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ABSTRACT Previous observational epidemiologic studies of folate and cervical cancer, as well as folate supple-
mentation trials for cervical dysplasia, have produced mixed results. We examined the relationship between serum
and RBC folate and incident invasive cervical cancer in a large, multicenter, community-based case-control study.
Detailed in-person interviews were conducted, and blood was drawn at least 6 mo after completion of cancer
treatment from 51% of cases and 68% of controls who were interviewed. Blood folate was measured with both
microbiologic and radiobinding assays. Included in the final analyses were 183 cases and 540 controls. Logistic
regression was used to control for all accepted risk factors, including age, sexual behavior, smoking, oral
contraceptive use, Papanicolaou smear history and human papillomavirus (HPV)-16 serology. For all four folate
measures, the geometric mean in cases was lower than in controls (e.g., 11.6 vs. 13.0 nmol/L, P < 0.01 for the
serum radiobinding assay). Folate measures using microbiologic and radiobinding assays were correlated (serum:
r = 0.90; RBC: r = 0.77). For serum folate, multivariate-adjusted odds ratios (OR)} in the lowest vs. highest quartile
were 1.3 [95% confidence interval (Cl) = 0.8-2.9] and 1.6 (0.9-2.9), using the microbiologic and radiobinding
assays, respectively. For RBC folate, comparable OR were 1.2 (0.6-2.2) and 1.5 (0.8-2.7). Similar risks were
obtained when restricting analyses to subjects with a history of HPV infection. Thus, low serum and RBC folate
were each moderately, but nonsignificantly, associated with increased invasive cervical cancer risk. These findings

support a role for one-carbon metabolism in the etiology of cervical cancer.
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For the past 25 years, there has been credible speculation
that folate inadequacy might be a risk factor for cervical
neoplasia (1,2). The hypothesis that folate is involved in
human carcinogenesis in general, and cervical carcinogenesis
in particular, is biologically plausible. Low folate status may be
important in cancer etiology because folate is required for
DNA synthesis, repair and methylation (3-5). In cervical
carcinogenesis, low folate may facilitate the incorporation of
human papillomavirus (HPV),? a factor believed to be respon-
sible for >90% of all invasive cervical cancers (6,7) into the
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host genome. HPV integrates into the host genome of several
cervical cancer cell lines at fragile sites made susceptible to
breakage by inadequate folate (8-10).

The role of folate in the etiology of cervical cancer has been
evaluated in many studies, but with mixed results (2,11-27).
Of three clinical intervention trials with folate supplementa-
tion, one found improvement of cervical dysplasia (2), whereas
two others did not (17,22). Case-control studies using dietary
measures generally showed no association or only weak asso-
ciations between folate intake and risk of cervical dysplasia or
cancer (11-15,19-21,24,25). In many of these studies, crude
associations were substantially attenuated when adjusted for
accepted cervical cancer risk factors. Additionally, few early
studies incorporated any measure of HPV infection. Finally,
assessment of folate intake in these studies may have been
imprecise because the usual adult diet is difficult to quantify,
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and nutrient databases for folate are limited by the multiple
forms, instability and variable bioavailability of folate in foods
(28-33).

Serologic measures of folate allow better measurement
of folate status than dietary intake measures (29,34), and
RBC folate is a more reliable measure of folate status than
serum folate because it integrates folate intake over several
months, whereas serum folate fluctuates with daily intake
(29,35-37). Case-control studies of cervical dysplasia and can-
cer that measured blood folate have generated mixed results
(16,18,20,23,25-27). Of the five reports with invasive cervical
cancer cases (12,13,15,16,26), only two (16,26) examined
serum folate and none have yet examined RBC folate; there-
fore, additional studies of invasive cervical cancer that use
serologic measures of folate status, especially RBC folate, and
that also consider HPV status, may be informative.

In the 1980s, the National Cancer Institute conducted a
large case-control study of incident invasive cervical cancer in
five U.S. communities (38—40). Analyses of dietary data from
this study found no clear association between folate intake and
risk of invasive (13) or in situ (14) cervical cancer. The
current paper examines the relationship between invasive
cervical cancer risk and serologic measures of folate status.
Because of the complexities of measuring folate, serum and
RBC folate were measured with both radiobinding and micro-
biologic assays, which is rare in a large epidemiologic study. To
facilitate adequate control for confounding, history of HPV
infection was assessed with a serologic HPV-16 antibody assay,
and all other known cervical cancer risk factors were assessed
by a detailed in-person interview.

SUBJECTS AND METHODS

Study design. Eligible subjects were all women, aged 20-74 vy,
with histologically confirmed, primary incident invasive cervical can-
cer diagnosed from April 1982 through December 1983 in five
areas reporting to the Comprehensive Cancer Patient Data System.
Twenty-four hospitals in areas centered around Birmingham, AL;
Chicago, IL; Denver, CO; Miami, FL; and Philadelphia, PA, partic-
ipated. Up to two potential controls, matched by age (* 5 v),
ethnicity (Caucasian, African American, Hispanic) and neighbor-
hood (first six digits of a 10-digit telephone exchange), were identi-
fied by random digit dialing for each case. Approximately 25% of
potential controls who had a previous hysterectomy were replaced.

Trained staff conducted interviews in the subjects’ homes with
structured questionnaires to obtain detailed information on demo-
graphic characteristics, sexual behavior, reproductive and menstrual
history, exogenous hormone use, personal and familial medical his-
tory, smoking and diet. Diet was assessed using a 75-item food-
frequency questionnaire asking “usual adult frequency of consump-
tion, ignoring any recent changes” (13). All study participants
provided informed written consent. The study was approved by the
Institutional Review Boards of the National Cancer Institute and of
the five participating study centers. Additional details of the study
design have been published (38-40). .

For the biochemical component of the study, blood samples wer
drawn at least 6 mo after completion of treatment for cervical disease
to minimize any effects of treatment or disease on blood nutrient
status. Treatment included surgery (44%), localized radiation (18%)
or both (28%). A small percentage of subjects (4%) received che-
motherapy in addition to other treatments, and 6% of subjects were
missing treatment information. Between March 1983 and October
1985, nonfasting blood samples were obtained; aliquots were stabi-
lized with ascorbic acid (0.5% for serum and ~0.9% for whole blood)
and frozen at —70°C until assayed (October 1988-January 1991).
Hematocrits were determined in duplicate at the time of the blood
collection.

Participation. A total of 480 eligible cases (73%) and 801
eligible controls (72%) were interviewed. Blood was obtained from

245 cases and 545 controls (51 and 68% of those interviewed,
respectively). Reasons for nonparticipation in the blood draw in-
cluded death (17% of cases, 0.4% of controls), contact and schedul-
ing difficulties (15 and 17%), subject refusal (9 and 13%), hospital
refusal (6 and 0%), cases who were not yet 6 mo post-treatment at the
completion of the study (2 and 0%), and unsuccessful blood draws (2
and 1%), respectively.

Excluded from the epidemiologic analyses were all cases who
received chemotherapy treatment (n = 11) and/or who had advanced
(stage 111 or IV) disease (n = 17), cases with nonsquamous cell
cervical cancer (n = 28), one control who reported possible cervical
cancer and subjects whose ethnicity was other than Caucasian, Af-
rican American or Hispanic (n = 7 cases, 2 controls). Other reasons
for exclusion included insufficient blood for the folate assays, use of an
antibiotic by the subject, which could have interfered with the
microbiologic folate assay, and missing hematocrit data. Data from
two serum microbiologic assay batches (8 cases, 22 controls) and 3
serum radiobinding assay batches (14 cases, 31 controls) were ex-
cluded due to quality control problems with these specific batches
(see below). Because serum folate values are used to calculate RBC
folate values, these samples were excluded for the RBC analyses as
well. These exclusions were not mutually exclusive. The number of
cases and controls included in each epidemiologic analysis were as
follows: serum microbiologic assay, 170, 505; serum radiobinding
assay, 169, 506; RBC microbiologic assay, 169, 504; and RBC radio-
binding assay, 162, 496, respectively.

Laboratory methods. Serum and whole blood folate were mea-
sured in duplicate with a microbiologic assay (41) using Lactobacillus
rhamnosus ATCC #7469 (formerly called L. casei} and with a radio-
binding assay (42,43) using SimulTrac Slurry Kits (Becton Dickin-
son, Franklin Lakes, NJ). RBC folate was calculated from serum and
whole blood folate measurements, corrected for hematocrit (42).
Matched cases and controls were assayed consecutively within the
same batch. Laboratory personnel were unaware of the case/control
status of the samples.

In addition to each laboratory’s own internal quality control
procedures, laboratory reproducibility for the serum assays was mon-
itored using blinded serum samples at low and normal folate concen-
trations. These samples were randomly inserted into each batch to
comprise ~10% of the total number of samples. National Cancer
Institute staff requested that four microbiologic and one radiobinding
batches that failed to meet the Westgard multirule criteria (44) be
repeated. At the time the assays were conducted, it was not possible
to prepare whole-blood samples with predetermined folate concen-
trations to be used as blinded quality control samples. However, each
laboratory’s internal quality control samples included with the whole-
blood study samples were evaluated using the Westgard rules, and
eight microbiologic {but no radiobinding batches) had to be repeated.
Additional laboratory problems suggested by review of the quality
control samples after study completion resulted in the exclusion of
two microbiologic serum assay and three radiobinding serum assay
batches from the epidemiologic analysis. The CV for the remaining
batches, based on the quality control material, was calculated using
the variance component estimation procedure in SAS (45) and
incorporated both within- and between-batch variability. Using
blinded quality control material, the CV for the serum microbiologic
assay was 11.6% and for the serum radiobinding assay was 5.2%.
Using the laboratory’s own quality control material, the CV for the
whole-blood microbiologic assay was 11.4% and for the whole-blood
radiobinding assay was 10.3%.

A test for HPV type-16 antibodies in serum has been developed
only recently. In November-December 1998, we tested for HPV-16
seropositivity using a well-characterized virus-like particle ELISA
(46). Samples were tested in duplicate; before they were averaged, the
optical density (OD) readings of each duplicate were adjusted accord-
ing to results of three control samples run in triplicate in each batch,
to control for between-day and between-batch variability. An OD
< 0.904 was classified as seronegative; an OD > 1.017 was classified
as seropositive; and an OD between these values (3.6% of subjects
tested) was considered indeterminate (47).

Statistical analyses. Statistical analyses were conducted using
SAS version 6.12 for Windows (45). Correlations were measured
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with Spearman’s rank order correlation coefficient. x” tests were used
to determine whether significant differences for selected demographic
and behavioral factors existed between cases and controls. Geometric
means were calculated by transforming folate values with the natural
logarithm, calculating the mean and then transforming back to stan-
dard units.

The odds ratio (OR) was the measure of association used to
estimate the relative risk of cervical cancer. Folate quartiles were
based on the frequency distribution among the controls. The highest
quartile was used as the referent, or comparison, group. Logistic
regression was used to obtain maximum likelihood estimates of the
OR and 95% confidence intervals (ClI), while adjusting for potential
confounders (48). Comparable OR were found using unconditional
regression models, adjusting for the study-matching factors, and con-
ditional regression models. Therefore, unconditional regression mod-
els, which retained all of the cases and controls whose matched
subjects did not participate in the blood draw portion of this study,
were chosen for the detailed analyses and are presented throughout
the results. Unless otherwise specified, all OR are adjusted for study
matching factors (age, ethnicity, study site) and the following expo-
sures related to risk in this study: HPV-16 seropositivity, number of
sexual partners, age at first intercourse, years since last Papanicolaou
(Pap) smear, number of pregnancies, smoking status and intensity,
oral contraceptive use, education and income. Potential confounding
variables were entered into the models as categorical variables with
missing data retained in a separate category. Control for confounding
was considered adequate when the addition of a potential confounder
or an increase in the number of strata of a confounder did not change
the adjusted OR by =0.1. Analyses with the RBC radiobinding assay
data were adjusted for kit lot because two different kit lots were used
for the whole-blood determinations. Tests for trend were obtained by
assigning to each quartile the median folate concentration of the
controls in that quartile and treating this as a continuous variable.
Effect modification was assessed by examining stratum-specific OR
and by using the likelihood ratio test to compare models with and
without the interaction terms (49). All statistical tests were two-
tailed. Differences with P < 0.05 or a CI that excluded 1.0 were
considered significant.

RESULTS

Demographic and behavioral characteristics of study par-
ticipants. In the original study design, potential controls had
been individually matched to eligible cases on the bases of age,
ethnicity and neighborhood. Among the subjects from whom
blood was successfully drawn, the distribution of cases re-
mained comparable to that of the controls on age, ethnicity
and study site (Table 1). However, cases who donated blood
appeared to be of a lower sociceconomic status than controls,
based on their report of less education (P = 0.001) and lower
income (P = 0.001).

Serum and RBC folate. For each of the four folate mea-
sures (serum and RBC folate measured by both the microbio-
logic and radiobinding assays), cases had lower geometric
mean folate than controls (Table 2). The Third National
Health and Nutrition Examination Survey reports somewhat
higher blood folate using a radiobinding assay than we report
here. For Caucasian women, mean age 43.2 y, unadjusted
mean serum folate was 16.4 = 0.5 nmol/L and RBC folate was
483.4 *+ 9.7 nmol/L (50).

On the basis of a serum folate cut-off point of <6.8 nmol/L
(<3 ng/mL) (51), 5-8% of subjects were classified as folate
deficient by the two assays. On the basis of an RBC folate cut-off
point of <317 nmol/L (<140 ng/ml) (51), only 1.5% of
subjects were deficient using the microbiologic assay, whereas
27% were deficient using the radiobinding assay. However,
RBC folate measured by the microbiologic assay used in this
study tended to run high and probably underestimated the
percentage of deficient subjects. In addition, it is important to

TABLE 1

Distribution of selected demographic variables for women
from five U.S. communities who provided a blood
sample, by case/control status

Cases Controls
Demographic factor n % n % P valuel
Age, y
<35 51 (21) 138 25)
35-44 70 (29) 161 (30)
45-54 62 (250 115 (1)
55+ 62 (25) 131 (24)
0.40
Ethnicity
Caucasian 160 (65) 367 67)
African-American 55 (22) 137 (25)
Hispanic 23 (9) 39 (7)
Other 7 (3) 2 0.4)
0.45
Study site
Birmingham 56 {(23) 105 (19)
Chicago 42 (17) 121 (22)
Denver 69 (28) 133 (24)
Miami 33 (13 75 (14)
Philadelphia 45 (18) 111 (20)
0.35
Education
<12y 110 (@5) 121 (22)
12 74 (30) 180 (33)
13~14 or trade school 32 (13 110 (20)
15-16 15 6) 82 (15)
=17 14 (6) 52 (10)
0.001
Income
=$10,000 99 (400 119 22)
$10,001-$30,000 95 (39) 267 (49)
>$30,000 4 (18) 145 27)
Unknown 7 @) 14 ®3
0.001

1 P-value for the chi-square test for a difference between cases and
controls. Unknown categories are not included in the test.

recognize that elevated disease risks may occur at folate con-
centrations above the cut-off point for clinical deficiency (52).

Folate values using the microbiologic and radiobinding
assays were correlated for both the serum (r = 0.90) and the
RBC (r = 0.77) measures. This was reassuring because it
implies that although absolute values might differ, both assays
ranked individuals similarly, and thus reliably. The correlation
between serum and RBC folate within each measure was less
than between the two methodologies {r = 0.72 for serum and
RBC folate using the microbiologic assay, and r = 0.63 for
serum and RBC folate using the radiobinding assay).

Blood folate and invasive cervical cancer risk. The risk of
invasive cervical cancer was moderately elevated (OR = 1.2-
1.6 in the multivariate-adjusted models) in the lowest folate
quartile compared with the highest folate quartile for all four
blood folate measures (Table 3). Little confounding by
HPV-16 status or other cervical cancer risk factors was ob-
served.

The OR adjusted for age, race, site and HPV-16 seroposi-
tivity were recalculated by octile of blood folate to explore the
risk gradient over a wider range of exposure. For both the
serum and RBC models using the microbiologic assay, the OR
between extreme octiles were similar to those between ex-
treme quartiles. However, using the radiobinding assay, the
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TABLE 2

Geometric mean serum and RBC folate levels for women
from five U.S. communities, using microbiologic and
radiobinding assays?

Folate assay n P-vaiue?

nmol/L

Serum microbiologic assay

Cases 170 19.1 (17.0-21.5)

Controls 505 20.6 (19.4-22.0) 0.35
Serum radiobinding assay

Cases 169 11.6 (10.8-12.5)

Controls 506 13.0 (12.5-13.5) <0.01
RBC microbiologic assay

Cases 169  914.9 (846.2-989.1)

Controls 504 967.5(925.6-1011.2) 0.34
RBC radiobinding assay

Cases 162 368.2 (349.4-388.0)

Controls 496 384.0(373.9-394.4) 0.13

1 Values are geometric means (95% confidence interval).
2 P value for t test of difference between cases and controls.

OR between extreme octiles were greater than between ex-
treme quartiles (for serum < 7.9 nmol/L, OR = 2.58, 95% CI
= 1.3—5.3'3 for RBC < 268 nmol/L, OR = 1.78, 95% CI
= 0.9-3.7).

Inclusion of education and income in the models slightly
attenuated the serum OR, but not the RBC OR. Adjustment
for these should help control for inadequately measured life-

style factors and provide a conservative estimate of risk. In-
clusion -of intake of provitamin A carotenoids or vitamin C,
other micronutrients postulated to reduce the risk of cervical
cancer, modestly increased, rather than decreased the folate
OR.

To integrate_both serum folate measures and both RBC
folate measures, risks were examined among subjects concur-
rently in the lowest quartile by both assay types compared with
those concurrently in the highest quartile by both assay types.
Similarly, elevated OR were noted in the low folate groups for
both serum and RBC measures (OR = 1.6 for serum and 1.5
for RBC, Table 4). Risks were not noticeably strengthened by
combining the microbiologi¢ and radiobinding assays, proba-
bly because of the high correlation between the two. To
simplify presentation of further epidemiologic analyses, these
combined exposure models are presented.

HPV is believed t6 be responsible for >90% of all invasive
cervical cancers (6,7). Therefore, we examined the association
between folate and cervical cancer risk using only the controls
seropositive for HPV-16. All cases were used in this analysis
because we assumed that all cases had been exposed to onco-
genic HPV at one time. We used the combined exposure
model to examine subjects in the lowest quartile by both assay
types compared with those in the highest quartile by both
assay types. Low serum and RBC folate were nonsignificantly
associated with increased cervical cancer risk, after controlling
for exposure to oncogenic HPV in this manner (Table 5).
Comparable results were observed when only HPV-16 sero-
positive cases were inctuded; adjusted OR for low folate in the
combined exposure models were 2.0 (0.5~8.9) for serum and
1.2 (0.2-5.9) for RBC.

TABLE 3

Invasive cervical cancer risk by serum and RBC folate levels, using microbiologic and radloblndmg assays,
for women in five U.S. communities

Folate quartile (nmol/L) n cases/n controls

OR?1 (95% Cl)

OR2 (95% Cl) ORS (95% Cl)

Serum microbiologic assay

4 (=34.4) 44/128
3 (19.0-34.3) . 39/129
2 (12.5-18.9) 31/125
1(<12.5) 56/123
P for trend

Serum radiobinding assay
4 (=17.1) 38/127
3 (13.0-17.0) 31/127
2 (9.7-12.9) 37/126
1(<9.7) 63/126
P for trend

RBC microbiologic assay
4 (=1397) 39/126
3 (944-1396) 35/126
2 (699-943) .. 48/126
1 (<699) 47/126
P for trend

RBC radiobinding assay4

4 (=471) 41/124
3 (391-470) 30/124
2 (319-390) 36/124
1 (<319) 55/124
P for trend

1.0 1.0 1.0
0.92 (0.6~1.5) 0.85 (0.5-1.5) 0.85 (0.5-1.5)
0.75 (0.4-1.3) 0.80 (0.5-1.4) 0.81 (0.4-1.5)
1.39 (0.9-2.3) 1.46 (0.9-2.4) 1.27 (0.7-2.3)
0.56 0.42 0.73
1.0 1.0 1.0
0.82 (0.5-1.4) 0.83 (0.5-1.5) 0.68 (0.4-1.3)
1.00 (0.6-1.7) 0.98 (0.6-1.7) 0.75 (0.4-1.4)
1.76 (1.1-2.9) 1.92 (1.2-3.2) 1.63 (0.9-2.9)
0.03 0.02 0.17
1.0 %0 - 1.0
0.92 (0.5-1.6) 0.96 (0.6+1.7) 1.04 (0.6-1.9)
1.31 (0.8-2.2) 1.36 (0.8-2.3) 1.41 (0.8-2.6)
1.29 (0.8-2.2) 1.30 (0.8-2.2) 1.18 (0.6~2.2)
0.23 0.23 0.42
1.0 1.0 1.0
0.79 (0.5-1.4) 0.82 (0.5-1.4) 0.87 (0.5-1.6)
0.96 (0.6-1.6) 0.90 (0.5-1.6) 1.04 (0.6-1.9)
1.60 (1.0-2.7) 1.64 (1.0-2.8) 1.49 (0.8-2.7)
0.08 0.09 0.18

1 OR, odds ratio; Cl, confidence interval; adjusted for study matching factors (age, ethnicity, study site).

2 Also adjusted for human papillomavirus-16 serologic status.

3 Adjusted for all of the above and number of sexual partners, age at first intercourse, years since last Pap smear, number of pregnancies, smoking

status and intensity, oral contraceptive use, education and income.
4 Adjusted for whole-blood assay kit.
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TABLE 4

Invasive cervical cancer risk integrating two serum assays and
two RBC assays for women from five U.S. communities

n cases/ ORt OR2
n controls (95% C)) (95% Cl)
Serum microbiologic/serum
radiobinding
High/High3 30/94 1.0 1.0
Low/Low 45/90  2.0(1.1-3.7) 1.6(0.7-3.6)
RBC microbiologic/RBC
radiobinding4
High/High3 28/86 1.0 1.0
Low/Low 35/80 1.7 (0.9-3.5) 1.5(0.6-4.1)

1 OR, odds ratio; Cl, confidence interval; adjusted for age, ethnicity,
study site, and human papillomavirus (HPV)-16 serologic status.

2 Adjusted for age, ethnicity, study site, HPV-16 serologic status,
number of sexual partners, age at first intercourse, years since last Pap
smear, number of pregnancies, smoking status and intensity, oral con-
traceptive use, education and income.

3 Referent group.

4 Adjusted for whole-blood assay Kkit.

The number of HPV-16 seropositive controls was small,
generating potentially unstable results, and it is possible that
many of the other control subjects had been previously ex-
posed to HPV-16 or other oncogenic HPV types. We therefore
considered number of sexual partners and age at first inter-
course, which are accepted proxy variables for HPV exposure.
We examined risks among all of the cases and only the
controls with =2 sexual partners, and among all of the cases
and only the controls with age at first intercourse < 20 y. With
the combined exposure model, risks were nonsignificantly but
consistently elevated in the lowest folate quartiles for both
serum and RBC measures (OR = 1.5-2.2) (Table 5).

We also assessed the relationship between folate and infec-
tion with oncogenic HPV. Among the controls, folate status
was not predictive of detection of HPV-16 antibodies. OR
with the combined exposure model, adjusted for age, ethnicity
and study site, were 0.7 (0.3-1.9) for low serum folate and 1.2
(0.4-3.7) for low RBC folate.

Because of previous hypotheses linking oral contraceptive
use to low folate status and thus increased risk of cervical
abnormalities (1,2), we closely investigated these associations.
Geometric mean serum and RBC folate, using either assay and
adjusted for age, ethnicity and study site, was not significantly
different between women who had used oral contraceptives
and women who had not. We stratified women by never/ever
oral contraceptive use and examined the association between
blood folate and invasive cervical cancer risk within each
stratum. We observed no elevation in risk by folate status
among users of oral contraceptives, although it had been
hypothesized that oral contraceptive use would have depleted
cervical folate stores. Unexpectedly, however, we did find
elevated risks for low folate among women who never used oral
contraceptives. Among never-users, OR for low compared
with high folate quartiles, using the combined exposure mod-
els adjusted for age, ethnicity, study site, years since last Pap
smear and HPV serology, were 5.9 (1.9-21.4) for serum folate
and 3.4 (0.9-12.5) for RBC folate. The test for effect modi-
fication was not significant for either combined exposure
model (P = 0.08 for serum and 0.21 for RBC).

We further examined risks by duration of oral contraceptive
use. Women with high folate had a pattern of increasing risks
with increased years of oral contraceptive use, whereas women
with low folate, hypothesized to be more susceptible to folate
depletion by oral contraceptive use, had a pattern of constant
risks with increased years of oral contraceptive use (Table 6).
The test for effect modification was not significant for either
combined exposure model (P = 0.31 for serum and 0.40 for
RBC).

Subjects who participated in the blood draw component of
the study, relative to all those who participated in the inter-
view, were more often Caucasian, came preferentially from
certain study sites and were of higher socioeconomic status, as
measured by education and income. Thus, we explored
whether there were differences in participation between the
cases and controls that might lead to bias. The cases and
controls who donated blood were comparable to each other in
age, ethnicity and study site (Table 1); controls had been
individually matched to cases on these factors in the original
study design. To examine whether cases and controls differ-

TABLE 5

Invasive cervical cancer risk among women from five U.S. communities with a likely history
of human papillomavirus (HPV) infection

History of HPV infection based on

HPV-16 seropositivity OR1
(95% CI) n cases/controls

Number of sexual partners OR2
{95% CI) n cases/controls

Age at first intercourse OR3
(95% Cl) n cases/controis

Serum microbiologic/serum radiobinding

High/High 1.0
30/14

Low/Low 2.4 (0.8-7.4)
45/13

RBC microbiologic/RBC radiobinding4

High/High 1.0
28/10

Low/Low 1.4(0.5-4.8)
35/13

1.0 1.0
30/52 30/56
2.0 (1.0-3.9) 1.6 (0.8-3.0)
45/50 45/62
1.0 1.0
28/52 28/55
2.2 (1.0-4.9) 1.5 (0.8-3.1)
35/50 35/62

1 OR, odds ratio; Cl, confidence interval; all cases and HPV-16 seropositive controls only; adjusted for age, ethnicity, study site.
2 All cases and controls with =2 lifetime sexual partners; adjusted for age, ethnicity, study site.
3 All cases and controls with age at first intercourse <20 y; adjusted for age, ethnicity, study site.

4 Adjusted for whole-blood assay kit.
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TABLE 6

Invasive cervical cancer risk by duration of oral contraceptive
use for women from five U.S. communities1.2

Duration of oral contraceptive use

Never <5y =5y
OR (95% Cl) OR (95% Cl) OR (95% Cl)
n cases/ n cases/ n cases/
controls controls controls
Serum microbiologic/
Serum radiobinding
High/High 1.0 1.9 (0.6-6.5) 3.1(0.9-10.8)
10/47 10/28 10/19
Low/Low 3.2(1.3-8.7) 2.7(0.8-8.7) 3.0(0.7-11.9)
26/36 13/37 6/17
RBC microbiologic/
RBC radiobinding
High/High 1.0 1.4 (0.4-5.4) 3.3(0.8-13.7)
13/40 7/29 8/17
Low/Low 2.2(0.8-6.5) 2.1(0.5-8.6) 2.0(0.5-8.6)
20/31 9/29 6/20

1 Adjusted for age, ethnicity, study site, years since last Pap smear,
and human papillomavirus-16 serologic status; RBC also adjusted for
whole-blood assay kit.

2 OR, odds ratio; Cl, confidence interval.

entially participated in the blood draw component by socio-
economic status, number of sexual partners, age at first inter-
course, time since last Pap smear, vitamin supplement use or
other cervical cancer risk factors, we compared OR among all
of the interviewed subjects with OR among only those partic-
ipating in the blood draw. For each of these exposures, similar
patterns of risk were seen, suggesting that participation bias
was minimal.

We found some evidence of differential participation by
folate intake. However, the correlation between folate intake
and blood folate status was low (Spearman r = 0.08-0.16),
indicating that the differential participation would have little
influence on blood folate status. In addition, the OR between
folate intake and cervical cancer risk were similar among blood
donors and nondonors, again suggesting that participation bias
was minimal.

To examine the possibility of low blood folate being the
result of systemic effects of disease or treatment, we compared
mean blood folate concentrations of the cases by stage of
cancer and treatment received (surgery or radiation). None of
the women included in our analyses had received chemother-
apy. We found no evidence that either disease or treatment
had reduced blood folate concentrations ( Table 7) by the time
blood was drawn,-at least 6 mo after completion of treatment.

At the time of blood draw, subjects were questioned con-
cerning whether they had changed their diet in the past 3 y
(this time period encompassed diagnosis and treatment, if any,
for the cases). For the subjects in this analysis, 33.9% of cases
and 43.1% of controls reported they had made changes to their
diet. Only 7.1% of cases and 8.5% of controls reported they
had increased their fruit, vegetable and/or grain consumption;
these percentages were not significantly different (P = 0.55).
Of these, only two cases (1.1% of total) reported that they
made these healthy improvements to their diet as a result of
their cancer. Other subjects reported decreasing their food
intake for reasons including weight loss, health (such as re-
ducing cholesterol levels) and, for five cases (2.7%), a loss of
appetite due to illness and/or treatment. The percentage of

cases (16.4%) and controls (18.9%) who reported decreasing
their food intake was similar (P = 0.45). Only two cases
(1.1%) and two controls (0.4%) specifically reported a de-
creased intake of fruits, vegetables, or grains.

DISCUSSION

Low blood folate was moderately and consistently associ-
ated with an increased risk of invasive cervical cancer (OR
= 1.2-1.6), although the risks were not significant (Table 3).
Risk was elevated for each of the four measures of folate status,
i.e., serum folate measured with microbiologic and radiobind-
ing assays, and RBC folate measured with both assays. The
effect remained after adjustment for history of HPV infection
and all other accepted cervical cancer risk factors. A threshold
effect was evident, with risk clearly elevated among women in
the lowest folate quartile. When subjects were concurrently
classified by both microbiologic and radiobinding assays, OR
were 1.6 for low relative to high serum folate and 1.5 for RBC
folate.

Ziegler et al. (13,14), using the same study population as
the current analysis, did not detect an association between
folate intake and risk of invasive or in situ cervical cancer. In
the current analysis, improved measurement of folate status
using serologic measures could explain this discrepancy. Sero-
logic measures assess folate status more accurately than dietary
intake measures due to difficulty quantifying usual adult diet
and limitations in databases for folate in foods (28—-34). Some
case-control studies relying on serum and RBC folate have
provided evidence for a protective effect of folate (18,20,23),
whereas others have not (16,25,27), and all studies but one
(16) examined precancerous conditions, not invasive cancer.
Like our retrospective study, the single prospective study re-
ported nonsignificantly reduced risks with elevated serum fo-
late (OR = 0.60, 95% CI 0.19-1.88) but was based on only 13
invasive and 26 in situ cervical cancer cases (26).

Among the women in our study, we found a strong and
significant positive association between serum homocysteine
and invasive cervical cancer risk (OR = 2.4-3.2, all 95% CI
excluded 1.0, in the three highest homocysteine quartiles
relative to the lowest quartile} (53). These results provide
evidence that our moderate folate association is real. Elevated
serum homocysteine is a sensitive indicator of folate inade-
quacy and an emerging biomatker of problems in one-carbon
metabolism (54-58). Serum homocysteine was moderately
and inversely correlated with blood measures of folate status in

TABLE 7

Serum and RBC folate levels by stage of cervical cancer and
treatment for women from five U.S. communities™.2

Microbiologic assay Radiobinding assay

nmol/L nmol/L
Stage, Treatment n Serum n Serum
Stage |, Surgery only 61 7.7 (6.0-9.9) 63 5.2 (4.4-6.0)
Stage |, Any radiation 33 8.9 (6.5~12.1) 33 5.4 (4.4-6.5)
Stage ll, Any radiation 25 9.1 (6.4~13.0) 24 4.9 (3.9-6.2)

RBC RBC
Stage |, Surgery only 61 409.3 (340.2-492.3) 61 163.9 (147.0-182.7)
Stage I, Any radiation 33 435.4 (347.2-545.8) 32 169.8 (147.6-195.2)
Stage Il, Any radiation 24 412.3(317.5-535.4) 22 159.4 (134.9-188.4)

1 Values are geometric means (95% confidence interval) adjusted
for age, ethnicity, study site.
Z Within each group, no means are significantly different.-
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this population (Spearman r = —0.3 to —0.4). Homocysteine
may be more predictive of cervical cancer risk than low folate
because of problems in assessing dietary (29,30) and blood
folate status (59) or, more likely, because it identifies addi-
tional abnormalities in one-carbon metabolism beyond low
folate. Homocysteine can be elevated in response to low folate
or low vitamin B-12 because both micronutrients are necessary
for the conversion of homocysteine to methionine, or in
response to low vitamin B-6, which is required for homocys-
teine degradation (58). Genetic polymorphisms that alter en-
zyme activity in the one-carbon metabolism pathway, such as
C677T methylenetetrahydrofolate reductase (MTHFR), can
also result in elevated homocysteine (57).

In most large epidemiologic studies, cost, feasibility and
subject refusal limit the number of times blood can be drawn
from subjects. A criticism of these studies is the relevance of
data from a single blood draw to “usual” nutrient levels. A
strength of the current study is that, although blood was drawn
only once, blood folate status was measured with both long-
term (RBC) and recent (serum) blood folate markers. How-
ever, RBC folate was not more predictive of reduced risk in
this study; the OR for cervical cancer risk were similar with
the serum and the RBC data. It is possible that folate intake
was relatively stable for the women in our study. If similar
results are found in other studies using both measures, this will
simplify study design for epidemiologists because sample col-
lection and assay is much simpler for serum folate.

We were also able to compare results using a microbiologic
and a radiobinding assay. The assays were surprisingly well
correlated (r = 0.9 for serum and 0.8 for RBC). The radio-
binding assay was more reproducible (CV for serum folate
= 5.2% for radiobinding and 11.6% for microbiologic), which
may explain the modestly stronger associations seen with the
radiobinding assay. Ultimately, however, it is not clear which
assay is better for epidemiologic studies because the assays may
not be measuring the same folate forms, and it is not known
what folate forms are especially relevant to cancer. To com-
plicate the picture further, the radiobinding and microbiologic
assays give different results for RBC folate for subjects whose
one-carbon metabolism is altered by the C677T MTHFR
polymorphism (60).

A stronger association may exist at folate concentrations
lower than those found in our study. The percentage of folate-
deficient subjects in our study was relatively low (<10% for
three of the assays) compared with another study that reported
strong associations (with 14-24% of subjects deficient for
serum folate and 41-52% for RBC folate) (20). However,
folate values can vary greatly among laboratories (59) and
complicate these comparisons. Cervical cancer is the third
most common cancer in women worldwide (61); thus, associ-
ations at low folate concentrations may be magnified in de-
veloping countries.

Whitehead et al. (1) found megaloblastic cervical abnor-
malities in 19% of women using oral contraceptives, in the
absence of low blood folate or vitamin B-12. No similar
abnormalities were found in women not using oral contracep-
tives. Folic acid therapy was given to eight women using oral
contraceptives and their abnormalities were reversed. The
authors hypothesized that a localized folate deficiency existed
in the cervical tissue of these women. Butterworth et al. (2)
further postulated that this localized deficiency could provide
an environment that could lead to cervical dysplasia; in a
blind, randomized trial, women using oral contraceptives, with
mild or moderate cervical dysplasia, showed significant im-
provement with folate supplementation of 10 mg daily for 3
mo (P < 0.05). In an additional sample of 40 healthy hospital

workers, RBC folate was 30% lower in oral contraceptive users
compared with nonusers (P < 0.01), and among oral contra-
ceptive users, RBC folate was 15% lower in women with
dysplasia compared with healthy volunteers (P reported as not
significant) (2). However, in a follow-up study among women
with mild or moderate cervical dysplasia (80% of whom' were
oral contraceptive users), no significant impfovemert was
found with folate supplementation of 10 mg/d for 6 mo (17).
In the current study, there was no difference in geometric
mean serum or RBC folate between women who had used oral
contraceptives and those who had not. We did not find an
increased risk with low serum or RBC folate among women
who used oral contraceptives, even when we focused on
women who used oral contraceptives the longest. In fact, we
found the strongest inverse association with folate among
women who never used oral contraceptives, although the
interaction was not significant (P = 0.08 for serum and 0.21
for RBC). We did not have a measure of localized folate status
in the cervix.

HPV infection is believed to be etiologically associated
with most cases of cervical cancer, although only a small
minority of women who are HPV-positive progress to cervical
cancer (62). If folate helps prevent the incorporation of the
HPV virus into the genome, this may explain why only some
women infected with HPV progress to cervical cancer. When
we restricted our analyses to women believed to have a history
of HPV infection, using only controls seropositive to HPV-16,
with multiple sexual partners or first intercourse at an early
age, the association between folate and cervical cancer risk
remained. Thus, low folate could be involved in the progres-
sion of cervical cancer after HPV infection. However, among
the controls in our study, folate was not predictive of detection
of HPV-16 antibodies in serum, suggesting that low folate is
unrelated to risk of being infected with HPV.

Our serologic characterization of a history of HPV infection
had several important limitations. The HPV-16 virus-like par-
ticle ELISA test, which uses serum, may be insensitive relative
to DNA hybridization assays, which require cervical tissue
scrapings (62), and HPV antibody titers may decrease after
surgical treatment for cervical cancer (63). Furthermore, we
tested only for antibodies to HPV-16, the most prevalent
oncogenic HPV type, which accounts for >50% of invasive
cervical cancer in the United States (6), but other oncogenic
HPV types exist. Given these limitations, although only 36%
of the cases tested seropositive for HPV-16, for the purpose of
the HPV stratified analysis, we assumed that all cases, irrespec-
tive of their current status by this assay, had once been
infected with an oncogenic HPV. Among controls, 15% tested
seropositive for HPV-16, similar to a 12% prevalence recently
reported among U.S. blood donors, using the same ELISA
serologic HPV-16 assay that we used (46). We therefore did
not assume false negatives among the controls.

The elevated risk noted in this study is unlikely to be the
result of confounding by inadequately measured exposures.
Adjustment for potential confounding by accepted cervical
cancer risk factors had little effect on the OR. Addition of
HPV-16 serologic status to the models actually increased the
OR,; thus, it is unlikely that better measurement of history of
HPV infection would substantially attenuate the effect. Inclu-
sion in the multivariate models of education and income,
indicators of poor diet and/or unhealthy lifestyle, only slightly
attenuated the OR, suggesting that other lifestyle factors
would have little influence on risks. Folate sources such as
orange juice and green leafy vegetables are also sources of
vitamin C and carotenoids. However, adjustment for intake of
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these two micronutrients did not attenuate the folate associ-
ations.

Participation bias is also unlikely to explain our findings.
Cases and controls who participated in the blood phase of the
study did not differ from each other in the study matching
factors of age, ethnicity and study site. In addition, the same
patterns of risk were seen for education, income and other
cervical cancer risk factors in all subjects interviewed and in
the subgroup who participated in the blood draw. Furthermore,
although 17% of cases had died before the blood draw, any bias
would have attenuated the OR if low folate was associated
with more advanced disease.

To minimize the possibility that advanced disease or dete-
riorating health influenced the results, we excluded all stage 111
and IV cases (n = 17) from our analyses. To minimize any
treatment effect, blood was collected at least 6 mo after com-
pletion of treatment, and those who received chemotherapy (n
= 11) were excluded from the analyses. In addition, for the
women in the analyses, we found no evidence that either
disease stage or the treatment received reduced blood folate.
Finally, in a small prospective cohort study, serum folate
measured at baseline was inversely related to subsequent cer-
vical cancer incidence (26), suggesting that low folate pre-
ceded disease.

It is unlikely that the folate would have degraded during
storage. Folate was found to be stable in plasma samples frozen
for 4 y at —20°C (64), and our samples were stored at ~70°C.
In addition, both our serum and RBC samples were stabilized
with ascorbic acid to keep the folate in a reduced state (65). If
any degradation did occur, the resulting misclassification of
folate status would have attenuated the OR.

It is unlikely that deliberate improvements in diet after
diagnosis of cervical cancer could have biased our results.
Because diet-disease relationships with cervical cancer were
not well established or publicized at the time our study was
conducted, it is not likely that subjects made long-term,
healthy diet changes as a result of their disease. Furthermore,
at the time of blood draw, subjects were questioned concerning
whether they had changed their diet in the past 3 y. An
analysis of these data indicated that only two cases reported
that, as a result of their cancer, they increased fruit, vegetable
and/or grain intake, which are potential sources of folate. A
much larger number of cases and controls reported these
improvements to their diet for a variety of health reasons.
Similarly, only five cases reported a loss of appetite due to
illness or treatment, whereas many more cases and controls
decreased their intaké for reasons such as weight loss.

The increase in invasive cervical cancer risk that we ob-
served with low serum and RBC folate was moderately strong
and consistently seen across our four measures of folate status.
Our aim was to include new measures of folate status, as well
as consider HPV stattis and other cervical cancer risk factors,
to test a hypothesis that has not been consistently supported or
refuted in the epidemiologic literature. Because of its size and
design, our study provides a robust test of whether folate may
be critical at any stage of cervical carcinogenesis. The rela-
tionship is biologically plausible, due to folate’s role in DNA
synthesis, repair and methylation, and is also supported by our
strong homocysteine results. The U.S. Food and Drug Admin-
istration now requires that enriched grain products be fortified
with folic acid at 140 ug/100 g of grain product (66). This
requirement was established to help women consume at least
400 pg of folic acid daily to reduce the incidence of neural
tube defects. Future studies should explore the effects of for-
tification on the folate status of women at high risk for cervical
cancer and monitor its effect on cervical cancer incidence.
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