
The Journal of Infectious Diseases

M A J O R A R T I C L E

Risk of Delayed Human Papillomavirus Vaccination in
Inner-City Adolescent Women
Nicolas F. Schlecht,1 Angela Diaz,2,3 Viswanathan Shankar,1 Arnold H. Szporn,3 Maoxin Wu,3 Anne Nucci-Sack,2,3 Ken Peake,2,3 Howard D. Strickler,1 and
Robert D. Burk1

1Albert Einstein College of Medicine, Bronx, 2Mount Sinai Adolescent Health Center, and 3Icahn School of Medicine at Mount Sinai, Manhattan, New York

Background. Uptake of human papillomavirus (HPV) vaccine in the United States is slow, and the effectiveness of the vaccine
has not been assessed in high-risk adolescent populations.

Methods. We conducted a longitudinal study of 1139 sexually active, inner-city adolescent women receiving the 3-dose quad-
rivalent (4vHPV) vaccine. Cervical and anal specimens collected semiannually were tested using an L1-specific polymerase chain
reaction assay. Postvaccination incidence of 4vHPV vaccine and nonvaccine HPV types, and risk of cervical cytological abnormal-
ities, were assessed in relation to time to completion of all 3 vaccine doses.

Results. Compared to vaccine naive women at enrollment, vaccinated women had significantly lower incidence rate ratios of
cervical infection with HPV6/11/16/18 (0.2; 95% confidence interval [CI], .1–.4) and the related types HPV31 and HPV45 (0.4
[95% CI, .2–1.0] and 0.3 [95% CI, .1–.6], respectively), as well as significantly lower incidence rate ratios of anal infection with
HPV6/11/16/18 (0.4; 95% CI, .2–.7). Notably, we observed higher risks of cervical HPV6/11/16/18 infection (hazards ratio [HR],
2.9; 95% CI, 1.0–8.0) and associated cytological abnormalities (HR, 4.5; 95% CI, .7–26.0) among women immunized at ≥15 years of
age who took ≥12 months (vs <12 months) to complete the 3-dose regimen.

Conclusions. Among adolescents immunized at ≥15 years of age, a longer time to complete the 3-dose schedule was associated
with an increased risk of anogenital HPV6/11/16/18 infection and an increased incidence of associated cervical cytological
abnormalities.
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The quadrivalent human papillomavirus (4vHPV) vaccine has
been shown to be highly effective at reducing the incidence of
anogenital HPV infections and diseases related to vaccine types
(HPV6/11/16/18) [1]. It has also been shown to provide cross-
protection for some but not all phylogenetically related high-
risk (HR) HPV types [2], with some studies also reporting
declines in rates of cervical precancer irrespective of the HPV
type detected [3, 4]. The recently approved 9-valent HPV
(9vHPV) vaccine promises to provide greater protection by tar-
geting 5 additional HR-HPV types (31/33/45/52/58), increasing
coverage to >90% of anogenital cancers [5, 6]. However, the ev-
idence to date from the clinical trials and national vaccination
programs involved mostly lower-risk individuals with few sex
partners who were vaccinated early and were highly compliant
with the 3-dose vaccine schedule [7–9].

In contrast, uptake and completion of the HPV vaccine in the
United States has been persistently low [10, 11],with almost half
(43%) of adolescent women getting vaccinated after age 14 years
[12] and many getting <3 doses [13]. Whereas a reduced-dose
regimen has been shown to be as effective among young vacci-
nees [14], current recommendations are to keep the 3-dose
schedule if vaccination is initiated after the 15th birthday
[15]. Moreover, the effectiveness of the vaccine may be further
diminished by the fact that the efficacy of the vaccine is substan-
tially reduced among populations with a past or present HPV
infection [16, 17] and that almost half (42%) of adolescent
women in the United States are already sexually active by the
10th grade (ie, age 15–16 years) [18].

Subsequent to the approval and release of the 4vHPV vac-
cine, we initiated a prospective cohort study of sexually active
inner-city, mostly minority, adolescent women attending the
largest adolescent-specific primary care facility in the United
States—the Mount Sinai Adolescent Health Center (MSAHC)
in New York City. This center provides free health services, in-
cluding HPV vaccination, to adolescents and young adults aged
12–24 years [19, 20]. We present here data on the prevalence
and incidence of cervical and anal HPV infection after vaccina-
tion and assessed the impact of delayed uptake and completion
of the 3-dose 4vHPV vaccine schedule on the risk of HPV in-
fection and associated cervical cytological abnormalities.
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METHODS

Study Population
Adolescent women presenting for health services and HPV vac-
cination were invited to participate in a prospective cohort study
with repeated assessment every 6 months for cervical, anal, and
oral HPV infection [19, 20]. Women were aged 12–19 years at
time of enrollment, were eligible to participate if they had already
engaged in vaginal intercourse, and intended to receive or had
already received the Food and Drug Administration–approved
4vHPV vaccine (GardasilMerck & Co., Kenilworth, New Jersey).
Women pregnant at the time of recruitment or who had termi-
nated a pregnancy within the last 6 weeks were invited to return
at a later date after resolution of their pregnancy. Written in-
formed consent was collected from all participants prior to en-
rollment. The study was approved by the Institutional Review
Board at The Icahn School of Medicine at Mount Sinai.

Study Visits and Specimens
Participants received a gynecological examination at each visit,
including an assessment of sexual, reproductive, behavioral, and
psychosocial history and updated immunizations. A question-
naire was completed by self-report at each visit to assess recent
and lifetime vaginal, anal, and oral sexual behaviors; history of
sexually transmitted diseases and pregnancy; use of hormonal
contraceptives; and condom use.

Specimen collection was performed at each 6-month visit by
clinicians following previously described protocols [19]. Briefly,
cervical cells were collected using an endocervical Cytobrush
placed in PreservCyt transport medium (Hologic, Malborough,
Massachusetts). Anal cells were also collected in PreservCyt,
using a polyethylene terephthalate swab moistened in tap
water. Oral cell samples were collected by oral rinse and gargle
using Scope mouthwash (Proctor and Gamble, Cincinnati,
Ohio). Specimens were stored at −20°C immediately following
collection. The methods for polymerase chain reaction (PCR)
detection and typing of HPV DNA have been described in de-
tail elsewhere [21].

Additional cervical Cytobrush specimens were collected for
liquid-based Papanicolaou (Pap) cytology at enrollment and at
least annually thereafter for all returning subjects. Pap results in-
dicating the presence of atypical squamous cells of undetermined
significance (ASCUS), a low-grade squamous intraepithelial le-
sion (LSIL), a high-grade SIL (HSIL), or atypical squamous
cells, cannot rule out HSIL (ASC-H) were reviewed by 2 pathol-
ogists (A. H. S. and M. W.) blinded to each subject’s HPV status.

Statistical Methods
Characteristics of the study cohort were described using fre-
quency distributions and descriptive statistics with exact confi-
dence intervals (CIs). Type-specific prevalence of cervical and
anal HPV was assessed prior to first vaccine dose and after com-
pletion of the third vaccine dose. Postvaccination HPV infec-
tion incidence was assessed for women who were HPV-type

negative at their first 6-month study visit occurring after receipt
of the third vaccine dose.

To estimate the incremental effect of vaccination (ie, vac-
cine effect) on detection of vaccine and nonvaccine HPV
types, we fit 2 time-dependent regression models by using a
previously described generalized estimating equation (GEE)
approach that allowed for estimation of incidence rate ratios
for multiple types concurrently [22]. We assessed the associ-
ation between detection of cervical and anal HPV after vac-
cination, including all visits that occurred ≥6 months after
vaccine completion, assuming a Poisson distribution. Expo-
sure time for detection of HPV after vaccination was estimat-
ed from the first 6-month study visit following completion of
the 3-dose 4vHPV vaccine schedule. Postvaccine detection
rates were then compared to HPV detection prior to receipt
of first dose. For vaccine-naive subjects who received the first
vaccine dose at enrollment, we assumed a risk period of 6
months prior to their first visit. We also attempted to esti-
mate the effect of the vaccine on incident infections (ie,
new HPV infections detected after vaccination) by excluding
women who presented with detection of a prevalent HPV in-
fection at their first postvaccination visit. Overdispersion was
examined and was adjusted for using robust variance through
GEE estimation.

In all models, the association between vaccine exposure and
detection of vaccine types and nonvaccine HR-HPV types were
modeled concurrently by using interaction terms such that the
vaccine effect was allowed to vary by HPV type. The correla-
tions within subjects were adjusted for using exchangeable cor-
relation structure. We mutually adjusted for other significant
risk factors and confounders selected using a change-in-point
estimate criterion for the vaccine effects [23]. Other HR-HPV
types detected (ie, HPV31/33/35/39/45/51/52/56/58/59/66/68)
were assessed individually and grouped together to reflect the
9vHPV vaccine formulation or other nonvaccine HR-HPV
types [24–26].

We also assessed the association between time to completion
of the 3-dose 4vHPV vaccine and incident cervical infection
with vaccine types (HPV6/11/16/18) following completion of
the 3-dose vaccine regimen, using the Kaplan–Meier procedure
and multivariable Cox regression models. Time to event was
adjusted by considering the midpoint of the interval preceding
incident events. For women who received the vaccine prior to
enrolling into the study and outside of the MSAHC, we
reviewed the New York Citywide Immunization Registry and
recorded dates for vaccine doses. Only women with complete
immunization records were included. We used a change-
in-point estimate criterion to identify potential confounders
for the association between vaccine dose delay and incidence
of cervical and anal HPV infection. Analyses were conducted
with the Stata 14.0 (StataCorp, College Station, Texas) statisti-
cal software package.
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RESULTS

The study sample included 1139 adolescent and young adult
women. At enrollment, 16.0% of subjects had not received the
HPV vaccine, and 58.8% had received all 3 doses (Table 1).
Study participants were followed prospectively every 6 months,
with a median follow-up of 28.5 months (mean ± SD,
30.9 ± 23.1 months). Half of subjects (50.1%) identified them-
selves as African American, while 41% did not identify with a
particular racial group, most of whom reported being of His-
panic ethnicity, which also represented the majority (59.5%)
of study subjects. All subjects reported having initiated vaginal
intercourse, one third (31.3%) reported anal intercourse, and
most (91.6%) had also engaged in oral-to-genital or oral-to-
anal sex. At the time of enrollment, most women (64.7%) had
had at least 3 sex partners in their lifetime. The median age at
first vaginal intercourse was 15 years (range, 10–19 years), and
over half (53.0%) had initiated sexual intercourse ≥1 year before
vaccination.

Compared to subjects who entered the study vaccine naive
(ie, prior to receiving their first dose of the 4vHPV vaccine),
women who had received at least 1 dose of vaccine prior to en-
rollment were significantly more likely to have initiated vaginal
intercourse at a younger age, to have had anal sex, or to have
used hormonal contraceptives and emergency contraception,
but were less likely to have had a prior pregnancy or to have ac-
quired a sexually transmitted disease (including chlamydial
infection).

Prevalence and Incidence of Cervical and Anal HPV Infection
The overall prevalence of any HPV in cervical specimens (in-
cluding the >40 types tested by our comprehensive assay) was
only slightly lower for women who entered the study after hav-
ing received the 4vHPV vaccine (49.5%), compared to women
who were tested prior to vaccination (57.6%), for a difference of
8.1% (95% CI, .2%–16.1%). However, detection of HPV6/11/16/
18 was significantly lower after vaccination (3.2%) as compared
to before vaccination (12.4%; P < .0001; Figure 1A). When we

Table 1. Study Cohort Characteristics at Time of Enrollment

Characteristics Study Sample, No. (%) (n = 1139)

Age at entry, y

13–14 20 (1.8)

15–16 201 (17.7)

17–18 540 (47.4)

19–21 378 (33.2)

Race

Black/African American 571 (50.1)

White 64 (5.6)

Asian 19 (1.7)

Native American/Pacific Islander 18 (1.6)

Unspecified race (Hispanic only) 467 (41.0)

Ethnicitya

Non-Hispanic 442 (38.8)

Hispanic 678 (59.5)

Sexual activity

Male vaginal sex partners, lifetime no.

1 199 (17.5)

2 203 (17.8)

3–4 334 (29.3)

5–9 282 (24.8)

≥10 121 (10.6)

Age at first vaginal intercourse, ya

<14 182 (16.0)

14–15 540 (47.4)

16–17 355 (31.2)

≥18 53 (4.7)

Sex partners in past 6 mo, no.a

0 47 (4.1)

1 626 (55.0)

2 259 (22.7)

3–4 156 (13.7)

≥5 48 (4.2)

Anal intercourse evera

No 773 (67.9)

Yes 357 (31.3)

Anal sex partners, lifetime no.b

1 206 (18.1)

≥2 84 (7.4)

Age at first anal intercourse, yb

<16 57 (5.0)

≥16 224 (19.7)

Oral sexa

Never 95 (8.3)

Ever (given or received) 1043 (91.6)

HPV vaccine doses received at entry, no.

0 (vaccine naive) 182 (16.0)

1 143 (12.6)

2 144 (12.6)

3 670 (58.8)

Interval between first sex and vaccinationa

≥1 y before vaccination 427 (37.5)

Within 1 y of vaccination 176 (15.5)

>1 y after vaccination 473 (41.5)

Age at first HPV vaccine dose, ya

<15 482 (42.3)

≥15 598 (52.5)

Table 1 continued.

Characteristics Study Sample, No. (%) (n = 1139)

Pregnancies, no.a

0 734 (64.4)

1 221 (19.4)

≥2 87 (7.6)

History of STDs

None 718 (63.0)

Any 421 (37.0)

Abbreviations: HPV, human papillomavirus; STD, sexually transmitted disease.
a Percentage and total no. may not add up to 100% and 1139, respectively, owing to missing
values.
b Total number does not add up to 357, owing to missing values.
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compared the detection of other HR-HPV types in cervical
specimens obtained before versus after 4vHPV vaccination,
we found significant declines in the prevalence of HPV16–phy-
logenetically related type 31 (from 5.7% to 2.5%; P = .0216), and
HPV18-related type 45 (from 5.1% to 0.5%; P < .0001). Declines
in prevalence among anal specimens after vaccination were also
seen for HPV6/11/16/18 (from 8.6% to 2.7%; P = .0001) and
HPV31 (from 5.2% to 1.1%; P = .0001; Figure 1B).

When we looked at the incidence of HPV6/11/16/18 infec-
tion in cervical specimens collected at least 6 months after vac-
cination, we saw low rates (ie, <10 new infections per 1000
women per year) for HPV6/11/16/18, as well as for HPV31
and HPV33 (Supplementary Figure 1). However, reflecting

the continued burden of HPV in this sexually active popula-
tion, we observed relatively higher rates of infection by other
HR-HPV types (range, 13–50 infections per 1000 women-
years), with the highest rates observed for HPV52, 39, 51,
56, 66, and 68. Anal HPV incidence rates of <10 infections
per 1000 women-years were seen for HPV6/11/16/18 and
for HPV31, 33, and 45. In contrast, HPV51 was the most fre-
quent HR-HPV type detected in anal specimens after vaccina-
tion, with an estimated rate of 33 new infections per 1000
woman-years. Because of low rates of oral HPV for vaccine
and HR-HPV types in our population, we were not able to
test for the effect of vaccination on oral HPV prevalence and
incidence.

Figure 1. Prevalence of human papillomavirus (HPV) infection at enrollment and at the first 6-month visit after vaccination. Type-specific prevalence and exact 95% con-
fidence intervals for detection of cervical (A) and anal HPV (B) HPV infection among adolescents in specimens obtained before initiation and ≥6 months after completion of the
3-dose HPV vaccine regimen. HPV types 6/11/16/18 are targeted by the quadrivalent vaccine (4vHPV); 31/33/45/52/58, as well as the 4vHPV types, are targeted by the non-
avalent vaccine; and high-risk types 35/39/51/56/59/66/68 are not targeted by vaccine.

Vaccine Delay and HPV in Adolescents • JID 2016:214 (15 December) • 1955

http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiw486/-/DC1


Effect of Vaccination on the Risk of HPV Infection
Table 2 shows the relative effects of vaccination on detecting
prevalent and incident cervical and anal infections ≥6 months
after vaccination for different HPV types, with mutual adjust-
ment for exposure time, all concurrent types, age, race/ethnic-
ity, lifetime number of (vaginal or anal) sex partners, history of
anal sex, recent number of vaginal sex partners, age at first in-
tercourse, and sexual experience at time of vaccination. Com-
pared with vaccine-naive women at enrollment, women
vaccinated with the 4vHPV vaccine had significantly lower
rates of cervical HPV infection with HPV6/11, 16, 18, and
45. Surprisingly, vaccinated participants had higher relative
rates of infection for other HR-HPV types, including
HPV52, 59, and 68, although the effects were not significant
(ie, P ≥ .05). Similar associations were observed after excluding
women who were vaccinated prior to first sexual intercourse,
and the significant associations remained (and even strength-
ened) after excluding women who presented with any HPV in-
fection at their first postvaccination visit (Supplementary
Table 1). For anal specimens, the relative rates of infections
by HPV6/11/16/18 and 31 were significantly lower for vacci-
nated individuals (Table 2).

Effect of Age at Vaccination and Dose Delay on the Risk of Infection
Despite an active vaccine program with repeated recalls and re-
minders in place at the MSAHC, delays of ≥12 months between
the first and last doses were reported by almost half (43.2%) of
study participants. We therefore assessed whether delayed com-
pletion of the 3-dose schedule by >6 months from the recom-
mended schedule was associated with increased risk of an
incident cervical or anal HPV6/11/16/18 infection. We found
moderate but higher risks of incident detection of HPV6/11/
16/18 after vaccination in cervical (Figure 2A) and anal
(Figure 2B) specimens for women who took ≥12 months (vs
<12 months) to complete the 3-dose schedule, if they initiated
the vaccine after their 15th birthday.

While we were not able to assess differences between doses 1–
2 and 2–3 separately with statistical power, the majority (69.0%)
of women who took ≥12 months to complete the 3-dose
vaccine schedule were also more likely to delay receipt of their
second dose by ≥6 months. We found that women who took
≥12 months to complete the first 2 doses were more likely to
acquire an incident HPV6/11/16/18 infection, compared with
women who completed all 3 doses within 12 months and
even with women who completed the first 2 doses within 12

Table 2. Effect of Human Papillomavirus (HPV) Vaccination on Detection
of Cervical and Anal HPV Infection in Adolescent Women

HPV Type(s)

Cervical HPV Infection Anal HPV Infection

IRR (95% CI) P Value IRR (95% CI) P Value

Any 4vHPV vaccine
types

0.22 (.13–.37) <.001 0.36 (.18–.69) .002

HPV6/11 0.24 (.10–.59) .002 0.37 (.16–.85) .020

HPV16 0.21 (.11–.41) .000 0.33 (.12–.92) .033

HPV18 0.20 (.07–.59) .003 0.33 (.04–2.72) .303

Added 9vHPV
vaccine types

0.97 (.61–1.54) .894 0.64 (.35–1.19) .157

HPV31 0.44 (.19–1.04) .062 0.21 (.09–.51) .001

HPV33 0.68 (.11–4.18) .676 1.37 (.13–14.4) .795

HPV45 0.26 (.11–.60) .002 0.63 (.14–2.81) .542

HPV52 2.23 (.94–5.26) .068 0.71 (.28–1.81) .475

HPV58 1.49 (.55–4.06) .433 0.96 (.36–2.56) .937

Other nonvaccine
types

1.18 (.78–1.79) .438 1.18 (.72–1.91) .516

HPV35 1.14 (.45–2.93) .778 0.74 (.29–1.88) .530

HPV39 0.89 (.42–1.86) .750 3.04 (.64–14.3) .160

HPV51 1.25 (.59–2.65) .559 0.80 (.41–1.56) .515

HPV56 0.91 (.44–1.87) .800 1.09 (.40–2.96) .869

HPV59 2.10 (.54–8.25) .286 0.89 (.24–3.34) .861

HPV66 0.90 (.44–1.82) .764 1.10 (.41–2.95) .848

HPV68 4.22 (.83–21.5) .084 . . .

Data denote incremental increase in the rate of prevalent and incident HPV detection after
vaccination, comparing fully vaccinated women (for at least 6 months) to unvaccinated
women. Estimates were derived by generalized estimating equations with Poisson
regression with log link and robust variance, mutually adjusting for exposure time, all
concurrent types, current age, race/ethnicity, lifetime number of (vaginal or anal) sex
partners, history of anal sex, recent number of vaginal sex partners, age at first
intercourse, and sexual experience at time of vaccination.

Abbreviations: 4vHPV, quadrivalent HPV vaccine; 9vHPV, nonavalent HPV vaccine;
CI, confidence interval; IRR, incidence rate ratio.

Figure 2. Cumulative proportion of incident human papillomavirus virus (HPV) 6/
11/16/18 infection detected in cervical (A) and anal (B) specimens after vaccination
among adolescents who initiated the 3-dose HPV vaccination regimen after their
15th birthday, by completion of the regimen in <12 months (dashed lines) or ≥12
months (solid lines).
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months but took ≥12 months to complete all 3 doses (Supple-
mentary Figure 2).

The association between dose delay and risk of cervical
HPV6/11/16/18 infection appeared to be independent of sexual
experience prior to vaccination or other risk factors, as the as-
sociation remained after multivariate adjustment for age at en-
rollment, sexual experience at first dose, recent number of sex
partners, use of hormonal contraception, and condom use dur-
ing vaginal sex (Table 3). A nonsignificant increase in hazard
risk ratio was also observed for the incidence of anal HPV in-
fection. In contrast, among women aged <15 years when vacci-
nated, a longer time to completion of the 3-dose vaccine
schedule had no association with incident detection of HPV6/
11/16/18 in cervical or anal specimens.

Effect of Vaccination on the Risk of Cervical Cytological Abnormalities
We also assessed the prevalence and incidence of cytological
abnormalities in vaccine-naive and vaccinated women.
Study subjects were screened annually for cervical lesions,
using a liquid-based Pap cytology technique. We found
significant differences in the proportion of cervical cytolog-
ical abnormalities (ASCUS/ASC-H/LSIL/HSIL) positive for
HPV6/11/16/18 before versus after vaccination, as well as
significant declines in the prevalence of HPV31 and
HPV45 (Figure 3).

With respect to the incidence of cervical cytological abnormal-
ities, we found that, whereas no difference in the risk of any cer-
vical abnormality was seen for women aged <15 years versus ≥15
years at time of vaccination overall, restricting to HPV16/18-

positive cytological abnormalities did show higher risks for
older versus younger vaccinees (Supplementary Figure 3). The
risk associations persisted even after adjustment for dose delay,
age, vaccine status at entry, sexual experience at time of first
dose, detection of HR-HPV types other than HPV16/18 in the
cervical specimen, history of chlamydial infection, and history
of abnormal Pap smears (Table 4). Older age at vaccination
was also significantly associated with the risk of high-grade cer-
vical abnormalities (ASC-H/HSIL), irrespective of HPV type de-
tected, although no association was seen with dose delay.

DISCUSSION

In this prospective study of high-risk, sexually active, inner-city
adolescent women, we show that despite an extremely high prev-
alence of anogenital HPV infection in unvaccinated subjects,
administration of the 4vHPV vaccine was associated with a
60%–80% reduction in detection of cervical and anal HPV
types targeted by the vaccine (ie, HPV6/11/16/18). In addition,
we saw declines in infection rates for phylogenetically related
HR-HPV types 31 and 45 in the cervix and for HPV31 in the
anal canal. These findings were in line with observed reductions
in population-level prevalence of cervical HPV infection report-
ed following vaccination in US women 14–24 years of age [13].
The reduction in anal HPV detection after vaccination adds to
the evidence of the effectiveness of the vaccine [7, 27]. Neverthe-
less, not all women received equivalent protection. In particular,
among adolescents immunized after their 15th birthday, a longer
time to compete the 3-dose vaccine schedule was associated with
an increased risk of cervical and anal HPV infection.

Although HPV DNA detection is considered an intermediate
end point of HPV-associated neoplastic disease, we also assessed
the potential impact of vaccination on the risk of cervical cytolog-
ical abnormalities. We found significant declines in the propor-
tion of cervical samples (ie, ASCUS/LSIL/ASC-H/HSIL) positive
for 4vHPV vaccine types and related HR-HPV types 31 and 45
detected after vaccination, compared with before vaccination. In
contrast, the prevalence of cytological abnormalities associated
with 4vHPV vaccine and related HR-HPV types before and
after vaccination remained unchanged. These results differ with
findings from a recent study [3] that reported significant declines
in the incidence of ASCUS+ findings among vaccinated
women, compared with unvaccinated women, followed at other
New York City adolescent health facilities. Previous studies have
shown significant declines in the incidence of histologically con-
firmed high-grade cervical lesions regardless of HPV type among
vaccinated women [4,14, 28].This presumably reflects declines in
the incidence of infection with HR-HPV vaccine types (eg,
HPV16) [29] responsible for the majority of cervical high-
grade disease in young women [30–33].

However, our study also showed that the effect of 4vHPV
vaccination was not uniform for all adolescent women. In par-
ticular, we observed that older age at vaccination (ie, ≥15

Table 3. Estimated Hazard Rate Ratios (HRRs) of Human Papillomavirus
(HPV) Detection, by Age at First Dose and Time to Completion of the 3-Dose
Vaccine Regimen

HPV Characteristic, Time to Completion

HRRa (95% CI), by Age at
Vaccination Initiation

≥15 y <15 y

Cervical infection

Due to HPV6/11/16/18

<12 mo 1.0 (reference) 1.0 (reference)

≥12 mo 2.9 (1.0–8.0) 0.8 (.2–4.0)

Due to nonvaccine high-risk HPV types

<12 mo 1.0 1.0

≥12 mo 0.9 (.6–1.4) 0.6 (.4–1.0)

Anal infection

Due to HPV6/11/16/18

<12 mo 1.0 1.0

≥12 mo 2.2 (.6–8.9) 0.7 (.2–3.1)

Due to nonvaccine high-risk HPV types

<12 mo 1.0 1.0

≥12 mo 0.9 (.6–1.4) 0.8 (.5–1.2)

Abbreviation: CI, confidence interval.
a By Cox regression, adjusted for age at enrollment (in years), sexual experience at first dose,
recent number of sex partners, use of hormonal contraception, and condom use during
vaginal sex.
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years) was associated with an increased risk of HPV6/11/16/18
infections and associated high-grade cervical cytological ab-
normalities (ASC-H/HSIL). Recent data indicates that im-
mune responses to the vaccine are greater when initiated
before adolescence [34, 35]. In addition, HPV antibody titers
measured after HPV vaccination in women aged 16–26 years
have been shown to be lower than those in younger women
[36–39]. While we did not ascertain prior HPV exposure (eg,
by serological analysis) for subjects who entered the study hav-
ing received at least 1 dose, the associations between the age at
vaccination and risk of anogenital HPV6/11/16/18 infection
and cervical cytological abnormalities did not appear to be
due to differences in sexual experience at time of vaccination.
We observed null or even positive associations between the
number of recent vaginal sex partners at enrollment (odds
ratio [OR], 1.08; 95% CI, .9–1.2), history of anal sex (OR,
1.14; 95% CI, .9–1.5), history of other sexually transmitted dis-
eases (OR, 1.18; 95% CI, .9–1.5), use of hormonal contracep-
tion (OR, 1.13; 95% CI, .9–1.4) or condom use (OR, 1.22; 95%
CI, .9–1.6), and age at vaccination (ie, vaccination before ver-
sus after the 15th birthday). Thus, there is an inherent advan-
tage to immunization in younger women, even if they are at
high risk for HPV infection.

In addition to age at vaccination, we also saw significant in-
creases in risks of HPV6/11/16/18 infection among adolescents
aged ≥15 years who took longer to complete the 3-dose sched-
ule. The differences did not appear to be associated with sexual
history at the time of vaccination. Women who initiated vacci-
nation prior to engaging in sexual intercourse took longer to
complete the vaccine (median, 13.2 months) as compared to
women who were sexually experienced at the time of the first
dose (9.9 months), although this was not significant. In addi-
tion, women aged <15 years (vs ≥15 years) at the time of vac-
cination also took longer to complete the 3-dose schedule (14.3
vs 10.2 months, respectively). However, we were not able to as-
sess the impact of the combined differences in dosing intervals
between the first, second, and third doses together. This may be
important given evidence from alternate dosing trials, which in-
dicate that a third dose should be administered at least 6 months
after the first dose if the interval between the first 2 doses is <5
months [15].

The importance of being compliant with the 3-dose vaccine if
immunized after age 14 years would suggest that, in individuals
with presumably longer and more extensive prior sexual expo-
sure/infection with HPV, such as those in our study population,
there could be some gain in timely vaccination and

Figure 3. Comparison of the proportion of cervical cytologic abnormalities (atypical squamous cells of undetermined significance, a low-grade squamous intraepithelial
lesion [SIL], a high-grade SIL [HSIL], or atypical squamous cells, cannot rule out HSIL) detected that were positive for quadrivalent human papillomavirus (HPV) vaccine types
(HPV6/11/16/18) and high-risk HPV types (31/33/35/39/45/51/52/56/58/59/66/68) among women tested before HPV vaccination (dark blue bars) and ≥6 months after com-
pleting the 3-dose vaccine regimen (light blue bars). *P < .01, **P < .001, and ***P < .0001, by the 2-tailed χ2 test for proportions. This figure is available in black and white in
print and in color online.
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administration of a booster within 6–12 months because of im-
proved immunogenicity and immune control of existing quies-
cent or latent HPV infection [34]. Trials of extended dosing
schedules (0, 12, and 24 months) have also shown lower anti-
body titers after vaccination, compared with shorter dosing
schedules [34, 36, 37]. In addition, the number of vaccine
doses and older age at vaccination have been shown to differen-
tially influence T- and B-cell responses, respectively [34]. As a
result, current World Health Organization recommendations
are that the 3-dose schedule should be kept if HPV vaccination
is initiated after the 15th birthday and that the first and last
doses occur no more than 12–15 months apart [6, 15]. Current-
ly, however, there is no evidence to support restarting the doses
or revaccinating women with the 9vHPV vaccine if they do not
complete the 4vHPV vaccine doses on time [6].

The reported study has strengths and limitations. Among
the limitations, it should be noted that because we are specif-
ically studying sexually active adolescent women, our cohort

was older than the targeted age for vaccination but covered
the age range recommended for catch-up vaccination [6]. In
addition, while we attempted to adjust for sexual activity at
the time of vaccination as a proxy measure, HPV exposure
prior to vaccination was not known for the majority of
subjects. Last, given the low incidence of vaccine-type HPV
infection after vaccination and the rare occurrence of HSIL,
we were not able to confirm the observed associations, using
measures of persistent infection or histologically confirmed
disease.

Despite these limitations, we find compelling evidence for a
real-world benefit of 4vHPV vaccination in sexually active, mi-
nority, inner-city adolescent and young adult women against
cervical and anal HPV infection with vaccine-targeted types,
as well as for HPV31 and HPV45. Nevertheless, we see that de-
layed completion of the 3-dose vaccine schedule among women
immunized at ≥15 years of age is associated with an increased
risk of incident infection (or reinfection) with anogenital
HPV6/11/16/18 and a risk of associated cytological abnormal-
ities. The implication of these data is that the cohort of women
receiving HPV vaccine at older ages will need active screening to
prevent cervical cancer.
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