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Durability of single-dose HPV vaccination 
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Cervical cancer burden is high where prophylactic vaccination and 
screening coverage are low. We demonstrated in a multicenter randomized, 
double-blind, controlled trial that single-dose human papillomavirus 
(HPV) vaccination had high vaccine efficacy (VE) against persistent 
infection at 18 months in Kenyan women. Here, we report findings of this 
trial through 3 years of follow-up. Overall, 2,275 healthy women aged 
15–20 years were recruited and randomly assigned to receive bivalent 
(n = 760), nonavalent (n = 758) or control (n = 757) vaccine. The primary 
outcome was incident-persistent vaccine type-specific cervical HPV 
infection. The primary evaluation was superiority analysis in the modified 
intention-to-treat (mITT) HPV 16/18 and HPV 16/18/31/33/45/52/58 cohorts. 
The trial met its prespecified end points of vaccine type-specific persistent 
HPV infection. A total of 75 incident-persistent infections were detected in 
the HPV 16/18 mITT cohort: 2 in the bivalent group, 1 in the nonavalent group 
and 72 in the control group. Nonavalent VE was 98.8% (95% CI 91.3–99.8%,  
P < 0.0001) and bivalent VE was 97.5% (95% CI 90.0–99.4%, P < 0.0001). 
Overall, 89 persistent infections were detected in the HPV 16/18/31/33/ 
45/52/58 mITT cohort: 5 in the nonavalent group and 84 in the control 
group; nonavalent VE was 95.5% (95% CI 89.0–98.2%, P < 0.0001). There were 
no vaccine-related severe adverse events. Three years after vaccination, 
single-dose HPV vaccination was highly efficacious, safe and conferred 
durable protection. ClinicalTrials.gov no. NCT03675256.

Cervical cancer burden remains high globally, with more than 600 
000 cases and 340 000 deaths in 2020 and incidence and mortality 
rates in most countries higher than the World Health Organization 
(WHO) threshold for cervical cancer elimination1. Further, there are 

notable disparities; cervical cancer incidence is three times higher 
and mortality is six times higher in countries with a United Nations 
Development Programme-defined low Human Development Index 
(HDI) than in countries with a very high HDI. Targeted strategies are 
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Of those ineligible (n = 419), 132 (32%) had a positive pregnancy test, 51 
(12%) declined study procedures, 34 (8%) had a positive rapid HIV test 
and 202 (48%) met other exclusion criteria. Enrolled participants were 
randomized (Fig. 1): 758 to the nonavalent HPV vaccine group, 760 to 
the bivalent HPV vaccine group and 757 to the control vaccine group. At 
enrollment, 57% of participants (n = 1,301) were aged 15 to 17 years and 
61% (n = 1,392) had one sexual partner in their lifetime with comparable 
baseline characteristics between the groups (Extended Data Table 1).

Participants included in the primary analysis tested HPV DNA 
negative (external genital/lateral vaginal and cervical swabs) at enroll-
ment, by self-collected vaginal swab at month 3, and HPV antibody 
negative at enrollment in the mITT cohort. For inclusion in the HPV 
16/18 mITT cohort, participants were HPV 16/18 naive. Similarly, for 
the HPV 16/18/31/33/45/52/58 mITT cohort, participants were HPV 
16/18/31/33/45/52/58 naive.

For HPV 16/18, participants who tested HPV 16/18 antibody-positive 
or HPV 16/18 DNA-positive at enrollment or HPV DNA-positive month 
3 (n = 661) or had missing antibody results (n = 1) or a missing month 
3 swab (n = 155) were excluded. Among the 1,458 participants meet-
ing the criteria for the primary HPV 16/18 mITT analysis, 496 were in 
the nonavalent group, 489 were in the bivalent group and 473 were 
in the control group. For HPV 16/18/31/33/45/52/58, participants who 
tested HPV 16/18/31/33/45/52/58 antibody- or HPV 16/18/31/33/45/52/58 
DNA-positive at enrollment or HPV DNA-positive at month 3 (n = 792) or 
had missing antibody results (n = 1) or a missing month 3 swab (n = 107) 
were excluded. Of the 615 participants eligible for the primary HPV 
16/18/31/33/45/52/58 analysis, 325 were in the nonavalent group and 
290 were in the control vaccine group. The median age was 17 years for 
the HPV 16/18 and HPV 16/18/31/33/45/52/58 mITT cohorts (Table 1) and, 
overall, the baseline characteristics by study groups were comparable.

One hundred percent of participants received their assigned vac-
cine and no administration errors were identified. Overall, 19 of 2,275 
(0.8%) participants did not contribute follow-up time after enrollment 
and 5 (0.2%) exited the study during follow-up. Overall, 2,256 of 2,275 
(99%) participants contributed a median of 35 months of follow-up 
time between December 2018 and January 2023. A total of 34% of par-
ticipants (771 of 2,256) provided a final analysis swab at month 30 and 
62% (1,397 of 2,256) at month 36 as participants received cross-over 
vaccination at their next study visit after regulatory approvals were 
obtained to allow timely access to the effective intervention. Reten-
tion of four or more swabs collected at follow-up for the assessment of 
primary end points was 96% (2,182 of 2,275) and 91% (2,061 of 2,2,275) 
for five or more swabs (Extended Data Table 2). Of the end-point swabs, 
93% of swabs were cervical and 7% of swabs were self-collected vaginal 
swabs, which was similar across intention-to-treat (ITT) and mITT 
cohorts (Extended Data Table 3).

The incidence of persistent non-vaccine HPV types (HPV 26/35/3
9/40/42/43/44/51/53/54/56/59/61/66/68/69/70/73/82) was compara-
ble between the three study groups: 24.9 of 100 woman-years in the 
nonavalent group, 25.8 of 100 woman-years in the bivalent group and  
22.0 of 100 woman-years in the control group (Extended Data Table 4).  
The rates of chlamydia and gonorrhea were comparable across the 
three study groups (Extended Data Table 5).

Primary outcomes
Through month 36, a total of 75 incident-persistent infections were 
detected in the HPV 16/18 mITT cohort: 1 among the nonavalent vaccine 
group, 2 among participants assigned to the bivalent vaccine group, 
and 72 among those assigned to the control vaccine group (Table 2a) 
(thus, no additional infections in the nonavalent group, one additional 
infection in the bivalent group and 36 additional infections in the con-
trol group compared to month 18). Through month 36, the incidence of 
persistent HPV 16/18 was 0.08 per 100 woman-years in the nonavalent 
vaccine group and 0.16 per 100 woman-years in the bivalent group, 
compared to 6.70 per 100 woman-years in the control vaccine control 

needed to achieve the WHO goal of cervical cancer elimination and to 
reduce global cervical cancer disparities.

HPV vaccines prevent more than 90% of persistent oncogenic 
vaccine type-specific HPV infections, the primary cause of cervical 
cancer2,3. HPV vaccination is foundational in the WHO’s Global Cervi-
cal Cancer Elimination Strategy as a primary prevention of HPV infec-
tion4. The strategy aims to vaccinate 90% of girls globally. Four HPV 
vaccines are licensed to be given as 2–3 intramuscular injections over 
2–6 months, all targeting high-risk (oncogenic) HPV types that cause 
70–90% of cancers. The bivalent vaccines (Cervarix and Cecolin) pre-
vent HPV 16/18 infection, the quadrivalent vaccine (Gardasil) prevents 
HPV 16/18/6/11, including the low-risk HPV types 6 and 11 to prevent 
genital warts, and the nonavalent vaccine (Gardasil-9) prevents HPV 
16/18/31/33/45/52/58/6/11 infection, including five additional high-risk 
HPV types. Vaccinating the current global cohort of women aged  
9–18 years would prevent HPV-associated precancerous lesions5 and 
11.6 million cases of cervical cancer over their lifetimes6; however, cur-
rent HPV vaccine coverage remains low. In 2019, only 15% of adolescent 
girls globally were vaccinated against HPV7.

Single-dose HPV vaccination would simplify the logistics and reduce 
costs of scaling up vaccine programs, lowering barriers to reaching high 
HPV vaccine coverage. The vaccine virus-like-particle (VLP) structure, 
which self-assembles to mimic the live virus without the replicating 
DNA, generates strong immunity with a single dose, analogous to highly 
immunogenic whole-virus vaccines rather than a subunit vaccine, sup-
porting a biological mechanism for single-dose efficacy rather than 
the prime-boost multi-dose schedule that optimizes subunit vaccine 
efficacy (VE)8. Single-dose HPV vaccine efficacy is comparable to the 
licensed two- or three-dose regimen in randomized trials and observa-
tional studies9–12. Thus, in April 2022, the WHO recommended one or two 
doses of HPV vaccines for children, adolescents and young adults aged  
9–20 years; however, a desire for data about longer-term durability of 
single-dose HPV vaccination persists13–15 and national guidelines con-
tinue to recommend multi-dose strategies. Also, few low-HDI countries 
have catch-up vaccination programs for persons 15 years and older, 
although those programs accelerate the impact of vaccination5.

In Kenya, the age-standardized incidence for cervical cancer is 
31.3 per 100,000 person-years; annually, an estimated 5,236 new cases 
are diagnosed and 3,211 deaths attributable to cervical cancer occur1. 
Kenya’s two-dose HPV immunization program was launched in Octo-
ber 2019 to reach 10-year-old girls, in the context of vaccine supply 
constraints. In 2021, vaccine coverage for the first dose was 77% and 
31% for the second dose16. With WHO guidance recommending vacci-
nation for the multi-age cohort of 9–14 year olds, the easing of vaccine 
supply constraints, and the need to deliver immunization services to 
a larger number of adolescents, evaluating the efficacy of single-dose 
vaccination would provide evidence to policymakers for immunization 
scale-up, including multi-age cohorts and catch-up vaccination for 
those who may have missed vaccination during programmatic scale-up.

This study evaluated zero versus single-dose HPV vaccination and 
employed a superiority design to support efficacious, feasible, and 
timely evidence for catch-up vaccination17,18. As reported previously, 
at 18 months, bivalent and nonavalent vaccine efficacy was 97.5% for 
HPV 16/18 and nonavalent VE was 88.9% for HPV 16/18/31/33/45/52/5810. 
We hypothesized that single-dose HPV VE would be durable over 36 
months. Here we report the final single-dose HPV VE 3 years after 
vaccine administration to evaluate the durability of single-dose HPV 
vaccination for zero versus single-dose HPV vaccination. As planned, 
all participants have received HPV vaccination and follow-up continues 
to evaluate the durability of single-dose efficacy.

Results
Participant disposition and characteristics
Between 20 December 2018 and 15 November 2019, 3,090 partici-
pants were screened for study eligibility and 2,275 (74%) were enrolled.  
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group. Nonavalent VE was 98.8% (95% CI 91.3–99.8%, P < 0.0001) and 
bivalent VE was 97.5% (95% CI 90.0–99.4%, P < 0.0001) (Fig. 2a).

At month 18, there were 33 incident-persistent infections in the 
HPV 16/18/31/33/45/52/58 mITT cohort: 4 in the nonavalent group and 
29 in the control group. Through month 36, 89 incident-persistent 
infections were detected in the HPV 16/18/31/33/45/52/58 mITT cohort: 
5 in the nonavalent vaccine group and 84 in the control vaccine group 
(Table 2b) (thus, 1 additional infection in the nonavalent group and 55 
additional infections in the control group). Through month 36, the 
incidence of persistent HPV 16/18/31/33/45/52/58 was 0.61 per 100 
woman-years in the nonavalent vaccine group compared to 13.8 per 
100 woman-years in the control group. Nonavalent VE for HPV 16/18/31/ 
33/45/52/58 was 95.5% (95% CI 89.0–98.2%, P < 0.0001) (Fig. 2b).

Secondary outcomes and efficacy analyses
In the planned secondary sensitivity analysis, including participants 
with type-specific HPV antibodies detected at enrollment, there were 
88 incident-persistent infections in the HPV 16/18 mITT cohort: 1 in the 

nonavalent vaccine group, 3 among participants assigned to the biva-
lent group and 84 among those assigned to the control vaccine group 
(Table 2a). HPV 16/18 incidence was 0.07 per 100 women-years in the 
nonavalent group, 0.21 per 100 women-years in the bivalent vaccine 
group and 6.87 per 100 women-years in the control group; nonava-
lent VE was 99.0% (95% CI 92.5–99.9%, P < 0.0001) and bivalent VE was 
96.8% (95% CI 90.0–99.0%, P < 0.0001; Table 2a). In the sensitivity analy-
sis, there were a total of 124 incident-persistent infections in the HPV 
16/18/31/33/45/52/58 mITT cohort: 8 among participants assigned to the 
nonavalent group and 116 among those assigned to the control group; 
nonavalent VE was 94.8% (95% CI 89.3–97.4%, P < 0.0001; Table 2b).

In the planned secondary extended-sensitivity analysis, excluding 
participants with HPV DNA detected at month 6, there were a total of 
44 incident-persistent infections in the HPV 16/18 mITT cohort: 0 each 
among participants assigned to the bivalent and nonavalent vaccine 
groups and 44 among those assigned to the control vaccine group 
(Table 2a). HPV 16/18 incidence was 0 per 100 women-years in the non-
avalent and bivalent vaccine groups and 5.52 per 100 women-years in 

Assessed for eligibility (n = 3,090)

Randomized (n = 2,275)

Allocated and received
nonavalent HPV (n = 758)

Allocated and received
bivalent HPV (n = 760)

Allocated and received
meningococcal (n = 757)

HPV 16/18
naive at m0 and

m3 (n = 496)

HPV 16/18
naive at m0 and

m3 (n = 489)

HPV 16/18
naive at m0 and

m3 (n = 473)

HPV
16/18/31/33/45/5
2/58 naive at m0
and m3 (n = 325)

Primary mITT analysis for HPV
16/18 (n = 1,458)

Primary mITT analysis for HPV
16/18/31/33/45/52/58 (n = 615)

HPV
16/18/31/33/45/5
2/58 naive at m0
and m3 (n = 290)

Excluded (n = 815)
Not meeting inclusion criteria (n = 419)
Did not complete, did not return for or
declined enrollment procedures
(n = 396)

•
•

Fig. 1 | Randomized trial profile. CONSORT diagram for the disposition of KEN SHE Study participants, including primary mITT cohort disposition for HPV 16/18 and 
HPV 16/18/31/33/45/52/58.
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the control group; nonavalent VE was 100% (P < 0.0001) and bivalent 
VE was 100% (P < 0.0001) (Table 2a). In the extended-sensitivity analy-
sis, there were a total of 51 incident-persistent infections in the HPV 

16/18/31/33/45/52/58 mITT cohort: 1 among participants assigned to the 
nonavalent group and 50 among those assigned to the control group; 
nonavalent VE was 98.6% (95% CI 90.0–99.8%, P < 0.0001) (Table 2b).

Table 1 | Baseline characteristics of the mITT cohorts

HPV 16/18 mITT HPV 16/18/31/33/45/52/58 mITT

Nonavalent HPV Bivalent HPV Control Nonavalent HPV Control

Characteristic Category

Total 496 489 473 325 290

Age group (years) 15–17 299 (60.3%) 278 (56.9%) 278 (58.8%) 197 (60.6%) 168 (57.9%)

18–20 197 (39.7%) 211 (43.1%) 195 (41.2%) 128 (39.4%) 122 (42.1%)

Age (years) Median (IQR) 17 (16, 18) 17 (16, 19) 17 (16, 19) 17 (16, 18) 17 (16, 19)

Marital status Never married 478 (96.4%) 462 (94.5%) 446 (94.3%) 315 (96.9%) 269 (92.8%)

Married 14 (2.8%) 24 (4.9%) 20 (4.2%) 7 (2.2%) 15 (5.2%)

Previously married 3 (0.6%) 3 (0.6%) 7 (1.5%) 2 (0.6%) 6 (2.1%)

Other 1 (0.2%) 0 (0.0%) 0 (0.0%) 1 (0.3%) 0 (0.0%)

Education (highest level) No schooling 1 (0.2%) 2 (0.4%) 1 (0.2%) 1 (0.3%) 1 (0.3%)

Primary school, some or 
complete

40 (8.1%) 30 (6.1%) 36 (7.6%) 27 (8.3%) 27 (9.3%)

Secondary school, some  
or complete

359 (72.4%) 368 (75.3%) 355 (75.1%) 241 (74.2%) 220 (75.9%)

Post-secondary school 96 (19.4%) 89 (18.2%) 81 (17.1%) 56 (17.2%) 42 (14.5%)

Earns an income of her own No 437 (88.1%) 417 (85.3%) 417 (88.2%) 284 (87.4%) 248 (85.5%)

Yes 59 (11.9%) 72 (14.7%) 56 (11.8%) 41 (12.6%) 42 (14.5%)

Has a current main or steady 
sexual partner

No 144 (29.0%) 152 (31.1%) 145 (30.7%) 98 (30.2%) 95 (32.8%)

Yes 352 (71.0%) 337 (68.9%) 328 (69.3%) 227 (69.8%) 195 (67.2%)

Age when first had vaginal 
intercourse (years)

<15 123 (24.8%) 116 (23.7%) 103 (21.8%) 80 (24.6%) 65 (22.4%)

15–17 265 (53.4%) 274 (56.0%) 282 (59.6%) 185 (56.9%) 173 (59.7%)

≥18 96 (19.4%) 93 (19.0%) 79 (16.7%) 54 (16.6%) 46 (15.9%)

Do not remember 12 (2.4%) 6 (1.2%) 9 (1.9%) 6 (1.8%) 6 (2.1%)

Lifetime number of sex partners 1 322 (64.9%) 332 (67.9%) 289 (61.1%) 217 (66.8%) 184 (63.4%)

2 121 (24.4%) 100 (20.4%) 113 (23.9%) 78 (24.0%) 65 (22.4%)

≥3 53 (10.7%) 57 (11.7%) 71 (15.0%) 30 (9.2%) 41 (14.1%)

Condom use with last vaginal sex No 153 (30.8%) 155 (31.7%) 140 (29.6%) 98 (30.2%) 78 (26.9%)

Yes 237 (47.8%) 235 (48.1%) 238 (50.3%) 156 (48.0%) 144 (49.7%)

No sex in past year 106 (21.4%) 99 (20.2%) 95 (20.1%) 71 (21.8%) 68 (23.4%)

Syphilis Negative 496 (100.0%) 489 (100.0%) 471 (99.6%) 325 (100.0%) 289 (99.7%)

Positive 0 0 1 (0.2%) 0 1 (0.3%)

Not done 0 0 1 (0.2%) 0 0

Chlamydia trachomatis Negative 438 (88.3%) 434 (88.8%) 413 (87.3%) 293 (90.2%) 252 (86.9%)

Positive 58 (11.7%) 55 (11.2%) 60 (12.7%) 32 (9.8%) 38 (13.1%)

Neisseria gonorrhoeae Negative 488 (98.4%) 480 (98.2%) 466 (98.5%) 322 (99.1%) 285 (98.3%)

Positive 8 (1.6%) 9 (1.8%) 7 (1.5%) 3 (0.9%) 5 (1.7%)

HSV-2 Negative 407 (82.1%) 387 (79.1%) 375 (79.3%) 264 (81.2%) 226 (77.9%)

Positive 88 (17.7%) 102 (20.9%) 98 (20.7%) 60 (18.5%) 64 (22.1%)

Indeterminate 1 (0.2%) 0 0 1 (0.3%) 0

BVa Negative 415 (83.7%) 378 (77.3%) 378 (79.9%) 278 (85.5%) 239 (82.4%)

Positive 81 (16.3%) 111 (22.7%) 95 (20.1%) 47 (14.5%) 51 (17.6%)

Trichomonas vaginalis Negative 477 (96.2%) 468 (95.7%) 452 (95.6%) 315 (96.9%) 275 (94.8%)

Positive 19 (3.8%) 21 (4.3%) 21 (4.4%) 10 (3.1%) 15 (5.2%)
aNugent scores 7–10 were classified as BV positive and Nugent scores 0–6 were classified as BV negative. BV, bacterial vaginosis; IQR, interquartile range; HSV, herpes simplex virus.

http://www.nature.com/naturemedicine


Nature Medicine | Volume 29 | December 2023 | 3224–3232 3228

Article https://doi.org/10.1038/s41591-023-02658-0

In the planned secondary analyses to assess VE in the prespecified 
subgroups, as defined at enrollment, for the presence of co-infections 
(chlamydia, gonorrhea, herpes simplex type 2, trichomoniasis, syphi-
lis and bacterial vaginosis), self-reported condom use, number of 
self-reported lifetime sex partners (1 versus 2+) and contraceptive 
method use, there was no difference in VE in predefined subgroups 
(Extended Data Tables 6 and 7).

Safety
Serious adverse events (SAEs) were experienced by 201 participants, 
which included 122 participants with pregnancy-related SAEs, 71 with 
infections or inflammatory conditions (of which 39 were malaria),  
7 injuries and 12 mental health illnesses. Overall, the SAE frequency was 
similar between groups (Table 3). There were five deaths in the study 
due to unsafe abortion, sepsis, suicide, hepatocellular carcinoma, com-
plications following an emergency cesarean section for fetal distress 
and one unknown cause with acute symptoms of cough productive of 
bloody sputum. SAEs were assessed as not related to the study vaccines. 
Five participants had abnormal cervical cytology at enrollment and 
were followed until the lesions resolved or the participant received 
treatment. Social harms were reported by 0.31% of participants (n = 7), 
including partner physical and verbal abuse and lack of social support 
from friends and family for trial participation.

Exploratory analyses
In exploratory analysis to evaluate cross-protection against related 
HPV types, bivalent VE against incident-persistent HPV 31/33/45 was 
10.1% (95% CI −38.7% to 41.7%) (Extended Data Table 8).

Post hoc analyses
Using only provider-collected end-point cervical swabs and excluding 
self-collected vaginal swabs, the results for the primary analysis were 
not different: the VE was 98.7% (95% CI 90.5–99.8%) for the nonavalent 

vaccine and 97.3% (95% CI 89.0–99.3%) for the bivalent in the HPV 16/18 
mITT cohort. Nonavalent VE was 95.3% (95% CI 88.4–98.1%) in the HPV 
16/18/31/33/45/52/58 mITT cohort (Table 4).

The absolute reduction in the HPV 16/18 mITT cohort for cumula-
tive incident-persistent HPV 16/18 infection was −16.0% (95% CI −19.5 
to −12.5%) for the nonavalent group and −15.8% (95% CI −19.3 to −12.3%) 
for the bivalent group; an absolute incidence of 0.2% (95% CI 0–0.6%) in 
the nonavalent vaccine group and 0.4% (95% CI 0–1.0 %) in the bivalent 
group compared to 16.2% (95% CI 12.7–19.7%) in the control group. For 
the HPV 16/18/31/33/45/52/58 mITT cohort, the absolute reduction in 
persistent HPV 16/18/31/33/45/52/58 infection was −30.1% (95% CI −36.1 
to −24.2%) for the nonavalent vaccine; an absolute incidence of 1.6% 
(95% CI 0.2–2.9%) in the nonavalent vaccine group compared to 31.7% 
(95% CI 25.9–37.4%) in the control group.

Discussion
Three years after vaccine administration, the high efficacy of both 
single-dose bivalent or nonavalent HPV vaccine was sustained and 
durable against vaccine-specific oncogenic HPV infection. Protection 
against type-specific incident-persistent infection was ≥98% for biva-
lent and nonavalent vaccine protection against HPV 16/18 and >95% for 
nonavalent vaccine protection against HPV 16/18/31/33/45/52/58, which 
cause 70% and 90% of cervical cancer cases, respectively. This together 
with observed high reductions in the absolute cumulative incidence, 
the potential for public health impact in the context of disparities by 
HDI in cervical cancer incidence and mortality1 is substantial. Saliently, 
there is high certainty of VE of at least 90% against HPV 16/18; the lower 
confidence interval limit for the bivalent and nonavalent VE.

Taken in context, these data contribute to a suite of studies that 
provide evidence for single-dose HPV VE. The Costa Rica vaccine trial 
(CVT)12 provided the first observational data for bivalent single-dose 
HPV vaccine effectiveness and recently demonstrated durability over 
16 years19. The DoRIS study demonstrated that a single-dose nonavalent 

Table 2 | Incidence of persistent HPV and vaccine efficacy

a

HPV 16/18

Nonavalent HPV Bivalent HPV Control Nonvalent versus control Bivalent versus control

Events/ 
participants

Incidence of 
persistent HPV 
16/18 per 100 
woman-years 
(95% CI)

Events/ 
participants

Incidence of 
persistent HPV 
16/18 per 100 
woman-years 
(95% CI)

Events/ 
participants

Incidence of 
persistent HPV 
16/18 per 100 
woman-years 
(95% CI)

VE (95% CI) P value VE (95% CI) P value

mITT Primary 1/496 0.08 (0–0.44) 2/489 0.16 (0.02–0.58) 72/473 6.70 (5.24–8.44) 98.8% (91.3–99.8%) <0.0001 97.5% (90.0–99.4%) <0.0001

mITT 
sensitivity

1/569 0.07 (0–0.39) 3/561 0.21 (0.04–0.62) 84/543 6.87 (5.48–8.51) 99.0% (92.5–99.9%) <0.0001 96.8% (90.0–99.0%) <0.0001

Extended 
sensitivity

0/429 0 (0–0.38) 0/404 0 (0–0.40) 44/380 5.52 (4.01–7.42) 100.0%* (NC) <0.0001 100.0%* (NC) <0.0001

b

HPV 16/18/31/33/45/52/58

Nonavalent HPV Control Nonvalent versus control

Events/ participants Incidence of persistent HPV 
16/18/31/33/45/52/58  
per 100 woman-years (95% CI)

Events/ participants Incidence of persistent HPV 
16/18/31/33/45/52/58  
per 100 woman-years (95% CI)

VE (95% CI) P value

mITT primary 5/325 0.61 (0.20–1.42) 84/290 13.8 (11.0–17.0) 95.5% (89.0–98.2%) <0.0001

mITT sensitivity 8/437 0.74 (0.32–1.45) 116/392 14.4 (11.9–17.2) 94.8% (89.3–97.4%) <0.0001

Extended sensitivity 1/264 0.17 (0–0.92) 50/210 12.1 (8.97–15.9) 98.6% (90.0–99.8%) <0.0001

NC, not calculated. *VE computed as 100 × (1 − crude incidence rate ratio). Incidence of persistent HPV by randomized vaccine group in the mITT primary, mITT sensitivity cohorts. For the HPV 
types specified, the mITT primary cohort includes participants who were HPV DNA and antibody negative at enrollment and DNA negative at month 3; the mITT sensitivity cohort includes 
participants who were HPV DNA negative at enrollment and month 3; and the extended-sensitivity cohort includes participants who were HPV DNA and antibody negative at enrollment, and 
DNA negative and months 3 and 6. Woman-years of follow-up time is computed from the month 3 swab collection date for the mITT primary and sensitivity cohorts, and from the month 6 swab 
collection date in the extended-sensitivity cohort. No multiplicity adjustments were performed. a, Incidence of persistent HPV 16/18 and VE. For the extended-sensitivity cohort comparisons, 
VE is reported as 100 × (1 − crude incidence rate ratio) due to 0 events in the nonavalent and bivalent HPV vaccine arms. Two-sided log-rank P values are computed for each comparison using 
the log-rank test. b, Incidence of persistent HPV 16/18/31/33/45/52/58 and VE. Two-sided log-rank P values are computed for each comparison using the log-rank test.
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or bivalent HPV vaccine produced robust immune responses similar to 
two doses and three doses among 9–14-year-old girls20. The IARC-India 
study reported durability of single-dose quadrivalent HPV vaccine 
effectiveness over a decade11. Thus, consistent evidence on the efficacy 
and durability of single-dose HPV vaccination supports the WHO guid-
ance for single-dose implementation to increase vaccine coverage. In 
mathematical modeling analyses of scale-up, implementation of rou-
tine single-dose immunization has the potential to avert most cervical 
cancer cases compared to two doses, with a durability of 20–30 years, 
in low-HDI settings21. Further, single-dose vaccination can increase 
coverage among girls in the 9–14-year-old group before they age out 
of vaccine eligibility and provide catch-up vaccination for those who 
may have missed the immunization due to the COVID-19 pandemic or 
other reasons.

Of the 11.6 million cases of cervical cancer expected globally 
among girls born between 2005 and 2014, 75% of the burden will be 
concentrated in 25 countries largely in Africa and Asia, highlighting 
the need to focus prevention efforts among recently born girls5. Over-
all, the rate of incident persistent HPV infection in this population 
of African adolescent girls and young women was high; 13.8 per 100 
woman-years in the control group, underscoring the need for effective, 
scalable vaccine programs that can achieve high coverage and reduce 
this high incidence of HPV infection and ultimately cervical cancer22,23. 
Catch-up vaccination programs for adolescents and young people aged 
15–20 years, who do not qualify for current vaccination programs, have 
the potential to avert oncogenic persistent infections. Through this 
head-to-head comparison of bivalent and nonavalent HPV vaccines, 
sustained VE was demonstrated in the context of high HPV prevalence. 
Single-dose HPV vaccination could increase vaccine access and cover-
age and offer a cost-effective strategy for cervical cancer prevention.

The vaccines’ underlying immunological mechanism of action 
could explain the observed VE. The vaccines contain monomers 
that self-assemble into capsomers and VLPs, a highly immunogenic 
structure mimicking the ordered, repetitive virus epitope structure 
and allowing for crosslinking of B cell receptors8. This induces high 

levels of virIon-neutralizing serum antibodies and long-lasting plasma 
cells, supporting effective and durable VE. We did not see evidence of 
cross-protection with a single dose of the bivalent vaccine and it may 
be that two doses are required for cross-protection for the closely 
related HPV 31/33/45. The confidence interval did not include previous 
estimates of the multi-dose bivalent strategy of 50% cross-protection 
for HPV 31/33/45 (ref. 5).

The study has several strengths, including its randomized, 
double-blind controlled design, high retention rate, use of cervical HPV 
DNA as the outcome measure, determination of incident persistent HPV 
DNA, head-to-head comparison of the licensed bivalent and nonavalent 
HPV vaccines in protection against persistent infection with oncogenic 
HPV types, and duration of follow-up. Moreover, the trial successfully 
enrolled individuals exposed to HPV infection and retained them in 
all randomized groups, facilitating a rapid evaluation of single-dose 
efficacy. Compared to the 18-month analysis, the final analysis VE 
estimates are stable through 36 months, with higher point-estimates 
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Fig. 2 | Cumulative incidence curves for the incidence of persistent HPV in the 
modified intention-to-treat primary analyses. Cumulative incidence curves 
were computed by vaccine group using Kaplan–Meier methods. Two-sided 
log-rank P values were computed for each comparison using the log-rank test. 
a, Cumulative incidence of persistent HPV 16/18 in the HPV 16/18 mITT cohort 
(n = 1,458). Four participants in the HPV 16/18 mITT cohort did not contribute a 

second end-point swab and thus did not contribute time at risk. b, Cumulative 
incidence of persistent HPV 16/18/31/33/45/52/58 in the HPV 16/18/31/33/45/52/ 
58 mITT cohort (n = 615). One participant in the HPV 16/18/31/33/45/52/58 mITT 
cohort did not contribute a second end-point swab and thus did not contribute 
time at risk.

Table 3 | Participants experiencing adverse events (ITT)

Randomized group

Nonavalent 
HPV

Bivalent 
HPV

Control All

Enrolled, n 758 760 757 2,275

Any SAE, n (%) 59 (7.8%) 72 (9.5%) 70 (9.2%) 201 (8.8%)

Any pregnancy- 
related, n (%)

44 (5.8%) 45 (5.9%) 33 (4.4%) 122 (5.4%)

Any infection/
inflammation, n (%)

13 (1.7%) 26 (3.4%) 32 (4.2%) 71 (3.1%)

Any injury, n (%) 0 (0%) 3 (0.4%) 4 (0.5%) 7 (0.3%)

Any mental health, 
n (%)

3 (0.4%) 4 (0.5%) 5 (0.7%) 12 (0.5%)

Participants may have more than one event across categories.
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and tighter confidence intervals, as additional follow-up time was 
accrued beyond the 6–12-month buffer period, during which infections 
that were prevalent at baseline but not detected at follow-up, and may 
contribute to a lower estimate of VE13,14.

We acknowledge that the study has limitations. First, the median 
duration of follow-up is 35 months and longer-term durability of 
single-dose VE in a randomized trial would strengthen the evidence 
as HPV exposure continues through adulthood. Observational data 
for single-dose HPV vaccination support efficacy over a decade11. While 
participants in the control group have received single-dose HPV vac-
cination, we are collecting additional data in this cohort to 54 months 
post-vaccination24. The antibody plateau level for single-dose HPV 
vaccination is reached by 12 months9, suggesting that we have observed 
steady state efficacy. Second, 7% of primary end-point swabs were 
self-collected and 93% were provider-collected. All swabs would ide-
ally be collected with one modality; however, the correlation between 
self-collected vaginal and provider-collected cervical swabs is high25 
and there was no difference in the results when self-collected swabs 
were excluded. For the preplanned subgroup analyses by sexually trans-
mitted infection (STI) status, the subgroups were defined at enrollment 
and may have changed over time; however, the incidence of persistent 
non-vaccine HPV types was comparable through the study in the three 
study groups. Finally, while the GST-ELISA multiplex assay used to 
exclude participants with HPV antibodies at enrollment demonstrated 
overall agreement of 89% with the gold standard secreted alkaline 
phosphatase pseudovirion-based neutralization assay26, misclassifica-
tion of participants as antibody naive would not be different by study 
group. Further in sensitivity analysis including participants with HPV 
antibodies at baseline, overall VE was in keeping with the primary 
findings (Table 2a,b).

Globally cervical cancer is a leading cause of morbidity and mor-
tality among women in mid-life; it is the second most common can-
cer and the greatest contributor to cancer-related mortality among 
women in southern and East Africa carrying a high cost to women, 
their families and communities1,27. Focusing on the cohort of girls and 
adolescent women who are at risk of developing cervical cancer if not 
vaccinated, global HPV 16/18 vaccination of women born between 2005 
and 2014 would avert 8 million (7.8–8.3) cervical cancer cases and HPV 
16/18/31/33/45/52/58 vaccination would avert 10.2 million (10.0–10.6) 
cases, with 70% of cases averted in low-to-middle HDI countries6. Cer-
vical cancer is almost entirely preventable through HPV vaccination. 
Single-dose HPV vaccination could serve to close the gap between the 

WHO goal of 90% HPV vaccination coverage by 2030 and the 15% of girls 
globally currently vaccinated7, alleviate vaccine supply constraints27 
and provide global policymakers with options to optimally allocate 
existing HPV vaccine supply. The most recent Cochrane review of the 
efficacy of single-dose HPV vaccination highlighted that there was 
moderate evidence on the durability of VE, which we have now provided 
with robust data over 3 years13. Single-dose HPV vaccination could 
facilitate rapid scale-up of vaccination worldwide.

Over 36 months, single-dose HPV vaccination offered high 
protection, >95% VE in preventing incident, persistent HPV 
16/18/31/33/45/52/58 infection, with the lower bound of the confi-
dence interval at almost 90% (89%) indicating a high minimum level of 
efficacy. Single-dose HPV vaccination was safe with no vaccine-related 
SAEs. These data add to the growing suite of evidence to support 
single-dose HPV vaccination implementation.
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Methods
Study design
This randomized, multicenter, double-blind, parallel, three-group con-
trolled, superiority trial tested the efficacy of single-dose bivalent (HPV 
16/18) and single-dose nonavalent (HPV 16/18/31/33/45/52/58/6/11) 
HPV vaccination, as described in the published protocol paper17 and 
in the report of the primary results10. The study was conducted at three 
Kenya Medical Research Institute (KEMRI) clinical sites in Kisumu, 
Thika and Nairobi.

In GAVI-funded countries, including Kenya, multi-dose HPV vac-
cination is offered to 9–14-year-old girls through the national immuni-
zation program. Catch-up vaccination for adolescent girls and young 
women 15 years of age and older is not provided. Cervical cancer screen-
ing is offered to older women instead. We conducted a clinical trial to 
test the efficacy of single-dose HPV vaccination among young women 
aged 15-20 years within the context of cytological screening for dys-
plastic lesions. This was determined to be ethical, as vaccination for 
this age group in Kenya and many low-HDI countries is not currently 
supported through national programs or global immunization bodies18.

Participants
Participants were eligible for the study if they were born female, aged 
15–20 years old inclusive, were sexually active with one to five sexual 
partners reported in their lifetime, and planned to reside in the study 
area for 37 months. The exclusion criteria were people living with HIV 
for whom few data on single-dose HPV VE are available, history of previ-
ous HPV vaccination, allergies to vaccine components of latex, preg-
nancy, hysterectomy, history of autoimmune, degenerative or genetic 
diseases, and investigator discretion regarding participant safety. 
Sex assigned at birth was assessed through participant self-report at 
screening. Participants were recruited through community outreach. 
All participants, and their parents/guardians in the case of minors, 
provided written informed consent, which included counseling about 
randomization, risks and benefits of participation, study procedures 
and their rights as research participants.

Randomization and masking
Meningococcal vaccination was chosen as the control because menin-
gococcal antibodies offer potential clinical benefits and do not impact 
HPV outcomes. Participants were randomized to (1) nonavalent HPV 
vaccination (Gardasil-9), (2) bivalent HPV vaccination (Cervarix) or 
(3) meningococcal (control) vaccination. Following randomization, a 
single dose of each vaccine was administered.

An unblinded statistical analyst generated the randomization 
sequence using SAS v.9.4. Randomization was stratified by site, using 
a fixed block size of 15 and a 1:1:1 allocation. Blinded study assignment 
was implemented via www.randomize.net. Study staff, participants, 
investigators, clinic staff, laboratory technicians, the end points adju-
dication committee members and other study team members did not 
have access to the randomization codes, except for the unblinded 
statistical analysts and unblinded pharmacists at each site. At the con-
clusion of the enrollment visit, an unblinded pharmacist entered the 
participant identification number (PTID) on randomize.net, obtained 
the next sequential intervention assignment, recorded the PTID and 
randomization identifier on an eCRF, drew up the vaccine in a masked 
syringe and administered the vaccination via the intramuscular route. 
An independent observer, not on the study team, observed the masked 
vaccination to assess the success of masking.

Procedures
Potential participants completed eligibility screening with a provider, 
including a detailed medical history, collection of external genital 
(labial/vulvar/perineal), lateral vaginal, and cervical swabs for HPV 
DNA testing, and serum for HPV antibody testing. Participants received 
cytological screening for cervical cancer screening at enrollment.  

Sexual and reproductive health services (contraception, STI diag-
nosis and treatment, HIV testing and HIV pre-exposure prophylaxis) 
were offered at enrollment and every visit. Participants also received 
counseling including services for mental health. All questionnaires 
used electronic case report forms (eCRFs) (DFexplore Software, DF/
Net Research).

Participants had study visits at months 3, 6 and then every  
6 months for up to 36 months. Providers administered clinical ques-
tionnaires and collected a cervical swab at each 6-month visit. Par-
ticipants self-collected vaginal swabs using validated instructions at 
month 3; self-collected swabs, which have similar accuracy compared 
to provider-collected cervical swabs25, were available at subsequent 
follow-up visits by participant choice or to comply with COVID-19 
research restrictions.

Following dissemination and WHO review of the month 18 primary 
results, participants were offered vaccination at their next study visit, 
which was at either month 30 or 36, so as not to delay vaccine receipt. 
Participants provided a final analysis cervical swab before vaccination. 
Participants in the meningococcal group received the nonavalent HPV 
vaccine and those in the HPV vaccine groups received the meningococ-
cal vaccine.

Laboratory methods
HPV DNA genotyping was conducted using the Anyplex II HPV28 assay 
(Seegene), a multiplexed type-specific real-time PCR-based assay that 
detects 28 HPV types28,29 at the University of Washington (UW) East 
Africa STI Laboratory, Mombasa, Kenya with standard proficiency 
testing30. For HPV-positive samples, a low (+), intermediate (++), or 
high (+++) positivity was indicated; + or greater was considered posi-
tive. The assay runs included negative and positive controls and the 
housekeeping human gene, β-globin, as an internal control. Runs were 
performed with CFX96 Real-time PCR System (Bio-Rad).

Serum specimens were shipped to the UW and tested at the  
Galloway Laboratory, Fred Hutchinson Cancer Research Center.  
HPV IgG antibodies were detected using a multiplex Luminex assay31,32. 
The mean pre-established fluorescent intensity seropositivity cutoffs 
for HPV 16/18/31/33/45/52/58 were used10.

Sexually transmitted infections (N. gonorrhoeae, C. trachomatis 
or T. vaginalis) were assessed by nucleic acid amplification testing 
(APTIMA; Hologic/GenProbe) at the UW East Africa STI Laboratory; 
HSV-2 was evaluated by the Focus ELISA and BV was evaluated using 
the Nugent score at the National Quality Control Laboratory, Nairobi, 
Kenya.

Outcomes
The primary trial end point was incident-persistent cervical vaccine 
type-specific HPV infection among participants who were vaccine-type 
HPV naive at enrollment. Persistent HPV infection, a surrogate 
marker for cervical dysplasia/precancer, was defined as high-risk 
vaccine-type-specific HPV (HPV 16/18 for the bivalent vaccine and 
HPV 16/18/31/33/45/52/58 for the nonavalent vaccine) detected at two 
consecutive visits after the month 3 visit, which were obtained no less 
than 4 months apart (with the same HPV type at both time points). 
Cervical swabs were tested for the primary end point; vaginal swabs 
were substituted if necessary. This analysis included follow-up through 
month 36 to evaluate the durability of VE.

Secondary analyses assessed VE in the sensitivity cohorts and 
subgroup analyses. The prespecified subgroups were the presence of 
co-infections (chlamydia, gonorrhea, HSV-2, trichomoniasis, syphilis 
and BV), self-reported condom use, number of self-reported lifetime 
sexual partners (1 versus 2+) and contraception method use.

Safety was assessed through adverse event reporting following 
Division of Allergy and Infectious Diseases Guidelines33. Participants 
were monitored for adverse events 30 min after vaccination, asked 
about adverse events at each study visit and reported adverse events 
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outside of study visits. The study clinical monitor followed SAEs, includ-
ing permission to access medical records. SAEs were recorded on a CRF. 
The study Principal Investigator and clinical monitor determined the 
relatedness of SAEs to vaccination. We followed the KEMRI Scientific 
Ethics Review Unit’s (SERU’s) guidance for reporting SAEs.

Statistical analysis
The study was powered for the 18-month analysis, which included 
follow-up through 18 months and has been previously published10. 
The sample size calculations assumed a combined persistent HPV 
16/18/31/33/45/52/58 annual incidence of 5%, single-dose VE of 75%, 
and loss-to-follow-up of 10% with a fixed follow-up time of 12 months. 
Sample size calculations assumed that 52% of participants would meet 
the requirements for inclusion in the 18-month analysis based on the 
observed prevalence of HPV infection in similar settings34. Assuming a 
proportional hazards model (seqDesign in R) with 80% power to detect 
75% efficacy, a sample size of 2,250 participants was planned.

We used Cox proportional hazards models stratified by study site 
to estimate the hazard ratios (HRs) of the interventions versus control 
for the primary and sensitivity analyses. Models for the sensitivity 
analyses used crude incidence rate ratios instead of the Cox model 
when no events were observed in a group. Follow-up was calculated 
as days since the month 3 visit for the primary analysis and days since 
month 6 for the extended-sensitivity analysis until the first persistent 
infection. Participants who did not reach this outcome were censored at 
the last study visit with HPV testing where they did not meet the criteria 
for persistent infection. VE was expressed as 1 − HR (or relative risk). The 
log-rank test stratified by study site was used to calculate the P value 
for each comparison (one degree of freedom). Cumulative incidence 
curves of time to infection were calculated by intervention group using 
Kaplan–Meier methods. Efficacy analyses were performed on the 
month 36 mITT cohorts. In post hoc analysis, we evaluated the abso-
lute difference in cumulative incidence of HPV from the Kaplan–Meier 
survival estimates at month 36. We calculated the rates of chlamydia 
and gonorrhea during follow-up by assigned group.

Participants included in the primary analysis tested HPV DNA nega-
tive (external genital/lateral vaginal, and cervical swabs) at enrollment 
and at month 3, by self-collected vaginal swab and HPV antibody nega-
tive at enrollment in the mITT cohort. The ITT included all randomized 
participants. For inclusion in the HPV 16/18 mITT cohort, participants 
were HPV 16/18 naive. Similarly, for the HPV 16/18/31/33/45/52/58 mITT 
cohort, participants were HPV 16/18/31/33/45/52/58 naive. Participants 
without swabs after month 3 did not contribute follow-up time in 
the primary analysis. Participants in the bivalent vaccine group were 
excluded from the HPV 16/18/31/33/45/52/58 analysis as the study was 
not powered to detect cross-protection. Participants who serocon-
verted to HIV during follow-up are included in analyses.

Sensitivity analyses were planned for the following subsets: par-
ticipants who tested HPV DNA negative at enrollment and month 3, 
regardless of antibody status at enrollment (sensitivity cohort) and 
participants who tested HPV DNA negative at enrollment, month 3, and 
month 6 and antibody negative at enrollment (extended-sensitivity 
cohort); the sensitivity cohort was a less conservative definition of an 
HPV-naive cohort and the extended-sensitivity cohort more closely 
matched the analysis cohort for HPV vaccine licensure trials. The 
extended-sensitivity cohort excluded participants who might have had 
prevalent HPV infection at enrollment that was not detected. Safety was 
assessed among all participants; the three groups were compared using 
Fisher’s exact test. Exploratory analysis evaluated cross-protection of 
the bivalent vaccine against HPV 31/33/45. We performed all analyses 
using SAS software, v.9.4 (SAS Institute) and R (v.4.2.2).

An independent Data Safety and Monitoring Board was consti-
tuted to review study progress, participant safety and the primary 
outcome, and met annually. The trial is registered at ClinicalTrials.
gov (NCT03675256).

Ethics and inclusion statement
Data for this study, including from Kenya, were collected via eCRFs 
in Kenya. Seven colleagues (M.A.O., E.A.B., B.N., I.W., C.B., S.K. and 
N.R.M.), including the senior author (N.R.M.) are from Kenya, a low- 
and-middle-income country and one other (R.V.B.) is South Afri-
can and is now based in a high-income country. We fully endorse 
and are committed to the Nature Portfolio journals’ guidance on 
low-and-middle-income country authorship and inclusion.

This research is locally relevant to Kenya and other countries that 
have not achieved the 90% HPV vaccine coverage goal.

The KEMRI SERU (nos. 3745 and 3741) and the Massachusetts Gen-
eral Hospital Institutional Review Board (no. 2022P001178) approved 
the study. Study participation may have carried stigmatization asso-
ciated with vaccination. The data collection and analysis techniques 
employed raised no risks pertaining to incrimination, discrimination, 
animal welfare, the environment, health, safety, security or other per-
sonal risks. All HPV and STI testing was conducted at local laboratories. 
Serum for specialized HPV antibody testing was shipped to Seattle for 
testing. No cultural artifacts or associated traditional knowledge has 
been transferred out of any country. In preparing the manuscript, the 
authors reviewed relevant studies from Kenya.

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

Data availability
Data are available subject to controlled access because additional 
analysis requires regulatory approval. This study was conducted with 
approval from the KEMRI SERU, which requires that data from studies 
(including de-identified data) are released only after SERU has provided 
written approval for additional analyses. To request these data and 
facilitate submission to SERU for additional analyses, please contact the 
KEN SHE Scientific Committee at lnakatsuka@partners.org. A complete 
de-identified dataset and code book sufficient to reproduce the study 
findings will be made available 1 year after study closeout upon written 
request after approval from SERU.

Code availability
The custom code and code book sufficient to reproduce the study 
findings will be made available 1 year after study closeout upon written 
request after approval from the KEN SHE Scientific Committee. Please 
contact the KEN SHE Scientific Committee at lnakatsuka@partners.org.
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Extended Data Table. 1 | Baseline characteristics of the ITT population
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Extended Data Table. 2 | Completeness of end point swab collection
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Extended Data Table. 3 | Summary of tested end point swabs and swab collection types
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Extended Data Table. 4 | Exploratory analysis: incidence of persistent HPV types (combined non-vaccine types, mITT 
sensitivity cohort)
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Extended Data Table. 5 | Summary of follow-up laboratory results by randomized group (mITT cohorts)
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Extended Data Table. 6 | Incidence of persistent HPV 16/18 and vaccine efficacy overall and within subgroups defined by lab 
results or self-reported behavior at enrollment (mITT cohort)

Subgroups are defined by lab results or self-reported behavior at the enrollment visit. No adjustments for multiplicity were done. Two-sided log-rank p-values are computed for each 
comparison using the log-rank test.
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Extended Data Table. 7 | Incidence of persistent HPV 16/18/31/33/45/52/58 and vaccine efficacy overall and within 
subgroups defined by lab results or self-reported behavior at enrollment (mITT cohort)

Subgroups are defined by lab results or self-reported behavior at the enrollment visit. No adjustments for multiplicity were done. Two-sided log-rank p-values are computed for each 
comparison using the log-rank test.
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Extended Data Table. 8 | Exploratory analysis: Incidence of persistent HPV 31/33/45 (HPV 31/33/45 mITT cohort)

Two-sided log-rank p-values are computed for each comparison using the log-rank test. No adjustments for multiplicity were done.
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