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ABSTRACT

Background: Folate may play a preventive role in the early stages
of colorectal carcinogenesis, but long latencies may be needed
to observe a reduction in colorectal cancer (CRC) incidence.
In addition, concerns have been raised about the potential for
cancer promotion with excessive folate intake, especially after the
mandatory folic acid fortification in the United States in 1998.
Objective: We aimed to examine the association between folate
intake in different chemical forms and CRC risk, especially in the
postfortification era in the United States.

Design: We prospectively followed 86,320 women from the Nurses’
Health Study (1980-2016). Folate intake was collected by validated
food frequency questionnaires. CRC was self reported and confirmed
by review of medical records. The association between the folate
intake and CRC risk was assessed using Cox proportional hazards
regression.

Results: We documented 1988 incident CRC cases during follow-up.
Analyzing folate intake as a continuous variable, greater total folate
intake 12-24 y before diagnosis was associated with lower risk of
CRC (per increment of 400 dietary folate equivalents (DFE)/d, HR:
0.93,95% CI: 0.85, 1.01 for 12-16 y; HR: 0.83, 95% CI: 0.75, 0.92
for 16-20 y; and HR: 0.87, 95% CI: 0.77, 0.99 for 20-24 y); and
greater synthetic folic acid intake 16-24 y before diagnosis was also
associated with a lower CRC risk (per increment of 400 DFE/d, HR:
0.91, 95% CI: 0.84, 0.99 for 1620 y and HR: 0.91, 95% CI: 0.83—
1.01 for 20-24 y). In the postfortification period (1998-2016), intake
of total or specific forms of folate was not associated with CRC risk,
even among multivitamin users.

Conclusions: Folate intake, both total and from synthetic forms,
was associated with a lower risk of overall CRC after long latency
periods. There was no evidence that high folate intake in the
postfortification period was related to increased CRC risk in this US
female population.  Am J Clin Nutr 2021;114:49-58.

Keywords: folate, folic acid fortification, latency, colorectal cancer,
prospective cohort

Introduction

Although the incidence of colorectal cancer (CRC) has been
declining for the past several decades, in part due to the increased
use of screening, CRC is still the third most commonly diagnosed
cancer for both women and men in the United States (1). Folate,
an essential B vitamin for DNA methylation, synthesis, and
repair, has been extensively studied with CRC, as these DNA-
related processes are critical for cell growth and differentiation
(2, 3). In a large pooled analysis of 13 prospective cohort studies,
higher total folate intake was associated with a lower risk of
colon cancer (4). Similarly, in a recent meta-analysis, total folate
intake was significantly associated with a lower risk of CRC
in cohort studies; however, no significant effect of folic acid
supplementation on CRC risk was seen in randomized clinical
trials, though most of which were not studying CRC prevention
initially and the duration was limited to 2-7 y (5). The evidence
on the folate—CRC relationship was graded as “limited—no
conclusion” due to inconsistency in 2 recent reports by the
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World Cancer Research Fund and American Institute for Cancer
Research (6, 7).

In a previous clinical trial among participants with a recent
history of colorectal adenoma, an increased risk of having
>3 colorectal adenomas (precursor lesion of CRC) was seen in
those randomized to 1 mg/d of folic acid for 3-5 y (8). Although
the increased risk of multiple adenomas did not persist in the
reanalysis of this trial with extended follow-up, the updated
results suggested that folic acid might increase the risk of sessile
serrated adenomas/polyps (9). Data from animal studies also
suggested high folate intake might increase the risk of CRC,
especially after the neoplastic lesion had developed (10-12).
These findings have raised the concerns that mandatory folic acid
fortification in the United States, which was fully implemented in
1998, may increase the incidence of CRC (13, 14). Serum folate
levels in the overall United States population increased 2.5-fold
from 1988-1994 to 1999-2000, followed by minor fluctuations
thereafter (2001-2016) (15, 16). In 2 large prospective United
States cohort studies, total folate intake in the postfortification
period was associated with a significant decrease in the risk of
CRC (17, 18). However, folate intake was only collected once
in these 2 studies and the postfortification follow-up time was
only ~8 y, which might be insufficient given that the CRC
development may take >10 y (19). No study, including our
previous one (20). has extended the follow-up >10 y in the
postfortification era.

To address these research gaps, we studied the association
between long-term folate intake and risk of CRC using data
from a large, well-characterized cohort of women, with validated
and updated data on dietary intake. The follow-up period we
used was from 1980 to 2016 and included 18 y following
mandatory fortification, allowing us to further examine the
long-term association of folate intake with CRC risk in the
postfortification era.

Methods

Study population

The Nurses’ Health Study (NHS) cohort was established in
1976 and included 121,700 female registered nurses who were
30-55 y of age at recruitment. Participants are followed up
with detailed questionnaires ascertaining lifestyle factors and
medical history every 2 y, with cumulative follow-up rates of
~90%. In the present study, we excluded participants who did
not return the baseline food frequency questionnaire (FFQ), left
an extensive number of items blank on the baseline FFQ, had
missing information on folate intake or reported implausible
energy intake levels (<600 or >3500 kcal/d) at baseline, had
missing information on birthday and height, and had been
previously diagnosed with cancer (except nonmelanoma skin
cancer) or ulcerative colitis. After these exclusions, a total of
86,320 women were included in the analysis (Supplemental
Figure 1). The study was approved by the institutional review
boards of the Brigham and Women’s Hospital and Harvard TH
Chan School of Public Health and those of participating registries
as required.

Dietary assessment

Dietary information was collected using validated semiquanti-
tative FFQs in 1980,1984, 1986, and every 4 y thereafter. In each
FFQ, participants were asked how frequently, on average, they
had consumed 1 standard serving of a specific food item during
the past year. Nine response options were provided, ranging from
“never or less than once per month” to “six or more times per
day.” Frequency responses were then converted to average daily
intakes for each food item. Total folate intake was calculated from
foods (both folic acid fortified and unfortified) and supplements,
synthetic folic acid intake from fortified foods and supplements,
dietary folate intake from unfortified and fortified foods, and
natural folate intake from the folate naturally present in all foods.
To account for the difference in the bioavailability of naturally
occurring folate and synthetic folic acid, folate intakes in all 4
forms were expressed as dietary folate equivalents (DFE) (21).
The conversion factor to DFE was 1.0 for natural folate, 1.7 for
folic acid in fortified foods, and 2.0 for folic acid in supplements
(22). The average daily intake of folate and other nutrients was
calculated by multiplying the reported frequency of consumption
of each food by its nutrient content, primarily based on the USDA
Nutrient Database that corresponded to each time when the FFQ
was administered. The nutrient consumption was further adjusted
for total energy intake using the nutrient residual method (23).

The validity of the FFQs in evaluating folate intake has
been assessed in validation studies conducted before and after
folic acid fortification. The correlation coefficient between folate
intake determined by FFQ and by diet record was 0.71 before
fortification and 0.77 after fortification (24, 25). Folate intake
from the FFQs has also been shown to predict red blood cell folate
concentrations, with correlation coefficients of 0.55 for both pre-
and postfortification intakes (24, 26).

Ascertainment of CRC cases

Self-reported information on the diagnosis of CRC was
collected with biennial questionnaires. Participants who reported
a diagnosis of CRC or next-of-kin who reported for participants
who died were contacted for permission to review their medical
records. Study physicians blinded to the exposure data reviewed
records to confirm CRC diagnosis and extract information on
anatomical location. In the present analysis, 1988 incident CRC
cases were included. We identified deaths using information from
next-of-kin, death certificates, and the National Death Index (27).

Assessment of covariates

Except for height being assessed at baseline, updated informa-
tion was collected every 2 y for other lifestyle-, medical-, and
health-related factors, such as body weight, cigarette smoking,
physical activity, menopausal status, and menopausal hormone
use; duration of use of regular aspirin and other nonsteroidal
anti-inflammatory drugs (NSAIDs), duration of multivitamin
use, history of lower gastrointestinal endoscopic examination,
and family history of CRC. Physical activity was calculated by
summing the product of reported hours spent on a variety of
recreational activities, with the typical intensity expressed in
metabolic equivalent of task (MET) for that activity. The duration
of use of regular aspirin and other NSAIDs or multivitamins
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was assessed based on reported duration at baseline and updated
using the responses to current aspirin/NSAIDs and multivitamin
use during follow-up. Participants were considered to have a
family history of CRC if >1 of their parents or siblings had been
diagnosed with CRC.

Statistical analysis

Person-time of follow-up (in months) for each participant was
calculated from the age at which the baseline questionnaire was
returned to the age of CRC diagnosis, date of death, loss to
follow-up, or end of follow-up (30 June 2016), whichever came
first. Time-varying Cox proportional hazards regression models
were used to examine the associations of folate intake with
the risk of CRC. We stratified the analysis by age in months
and calendar year of the current questionnaire cycle to control
for potential confounding by these 2 time scales. We further
adjusted for several risk factors for CRC in multivariable models,
including height, BMI (kg/m?), pack-y of smoking before age
30y, alcohol consumption, physical activity levels, menopausal
status and menopausal hormone use, duration of regular aspirin
and other NSAID use, duration of multivitamin use, history of
lower gastrointestinal endoscopy, and family history of CRC.
We also adjusted for other dietary factors, including total calorie
intake and consumption of dietary fiber, total calcium (for total
folate and synthetic folic acid analyses), dietary calcium (for
dietary folate and natural folate analyses), total vitamin D (for
total folate and synthetic folic acid analyses), dietary vitamin
D (for dietary folate and natural folate analyses), red meat, and
processed meat. We used cumulative averages up to the time of
risk for BMI, physical activity, and intakes of dietary covariates
during follow-up to represent long-term dietary and lifestyle
patterns. The Cox proportional hazards assumption was evaluated
by adding interaction terms between folate intake and age and
calendar year to the multivariable model, and no significant
deviations were observed.

To evaluate the latency between folate intake and CRC, we
performed latency analyses based on dietary data collected at
different time points (20, 28). In the cumulative average model,
mean folate intake since 1980 through the follow-up period up
to the time of risk was calculated; in the baseline-only model,
folate intake was derived from the 1980 FFQ); in the simple update
model, folate intake reported on the most recent FFQ before each
follow-up interval was used; in the latency models, we used folate
intake reported at different latencies (i.e.,, 4-8, 8-12, 12-16, 16—
20, 20-24, and 24-28 y) before CRC diagnosis. For example, in
the 12-16-y lag analysis, we examined the association of folate
intake in 1980 with the risk of CRC between 1992 and 1996.
Since the FFQs were collected every 4 y, the simple update model
could be considered as a latency analysis of 0—4 y. Participants
with missing information on folate intake for a particular FFQ
cycle were excluded from the analysis.

Sensitivity analyses were conducted to test the influence of
multivitamin use on the results for total folate and synthetic
folic acid as follows: /) we removed total vitamin D from
the multivariable-adjusted model and 2) in the multivariable-
adjusted model, we additionally adjusted for the duration of
multivitamin use. We also corrected measurement errors in the
assessment of folate intake by using a regression calibration
approach (29) based on data from Women’s Lifestyle Validation

Study conducted by the NHS in 2010 (25). The mean intake
of total or specific forms of folate assessed by two 7-d dietary
records collected over 1 y showed good correlations with folate
intake assessed by FFQ in the validation study (Supplemental
Figure 2).

To investigate the association between folate intake and CRC
risk before and after folic acid fortification, we conducted sepa-
rate analyses for the prefortification (1980 —1998) and postforti-
fication (1998-2016) periods, respectively. In the analysis for the
postfortification period, we further adjusted for the cumulative
average prefortification folate intake. We also examined the asso-
ciation between cumulative average prefortification folate intake
and the risk of CRC diagnosed in the postfortification period. In
subgroup analysis, we assessed whether the association for total
and dietary folate intake varied by age, alcohol intake, family
history of CRC, history of lower gastrointestinal endoscopy,
aspirin or other NSAID use, and multivitamins use. A likelihood
ratio test was used to compare the model with multiplicative
interaction terms for total folate intake and the factors mentioned
above to the model without such terms. All statistical tests were
2-sided, and p < 0.05 was considered statistically significant. We
used SAS 9.4 (SAS Institute) for analyses.

Results

Due to the timing in which the implementation of folic acid
fortification occurred, synthetic folic acid intake dramatically
increased starting from 1998 and leveled off in 2002 (Figure 1A).
The mean intake of energy-adjusted synthetic folic acid increased
by 134% from 1994 to 2002. Intake of total folate and dietary
folate (natural plus fortified) exhibited a similar increasing trend
as synthetic folic acid. In contrast, natural folate intake did not
change appreciably over the past 3 decades. Consistent with the
change in folate intake, mean plasma folate levels substantially
increased 2.5-fold from before folic acid fortification (1990) to
after folic acid fortification (2000) (Figure 1B).

Characteristics of the participants in pre- and postfortification
periods by quintiles of cumulative average total folate intake are
shown in Table 1. At both periods, participants who consumed
higher amounts of total folate tended to be more physically active
and more likely to take aspirin/NSAIDs and multivitamins, and
less likely to smoke before age 30. These participants were also
somewhat more likely to have had endoscopy screening, use
menopausal hormones, and have a greater dietary fiber intake.

Over the whole follow-up period (1980-2016), we observed
a significant inverse association between baseline intake of
total folate (HR per 400 DFE/d greater: 0.90; 95% CI: 0.83,
0.97) and CRC risk (Table 2). The risk of CRC was not
associated with baseline dietary folate, synthetic folic acid, or
natural folate intake. We did not find statistically significant
associations for the cumulative average intake of total folate,
dietary folate, synthetic folic acid, or natural folate with CRC
risk.

The latency analyses indicated a 12—-24-y lag for the associa-
tions between total folate intake and CRC risk (Figure 2). Each
400 DFE/d greater total folate intake 12-24 y before diagnosis
was associated with a 7-17% lower risk of CRC (HR: 0.93,
95% CI: 0.85, 1.01 for 12-16 y; HR: 0.83, 95% CI: 0.75, 0.92
for 16-20 y; and HR: 0.87, 95% CI: 0.77, 0.99 for 20-24 vy).
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FIGURE 1 Folate intake and plasma folate levels over 1980-2010. Mean folate intake over 1980-2010 (A). All folate intakes were energy adjusted.
Total folate intake was calculated from foods (both unfortified and folic acid fortified) and supplements, synthetic folic acid intake from fortified foods and
supplements, dietary folate intake from unfortified and fortified foods, and natural folate intake from the folate naturally present in both unfortified and fortified
foods. Mean plasma folate levels before (1990) and after (2000) folic acid fortification (B). Within the Nurses’ Health Study, plasma folate was measured for

3880 participants in 1989—-1990, and 696 participants in 2000-2001.

The association disappeared at the 24-28-y lag (HR per 400
DFE/d greater: 0.91; 95% CI: 0.78, 1.07). For the association
between dietary folate intake and CRC risk, a 12-16-y lag was
observed (HR per 400 DFE/d greater: 0.78; 95% CI: 0.62, 0.98),

whereas the time lag for synthetic folic acid was 16-24 y and
for each 400 DFE/d greater synthetic folic acid intake was 16—
20 y (HR: 0.91; 95% CI: 0.84, 0.99) and 20-24 y (HR: 0.91;
95% CI: 0.83, 1.01) before diagnosis was associated with a 9%

TABLE 1 Age-standardized characteristics of the study population in pre- and postfortification periods, according to quintiles of cumulative average total

folate intake!

Prefortification (1980-1998)

Postfortification (1998-2016)

Quintile 1 Quintile 3 Quintile 5 Quintile 1 Quintile 3 Quintile 5
Person-y 301,168 299,454 299,524 216,011 214,542 214,346
Age at baseline, y 45 47 47 63 63 64
BMI 25.1 25.1 24.6 26.2 25.8 25.5
Height, cm 164 164 164 163 164 164
Physical activity, MET h/wk 11.3 159 17.4 15.3 18.3 20.0
Smoker before age 30 y, % 57.4 50.6 51.7 52.0 50.6 50.6
Pack-y of smoking before age 30y, 7.2 6.9 7.1 7.0 6.9 7.0
among smokers
History of previous endoscopy, % 9.2 13.3 13.5 27.5 33.6 35.0
Family history of CRC, % 18.0 19.1 18.2 20.1 19.5 19.7
Multivitamin use, % 13.0 27.5 86.3 22.1 84.4 92.3
Folic acid supplement, % 22 3.4 7.9 5.8 12.3 339
Regular aspirin or other NSAID use, % 48.4 57.7 58.6 62.1 71.0 71.8
Postmenopausal, % 69.5 70.4 70.3 99.2 99.3 99.3
Current menopausal hormone use, % 229 32.8 36.5 23.7 23.3 24.7
Never drinker, % 28.9 24.1 25.0 21.2 17.2 18.8
Dietary intake
Total folate, DFE/d 189 377 1126 432 1073 1745
Dietary folate, DFE/d 190 332 329 422 481 593
Synthetic folic acid, DFE/d 13 101 1022 181 789 1430
Natural folate, DFE/d 179 273 269 254 278 316
Alcohol among drinkers, g/d 9.7 7.7 8.2 73 7.4 6.2
Total vitamin D, IU/d 184 257 629 188 202 219
Total calcium, mg/d 666 860 986 703 762 810
Dietary fiber, g/d 11 17 16 17 18 20
Unprocessed red meat, svg/d 0.8 0.7 0.6 0.6 0.6 0.4
Processed red meat, svg/d 0.4 0.3 0.3 0.3 0.3 0.2

! All variables are standardized to the age distribution of the study population, except for age. Mean value is presented for continuous variables and
percentage of participants for categorical variables. CRC, colorectal cancer; DFE: dietary folate equivalent; MET, metabolic equivalent of task; NSAID,

nonsteroidal anti-inflammatory drug; svg: serving.
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FIGURE 2 Risk of CRC per 400 DFE/d greater folate intake with different latency periods, Nurses’ Health Study, 1980-2016. Cox models were stratified
by age and calendar year and adjusted for family history of CRC, endoscopy, height, BMI, pack-y of smoking before age 30 y, physical activity, duration
of regular aspirin/NSAIDs use, duration of multivitamin use (for dietary folate and natural folate analysis), menopausal status and menopausal hormone use,
alcohol intake, total energy, dietary fiber, total vitamin D (for total folate and synthetic folic acid analysis), dietary vitamin D (for dietary folate and natural
folate analysis), total calcium (for total folate and synthetic folic acid analysis), dietary calcium (for dietary folate and natural folate analysis), red meat, and
processed meat. For different latency periods, we used folate intake reported at various latencies (i.e., 4-8, 8-12, 12-16, 16-20, 20-24, and 24-28 y) before
diagnosis. n = 86,320 for 04 y, 84,071 for 4-8 y, 81,029 for 8-12 y, 77,200 for 12-16 y, 73,080 for 16-20 y, 67,780 for 20-24 y, and 61,722 for 24-28 y.
CRC, colorectal cancer; DFE: dietary folate equivalent; NSAIDs, nonsteroidal anti-inflammatory drugs.

lower CRC risk. We did not observe significant associations for
natural folate in any lags. Results were similar in analyses using
quintiles or absolute intake cut points (Table 2 and Supplemental
Table 1). Although not all statically significant, the associations
of total folate, dietary folate, and synthetic folic acid with CRC

risk comparing extreme quintiles/categories were the strongest at
the above latencies.

The association between intake of total folate and synthetic
folic acid and CRC became statistically significant for most
latency periods after removing total vitamin D from the
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TABLE 3 Risk of CRC during the postfortification period (1998-2016) according to postfortification and prefortification folate intakes'

55

Cases, n Baseline
965

Cumulative
965

892

Simple update (04 y lag)

Postfortification folate intake
Total folate, per 400 DFE/d
Prefortification intake adjusted?
Dietary folate per 400 DFE/d
Prefortification intake adjusted?
Synthetic folic acid, per 400 DFE/d
Prefortification intake adjusted?
Natural folate, per 400 DFE/d
Prefortification intake adjusted?
Prefortification folate intake?
Total folate, per 400 DFE/d

0.97 (0.91, 1.03)
0.97 (0.92, 1.03)
1.03 (0.87, 1.23)
1.04 (0.87, 1.24)
0.97 (0.91, 1.03)
0.97 (0.91, 1.03)
1.00 (0.70, 1.42)
1.00 (0.70, 1.43)

0.82(0.72,0.93)

0.82 (0.72, 0.93)3

0.94 (0.88, 1.01)
0.94 (0.88, 1.00)
1.03 (0.86, 1.23)
1.04 (0.86, 1.25)
0.94 (0.88, 1.01)
0.94 (0.87, 1.00)
0.95 (0.64, 1.42)
0.96 (0.64, 1.43)

0.82 (0.72, 0.93)
0.82 (0.72, 0.93)*

0.93 (0.88, 0.99)
0.96 (0.90, 1.01)
1.00 (0.86, 1.16)
1.01 (0.87, 1.17)
0.93 (0.88, 0.98)
0.95(0.90, 1.01)
1.04 (0.70, 1.53)
1.06 (0.71, 1.57)

0.81 (0.74, 0.90)

0.83 (0.75, 0.92)°

Post-fortification intake adjusted
Dietary folate, per 400 DFE/d
Postfortification intake adjusted
Synthetic folic acid per 400 DFE/d
Postfortification intake adjusted
Natural folate, per 400 DFE/d
Postfortification intake adjusted

0.96 (0.69, 1.34)
0.83 (0.77, 0.90)

0.89 (0.52, 1.51)

0.94 (0.67, 1.33)3
0.85(0.78, 0.93)3

0.88 (0.52, 1.50)3

0.96 (0.69, 1.34)
0.95 (0.67, 1.33)*
0.83 (0.77, 0.90)
0.86 (0.79, 0.94)*
0.89 (0.52, 1.51)
0.88 (0.52, 1.51)*

0.90 (0.66, 1.23)
0.90 (0.65, 1.24)°
0.85 (0.78, 0.92)
0.88 (0.81, 0.95)°
0.90 (0.55, 1.47)
0.90 (0.55, 1.47)°

LAl values are HRs (95% Cls), stratified by age and calendar year and adjusted for family history of CRC, endoscopy, height, BMI, pack-y of smoking
before age 30 y, physical activity, duration of regular aspirin or other NSAID use, duration of multivitamin use (for dietary folate and natural folate analysis),
menopausal status and menopausal hormone use, alcohol intake, total energy, dietary fiber, total vitamin D (for total folate and synthetic folic acid analysis),
dietary vitamin D (for dietary folate and natural folate analysis), total calcium (for total folate and synthetic folic acid analysis), dietary calcium (for dietary
folate and natural folate analysis), red meat, and processed meat. DFE, dietary folate equivalent; NSAID, nonsteroidal anti-inflammatory drug.

2Prefortification folate intake was calculated as the cumulative average of folate intake before 1998.

3Baseline (1998) postfortification folate intake was adjusted.
4Cumulative average postfortification folate intake was adjusted.
5Simple updated postfortification folate intake was adjusted.

multivariable-adjusted model (Supplemental Table 2). How-
ever, when further adjusting for the duration of multivitamin use
in the multivariable-adjusted model, the associations for different
latency periods were all attenuated. In the sensitivity analysis
accounting for measurement error in folate intake, we observed
the same latencies for the inverse associations of total folate
and synthetic folic acid with CRC, but the associations were
strengthened (Table 2).

In the separate analysis for the prefortification period (1980-
1998), we did not observe any significant associations between
folate intake and CRC risk at various latencies (Supplemental
Table 3). In the analysis for the postfortification period (1998-
2016), simple updated postfortification total folate and synthetic
folic acid intakes were significantly inversely associated with
CRC risk. However, the associations were attenuated and were
no longer statistically significant after adjusting for cumulative
average prefortification folate intake (Table 3). On the contrary,
we found significant inverse associations for the cumulative
average of prefortification total folate and synthetic folic acid
intakes with the risk of CRC diagnosed after 1998, even after
adjusting for baseline, cumulative average, or simple updated
postfortification folate intake. We did not observe significant
associations between postfortification folate intake and CRC risk
at other latencies (Supplemental Table 4). To examine any
potential adverse effects of postfortification high folate intake, we
analyzed deciles of cumulative average total folate and synthetic
folic acid intake. No evidence of adverse impact for either total
folate or synthetic folic acid was observed when we compared
the highest deciles of postfortification total folate (median: 1881
DFE/d; HR: 0.95; 95% CI: 0.68, 1.32) and synthetic folic

acid (median: 1573 DFE/d; HR: 0.76; 95% CI: 0.55, 1.05)
to the lowest, even among multivitamin users (Supplemental
Table 5).

In subgroup analysis, we did not observe any significant
interactions between total and dietary folate intake and age,
alcohol intake, family history of CRC, lower gastrointestinal
endoscopy history, aspirin/NSAIDs use, and multivitamin use (all
P-interaction > 0.05) (Supplemental Table 6).

Discussion

This large prospective cohort study directly addressed the
concern about excessive folate intake and higher CRC risk that
has impeded folic acid fortification for the prevention of neural
tube defects in the United Kingdom and some other countries
(30). With 36 y of follow-up, we observed an inverse association
between folate intake and CRC risk that was limited to latency
periods of at least 12 y. Additionally, in the postfortification
period, high postfortification folate intake in any chemical
form was not associated with increased CRC risk, but high
prefortification intake of both total folate and synthetic folic acid
was associated with a reduced risk of CRC diagnosed in the
postfortification period, consistent with lower risks with long
latency.

The adenoma—carcinoma sequence is the classic pathway
accounting for the majority of CRC (19, 31). In this model, CRC
develops over decades, progressing from microscopic lesions
to small adenomas, advanced adenomas, and finally to CRC.
Even development from a small adenoma, the first observable
macroscopic lesion, typically requires >10y to develop to CRC.
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Laboratory evidence from animal studies generally supports
a causal role of folate supplementation in CRC prevention
(32). However, the timing of folate intervention is critical for
its chemopreventive effects (33). In a mouse model, folate
supplementation has been effective in preventing the formation
of colonic aberrant crypt foci and adenomas only if it started
before the establishment of neoplastic foci (34). Thus, we would
anticipate a long latency period to observe any preventive effect
of high folate intake on CRC if folate also selectively inhibits the
early stages of colorectal carcinogenesis in humans. We observed
these latency periods, specifically, approximately >12 y for total
folate and dietary folate, and >16 y for synthetic folic acid, by
following up participants for up to 36 y. These latency periods
are consistent with previous findings that the use of folic acid—
containing multivitamins was associated with reduced CRC risk
only after long latency periods (>10y) (35). Such along duration
is hard to achieve in randomized controlled trials (RCTs), and this
might be one of the reasons why most RCTs have not shown a
protective effect of folate. In several RCTs of folic acid plus B
vitamins or multivitamins with relatively long durations such as
>7y, reduced risk of CRC was found, though the reduction was
not statistically significant (36-38). Postintervention follow-up
should receive more attention in future RCTs to better estimate
the effect of folate in carcinogenesis.

In the present study, we derived the intake of total folate as
well as folate in different chemical forms (synthetic folic acid
and natural folate). The inverse association between folate and
CRC risk was most clearly observed for total folate (especially
among participants taking multivitamins) and synthetic folic acid.
Further adjusting for multivitamin use attenuated the inverse
association of synthetic folic acid with CRC risk, all suggesting
folic acid may be essential for CRC prevention. These results are
in line with participants in the previous 2 US cohorts, in whom
a stronger inverse association with CRC risk of total folate or
synthetic folic acid than of natural folate was observed (17, 18).
Such a difference may be due to the higher bioavailability of folic
acid than natural folate, which is entrapped in the food matrix
and vulnerable to substantial losses during cooking and intestinal
absorption (39, 40). Additionally, assessment of folic acid intake
might have fewer measurement errors, especially when folic acid
comes from supplements (41), which are different items with a
standard dose of folic acid.

The concern regarding excessive folate intake in the postfor-
tification period was raised mainly from 2 ecological studies
and 1 RCT (2, 8, 13). The 2 ecological studies examined the
temporal trend of CRC incidence in the United States and
Canada following folic acid fortification starting in 1996 and
1997. Each found a small transient increase in CRC incidence
(began to increase in 1996 in the United States and 1998 in
Canada) with the implementation of fortification, putting forward
a hypothesis that folic acid fortification might be, at least in
part, responsible for this increase (2, 13). However, ecological
studies are limited by the lack of consideration of confounders
and cannot provide definitive evidence to support the etiologic
role of folic acid fortification in the transient increase in CRC
incidence (42). In addition, this increase corresponded in time to
the recommendation of CRC screening tests (fecal occult blood
testing or colonoscopy) in the United States and Canada (43, 44),
which would cause an artificial increase in incidence. Further,
the observed increase in each country occurred too soon (within

1-2 y) to be plausibly ascribed to the introduction of folic acid
fortification and did not persist thereafter (30). The RCT that
reported an unexpected increase in advanced colorectal adenoma
after 7 y of treatment with folic acid (8) was conducted among
participants with a recent history of adenomas. To obtain more
precise clinical evidence, a combined analysis of this trial and
2 other large trials in patients with an adenoma history was
conducted (45), and no apparent decrease or increase in the
occurrence of new adenomas was found. In another small trial
in patients with colorectal adenoma, a significant reduction in
the occurrence of colonic adenomas was associated with folic
acid supplementation (46). Nevertheless, none of these trials
provided information on the primary prevention of adenomas by
folic acid (the potential for folic acid to reduce the incidence of
first adenomas) (14). A primary prevention trial did show that
the initial occurrence of colorectal adenoma was lower in those
receiving 1 mg/d treatment of folic acid compared to placebo for 3
y (47). Results from our analysis conducted in the first 18 y of the
postfortification period provide reassurance that high total folate
and synthetic folic acid intake in the postfortification period is not
associated with CRC promotion.

The main strengths of this prospective study are its uniquely
long follow-up and multiple repeated measurements of folate
intake, encompassing both the pre- and postfortification periods.
In the absence of evidence from large, long-term RCTs on hard
endpoints like cancer, evidence from prospective cohort studies
is of great importance, as prospective cohort studies are the
strongest observational study design in terms of minimizing
bias and inferring causality (48). A total of 36 y of follow-
up and multiple dietary assessments every 2—4 y allowed us to
investigate the timing of folate intake with CRC progression over
periods of >20 y and to examine the folate—CRC relationship
in the postfortification era. Other strengths include correction
for measurement error using dietary record data collected in the
validation studies, derivation of different folate types to study
the associations of each form separately, and comprehensive
assessment of confounders such as diet during follow-up and
duration of aspirin/NSAIDs and multivitamin use instead of just
never use or ever use.

Nevertheless, this study has several limitations that require
further discussion. First, almost all included participants were
younger than 80 y when their folate intake was assessed. We are
not able to investigate the possible association of folate intake
with CRC for this older age group. In 1 RCT conducted in the
Netherlands, folic acid and vitamin B12 supplementation was
associated with a higher risk of overall cancer, with 18 of the 28
excess cancers being CRC among participants aged >80 y (49,
50). Second, we only included female health professionals, most
of whom were white. However, our findings are mostly consistent
with other cohorts that include both sexes (17, 18). Third, as with
all other observational studies, we cannot rule out the possibility
of residual confounding, though we conducted a comprehensive
assessment of confounders. Vitamin D or other constituents
of multivitamins or fortified foods are plausible confounders.
However, when we adjusted for vitamin D intake, we still found
the inverse association of total folate and synthetic folic acid
intakes and CRC risk. In addition, although our analysis included
36y of follow-up, the CIs became wider with the longer latencies
due to the decreasing number of cases. Additional follow-up will
be needed to fully elucidate the relation between folate intake
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and the risk of CRC in the postfortification period. Finally, we
only examined the association between folate intake and overall
CRC risk. Further investigation is needed to determine whether
the association differs across various CRC stages.

In conclusion, the results of this study support an inverse
association between folate intake and overall CRC risk that
did not emerge until approximately >12 y after the exposure.
More importantly, the present study did not reveal an increased
risk of CRC among participants with high folate intake in the
postfortification period, providing reassurance that the US folic
acid fortification policy should not lead to higher CRC incidence.
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