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Abstract

Infection by human papillomavirus (HPV) type 16, the most oncogenic HPV type, was found to be 

the least affected by HIV-status and CD4 count of any of the approximately 13 oncogenic HPV 

types. This relative independence from host immune status has been interpreted as evidence that 

HPV16 may have an innate ability to avoid the effects of immunosurveillance. However, the 

impact of immune status on other individual HPV types has not been carefully assessed. We 

studied type-specific HPV infection in a cohort of 2,470 HIV-positive (HIV[+]) and 895 HIV-

negative (HIV[−]) women. Semi-annually collected cervicovaginal lavages were tested for >40 

HPV types. HPV type-specific prevalence ratios (PRs), incidence and clearance hazard ratios 

(HRs), were calculated by contrasting HPV types detected in HIV[+] women with CD4 < 200 to 
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HIV[−] women. HPV71 and HPV16 prevalence had the weakest associations with HIV-

status/CD4 count of any HPV, according to PRs. No correlations between PRs and HPV 

phylogeny or oncogenicity were observed. Instead, higher HPV type-specific prevalence in 

HIV[−] women correlated with lower PRs (ρ = −0.59; p = 0.0001). An alternative (quadratic 

model) statistical approach (PHIV+ = a*PHIV− + b*PHIV−
2; R2 = 0.894) found similar associations 

(p = 0.0005). In summary, the most prevalent HPV types in HIV[−] women were the types most 

independent from host immune status. These results suggest that common HPV types in HIV[−] 

women may have a greater ability to avoid immune surveillance than other types, which may help 

explain why they are common.

Introduction

Persistent cervical infection by an oncogenic human papillomavirus (HPV) genotype (type) 

is the primary cause of cervical cancer and its immediate precursor lesions.1 HIV-positive 

(HIV[+]) women have significantly elevated the risk of cervical cancer/precancer2 as well as 

infection by HPV, relative to the general population, and these risks increase with 

diminishing CD4+ T-cell (CD4) count. Quantifiable decrements in host immune status 

reflected by CD4 count in HIV[+] women makes the study of cervical disease and HPV in 

this population highly informative regarding the relationship between immunity and the 

natural history of HPV infection.

Prior data from our group and others have provided evidence-based on HIV[+] cohorts that 

there may be type-specific differences in the effects of host immune status on the natural 

history of HPV infection. For example, the prevalence of HPV16, which causes 

approximately 55–60% of all cervical cancers in the general population, was found to be the 

least affected by HIV status and CD4 count of any oncogenic HPV, based on prevalence 

ratios (PR) in multiplicative multivariate models.3 This relative independence from host 

immune status has been interpreted as evidence that HPV16 may have an innate ability to 

avoid the effects of immunosurveillance, which could partly explain the high prevalence of 

HPV16 in the general population and its unique carcinogenicity.4–6

More recently, the clinical and biological significance of these results were demonstrated by 

a study showing that the prevalence of HPV16 was significantly lower in cervical precancer 

diagnosed in HIV[+] than HIV-negative (HIV[−]) women.4 Subsequent meta-analyses 

reported similar results, finding that HIV[+] women had reduced HPV16 in cervical 

precancer (using data from around the world)5 and in invasive cervical cancer (using data 

from Africa),6 compared to HIV[−] women. Additional studies found lower HPV16 

prevalence in invasive anal cancers among HIV[+] relative to HIV[−] women and men.7

We therefore hypothesized that there is variation in the effects of immune status on HPV 

infection by type, reflecting differences in the innate capacity of HPVs to avoid 

immunosurveillance. However, the impact of immune status on other HPV types other than 

HPV16 has not been carefully assessed at the individual level. To study these possible type-

specific differences the current investigation involved HPV DNA data from a much larger 

number of subjects and more than double the person-visits of observation than in the earlier 

study focused on HPV16.3
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Methods

Population

Women’s Interagency HIV Study (WIHS) is an ongoing prospective cohort of HIV[+] and at 

risk HIV[−] women enrolled through similar sources at six sites (Bronx, NY; Brooklyn, NY; 

Chicago; Los Angeles; San Francisco; Washington, DC). Enrollment was conducted 

between October 1994 and November 1995 (n = 2,054 HIV[+], n = 569 HIV[−]), and a 

second group was similarly enrolled between October 2001 and September 2002 (n = 737 

HIV[+], n = 406 HIV[−]). Overall, there were 2,791 HIV[+] and 975 HIV[−] women, 

involving 15,220 person-years of observation (11,498 in HIV[+] and 3,722 in HIV[−] WIHS 

women, more than twice that in an earlier study focused on HPV16.3

Details of the WIHS data collection and recruitment methods have been previously reported.
8 In brief, participants underwent semiannual visits that involved a gynecologic examination 

with specimen collection, including a Pap test and cervicovaginal lavage (CVL) for HPV 

DNA testing. Written informed consent was obtained from all participants, and the study 

was approved by each local institutional review board.

Laboratory testing

CVLs were tested for >40 HPV genotypes using a sensitive and specific MY09/MY11 PCR 

assay for HPV,9–15 as previously described.8–10 Primer set PC04/GH20, which amplifies a 

268-base pair cellular β-globin DNA fragment, was included in each assay as an internal 

control to assess the adequacy of amplification. Consistent with International Agency for 

Research on Cancer recommendations, HPV16, 18, 31, 33, 35, 39, 45, 51,52, 56, 58, 59 and 

68, were classified as oncogenic and all other HPV types were classified as nononcogenic 

types.16 In subanalyses, HPV genotypes were grouped by phylogeny; for example, α9 

(HPV16-related) vs. α7 (HPV18-related) species.17

Statistical analysis

Prevalence ratios.—Contingency tables were generated to assess baseline patient 

characteristics. The prevalence of specific HPV types was based on the percentage of 

women with adequate HPV test results (i.e., women whose CVL specimens were positive 

for β-globin amplification) within each HIV/CD4 count stratum by clinical visit. The cutoffs 

for each HIV/CD4 stratum, a measure of host immune status, were determined based on 

prior studies of HPV DNA data in WIHS,3,11,13 namely (i) HIV[−], and HIV[+] with 

(ii)CD4 > 500, (iii) CD4 200–500 and (iv) CD4 < 200 T-cells/mm3. Analyses of these data 

were conducted using multivariate Poisson regression models that incorporated generalized 

estimating equations (GEE) as previously reported.18 These models estimated summary PRs 

for each HPV type by contrasting HIV[+] women with CD4 < 200 to those with CD4 > 500 

and to HIV[−] women, while accounting for both repeated observations of the same women 

over time and the possibility of multiple concurrent infections by different HPV types. HPV 

type-specific prevalence itself was similarly estimated using GEE models by individual HIV 

and CD4 strata, adjusted for age. The presence of a biologic gradient of HPV prevalence 

across the four HIV/CD4 strata was assessed by the use of an ordinal variable with four 

levels in the GEE multivariate Poisson regression models (p-trend). While initial models 

Castle et al. Page 3

Int J Cancer. Author manuscript; available in PMC 2021 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adjusted only for age, additional models adjusted for age, ethnicity, smoking, injection drug 

use, the lifetime number of male sexual partners at baseline, the number of male sexual 

partners in past 6 months, cervical treatment in past 6 months and enrollment period. All 

variables were time-updated except ethnicity, enrollment period and lifetime number of male 

sexual partners. The clinical and biological relevance of multiplicative models (and PRs in 

particular) for these analyses have been previously demonstrated.3–6

Studying correlations and the possibility of a statistical tautology.—Spearman 

correlation coefficients were used to characterize associations between the HPV type-

specific PRs (above) and the prevalence of each HPV type in HIV[−] women. However, we 

also addressed the possibility that a very low type-specific HPV prevalence in HIV[−] 

women (PHIV−) could result in an inflated or unstable PR and, thereby, influence the 

observed correlation (leading to a tautology). Specifically, the possibility of a tautology was 

addressed by modeling PHIV+ on PHIV− using a quadratic regression model:

PHIV+ = a * PHIV− + b * PHIV−2,

in which a and b are constants:

Because PHIV− is not in the denominator of the equation and instead PR is derived as part of 

the regression model and never directly calculated or modeled as an outcome variable, this 

quadratic model greatly reduced the possibility of inflated and unstable PR and, moreover, 

excluded the possibility that the findings might be due to a mathematical tautology. That is, 

in this quadratic model, the association between the PR and PHIV− was estimated by the 

constant “b”, where a negative value for b would suggest that the PR has a negative 

association with PHIV− (our predicted result), while a positive value for b would suggest the 

opposite. The fit of the model was then evaluated using R-squared. Both the correlation and 

the quadratic regression model results were reported in this paper since the correlation 

analysis had the advantage of being familiar to most readers and was straightforward to 

interpret, whereas the results of the quadratic model provided the robust findings needed to 

validate the relationship between PRs and prevalence in HIV[−] women (and demonstrated 

that the results were not due to a mathematical tautology).

Incident detection and time to clearance.—Multivariate Cox models were used to 

study the incident detection of each HPV type. We use the term “incident detection” rather 

than “incidence” because the relative contributions of newly acquired HPV infections and 

reactivation of previously acquired (e.g., latent or quiescent) HPV infections cannot be 

determined in a population with many years of sexual activity, regardless of the HIV-status 

of that population. The time of each incident event was defined as the mid-interval (i.e., the 

midpoint between two consecutive visits) and, as mentioned above, HIV[−] women were 

used as the reference group. The Wei-Lin-Weissfeld marginal model approach was used to 

account for the possibility of the incident detection of multiple different HPV types in these 

Cox models.19 Participants who had missing data for two consecutive visits were censored at 

the time of their last visit with complete data. The two-sided Wald test was used to measure 

the statistical significance of the variables in the models. A similar statistical approach was 
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used to model HPV clearance, with clearance defined as two sequential negative results for a 

given HPV type. The assumption of proportionality was assessed using standard methods.20

Additional analyses.—We assessed the level of heterogeneity in the HPV type-specific 

PRs by phylogenetic group and oncogenic group using methods similar to those employed in 

meta-analysis. Specifically, we used the I2 statistic obtained by adding an interaction 

between HPV type and HIV/CD4 strata in the above GEE Poisson regression models, and 

then assessed the test statistics for the significance of this interaction.21

All tests were two-sided with significance set at p-value < 0.05. SAS 9.3 was used for all 

statistical analyses.

Data availability

All data are shared with the Multicenter AIDS Cohort Study/Women’s Interagency HIV 

Study (MACS/WIHS) and can be requested through the submission of a formal Concept 

Sheet available on the MACS/WIHS Combined Cohort Study website https://mwccs.org/.

Results

Table 1 shows baseline characteristics of the study subjects, of whom 68% were enrolled in 

1994–1995 and 32% in 2001–2002. A total of 2,470 (88%) of all HIV[+] and 895 (92%) of 

all HIV[−] WIHS women had adequate HPV and CD4 data available to be included in this 

analysis. The median follow-up time was nine semi-annual visits; that is, 16 visits for those 

enrolled in 1994–1995 and seven for those enrolled in 2001–2002. Age at enrollment varied 

by subcohort (36 years in 1994–1995 vs. 32 in 2001–2002 enrollees; p < 0.0001) and by 

HIV-status (35 years in HIV[+] and 32 in HIV[−] women; p < 0.0001), whereas ethnicity did 

not vary by either variable. Overall, 54% of subjects were Black, 27% Hispanic, 15% White 

and 3% other. While HIV-status was associated with several behavioral factors, such as the 

median number of recent sex partners (lower in HIV[+] than HIV[−] women), the 

differences were modest even when statistically significant (Table 1).

Among HIV[+] women, the median baseline CD4 count (CD4 = 494; interquartile range 

[IQR] = 337, 698) was higher (p < 0.001) in the 2001–2002 compared to 1994–1995 

subcohort (CD4 = 332; IQR = 159, 698), consistent with 48% use of highly active 

antiretroviral therapy (HAART) in the 2001–2002 subcohort at enrolment, but essentially 

none at baseline in the 1994–1995 subcohort (HAART became widespread in the WIHS 

during the Spring of 1996; that is, 1½–2 years after enrollment). There were similar but 

smaller differences in nadir CD4. At their last visit, 50% of HIV[+] women reported using 

HAART (47% in 1994–1995 and 58% in 2001–2002 enrollees).

Table 2 presents GEE prevalence rates and PRs adjusted for age, smoking, ever IDU, 

number of male sexual partner in past 6 months, and cervical treatment in past 6 months; 

variables that were each associated with HIV-status. These models also a priori included 

lifetime number of male sexual partner. For HIV[−] women, the average prevalences ranged 

from 0.04% for HPV73 and 0.05% for HPV69 to 1.28 for HPV71 and 1.29 for HPV53.
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CD4 was treated as a time-dependent covariate in the multivariate models. The prevalence of 

virtually every HPV type among HIV[+] women significantly increased with decreasing 

CD4 (e.g., ptrend ≤ 0.001). The lowest PRs contrasting HIV[+] women with CD4 < 200 to 

HIV[−] women, denoted henceforth as PRs<200, were for HPV71 (1.78), HPV16 (3.85), 

HPV6 (4.78), HPV31 (4.86) and HPV69 (5.03) and the highest PRs<200 were for HPV85 

(30.03), HPV89 (23.12), HPV84 (21.78), HPV11 (19.24) and HPV66 (18.03).

While there were no significant differences in ethnicity by HIV-status, previous studies have 

found that ethnicity may affect the HPV type-specific distribution.22,23 Therefore, in 

additional PR analyses, we included ethnicity in the multivariate models. However, ethnicity 

was not a significant covariate (p > 0.4). Likewise, inclusion of enrollment date had no 

discernible impact on any findings after control for other covariates (data not shown) and, 

when measured separately by enrollment period, the Spearman correlations did not 

meaningfully vary nor was there statistical interaction between enrollment date and type-

specific HPV prevalence among HIV− women (pinteraction = 0.68).

The relationship of PRs<200 with phylogenetic group and oncogenicity was then examined. 

The heterogeneity of PRs within several individual phylogenetic groups was found to be 

substantial (i.e., α3, α9 and α10 species) and moderate for the α7 species, indicating that 

the individual HPV types in these groups had dissimilar PRs and their data could not be 

meaningfully statistically combined (Table 3). The exclusion of HPV16 from the α9 species 

only partially reduced heterogeneity from substantial to moderate in this phylogenetic group 

(data not shown). Likewise, the heterogeneity of PRs<200 among HPV grouped as oncogenic 

and nononcogenic was also substantial (Table 3) and, as with phylogenetic group, exclusion 

of HPV16 from the oncogenic types only modestly reduced heterogeneity.

In contrast, there was a high inverse Spearman correlation (ρ = −0.59; p = 0.0001) found 

between PRs<200 and HPV type-specific prevalence in HIV[−] women (Fig. 1). For example, 

HPV16 and HPV71 both had a high prevalence in HIV[−] women and a weak association 

with host immune status as measured by type-specific PRs<200 (Table 2), whereas HPV 

types 11, 40, 84 and 85 had a low prevalence and strong associations with type-specific 

PRs<200.

The impact on the results of changing the PR reference group was then examined. That is, 

the PRs for these secondary analyses were calculated contrasting using HIV[+] CD4 > 500 

(rather than HIV[−] women) as the referent. These HPV type-specific PR200 vs. 500 were 

then correlated with the prevalence in HIV[−] women as above. However, these changes 

made no discernible difference in the correlation estimate (ρ = −0.57; p = 0.0001).

Moreover, we assessed the association of HPV type-specific PRs in women with 

HIV[+]/CD4 < 200 vs. HIV[−] women using a quadratic model (PHIV+ = a* PHIV− + b* 

PHIV−
2). As mentioned, this quadratic model greatly reduced the possibility of inflated and 

unstable PR and, moreover, excluded the possibility that the findings might be due to a 

mathematical tautology; i.e., because PHIV− is not in the denominator of the equation and 

instead PR is derived as part of the regression model and never directly calculated or 

modeled as an outcome variable. Overall, the quadratic model fit these data well (as 
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measured by a large R-squared; R2 = 0.894), and the estimate of b in this model was 

negative (as reflected in Fig. 2 by a downward curve) with high statistical significance (p = 

0.0005); that is, indicating a negative association between HPV type-specific PR<200 and 

PHIV− (across all HPV types). Thus, both the correlation and quadratic model statistical 

approaches provided similar results.

To better understand the impact of CD4+ on these relationships, we then applied this 

quadratic model now using HIV[+] women with (i) CD4 200–500 and (ii) >500 (instead of 

those with CD4 < 200) as the comparators to HIV[−] women. These two analyses found a 

significant negative quadratic relationship (p = 0.02 and p = 0.04, respectively) and, as 

expected, the coefficient significantly decreased in magnitude with increasing CD4 count 

(ptrend = 0.001; R2 = 0.90 for the quadratic model across HIV/CD4 strata). Unlike CD4, 

neither phylogenetic nor oncogenic grouping was statistically significant in these models (p 
> 0.22); that is, using interaction terms to obtain and summarize results across the individual 

CD4 strata, further demonstrating the consistency of the quadratic equation and GEE PR 

analysis results.

Finally, we explored several aspects of type-specific HPV natural history. Specifically, we 

examined the relationships of PR<200 with the incidence hazard ratio (IHR), clearance hazard 

ratio (CHR) and IHR/CHR ratio. Because the reciprocal of clearance is duration of infection, 

these analyses essentially address the relationship PR<200 = Incidence HR<200 × Duration 

HR<200. As predicted, the PR<200 and IHR < 200/CHR < 200 were strongly correlated (ρ = 0.66, 

p < 0.0001). Moreover, we also assessed which aspect of HPV natural history might be the 

major driving force behind the relationship between HPV type-specific prevalence and host 

immune status. That is, we assessed the correlations of PR<200 with IHR < 200 and then with 

CHR < 200, and found that the relation of PR<200 with IHR < 200 (ρ = 0.75, p < 0.0001) was 

much stronger than with CHR < 200 (ρ = −0.35, p = 0.04).

Discussion

This article presents novel findings regarding the natural history of individual HPV types 

and their associations with host immune status (as measured by HIV-status and CD4 count). 

In particular, the data showed that the HPV types most prevalent in HIV[−] women were 

also the types whose prevalence was least affected by HIV infection and CD4 count. This 

relative independence from host immune status is consistent with prior results for HPV16, 

the most common and carcinogenic HPV type, and has been interpreted as possible evidence 

of an innate ability to avoid the effects of immunosurveillance.3–7 If correct, it could help 

explain why HPV16, and other common HPV types, are in fact common.

The current data also showed that HPV type-specific PRs related to HIV and CD4 are more 

strongly correlated with IHR than CHR. That is, the relative HPV type-specific prevalence 

was on average more greatly associated with the impact of HIV/CD4 on incident detection 

than the duration of HPV infection. We posit that this may partly reflect HPV reactivation, 

as prior studies in WIHS and other cohorts have reported evidence of HPV reactivation and 

its strong relation with HIV-status and low CD4 count (e.g., based on longitudinal studies 

with serial HPV testing in long celibate women).11
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In addition, we addressed certain statistical limitations related to the use of correlations and 

linear models in the analysis of these data. Specifically, it was possible that a small PHIV− 

could lead to an inflated or unstable PR and affect the findings. We therefore reanalyzed the 

data using a quadratic equation model that did not raise this concern; that is, this approach 

not only reduced the possibility of an inflated and unstable PRs as a result of a small PHIV− 

estimate, it also excluded the possibility that this might influence the correlation between 

these two variables (a tautology), since PHIV− was not a denominator in the equation and PR 

was derived as part of the regression model and was never directly calculated or modeled as 

an outcome variable.

Based on the collective findings, we therefore propose that the relative independence from 

host immune status of common HPV types may be an important (albeit, previously 

unrecognized) characteristic of HPV types with high prevalence in HIV[−] women. Future 

studies should investigate the genetic factors—distinct from phylogenetic species 

designation (which was unrelated to HPV PR)—and other biological correlates related to 

high HPV prevalence and independence from host immune status. Such studies could help 

elucidate biologic pathways that play a role in HPV’s ability to avoid the effects of immune 

surveillance (immunoavoidance), and provide targets for the development of novel strategies 

to reduce HPV infection.

In addition to the clinically relevant role immunoavoidance may play in HPV16 

oncogenicity, it is also possible that immunoavoidance may play an important role in the 

high prevalence and predominant role of HPV6, a nononcogenic HPV, in genital warts.24 

HPV6 was among the types of HPV other than HPV16 that had a weak association with host 

immune status as measured by HIV-status and CD4 count. Thus, there is potential clinical 

importance to the current findings related to both oncogenic and nononcogenic HPV types.

We note several limitations to our study that should be considered in the interpretation of the 

findings. First, the current HPV results (based on high-risk HIV[+] and HIV[−] women) may 

not be generalizable to the overall US population. Nonetheless, the existence of a large 

HIV[−] comparison group in the WIHS, enrolled through similar clinical and out-reach 

sources as the HIV[+] women, is a strength of the WIHS and helps make some extrapolation 

to HIV[−] women possible. In fact, the current data show a strong biologic gradient of 

increasing HPV infection from HIV[−] to HIV infection with diminishing CD4 count, 

suggesting an ordinal relationship if not a continuum. We also found similar type-specific 

HPV findings using HIV[+] women with CD4 > 500 as the reference group. Second, for 

certain phylogenetic groups we detected too few HPV types to adequately characterize them 

as a group. This was, for example, true with α15, for which we detected only HPV71; albeit, 

HPV71 was common in our population. Other members of this phylogenetic group, for 

example, HPV9025 and HPV106,26 were rare or, in the case of HPV106, were only recently 

discovered and therefore not previously tested for by our assay.25,26 It is additionally 

possible that differences in sensitivity of our degenerate primer HPV PCR assay for certain 

HPV types could have affected the results. However, MY09/MY11 PCR is well established 

and shown to have broad sensitivity and high specificity,9 and the distribution of HPV types 

in HIV[−] women in our study was similar to the type-specific distribution found in one of 

the few truly population-based studies of a general population, the well known NCI/NIH 
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Guanacaste Project.27,28 Furthermore, variation in assay sensitivity would not explain the 

PRs<200 with HPV prevalence in HIV[−] women; for example, the associations we detected 

did not correlate with phylogenetic group, and random variation would be a bias toward the 

null. While the current investigation cannot directly differentiate between “incident 

detection” due to new infections, reinfection or reactivation, this is a limitation that applies 

equally to any study of women with many years of sexual activity, regardless of HIV-status.

Our study also had several strengths. WIHS is a large cohort with semi-annual gynecologic 

examinations during which CVL specimens are collected and tested in a masked fashion at 

two expert HPV laboratories. The WIHS collects detailed clinical data including CD4 counts 

at each visit, and the large size and long follow-up of the cohort allowed us to examine the 

natural history of individual HPV genotypes, stratified by HIV and host immune status.

In conclusion, our study provides evidence that common HPV types may be common in part 

because of an innate ability to avoid the effects of host immune surveillance. Furthermore, 

relative independence from host immune status may define a previously unrecognized aspect 

of HPV biology, which can now be studied to understand the factors that allow common 

HPV of different phylogeny and oncogenicity to avoid the effects of immune surveillance, 

including clinically important HPV types, HPV16 and HPV6.
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Abbreviations:

CHR clearance hazard ratio

CVL cervicovaginal lavage

GEE generalized estimating equation

HPV human papillomavirus

IHR incidence hazard ratio
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What’s new?

What makes common types of human papillomavirus (HPV) common? To answer this 

question, the authors examined HPV types in HIV-infected and uninfected women as the 

immune status in this population is quantifiable by CD4 T cell count. They found that 

HPV types that were most prevalent in HIV-negative women were also the types whose 

prevalence was least affected by HIV infection. This relative independence from immune 

status supports a model that the innate ability to avoid the effects of immune surveillance 

makes common HPV types, in fact, common.
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Figure 1. 
Scatter plot and linear association between [X-axis] HPV type-specific GEE summary 

prevalence ratios (PRs) of HIV[+] and CD4 <200 related to HIV[−] women and the [Y-axis] 

average GEE prevalence of each individual HPV type across all study visits in HIV[−] 

women. The linear correlation (indicated by the line) and the Spearman correlation (r) are 

both shown. Each number in the figure specifies the HPV type related to that data point on 

the graph. HPV16 is circled as a reference.
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Figure 2. 
Quadratic model of GEE HPV type-specific prevalence for HIV[−] women (PHIV−; X-axis) 

vs. GEE HPV type-specific prevalence for HIV[+] women with CD4 < 200 (PHIV+; Y-axis) 

across all HPV types. A quadratic model of PHIV+ = a* PHIV− + b*PHIV−
2 fit the data well 

as indicated by R2 = 0.894. Compared to simple correlation or a linear model (e.g., PHIV+/

PHIV− = c + d* PHIV−) in Figure 1 this quadratic model greatly reduces the possibility of an 

inflated and unstable PR as a result of a small PHIV− estimate and excludes the possibility 

that this might influence their observed correlation (a tautology). That is, PHIV− is not a 

denominator in the quadratic equation and instead PR is derived as part of the regression 

model and is never directly calculated or modeled as an outcome variable. Overall, the 

estimate of b in this model was negative (as reflected by a downward curve) with high 

statistical significance (p < 0.0001), indicating a negative association between HPV type-

specific PR and PHIV− (across all HPV types).
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