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ABSTRACT
Background:Monounsaturated fatty acids (MUFAs) improve blood
lipid profiles in intervention studies, but prospective evidence with
regard toMUFA intake and coronary heart disease (CHD) risk is lim-
ited and controversial.
Objective: We investigated the associations of cis MUFA intake
from plant (MUFA-P) and animal (MUFA-A) sources with CHD
risk separately among 63,442 women from the Nurses’ Health Study
(1990–2012) and 29,942 men from the Health Professionals Follow-
Up Study (1990–2012).
Design: Intakes of MUFA-Ps and MUFA-As were calculated by us-
ing validated food-frequency questionnaires collected every 4 y. Inci-
dent nonfatal myocardial infarction and fatal CHD cases (n = 4419)
were confirmed by medical record review.
Results: During follow-up, MUFA-Ps and MUFA-As contributed
5.8–7.9% and 4.2–5.4% of energy on average, respectively. When
MUFA-Ps were modeled to isocalorically replace other macronutri-
ents, HRs (95% CIs) of CHD were 0.83 (0.68, 1.00) for saturated
fatty acids (SFAs; 5% of energy), 0.86 (0.76, 0.97) for refined car-
bohydrates (5% of energy), and 0.80 (0.70, 0.91) for trans fats (2%
of energy) (P = 0.05, 0.01, and 0.001, respectively). For MUFA-As,
corresponding HRs (95% CIs) for the same isocaloric substitutions
were 1.04 (0.79, 1.38) for SFAs, 1.11 (0.91, 1.35) for refined carbo-
hydrates, and 0.88 (0.77, 1.01) for trans fats (P = 0.76, 0.31, and
0.08, respectively). Given the common food sources of SFAs and
MUFA-As (Spearman correlation coefficients of 0.81–0.83 between
these groups of fatty acids), we further estimated CHD risk when
the sum of MUFA-As and SFAs (5% of energy) was replaced by
MUFA-Ps, and found that the HR was 0.81 (95% CI: 0.73, 0.90;
P < 0.001) for this replacement.
Conclusions: The largely different associations of MUFA-Ps and
MUFA-As with CHD risk suggest that plant-based foods are the
preferable sources of MUFAs for CHD prevention. These findings
are observational and warrant confirmation in intervention settings.
This study was registered at clinicaltrials.gov as NCT00005152 and
NCT00005182. Am J Clin Nutr 2018;107:445–453.

Keywords: monounsaturated fat, saturated fat, plant fat, animal fat,
coronary heart disease

INTRODUCTION

Dietary MUFAs consist of oleic acid (cis-9-octadecenoic acid,
>90%) and other minor MUFAs [e.g., palmitoleic acid (cis-9-
hexadecenoic acid)], which collectively contribute to 12% of total
energy intake in the US diet (1, 2). In clinical trials, cis MUFAs
improve lipid profiles and other cardiovascular disease (CVD)
risk factors, including hypertension and central obesity (3–5). A
Mediterranean diet high in MUFAs also reduced CVD risk in a
large intervention study (6).

Prospective cohort studies linking MUFA intake with CVD
risk have been limited and inconclusive (7–15). A recent meta-
analysis reported no association betweenMUFA intake and coro-
nary heart disease (CHD) risk but noticed significant between-
study heterogeneities (7). Findings from early investigations may
not be entirely comparable to each other, because other macronu-
trients with various health effects were not simultaneously con-
sidered in the analysis. In particular, PUFAs and carbohydrates
from whole grains have been associated with a lower CHD risk,
whereas SFAs, trans fats, and refined carbohydrates may exert
the opposite effects (8, 14). Therefore, potential findings could be
obscured due to confounding by these constituents. In addition,
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associations for MUFAs may also depend on other macronutri-
ents specified in isocaloric analyses.

Unlike PUFAs that are primarily from plant-based sources, di-
etary MUFAs can come from various plant-based (e.g., vegetable
oils and nuts) and animal-based sources (e.g., red meats and
high-fat dairy products) that have quite differential health effects
(15–17). In particular, animal foods, as a major source of
MUFAs, also contain high amounts of SFAs, which may con-
found the associations of total MUFAs and CHD risk (16, 17). It
was proposed that separatingMUFAs from different food sources
may help to clarify the role of MUFAs in CHD risk (15–17). In 2
large prospective cohorts of US men and women, we differenti-
ated MUFAs from plant sources (MUFA-Ps) and MUFAs from
animal sources (MUFA-As) and examined the hypothesis that
MUFA-P intake is associated with a lower risk of CHD, whereas
MUFA-A intake is not. Moreover, we estimated CHD risk for
substituting MUFAs for SFAs, trans fats, and refined carbohy-
drates, macronutrients that should be replaced with healthier al-
ternatives per the current dietary guidelines.

METHODS

Study population

In 1976, a total of 121,700 female nurses aged 30–55 y were
enrolled in the Nurses’ Health Study (NHS) (18). In 1986, a total
of 51,529 male health professionals aged 40–75 y were enrolled
in the Health Professionals Follow-Up Study (HPFS) (19). For
both cohorts, participants reported information on medical his-
tory, lifestyle, potential risk factors, and disease diagnosis at base-
line and every 2 y by using a self-administered questionnaire. The
study protocol was approved by the institutional review boards of
the Brigham and Women’s Hospital and the Harvard School of
Public Health. The completion of the self-administered question-
naires was considered to imply informed consent. The follow-up
rates (active and death follow-up) up to 2012 were 94.8% in the
NHS and 96.4% in the HPFS. This study was registered at clini-
caltrials.gov as NCT00005152 and NCT00005182.

We used 1990 as the baseline of 2 cohorts when olive oil
consumption was first asked in the food-frequency question-
naires (FFQs). Of the 80,332 women and 38,842 men who com-
pleted the 1990 FFQ, participants were excluded if they reported
physician-diagnosed cancer, diabetes, or CVD at study baseline;
reported implausible energy intake (<600 or >3500 kcal/d in the
NHS; <800 or >4200 kcal/d in the HPFS); answered the base-
line questionnaires only; or had missing age, which left 63,442
women and 29,942 men in the final analysis (Supplemental
Figure 1).

Ascertainment of diet

Participants were mailed validated FFQs with >130 items ev-
ery 4 y to assess and update their habitual diet. The questionnaires
inquired how often, on average, participants had consumed spe-
cific foods and the types of fats, oils, and margarines used dur-
ing cooking and at the table. Nutrient intake was calculated on
the basis of the USDA and Harvard University food-composition
databases, which have been updated over time to include new
food items and to reflect changes in food composition (20).
Specifically, we repeatedly (5 times from 1991 to 2011) selected
commonly consumed foods on the basis of market share or cohort
pilot data, including specific brands and types of margarines, and

analyzed their fatty acid composition to account for changes over
time. Fatty acid composition was measured with the use of gas
chromatography coupled with Flame ionization detector in the
Nutritional Biomarker Laboratory at Harvard TH Chan School
of Public Health. The nutrient database separated trans MUFAs
from cis isomers, which were the main exposures in the current
study. MUFA-As were the sum of cisMUFAs from animal foods,
such as animal fats for cooking, dairy products, eggs, poultry,
processed and unprocessed red meats, and fish; cis MUFA-Ps
were calculated on the basis of plant foods, such as vegetable
cooking oils, breads and cereals, fruit, vegetables, legumes, nuts,
and seeds. For mixed food items, ingredients were identified ac-
cording to the manufacturer’s product labels or recipes for home-
prepared items. We derived refined carbohydrates as the sum of
added sugar and carbohydrates from refined grains and subtracted
refined carbohydrates from total carbohydrates to estimate unre-
fined carbohydrate intake.

To better represent long-term diet, the cumulative average in-
take was calculated as the average of all previous dietary assess-
ment up to the end of each 4-y follow-up interval (i.e., we used
1990 dietary data for the 1990–1994 follow-up period; the aver-
age of 1990 and 1994 data for the 1994–1998 period; the average
of 1990, 1994, and 1998 data for the 1998–2002 period and so
on) (21). To reduce the possibility of reverse causation bias, we
stopped updating diet after participants reported a diagnosis of di-
abetes, stroke, or cancer. Missing values of food and nutrient in-
takes during follow-upwere replacedwith cumulative averages of
previous assessments. The validity of FFQ assessments of dietary
fats has been shown in multiple validation studies (22–24). In the
most recent validation study in NHS participants, de-attenuated
Spearman correlation coefficients (rs) of energy-adjusted nutri-
ent intake assessments by FFQs compared with multiple 7-d di-
etary records were 0.58 (P< 0.001) for total cisMUFAs and 0.65
(P < 0.001) for oleic acid (25).

Ascertainment of CHD

Total CHD included nonfatal myocardial infarction (MI) and
fatal CHD (26). To ascertain nonfatal MI, we first obtained per-
mission for access to medical records of participants who re-
ported having physician-diagnosed heart disease in follow-up
questionnaires. Medical records were reviewed by study physi-
cians who were blinded to exposure status. Nonfatal MI was con-
firmed by using the WHO criteria of typical symptoms plus ei-
ther elevated enzymes or diagnostic electrocardiography changes
(27). MIs that required hospital admission and for which confir-
matory information was obtained by phone interview or letter, but
for which no medical records were available, were classified as
probable. Deaths were identified by reports from next of kin and
US postal authorities, or by searching the National Death Index.
More than 98% of deaths can be identified with the use of these
approaches (26). Fatal CHD was confirmed by a review of hospi-
tal records or autopsy reports if CHDwas listed as the underlying
cause of death and if evidence of previous CHD was available
from medical records. Probable fatal CHD was assigned to cases
with CHD listed as the underlying cause of death on the death cer-
tificate but when no medical records concerning the death were
available and no previous report of CHD was indicated. For the
main analysis, we included both confirmed and probable cases to
maximize statistical power.
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FIGURE 1 Trends in age-adjusted MUFA-P and MUFA-A intakes as percentages of energy during follow-up. n = 63,442; 62,729; 60,930; 58,435;
55,167; and 50,962 from 1984 to 2010 in the NHS, and n= 29,942; 29,131; 27,501; 25,589; 23,396; and 22,272 from 1986 to 2010 in the HPFS. HPFS, Health
Professionals Follow-Up Study; MUFA-A, MUFA from animal sources; MUFA-P, MUFA from plant sources; NHS, Nurses’ Health Study.

Statistical analysis

Macronutrients were analyzed as percentages of energy by di-
viding energy from the specific macronutrient by total energy
intake. Because MUFA-P and MUFA-A consumption changed
over time (Figure 1), we present population characteristics ac-
cording to MUFA intake quintiles at the midpoint of follow-up
(1998). The cross-sectional correlations among dietary fats were
also based on 1998 data. Person-years of follow-up for each par-
ticipant were calculated from the return date of baseline question-
naires to the date when participants were diagnosed with CHD,
the date of death, or the end of follow-up, whichever came first.
Of note, by using these strategies for identifying deaths, we were
able to identify and ascertain cardiovascular deaths or mortality
due to other causes during follow-up, which do not rely on self-
reports. HRs and 95% CIs of incident CHD were estimated by
using time-dependent Cox proportional hazards regression mod-
els in each cohort with follow-up duration as the time scale. Re-
gression models were stratified jointly by age in months and cal-
endar year to better control for their confounding and possible
interactions. In multivariate-adjusted models, we further adjusted
for some established and potential demographic and lifestyle risk
factors of CHD, including ethnicity, smoking status, alcohol in-
take, family history ofMI, family history of diabetes, menopausal
status and postmenopausal hormone use (NHS only), physical ac-
tivity, current aspirin use, multivitamin use, baseline hyperten-
sion, baseline hypercholesterolemia, BMI, total energy intake,
and intakes of fruit and vegetables. We further adjusted for SFA
intake to control for confounding. A test for linear trend was per-
formed by modeling median values of MUFAs in each category
as a continuous variable. The proportional hazards assumption
was tested by fitting a model that included interaction terms be-
tween MUFAs and duration of follow-up and by using a likeli-
hood ratio test. The assumption was not violated (P > 0.05 for
all tests). We further explicitly estimated CHD risk when SFAs
were replaced by MUFA-Ps in an energy-density model that in-
cluded total calorie intake and total fats, PUFAs, trans fats, and
MUFA-As. By leaving SFAs out of the model, regression coeffi-
cients for MUFA-Ps can be interpreted as the estimated effect of
isocalorically substitutingMUFA-Ps for SFAswhile holding total

energy, total fats, and other fat intakes constant. Similar isocaloric
substitution analyses were conducted for MUFA-As, as well as
for substituting MUFAs for trans fats or refined carbohydrates.
Given the common food sources of MUFA-As and SFAs, we also
estimated CHD risk by replacing the sum ofMUFA-As and SFAs
with MUFA-Ps. Analyses were conducted in the 2 cohorts sep-
arately, and then results were pooled with a fixed-effects model
when P values for heterogeneity were >0.05.

We performed several sensitivity analyses to examine the ro-
bustness of findings: 1) controlling for baseline BMI instead of
updated BMI, because weight change could be an intermediate
factor between fat intake and CHD; 2) adjusting for hypertension,
hypercholesterolemia, and diabetes diagnosed during follow-up;
or 3) excluding probable CHD cases. Statistical analyses were
performed by using SAS 9.4 (SAS Institute). All P values were
2-sided, with significance defined as P < 0.05.

RESULTS

Participant characteristics according to percentages of energy
from MUFAs are presented in Table 1. Women with a higher
MUFA-P intake were younger and more likely to use post-
menopausal hormones, whereas men with higherMUFA-P intake
were more likely to be white. In both cohorts, those with higher
MUFA-P intake were more likely to use multivitamins and as-
pirin. Participants with high MUFA-A intakes were younger, less
physically active, heavier, and more likely to smoke, have a fam-
ily history of diabetes, or use postmenopausal hormones and less
likely to have a family history of MI or use multivitamins and
aspirin. For dietary factors, individuals with higher MUFA-P or
MUFA-A intake also consumed higher total fats, PUFAs, SFAs,
and trans fats, but lower proteins and unrefined carbohydrates.
Thosewith higherMUFA-Ps had a higher alcohol intake, whereas
the opposite was true for those with higher MUFA-As.

Olive oil was the largest contributor of MUFA-P intake (15–
17% of total consumption; Supplemental Table 1), followed by
nuts (e.g., peanuts, peanut butter, and other nuts), salad dress-
ing, fried foods (e.g., French fries and fried foods cooked away
from home), baked products (chocolate chip cookies and pies),
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TABLE 2
Correlations between dietary fats at the midpoint of follow-up (1998)1

NHS HPFS

MUFA-Ps MUFA-As MUFA-Ps MUFA-As

MUFA-As −0.08 −0.14
Total MUFAs 0.68 0.61 0.63 0.61
SFAs 0.21 0.83 0.20 0.81
PUFAs 0.59 0.18 0.66 0.04
trans Fats 0.35 0.47 0.47 0.39

1Values are Spearman correlation coefficients. All P < 0.001. HPFS,
Health Professionals Follow-Up Study; MUFA-A, MUFA from animal
sources; MUFA-P, MUFA from plant sources; NHS, Nurses’ Health Study.

margarines, and chocolate. MUFA-As mainly came from red and
processed meats (beef and pork). Dairy products, butter, poultry,
eggs, and fish were other major sources of MUFA-As. In both co-
horts, mean MUFA-P intake increased from 5.8–6.3% to 7.9% of
energy during the follow-up, whereas MUFA-As decreased from
5.4–5.5% to 4.2–4.4% of energy (Figure 1).

Intakes of MUFA-Ps and MUFA-As were weakly corre-
lated (rs between −0.08 and −0.14; Table 2). PUFA intake
was moderately correlated with MUFA-P intake (rs ≥ 0.59,
P < 0.001) but weakly with MUFA-A intake (rs ≤ 0.18,
P < 0.001), whereas SFA intake was highly correlated with
MUFA-A intake (rs ≥ 0.81, P < 0.001) but not with MUFA-P
intake (rs ≤ 0.21, P < 0.001). Both MUFA-P and MUFA-A in-
takes weremoderately correlated with trans fat intake (rs between
0.35 and 0.47, P < 0.001).

A positive association between total MUFAs and CHD risk
was observed in age- and multivariate-adjusted models that in-
cluded other demographic characteristics, lifestyle, BMI, and to-
tal energy (Table 3). This association was largely attenuated af-
ter further controlling for SFAs (HR: 0.95; 95% CI: 0.83, 1.08;
P-trend = 0.47). Similarly, MUFA-P intake was associated with
CHD risk in the multivariate-adjusted model after SFAs were ad-
justed for: the HR comparing the highest with the lowest quin-
tiles of MUFA-P intakes was 0.93 (95%CI: 0.85, 1.03; P-trend=
0.04). In contrast, MUFA-As were significantly associated with
a higher CHD risk with multivariate adjustments of demographic
characteristics, lifestyle, BMI, and total energy [HR (95% CI)
comparing the highest to the lowest quintile: 1.30 (1.17, 1.44);
P-trend < 0.001], which was slightly attenuated to 1.23 (1.06,
1.42; P-trend = 0.002) after further controlling for SFA intake.
Further adjusting for PUFAs did not change the associations,
and HRs (95% CIs) comparing extreme quintiles (high com-
pared with low) were 1.04 (0.91, 1.18) for total MUFAs, 0.90
(0.80, 1.01) for MUFA-Ps, and 1.23 (1.06, 1.43) for MUFA-As
(P-trend = 0.53, 0.02, and 0.001, respectively).

Results for substitution analysis are presented in Table 4. For
MUFA-Ps, pooled HRs (95%CIs) of CHDwere 0.83 (0.68, 1.00)
for replacing 5% of energy from SFAs, 0.86 (0.76, 0.97) for re-
placing 5% of energy from refined carbohydrates, and 0.80 (0.70,
0.91) for replacing 2% of energy from trans fats (P= 0.05, 0.01,
and 0.001, respectively). The same replacement with MUFA-As
was not significantly associated with CHD risk, and HRs (95%
CIs) were 1.04 (0.79, 1.38) for SFAs, 1.11 (0.91, 1.35) for refined
carbohydrates, and 0.88 (0.77, 1.01) for trans fats (P= 0.76, 0.31,
and 0.08, respectively). CHD risk was 24% lower when 5% of

energy from MUFA-As was isocalorically replaced with
MUFA-Ps (HR: 0.76; 95% CI: 0.65, 0.88; P < 0.001), and 19%
lower when the sum of SFAs and MUFA-As (5% of energy)
was isocalorically replaced with MUFA-Ps (HR: 0.81; 95% CI:
0.73, 0.90; P < 0.001). Findings from the substitution analy-
ses were not materially changed when baseline BMI was ad-
justed for (Supplemental Table 2); when hypertension, hyper-
cholesterolemia, and diabetes diagnosed during follow-up were
adjusted for (Supplemental Table 3); or when probable CHD
cases were excluded (Supplemental Table 4).

DISCUSSION

In 2 large prospective studies of US men and women,
MUFA-Pswere correlated with PUFA intake, whereasMUFA-As
were highly correlated with SFA intake. CHD risk was signif-
icantly lower when SFAs, refined carbohydrates, or trans fats
were isocalorically replaced by MUFA-Ps but not by MUFA-As.
Furthermore, replacement of MUFA-As and SFAs together with
MUFA-Ps was significantly associated with a lower CHD risk.
To our knowledge, this is the first prospective cohort study that
consideredMUFAs from plant and animal sources separately and
examined their independent associations with CHD risk.

The health effects of a macronutrient may depend on the
composition of other macronutrients when total calories remain
constant. In our cohorts, total cis MUFAs were not inversely as-
sociated with CHD risk without specifying a reference macronu-
trient, but when MUFAs were examined to substitute for SFAs
or refined carbohydrates in isocaloric models, lower CHD
risks were consistently observed (8–10). Similarly, substituting
MUFAs for SFAs, trans fats, and carbohydrates has been associ-
ated with a lower CVD risk in other studies. (11, 12). However,
2 studies reported a higher CHD risk when SFAs were replaced
by MUFAs (14, 15), which could be partly attributed to the use
of a single dietary assessment at baseline for long-term follow-
up (15), as well as the inclusion of trans isomers in the estimates
of total MUFA intake (28). Results from the recent Prospective
Urban Rural Epidemiology (PURE) Study reported an inverse as-
sociation of total MUFA intake with total mortality but no as-
sociation with CHD was observed. It is difficult to compare our
findings with those of the PURE study, which was conducted in
many regions that may have drastically different food sources of
MUFAs (29). In contrast to the inconsistent findings with regard
to total MUFAs from mixed food sources, most studies showed
that olive oil was inversely associated with CVD risk, suggest-
ing that dietary source might be critical to the health benefit of
MUFAs (16). We extended previous research by explicitly sep-
arating total cis MUFAs between plant and animal origins and
found largely differential associations of 2 MUFA fractions with
CHD risk.

Our findings of an inverse association between MUFA-P
intake and CHD risk are in line with intervention stud-
ies that primarily examined effects of MUFAs from plant-
based sources (e.g., olive oil, high-oleic-acid sunflower oil,
canola oil, and nuts) on cardiovascular risk factors. For ex-
ample, by pooling published data from 91 clinical trials,
Mensink (3) concluded that substituting MUFAs for SFAs or
carbohydrates was associated with lower circulating concentra-
tions of LDL cholesterol, triglycerides, and apolipoprotein B and
a lower total-to–HDL-cholesterol ratio. Another meta-analysis
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TABLE 3
Associations between MUFA intake and CHD risk1

Quintile of MUFA intake, % of energy

1 2 3 4 5 P-trend

Total MUFAs
NHS
Median (range), % 8.7 (0.5–9.9) 10.5 (9.6–11.4) 11.7 (11.0–12.7) 13.0 (12.2–14.2) 14.9 (13.6–45.3)
Cases/person-years 393/254,654 380/255,118 422/255,036 367/254,931 410/254,721

Model 1 1 1.06 (0.92, 1.23) 1.26 (1.10, 1.45) 1.14 (0.99, 1.32) 1.34 (1.17, 1.55) <0.001
Model 2 1 1.04 (0.90, 1.19) 1.18 (1.02, 1.36) 1.02 (0.88, 1.18) 1.11 (0.96, 1.30) 0.24
Model 3 1 0.99 (0.85, 1.15) 1.10 (0.94, 1.29) 0.93 (0.78, 1.10) 0.98 (0.81, 1.19) 0.67

HPFS
Median (range), % 8.8 (1.3–10.1) 10.8 (9.9–11.5) 12.1 (11.3–12.8) 13.3 (12.6–14.4) 15.3 (14.0–35.1)
Cases/person-years 483/117,823 433/118,019 497/117,920 472/117,798 562/117,667

Model 1 1 0.88 (0.77, 1.00) 1.08 (0.95, 1.22) 1.04 (0.92, 1.18) 1.22 (1.08, 1.38) <0.001
Model 2 1 0.88 (0.77, 1.00) 1.06 (0.93, 1.21) 1.00 (0.87, 1.14) 1.10 (0.96, 1.26) 0.06
Model 3 1 0.82 (0.71, 0.94) 0.95 (0.83, 1.10) 0.86 (0.74, 1.01) 0.90 (0.76, 1.07) 0.46

Pooled2

Model 1 1 0.96 (0.87, 1.05) 1.16 (1.05, 1.27) 1.08 (0.99, 1.19) 1.27 (1.16, 1.39) <0.001
Model 2 1 0.95 (0.86, 1.05) 1.12 (1.02, 1.24) 1.02 (0.92, 1.13) 1.12 (1.01, 1.24) 0.01
Model 3 1 0.90 (0.81, 0.99) 1.02 (0.92, 1.14) 0.90 (0.80, 1.01) 0.95 (0.83, 1.08) 0.47

MUFA-Ps
NHS
Median (range), % 3.7 (0.4–4.8) 4.9 (4.2–5.7) 5.8 (5.1–6.7) 6.8 (6.0–8.0) 8.6 (7.2–43.9)
Cases/person-years 437/253,782 422/254,769 388/255,040 371/255,201 354/255,667

Model 1 1 1.01 (0.89, 1.16) 0.97 (0.84, 1.11) 0.94 (0.82, 1.08) 0.90 (0.78, 1.04) 0.08
Model 2 1 1.02 (0.89, 1.17) 0.97 (0.84, 1.11) 0.93 (0.80, 1.07) 0.91 (0.79, 1.05) 0.09
Model 3 1 1.01 (0.89, 1.16) 0.95 (0.83, 1.09) 0.91 (0.79, 1.05) 0.89 (0.77, 1.03) 0.04

HPFS
Median (range), % 4.0 (0.3–5.0) 5.2 (4.5–6.0) 6.1 (5.5–6.9) 7.1 (6.4–8.0) 8.8 (7.6–32.4)
Cases/person-years 560/117,331 507/117,821 467/118,035 429/117,983 484/118,057

Model 1 1 0.98 (0.86, 1.10) 0.94 (0.83, 1.07) 0.87 (0.77, 0.99) 0.94 (0.83, 1.07) 0.15
Model 2 1 1.02 (0.90, 1.15) 0.98 (0.86, 1.11) 0.91 (0.80, 1.03) 0.97 (0.86, 1.10) 0.32
Model 3 1 1.00 (0.88, 1.13) 0.96 (0.85, 1.09) 0.89 (0.78, 1.01) 0.95 (0.84, 1.08) 0.22

Pooled2

Model 1 1 0.99 (0.91, 1.09) 0.95 (0.87, 1.05) 0.90 (0.82, 0.99) 0.92 (0.84, 1.01) 0.03
Model 2 1 1.03 (0.94, 1.12) 0.98 (0.89, 1.08) 0.93 (0.84, 1.02) 0.95 (0.87, 1.05) 0.10
Model 3 1 1.01 (0.92, 1.11) 0.96 (0.88, 1.06) 0.91 (0.82, 1.00) 0.93 (0.85, 1.03) 0.04

MUFA-As
NHS
Median (range), % 3.4 (0.02–4.2) 4.5 (3.8–5.1) 5.3 (4.6–5.9) 6.1 (5.3–7.0) 7.5 (6.2–22.6)
Cases/person-years 348/255,276 369/255,152 421/255,195 400/254,908 434/253,928

Model 1 1 1.17 (1.01, 1.35) 1.41 (1.22, 1.63) 1.40 (1.21, 1.62) 1.60 (1.39, 1.85) <0.001
Model 2 1 1.12 (0.97, 1.30) 1.31 (1.13, 1.52) 1.23 (1.06, 1.43) 1.26 (1.08, 1.47) 0.004
Model 3 1 1.11 (0.95, 1.29) 1.29 (1.09, 1.51) 1.20 (1.00, 1.43) 1.21 (0.97, 1.49) 0.11

HPFS
Median (range), % 3.2 (0.01–4.0) 4.5 (3.9–5.1) 5.4 (4.8–6.0) 6.4 (5.7–7.2) 8.0 (6.7–20.8)
Cases/person-years 436/118,120 425/118,116 476/117,944 508/117,679 602/117,368

Model 1 1 1.02 (0.89, 1.17) 1.19 (1.04, 1.35) 1.33 (1.17, 1.51) 1.49 (1.32, 1.69) <0.001
Model 2 1 1.00 (0.87, 1.15) 1.15 (1.00, 1.31) 1.25 (1.10, 1.44) 1.31 (1.15, 1.51) <0.001
Model 3 1 0.99 (0.86, 1.14) 1.12 (0.97, 1.31) 1.22 (1.04, 1.44) 1.26 (1.04, 1.54) 0.004

Pooled2

Model 1 1 1.08 (0.98, 1.20) 1.28 (1.16, 1.41) 1.36 (1.24, 1.50) 1.54 (1.40, 1.69) <0.001
Model 2 1 1.06 (0.96, 1.17) 1.23 (1.11, 1.35) 1.25 (1.13, 1.38) 1.30 (1.17, 1.44) <0.001
Model 3 1 1.04 (0.94, 1.16) 1.19 (1.07, 1.33) 1.21 (1.07, 1.36) 1.23 (1.06, 1.42) 0.002

1HRs (95% CIs) were calculated by using a Cox proportional hazards model. Model 1 adjusted for age; model 2 further adjusted for ethnicity (white or
other ethnicity), smoking status [never, former, current (1–14, 15–24, or ≥25 cigarettes/d), or missing], alcohol intake (0, 0.1–4.9, 5.0–14.9, and ≥15.0 g/d
in women; 0, 0.1–4.9, 5.0–29.9, and ≥30.0 in men; or missing), family history of myocardial infarction (yes or no), family history of diabetes (yes or no),
menopausal status and postmenopausal hormone use [premenopause, postmenopause (never, former, or current hormone use), or missing for women], physical
activity (<3, 3.0–8.9, 9.0–17.9, 18.0–26.9, or ≥27.0 metabolic equivalent tasks/wk or missing), current aspirin use (yes or no), multivitamin use (yes or no),
baseline hypertension, baseline hypercholesterolemia, BMI (kg/m2; <23, 23–24.9, 25–29.9, 30–34.9, or ≥35 or missing), total energy intake (kilocalories per
day), and intake of fruit and vegetables (in quintiles) based on model 1; model 3 further adjusted for energy from SFAs based on model 2. CHD, coronary heart
disease; HPFS, Health Professionals Follow-Up Study; MUFA-A, MUFA from animal sources; MUFA-P, MUFA from plant sources; NHS, Nurses’ Health
Study.

2Study estimates from 2 cohorts were pooled by using a fixed-effects model.
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TABLE 4
HRs (95% CIs) of CHD risk for replacing other fats with MUFAs1

CHD risk

NHS P HPFS P Pooled2 P

MUFA-Ps replacing
SFAs (5% of energy) 0.77 (0.58, 1.01) 0.06 0.90 (0.69, 1.19) 0.47 0.83 (0.68, 1.00) 0.05
Refined carbohydrates (5% of energy) 0.85 (0.71, 1.01) 0.06 0.87 (0.73, 1.03) 0.11 0.86 (0.76, 0.97) 0.01
trans Fats (2% of energy) 0.76 (0.63, 0.93) 0.006 0.84 (0.70, 1.01) 0.07 0.80 (0.70, 0.91) 0.001

MUFA-As replacing
SFAs (5% of energy) 0.95 (0.63, 1.44) 0.82 1.17 (0.80, 1.72) 0.42 1.04 (0.79, 1.38) 0.76
Refined carbohydrates (5% of energy) 1.01 (0.75, 1.35) 0.97 1.21 (0.93, 1.57) 0.15 1.11 (0.91, 1.35) 0.31
trans Fats (2% of energy) 0.85 (0.69, 1.04) 0.11 0.93 (0.77, 1.13) 0.48 0.88 (0.77, 1.01) 0.08

MUFA-Ps replacing
MUFA-As (5% of energy) 0.73 (0.58, 0.92) 0.007 0.77 (0.63, 0.93) 0.007 0.76 (0.65, 0.88) <0.001
SFAs+MUFA-As (5% of energy) 0.79 (0.68, 0.92) 0.002 0.82 (0.71, 0.94) 0.005 0.81 (0.73, 0.90) <0.001

1Values were calculated by using a Cox proportional hazards model, after adjusting for age, ethnicity (white or other ethnicity), smoking status [never,
former, current (1–14, 15–24, or≥25 cigarettes/d), or missing], alcohol intake (0, 0.1–4.9, 5.0–14.9, and≥15.0 g/d in women; 0, 0.1–4.9, 5.0–29.9, and≥30.0 in
men; or missing), family history of myocardial infarction (yes or no), family history of diabetes (yes or no), menopausal status and postmenopausal hormone use
[premenopause, postmenopause (never, former, or current hormone use), or missing for women], physical activity (<3, 3.0–8.9, 9.0–17.9, 18.0–26.9, or ≥27.0
metabolic equivalent tasks/wk or missing), current aspirin use (yes or no), multivitamin use (yes or no), baseline hypertension, baseline hypercholesterolemia,
BMI (kg/m2; <23, 23–24.9, 25–29.9, 30–34.9, or ≥35 or missing), total energy intake (kilocalories per day), and intakes of fruit and vegetables (in quintiles).
For refined-carbohydrate substitution, the model was further adjusted for energy from protein, whole-grain carbohydrates, trans fats, PUFAs, and SFAs; for
trans fat substitution, the model was further adjusted for total fats, PUFAs, and SFAs; for SFA substitution, the model was further adjusted for total fats,
trans fats, and PUFAs. All MUFA-P models were further adjusted for MUFA-As, and vice versa. CHD, coronary heart disease; HPFS, Health Professionals
Follow-Up Study; MUFA-A, MUFA from animal sources; MUFA-P, MUFA from plant sources; NHS, Nurses’ Health Study.

2Study estimates from 2 cohorts were pooled by using a fixed-effects model.

showed that replacing SFAs or carbohydrates with MUFAs re-
duced glycated hemoglobin and the HOMA-IR (4). Most of these
intervention studies compared MUFAs with a specific macronu-
trient while keeping other macronutrients constant; therefore,
findings were not explained by other constituents, such as
PUFAs, in plant-based sources (3, 4).

In our study, MUFA-Ps and PUFAs were moderately corre-
lated, and we observed a lower CHD risk for replacing SFAs,
refined carbohydrates, or trans fats with MUFA-Ps after PUFA
intake was controlled for. However, we cannot exclude the possi-
bility that other beneficial nutrients or constituents rich in plant-
based foods, such as dietary fiber, antioxidants (e.g., polyphenols,
vitamin E), and minerals (e.g., magnesium) (30–32), may still
partially account for the associations for MUFA-Ps due to resid-
ual confounding. On the other hand, current trials examined fats
from the same plant sources with varying MUFA contents and
showed that improvements in blood lipids and obesity were ex-
plained solely by the different MUFA contents in the comparison
oils (33–35).

Last, synergistic effects of MUFAs with other nutrients in
plant-based foods may also play a role in the beneficial associa-
tions betweenMUFA-P intake and CHD risk. For example, in an-
imal models, vitamin E supplementation increased body vitamin
E concentrations and suppressed lipid oxidation more efficiently
when MUFA consumption was high (36). Apparently, more re-
search is warranted to explore such interactions between MUFAs
and other dietary constituents.

The remarkably high correlations between MUFA-As and
SFAs (r> 0.8) reflect their overlapping food sources (21), such as
red meats and dairy products (37). In this regard, SFA intake can
be a major confounder for associations of MUFA-As. We found
that the positive association between total MUFAs and CHD
risk was abolished after further adjusting for SFAs. The strong

correlations between MUFA-As and SFAs make it difficult to
evaluate their independent associations with CHD risk by using
statistical modeling.We have previously shown that intakes of in-
dividual SFAs are highly correlated and that replacing total SFA
intake with unsaturated fatty acids or whole grains is more prac-
tical than specifically replacing individual SFAs (10). The same
may hold true for MUFA-As and SFAs because of their strong
correlations, and we observed a robust lower CHD risk when the
sum of these was replaced by MUFA-Ps.

Of note, margarines, fried foods, and baked products con-
tributed to MUFA-Ps in our study. Because partially hydro-
genated vegetable oils were once widely used in these foods,
MUFA-P intake and trans fat intake were moderately correlated.
In recent years, oils high in MUFAs (e.g., >70% of total fats)
are increasingly used to replace trans fats by the food industry
(38). Because these foods are important sources of dietary fat in
Americans (39), potential impacts of such replacement on cardio-
vascular health warrant investigations in future studies.

Strengths of our study include large sample sizes, long follow-
up duration, and repeated measurements of dietary exposures and
confounding factors. As one major limitation, dietary data from
FFQs may inevitably contain measurement errors. However, be-
cause diet was assessed before disease ascertainment, measure-
ment errors are independent of the outcome and will tend to at-
tenuate true associations. We also used cumulative averages of
diet to reduce short-term variability and represent long-term diet,
and stopped updating diet after the development of certain major
chronic diseases to minimize the impact of reverse causation bias.
Second, individuals with higher plant-based food intake might be
more health conscious and have a higher socioeconomic status,
which may confound the associations of MUFAs. However, the
NHS and HPFS participants are exclusively health professionals,
thus relatively homogeneous in terms of socioeconomic status,
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educational attainment, and access to health care, whichmay help
to alleviate confounding by these factors. Third, the ethnic and
socioeconomic homogeneity of the study population may limit
the generalizability of findings to other populations. Fourth, cau-
tion must be taken when interpreting associations as causality in
observational studies.

In conclusion, we found largely different correlations of
MUFAs from plant sources and animal sources with PUFAs and
SFAs. Significantly lower CHD risk was observed when SFAs,
trans fats, or refined carbohydrates were replaced by MUFA-Ps
but not MUFA-As. Our findings support a beneficial role of
MUFAs in long-term CHD prevention, when plant-based foods
such as vegetable oils, nuts, and related products are the primary
sources.
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