO
[740] (%¥°L) 8L€ (%S'12) 08l 8€0 (%°8) 6¥7C (%6°12) €€5C  €€°0 (%S°6) €81 (%C'le) 8eve  TT0 (%L°1L) 9zL (%8°81) 9697 YLION
FAlo] (%L°L) ¥6€ (%L'€)ole  GZ0 (%6°8) S9¢ (%0°€) L¥E  0Z'0 (%L°8) 89L (%8'€)1c9 G0 (%¢'6) SOL (%17°q) 95el uleyse]
80°0 (%¥°2) L2l (%e'1) €EL 200 (%0°€) 88 (%T'€)aLe  €Lo (%L2) TS (%1'S) 628 600 (%C'1) 87 (%C°9) TGSl weyinqg
L0'0  (%S'8l) 056 (%8°Gl) 609L  LL'O  (%6'6l) €65 (%LG1) S8l LL'O (%L12) LIy (%671) 80¥C  2L'0 (%L6l) vZT (%csl) v6LE 1S9M [BluSD
(AN0] (%L9) 2l (%8°€) L8€ GO0 (%L9) 661 (%96) 8Y9 900 (%1'9) 8LL (%9°1) Lzel €10 (%5°G) 29 (%6°8) ¢€CC isej jenus)
uolBai 1un yyeay angnd
920 (%8'55)8S8°C (%8¢Y) LWEY 220 (%9°LS) SLLL (%S'9v) L8€'S  GE0 (%1°LS) 660°L (%9°6€) 96€'9 090 (%0°83) 659 (%S'62) OLEL X3s 91e\
(uoneinap
710 €67 F96'98 6LYV¥LC98 LCO T8TF6LYVL I8'C¥0CVL 6C0 06'C+8L19 98'C¥96'€9 ¥ZO 98'C*G1'SS LB'CTFSY'vS  plepuels) ueaw ‘(sieah) aby
solisleloeleyd
€ers ¥GL'0L S/6C G8S'LL 9z6L 6€L'9L oLl 200°Se 1e10L
(%) U ‘s9sBD (%) U ‘S1013U0D SAN (%) U ‘sased (%) U ‘S]03u0D 31 (%) U ‘sased (%) U ‘S]01U0D AN (%) U ‘sased (%) U ‘S]013u09 9AN
qds uoiwQ  -ebau Z-A0D-SUVYS  .dS uomlwQ -ebau Z-N0D-SYVS  dS uolwQO -ebau Z-\0D-SUYVYS  dS uoldlwQ -eBau Z-\0J-SUVS

sieak +0g aby

sieak gL-0L 9By

sieak g9-09 aby

sieak gG-0¢ aby

dnoub abe Aq paijiiells ‘sjo1uod aAnebau Z-A0D-SYYS O} SOSED SWO0DIN0 2I9AS PajeIoosse-uoJoiwQ Buliedwoos ‘epeue) ‘OLBIUQ Ul ZZOT ‘L 1990100
pue gzog ‘z AMenuer usamiag SSWIOOINO DISGASS YIIM pue Z-A0D-SYVYS 10} pa1sal sieak QG pabe sjnpe Buljjamp-Alunwiwo jo sonsualoeseyo aanduosa( | L ajgel

1273

Nature Communications | (2023)14



https://doi.org/10.1038/s41467-023-36566-1

Article

€00 (%9°0) 6C (%8'0)€8 L0OO (%€°0) OL (%6'0) €0L 800 o(%€°05) G5 (%90)56 100 po(%¥°05) 65 (%L0) ¢e shep 9-0
,9SOP Y1No} 90ouls awl|
60°0 (%6'1) ¢ST (%c'e) vee v00 (%L°€) 60L (%0'€)eve 00 (%V°2) 9v (%0°€)6LF €00 (%5°€) ov (%c'v) ovoL shep Ovzz
LOO (%L°8) 8v7v (%L9)G89 200 (%9°1) 9tC (%04)918 100 (%9°9) 8¢l (%6'9)9LLL  LOO (%¥'9) €L (%€8) 980¢ shep 6£Z-08L
[4N0] (%6°6) 605 (%8°€l) 00Vl 020 (%€8) 9ve (%LY71) 669L  ¥Z0 (%L9) LLL (%0°€l) volz  S€°0 (%v'v) 05 (%Evl) £€85€ shep 6/1-0zl
9’0 (%8'6) €0 (%L°81) 206l LT'O (%C'8) evC (%C'Ll) ¥66L  TEO (%S'L) spL (%6°L1) 268  LEO (%0°L) 08 (%€'61) OE8Y sAep 611-09
0€'0 (%8°5) 66C (%LYL) 96YL  LEO (%1°9) Z8lL (%L'8l) LOlZ €50 (%6°1) ¥6 (%972) 059 670 (%0°9) 89 (%L°C2) 189S shep 65-L
700 (%0'1) 61 (%9°0)39 100 (%0°L) 0 (%6°0) 60L LO'O (%L0) vL (%v'l) €€C 800 (%L0) 8 (%9°1) ¢or skep 9-0
,9SOP PJIy} 80UlS S|
oLo (%L°L) €9€ (%9'V) LLY 800 (%5°S) €91 (%6°€) Ly OL'0 (%C'L) 6EL (%8'7)8LL LLO (%9°1) 98 (%6'7) Sle'L shep 00€=
700 (%S°€) 08L (%67) 06C LOO (%Sv) €€l (%l'€)LSE IO (%9°S) 80OL (%C'e)ves LOO (%8'v) 65 (%v°€) 8v8 shep 662-0t¢C
SZ0  (%90l)ers (%CcY) €Ty ¥CO (%C'LL) ¢ee (%97)8eS IO (%L°01) 90T (%9°2) 0€C’L  OL'O (%0°2l) 9¢L (%0°6) 9vcT shep 6£Z-08L
800 (%v°'2) STl (%e1)geL  ¢L'o (%8°¢) ¢lL (%81) g0z L0 (%9°S) LOL (%¥'e) vvS LOO (%L°S) G9 (%€1) 9901L shep 6/1-0zl
G00 (%L°0) vE (%€0)ce 200 (%6°0) LT (%L'0)28 ©00 (%) LT (%6°0)67L  LL'O (%€€) LE (%9'1) 96€ shep 6L1-09
L0'0 (%2°0) OL (%€'0) Lz 000 (%2°0) 9 (%C'0)SC TO00 (%S'0) oL (%7'0)09 SO0 (%6°0) OL (%5°0) 6L shep 6g-L
»,9SOP PUOISS S2Uls awll |
IS0  (%CTT) 9ELL (%£6)8eS 690 (%9'62) 088 (%67)2LS €80 (%L9¢€) 569 (%C'Q) or8 060 (%9°9¢) 9l (%8°€) ¥v6 opajeulddoeAuNn
000 (%¥°0) €T (%5°0) Ly 100 (%€°0) OL (%¥°0)67 900 (%9°0) LL (%C0)¥E SO0 (%¥°05) G5 (%L0) 9L SAleNed
c00 (%8°L) LOY (%C'L) vEL 90°0 (%Sv) GEL (%v'e)vee  2l'0 (%L€) 09 (%€1) L1z 0T0 (%C€-87)9e-CE (%¥°0) 96 Aeis Buon
60°0 (%ce) 2oL (%0'G) ¢ls 200 (%S°€) oL (%0'v) 657 SO0 (%€€) 19 (%S2)cor  9Lo (%9°€) L (%L'1) 642 Aeis Hoys
700 (%9°88) LESY (%€£8) 1988 OO0 (%9'16) 9CLC (%Cz6) €89°0L €10 (%0°€6) 16LL (%096) 987'SL  LZ'O (%L'€6) 850L (%17°86) LL9 VT SUON
S9OINISS 9JEO SWOY JO 1d1908Y
0’0 (%S'L6) G667 (%8'96) 9286 9L'0 (%8'€6) L6LC (%v'68) C9g’0L  LZO (%°98) G991 (%8°6L) 9gT’cl  v¥'0 (%9'8L) €68 (%8°8S) 60L VL Aupiguowod Auy
oL'o (%C°€) 991 (%c'G) Ses  ¢lo (%0°€) 88 (%¥'Q) 229 vE0 (%L'v) 6L (%Sel) €Lz ¢ro (%S°S) 29 (%L°81) 0891 [A
600 (%0°L) 19 (%v'6) €56 VL0 (%9°1) Gee (%9°11) LPEL  SL'O (%L°6) L8L (%Svl) Le€C  1T0 (%€°0l) LLL (%S°L1) ¥9ev L
€10 (%L'68) 96SY (%7°98) 9,98 6L'0 (%S'68) 299C (%L'€8) ¢96 SE0 (%298) 0991 (%l'cL) 629°LL 870 (%C18) LS6 (%8'€9) 856Gl 0
0c0oc J\r laquwiade( 0} \_O_\_Q SYyjuow ¢ Ulyim s31sa} ¢-A\0D-SYVS JO JlequinN
1591 2-\0O
€10 (%8°0) e (%v'7)8vc €10 (%C'1) GE (%0°€) S¥E  ¢Z0 (%L'1) 1T (%67) 68L 0TO (%9°7) 6C (%L°9) ¥L9L -S¥VS aAlisod Jolid
uoleuidoeA
Ezuan)ul L0¢-0¢0¢
20 (%V'€9) 6¥CE (%9'vL) €LSL ¥E0 (%9°€S) ¥6SL (%6'69) ¥608 610 (%€°0Y) LLL (%0°0S) ¥908  LL'O (%v'L2) LLE (%¥°'GE) ¢v88  1o/pue 0z0Z-610¢ 40 1d190ay
€00 (%¥°0) 1T (%9019 200 (%L°0) 22 (%9°0)99 000 (%8°0) 9L (%6°0) LY. 200 (%L1) 2L (%8°0) LT Bussiy
v20  (%9'G2) LiEL (%6°G1)8l9L  LL'O (%972) LeL (%S°L1) LEOZ €10 (%V"v2) OLY (%0'61) 190  LLI'O (%0'v2) €12 (%L'61) Lz6Y (%00L-%S"eV) §
90'0 (%6°02) 690L (%L8l) 768l ¥0'0  (%L'8l) GSS (%6'91) €961  LO'O (%0°81) LVE (%¥°Sl) 88¥C  60°0 (%€°02) LET (%L91) vLLY (%S €V-%L'8l) ¥
900 (%9°81) 556 (%C'le) 05l 100 (%€°L1) ¥1§ (%9°L1) 6E0C  €0°0 (%5°81) 95€ (%C'L1) LLLE 200 (%6°91) ¢6L (%S°LL) L8EY (%L'8L-%G"L) €
€Lro (%9°L1) 206 (%L°22) S0€C  2l'0  (%i'8lL) 8vS (%L'€2) GL9C L0 (%6°LL) GvE (%522 ¥29e  SL'O (%6°G1) L8L (%8°12) SvrvS (%S°L-%CT) T
oL'o (%6°91) 598 (%6°02) 92lz 600  (%€°0T) S09 (%Ev2) 18T LL'O (%V¥"02) 262 (%L'S2) vsor  v0'0 (%L'L2) LT (%S°€2) ¥98S (%C'C-%0°0) L
9)1uinb Ajioulw s)qisiA paljnusapl-has
(%) U ‘'sasBD (%) U ‘S1013U0D SAN (%) U ‘sased (%) U ‘s]013u0D dA1} (%) U ‘sased (%) U ‘S1013u0D AN (%) U ‘sased (%) U ‘S]013U0d dAI
q«ds uonwQ  -ebau Z-\0D-SYVS  AS uonwQ -ebsu Z-A0D-SYVS  AS uopIwQ -ebsu Z-A0D-SYVS  ,AS uoIQ -ebau g-N\0D-SYUVS
sieak +0g aby sieak 6L-0L 96y sieak 69-09 a6y sieah gG-0S aby

dnoib abe Aq palynels ‘sj043uod annebau Z-A0D-SYYS 01 SOSED SWO0IINO0 SIDASS PajeIoosse-uosolwQ Buliedwod ‘epeued ‘oueluQ Ul ZZOg ‘L 1990190 pue ZZoZ
‘z AMenue[ usamiag SBWIOOINO BIBASS YIIM pUE Z-A0D-SHYY'S 10} Pa1sa) sieak 0Gz pabe synpe Buijamp-Ajunwiwiod Jo sonsiiaioeleyd aandiiosa( | (panunuod) | ajgel

1273

Nature Communications | (2023)14



Article

https://doi.org/10.1038/s41467-023-36566-1

N 2 o lm
[=] N | =
g o |Oo
25
IS .
s cTIR|8
6 S(o|C
c O 5 ale |8
88| |E2qls
R o8|
o3
0 N
» O &
0.9 iy
gE |g|c8
o |0 |l
83 &%2;\;@
5% |4 [SE 2|
~ : o]
o |S|28I2|2
- O O | > 0|0
05 |05 0|0
5::
» 3 a (3¢
.:m (77 o |Oo
-g>
;'ﬁ D
T (I
22| |5=g|2
S c g3
o 28
r N (<] ©
) g w|o
>> O 06| 0|2
83
ha 2|88
x?® (5|2«
<z gNm“
a3 o |50~
L P K35 R|IR
00 |&d|0E(n|&
w2 K |g8lS|=
B3 82225
- N L N7 R~ o]
88
8 2 leolx
n 2 [=) =2
= £ (7] oo
39
30 g
Al ~ o~~~
'cg §=.§§
B8 | |2d2)
o
g"’ o8| &<
:g L S
=
38 2|82
coO (§|&¢c
08 |[>|ag
n o 1
cw © |22
- @© 0+ | X|T
— ) 'o:LDO\
oc (8|79 4|
;o © (p0|J |
3 = giE09|=
70 (218225
o— |~ |0
2 E
=
gO 5 (=18
> - |9
Ec o |o|o
e
g8
o E
S g SIENES
3‘1 g:%\rﬁ
o Ed I
] 283818
= @
o c 08 9|%
28 .
S (2|88
89 |§|&¢c
L '=s o N
G |[>|ane
oE B(28 <ls
AR
20 |o|905|% (b
2c |92 <=2
Ta 22252
O [€loE o=
o N
o O
awN
:'f
85
50
£28
=0
c
6O ol s
LT >3
F% %‘0_7
QN %7
o N 212
© O
= &N
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237 (4.6%)

85 (2.9%) 0.02 543 (5.3%)

0.02 378 (3.3%)

17-21 (0.9-1.1%)°

0.02 204 (1.3%)

<5 (<0.4%)"

38 (0.2%)

“Note, not unique by person; individuals may be included more than once.

“Proportion reported, unless stated otherwise.

>120 days
>SD

standardized difference. Standardized differences of >0.10 are considered clinically relevant. Comparing Omicron cases to test-negative controls.

°Sum of all rows (unvaccinated and vaccinated) equals 100%.

9Due to institutional privacy policies, any cells <5 (except for missing values) must be suppressed and ranges must be provided for complementary cells to prevent back calculation.

Various Omicron sublineages have circulated during 2022, with
BA.1 and BA.2 predominating until June, and BA.4 and BA.5 pre-
dominating subsequently. The seroprevalence of prior SARS-CoV-2
infection for the overall population increased substantially in Ontario
during the Omicron period, from 6% in early January 2022 to
approximately 50% by early July 2022 and 63% by early October 2022°.
Across Canada, seroprevalence is lower when restricted to adults aged
>60 years (50% by early October 2022)°.

Due to increased transmissibility and immune evasion of emer-
ging Omicron sublineages, more evidence is needed on the long-term
effectiveness of booster doses of monovalent mRNA vaccines among
older adults to inform planning for subsequent boosters and future
shifts in vaccine development. Thus, we sought to estimate vaccine
effectiveness (VE) of 2, 3, and 4 doses compared to unvaccinated
subjects, and marginal effectiveness of 3 or 4 doses compared to 2
doses, in preventing severe outcomes (hospitalization or death)
among community-dwelling adults aged >50 years during an Omicron-
dominant period. We estimated marginal effectiveness due to
concerns about differences between unvaccinated and vaccinated
populations. We also sought to determine how VE varied during peri-
ods of BA.1/BA.2 versus BA.4/BA.5 predominance.

Results

We included 11,160 Omicron-associated severe outcomes and
62,880 symptomatic test-negative controls (among 53,369 indivi-
duals). Across all study age groups, more cases than controls were
male and fewer were unvaccinated (Table 1). Among the 50-59 and
60-69 years age groups, more cases had at least one comorbid con-
dition and were from areas with the lowest incomes. Across all age
groups, compared to unvaccinated subjects, more vaccinated subjects
had previously received influenza vaccines (Supplementary
Tables 2-5). This difference was also seen when comparing subjects
with 2 versus 3 or 4 doses (Supplementary Tables 6-9). Among those
aged 70-79 years, 36% and 31% of subjects who received a third and
fourth dose, respectively, received the mRNA-1273 vaccine. Among
subjects aged >80 years, 34% and 37% of third and fourth dose reci-
pients received mRNA-1273, respectively.

Vaccine effectiveness and marginal effectiveness

Compared to unvaccinated subjects, VE against severe disease
increased shortly after receipt of booster doses but subsequently
declined over time (Fig. 1, Supplementary Tables 10-11). For example,
among subjects aged 70-79 years, VE decreased from: 84% (95% ClI,
57-94%) 7-59 days after a second dose to 71% (95% CI, 63-78%) after
>300 days; 96% (95% Cl, 95-97%) 7-59 days after a third dose to 79%
(95% Cl, 71-85%) after 2240 days; and 93% (95% Cl, 91-95%) 7-59 days
after a fourth dose to 89% (95%Cl, 84-92%) after =120 days. The
decline in VE after a third dose appeared to plateau after 180 days. VE
was generally lower with increasing age.

Marginal effectiveness peaked 7-59 days after third and fourth
doses and declined over time. Once again, among subjects aged 70-79
years, compared to 2 doses (median 218 days since a second dose), the
marginal effectiveness of a third dose decreased from 83% (95% ClI,
79-86%) 7-59 days after a third dose to 45% (95% Cl, 24-59%) after
>240 days and the marginal effectiveness of a fourth dose decreased
from 80% (95% Cl, 74-85%) 7-59 days after a fourth dose to 69%
(95% Cl, 57-78%) after =120 days (Fig. 2, Supplementary Table 12).

Additional analyses

VE estimates were lower during the BA.4/BA.5-predominant period
compared to the BA.l/BA.2-predominant period, with differences
widening as time since vaccination increased (Fig. 3, Supplementary
Table 13). For example, among subjects aged 70-79 years, VE 7-59 days
after a third dose was 96% (95% CI, 96-97%) (median 34 days since a
third dose) during the BA.1/BA.2-predominant period compared to
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Fig. 1| Vaccine effectiveness and 95% confidence intervals by time since vac-
cination. Vaccine effectiveness (presented as proportions out of 100 percentage
points) and 95% confidence intervals of 2, 3, and 4 doses of monovalent mRNA
COVID-19 vaccines against Omicron-associated severe outcomes by time since
vaccination among community-dwelling adults aged (A) 50-59 years, (B) 60-69
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years, (C) 70-79 years, and (D) > 80 years in Ontario, Canada, compared to
unvaccinated adults (Note: Estimates were not reported if they were unstable [i.e.,
95% confidence interval width exceeded 100 percentage points]). Please see Sup-
plementary Table 10 for all estimates.

86% (95% Cl, 37-97%) (median 41 days since a third dose) during the
BA.4/BA.5-predominant period (p=0.08 for the between-period
interaction), whereas VE 180-239 days after a third dose was 91%
(95% Cl, 85-95%) (median 189 days since a third dose) during the BA.1/
BA.2-predominant period compared to 59% (95% CI, 44-70%) (median
214 days since a third dose) during the BA.4/BA.5-predominant period
(p<0.001 for the between-period interaction).

When Paxlovid recipients were removed from the analysis, VE
estimates were nearly identical to those from the main analysis (Sup-
plementary Table 14).

Discussion

Among community-dwelling adults aged >50 years in Ontario, VE
against Omicron-associated severe outcomes increased with booster
doses of monovalent mRNA COVID-19 vaccines, but protection waned
over time after each dose. Third doses continued to provide strong
protection (85-87%) against severe outcomes among subjects aged
50-69 years even 8 months after vaccination, but lower protection
(76-79%) among those aged >70 years. Fourth doses restored waning
of protection from third doses and continued to provide strong pro-
tection (86-89%) 4 months after vaccination for all age groups. How-
ever, VE in the BA.4/BA.5-predominant period was lower than during

the BA.1/BA.2-predominant period across the same time intervals after
vaccination, especially with increasing time since vaccination.

Comparisons with other jurisdictions are challenging due to het-
erogeneity in study designs, population characteristics, outcomes and
exposures, vaccines, and observation periods. Our fourth dose VE
estimates were slightly higher than those observed in the United
States, where fourth dose VE against hospitalizations was 80% (95%ClI,
71-85%) after >7 days among adults aged >50 years'. Studies from
Israel found that waning of protection against severe outcomes was
significantly slower than against infection and that marginal effec-
tiveness of booster doses against infection waned faster after fourth
doses compared to third doses" . They were unable to determine if
trends were similar for severe outcomes due to the short follow-up
period. In our study, the waning of protection against severe outcomes
observed >120 days after a fourth dose was comparable to that seen
120-179 days after a third dose. Although differences in timing of
vaccination within those time periods may influence VE estimates, the
median time since vaccination was 141-145 days (depending on the age
group) for the 120-179 days post third dose group and 140-147 days
for the =120 days post fourth dose group, suggesting that waning of
protection after a fourth dose may follow a similar trajectory as after a
third dose.
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valent mRNA COVID-19 vaccines against Omicron-associated severe outcomes by
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60-69 years, (C) 70-79 years, and (D) =80 years in Ontario, Canada, compared to
adults who received 2 doses. (Note: Estimates were not reported if they were
unstable [i.e., 95% confidence interval width exceeded 100 percentage points]).
Please see Supplementary Table 12 for all estimates.

Available evidence on VE of monovalent COVID-19 vaccines
against severe outcomes among adults aged >18 years caused by the
BA.4/BA.5 Omicron sublineages varies. In the UK, compared to a sec-
ond dose, marginal effectiveness of a third or fourth dose against BA.4/
BA.5- versus BA.2-related hospitalizations was similar using the same
time intervals since vaccination'. Similarly, VE of a third dose against
hospitalizations was comparable between BA.1/BA.2-predominant and
BA.4/BA.5-predominant periods in South Africa®. Conversely, in Por-
tugal, 3-dose protection against severe outcomes was lower among
BA.5 versus BA.2 cases™. A study among Kaiser Permanente members
found that VE of third and fourth doses against BA.4/BA.5-related
hospitalizations was lower compared to BA.1/BA.2-related hospitali-
zations, whereas another study among individuals admitted to IVY
Network hospitals saw this difference for a third dose but not for 2 or 4
doses'”'®. The IVY Network study reported 3-dose VE of 79% (95% ClI,
74-84%) and 60% (95% Cl, 12-81%), respectively, during the BA.1/BA.2-
predominant versus BA.4/BA.5-predominant periods 7-120 days after
vaccination®,

Potential explanations for lower VE during the period of BA.4/
BA.5-predominance compared to BA.l/BA.2-predominance include
longer intervals between booster dose receipt and outcomes,
increased incidence of undocumented infections, and increased BA.4/
BA.5 immune evasion”. In our study, differences in the median num-
bers of days since booster receipt between the BA.1/BA.2-predominant

versus BA.4/BA.5-predominant periods were always <30 days, so
longer post-booster follow-up during the BA.4/BA.5-predominant
period was unlikely to be a major contributor to the large observed
differences in VE. VE may be underestimated in the setting of undo-
cumented infections if unvaccinated individuals are more likely to be
infected than vaccinated individuals because the former will have
infection-induced immunity, and the extent of VE underestimation
may increase as prior infections become more prevalent in the popu-
lation. During the BA.1/BA.2-predominant period, infection-acquired
seroprevalence in Ontario in the overall population increased from 6%
to 50% and subsequently increased from 50% to 63% during the BA.4/
BA.5-predominant period’. Seroprevalence was lower among adults
aged >60 years’. However, we noted that VE declined considerably
faster as time since vaccination increased during the relatively brief
BA.4/BA.5-predominant period (only 3 months) compared to the BA.1/
BA.2-predominant period, suggesting that bias from undocumented
prior infections is unlikely to account entirely for the differences.
Therefore, among these potential explanations, increased immune
evasion by BA.4/BA.5 sublineages is likely the largest contributor to
these differences in VE.

Based on the evidence to date, the level of protection offered
by bivalent vaccines remains unclear. Findings from a phase 2-3
trial suggest that Moderna’s bivalent vaccine elicits higher titres of
neutralizing antibodies against Omicron sublineages BA.1 and
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Canada, comparing those who received >2 doses of monovalent mRNA COVID-19
vaccines to those who received none, by age and time since vaccination, during
periods of BA.1/BA.2 (January 2 to July 2, 2022) and BA.4/BA.5 (July 3 to October 1,
2022) predominance. (Note: Estimates were not reported if they were unstable [i.e.,
95% confidence interval width exceeded 100 percentage points] for either period).
Please see Supplementary Table 13 for all estimates.

BA.4/BA.5 compared to Moderna’s ancestral monovalent vaccine”.
In contrast, two observational immunogenicity studies found the
Pfizer and Moderna bivalent vaccines elicited similar levels of
neutralizing antibodies against BA.4/BA.5 as the ancestral mono-
valent vaccines®®*.

This study had some limitations. First, data on rapid antigen tests
were not available, and this was the main source of testing
after December 31, 2021, when eligibility for RT-PCR testing was
restricted in Ontario to individuals considered at high risk of acquiring
SARS-CoV-2% Thus, while we adjusted for prior SARS-CoV-2 infections
documented by RT-PCR, we could not account for prior infections
confirmed only by rapid antigen tests. This could bias VE estimates
downward or upward depending on whether unvaccinated or vacci-
nated individuals are more likely to have prior undocumented infec-
tions. Second, because whole genome sequencing was not performed
on all cases, we were unable to estimate VE against BA.1, BA.2, BA.4,
and BA.5 separately but instead combined BA.1 and BA.2 during one
period and BA.4 and BA.5 during another period based on when each
grouping circulated. Last, there remains the potential for residual
confounding since we were limited to the covariates available in the
databases used. Unmeasured differences between unvaccinated and

vaccinated individuals may introduce bias, but the consistency
between the VE and marginal effectiveness estimates is reassuring. A
significant strength of our study is the length of the follow-up period,
allowing us to estimate VE >4 months after fourth doses. Also, unlike
most other studies, we stratified our analyses by age group, which
provides more refined VE estimates for decision-making.

Our findings suggest that while booster doses of monovalent
mRNA COVID-19 vaccines initially restore strong protection against
Omicron-associated hospitalizations and death among community-
dwelling older adults and then subsequently wane over time, much
uncertainty remains. Although protection remained strong 4 months
after a fourth dose for all age groups, whether waning increases past
this period remains unknown, and combined with the evidence of
reduced VE against BA.4/BA.5 sublineages and the possibility that
vaccines could be even less effective against newly emerging sub-
lineages such as BQ.11 and XBB, subsequent boosters and other
measures (e.g., face masks, improved ventilation, filtration of indoor
air) may be needed to mitigate the impact of Omicron and future
SARS-CoV-2 variants. It will be important to continue monitoring VE
given the scarcity of VE data against BA.4/BA.5, newly emerging sub-
lineages, and the introduction of bivalent vaccines.
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date available for a sample. If more than one sample was sequenced for a case, the
most recent sample was included. Results for recent weeks are incomplete as not all
sequencing and bioinformatics analyses were complete at the time of data
extraction. Data sources: Public Health Ontario, Hospital for Sick Children, King-
ston Health Sciences Centre, Shared Hospital Laboratory, Hamilton Regional
Laboratory Medicine Program.

Methods

Study design, setting, population, and data sources

Similar to past studies on COVID-19 VE in Ontario®**, we applied a
test-negative design to provincial SARS-CoV-2 laboratory testing,
COVID-19 surveillance, COVID-19 vaccination, and health adminis-
trative datasets. These datasets were linked using unique encoded
identifiers and analyzed at ICES (formerly the Institute of Clinical
Evaluative Sciences). The use of the data in this study is authorized
under section 45 of Ontario’s Personal Health Information Protection
Act, and does not require review by a research ethics board.

We included community-dwelling adults aged >50 years who had
>1 reverse-transcription polymerase chain reaction (RT-PCR) test for
SARS-CoV-2 between January 2, 2022 and October 1, 2022. We exclu-
ded immunocompromised individuals (n=11,514) and those who
received a bivalent mRNA vaccine (n = 2433), Ad26.COV2 (n = 83), or >1
dose of ChAdOX1-S (n =1043) by the index date (Supplementary Fig. 1).
Approximately 95% of individuals received mRNA vaccines (mMRNA-
1273 or BNT162b2) for all doses. Omicron represented nearly 100% of
all positive samples by late January 2022> 7. Delta (B.1.617.2) cases
identified using whole genome sequencing or based on an S-gene
target positive screening result before January 24, 2022 (n=72) were
excluded.

Outcome and sampling strategy

The case definition was COVID-19-associated hospitalization or death
due to, or partially due to, COVID-19. The public health COVID-19
surveillance database data entry guidelines specify that hospitalization
data should only be entered for cases who received treatment for
COVID-19 while in hospital and/or if their length of stay was extended
due to COVID-19%, We excluded hospitalizations when specimen col-
lection occurred >3 days after admission and those flagged as being
nosocomial. We sampled cases and controls by week of test, thus

individuals could enter the study repeatedly, but once an individual
became a case, they could not re-enter the study. We employed this
sampling strategy to ensure the distribution of time of testing was
consistent between cases and controls. Controls had to be sympto-
matic (Supplementary Text) and test negative for SARS-CoV-2, but may
or may not have had a severe outcome. The index date was the earliest
of specimen collection, hospitalization, or death.

COVID-19 vaccination

We classified community-dwelling adults by the number of doses
received and time since most recent vaccination relative to the index
date. For 2, 3, and 4 doses, we explored up to =300 days, >240 days,
and 2120 days post-vaccination, respectively. For booster doses of
mRNA-1273, a half dose (50 mcg) was recommended for those younger
than 70 years and a full dose (100 mcg) for those aged >70 years®.

Statistical analysis
We used means and proportions to describe our sample by comparing:
1) test-negative symptomatic controls to test-positive Omicron cases
who were hospitalized or died; 2) unvaccinated subjects to those who
had received 2, 3, or 4 doses; and 3) subjects who had received 2 doses
(>7 days ago) to those who had received 3 or 4 doses. We used stan-
dardized differences (SD) to quantify the differences between groups.
Stratified by age group (50-59, 60-69, 70-79, >80 years), we used
multivariable logistic regression to compare the odds of vaccination in
cases to test-negative controls while adjusting for sex, age (con-
tinuous), public health unit region, four area-level variables repre-
senting different socio-demographic characteristics (household
income quintile, essential worker quintile, persons per dwelling quin-
tile, self-identified visible minority quintile), influenza vaccination
during 2019-2020 or 2020-2021 (proxy for health behaviors), SARS-
CoV-2 infection >90 days prior, number of SARS-CoV-2 tests within
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3 months prior to December 14, 2020 (proxy for healthcare workers),
comorbidities, receipt of home care services, and week of test (Sup-
plementary Table 1). We estimated the logistic regression models using
generalized estimating equations (GEE) with an exchangeable corre-
lation structure since controls could be in a model more than once
(13% of controls) leading to non-independence of observations. We
calculated both VE and marginal effectiveness using the formula:
(1-adjusted odds ratio)*100%.

To examine VE against various Omicron sublineages, we included
in our multivariable models an interaction term for time period (BA.1/
BA.2-predominant period: January 2, 2022 to July 2, 2022; BA.4/BA.5-
predominant period: July 3, 2022 to October 1, 2022) (Fig. 4)”. Among
these sublineages, the distributions were approximately 50% BA.1 and
50% BA.2 during the BA.1/BA.2-predominant period and 10% BA.4 and
90% BA.5 during the BA.4/BA.5-predominant period”. GEE methods
were not used in this analysis due to issues with convergence. For the
estimates that did converge, GEE and non-GEE estimates and 95%
confidence intervals were nearly identical. Additionally, as a sensitivity
analysis, we excluded all subjects who had been prescribed Paxlovid
within 14 days prior to their index date (n =177) to determine whether
treatment impacted VE estimates.

We used SAS version 9.1 (SAS Institute Inc., Cary, NC) for all ana-
lyses. All tests were 2-sided and we used p <0.05 as the level of sig-
nificance. A SDs >0.1 were considered clinically relevant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The dataset from this study is held securely in coded form at ICES.
While legal data sharing agreements between ICES and data providers
(e.g., healthcare organizations and government) prohibit ICES from
making the dataset publicly available, access may be granted to those
who meet prespecified criteria for confidential access, available at
https://www.ices.on.ca/DAS (email: das@ices.on.ca).

Code availability

The full dataset creation plan and underlying analytic code are avail-
able from the authors upon request, understanding that the computer
programs may rely upon coding templates or macros that are unique
to ICES and are therefore either inaccessible or may require
modification.
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