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STUDY QUESTION: Are serum polyunsaturated fatty acids (PUFA) concentrations, including omega-3 (ω3-PUFA) and omega-6
(ω6-PUFA), related to ART outcomes?

SUMMARY ANSWER: Serum levels of long-chain ω3-PUFA were positively associated with probability of live birth among women undergoing ART.

WHAT IS KNOWN ALREADY: Intake of ω3-PUFA improves oocyte and embryo quality in animal and human studies. However, a
recent cohort study found no relation between circulating ω3-PUFA levels and pregnancy rates after ART.

STUDY DESIGN SIZE, AND DURATION: This analysis included a random sample of 100 women from a prospective cohort study
(EARTH) at the Massachusetts General Hospital Fertility Center who underwent 136 ART cycles within one year of blood collection.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Serum fatty acids (expressed as percentage of total fatty acids) were mea-
sured by gas chromatography in samples taken between Days 3 and 9 of a stimulated cycle. Primary outcomes included the probability of
implantation, clinical pregnancy and live birth per initiated cycle. Cluster-weighted generalized estimating equation (GEE) models were used
to analyze the association of total and specific PUFAs with ART outcomes adjusting for age, body mass index, smoking status, physical activity,
use of multivitamins and history of live birth.

MAIN RESULTS AND ROLE OF CHANCE: The median [25th, 75th percentile] serum level of ω3-PUFA was 4.7% [3.8%, 5.8%] of total
fatty acids. Higher levels of serum long-chain ω3-PUFA were associated with higher probability of clinical pregnancy and live birth. Specifically,
after multivariable adjustment, the probability of clinical pregnancy and live birth increased by 8% (4%, 11%) and 8% (95% CI: 1%, 16%),
respectively, for every 1% increase in serum long-chain ω3-PUFA levels. Intake of long-chain ω3-PUFA was also associated with a higher prob-
ability of life birth in these women, with RR of 2.37 (95% CI: 1.02, 5.51) when replacing 1% energy of long-chain ω3-PUFA for 1% energy of
saturated fatty acids. Serum ω6-PUFA, ratios of ω6 and ω3-PUFA, and total PUFA were not associated with ART outcomes.

LIMITATIONS REASONS FOR CAUTION: The generalizability of the findings to populations not undergoing infertility treatment may be
limited. The use of a single measurement of serum fatty acids to characterize exposure may lead to potential misclassification during follow up.

WIDER IMPLICATIONS OF THE FINDINGS: Serum ω3-PUFA are considered biomarkers of dietary intake. The association of higher
serum long chain ω3-PUFA levels with improved ART outcomes suggests that increased intake of these fats be may be beneficial for women
undergoing infertility treatment with ART.
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Introduction
The utilization of ART for the management of infertility has become
increasingly common, with ~150 000 cycles performed per year in the
United States alone (Centers for Disease Control and Prevention.
American Society for Reproductive Medicine. Society for Assisted
Reproductive Technology, 2015). The high prevalence of infertility,
around 15% of couples attempting to conceive (Thoma et al., 2013), as
well as the relatively low success rates of its treatment (Centers for
Disease Control and Prevention. American Society for Reproductive
Medicine. Society for Assisted Reproductive Technology, 2015) under-
scores the importance of identifying potentially modifiable risk factors,
such as diet, that impact both natural fecundity and ART outcomes.
Many women facing infertility take dietary supplements such as ω3-

polyunsaturated fatty acids (ω3-PUFA) in order to improve ART success
despite inconclusive evidence regarding their effects on human fertility. In
addition to being incorporated into cell membranes, PUFA are critical
precursors for a variety of substrates including inflammatory factors and
steroid hormones (Wathes et al., 2007). Animal and human studies sug-
gest that a diet rich in omega-3 polyunsaturated fatty acids (ω3-PUFA)
has a positive impact on fertility, possibly through effects on oocyte qual-
ity and embryo implantation (Hammiche et al., 2011; Moran et al., 2016;
Nehra et al., 2012), reproductive hormones (Mumford et al., 2016) or
menstrual cycle function (Deutch, 1995; Harel et al., 1996; Nadjarzadeh
et al., 2013). However, other studies have yielded conflicting results
(Chavarro et al., 2007a, 2007b; Wakefield et al., 2008; Jungheim et al.,
2011). A recent epidemiologic study reported that ω3-PUFA intake
(assessed by a diet questionnaire) was associated with higher fecundabil-
ity in North American pregnancy planners, but no association was found
in Denmark, where low intake of ω3-PUFA was rare (Wise et al., 2017).
In another epidemiological study, Jungheim et al. did not find an associ-
ation between serum ω3-PUFA levels and ART outcomes; however,
higher embryo implantation, defined as number of gestational sacs on
ultrasound/number of embryo transferred, was observed with increasing
ratios of serum linoleic acid (LA) to alpha-linolenic acid (Polesel et al.
2006; Jungheim et al., 2013). To further clarify the effects of ω3-PUFAs
on infertility treatment outcomes, we investigated the relationship
between serum levels of PUFA and ART outcomes.

Materials andMethods

Study population
Women in the study were participating in the Environmental and
Reproductive Health (EARTH) Study, an ongoing prospective cohort

study conducted at Massachusetts General Hospital Fertility Center,
which aims to evaluate the relationships between environmental and
nutritional factors with fertility. All participants signed an informed
consent after study procedures were explained by a research nurse.
To be eligible for this analysis, women had to have completed a food
frequency questionnaire (FFQ) (introduced in 2007), provided a blood
sample, and subsequently completed at least one ART cycle by May
2013 (n = 232). From this initial pool of eligible women, we used a ran-
dom number generator to select 100 women for whom stored blood
samples taken during their first in-study fresh ART cycle were sent for
analysis of fatty acids. Women whose blood samples were analyzed
for serum fatty acids did not systematically differ from women who
were not included in this analysis (Supplementary Table SI). For the
analysis of serum fatty acids, we included the 100 women who under-
went 136 cycles within one year of blood sample collection. For the
analysis of dietary fatty acids and ART outcomes, we included 168
women who underwent 297 cycles within one year of FFQ comple-
tion. Trained research nurses measured height and weight of partici-
pants at enrollment, and BMI was calculated as weight (in kilograms)
per height (in meters) squared. All participants were given a take-
home questionnaire focusing on medical and reproductive history as
well as lifestyle factors. The Institutional Review Boards of the Harvard
T.H. Chan School of Public Health and the Massachusetts General
Hospital approved the study.

Laboratory analyses
Blood samples were collected from women between Days 3 and 9 of
gonadotropin treatment during their first in-study ART cycle. Serum
fatty acids were measured at the Biomarker Research Laboratory at the
Harvard T.H. Chan School of Public Health. A detailed description of
laboratory analyses has been provided elsewhere (Chavarro et al.,
2007a, 2007b). Briefly, fatty acids were extracted from whole blood
into isopropanol and hexane containing the antioxidant 2.6-di-tert-
butyl-p-cresol. Transmethylation was performed with methanol and sul-
furic acid. Samples were evaporated and redissolved in iso-octane. Fatty
acid levels were quantified by gas–liquid chromatography on a fused sil-
ica capillary cis/trans column (SP2560, Supelco) and expressed as per-
centage of total fatty acids. ChemStation A.08.03 software (Agilent
Technologies) was used for analysis. The average between-run coeffi-
cients of variance were 1% for alpha-linolenic acid (ALA, 18:3n−3), 3%
for eicosapentaenoic acid (EPA, 20:5n−3), 4% for docosapentaenoic
acid (DPA, 22:5n−3), 4% for docosahexaenoic acid (DHA, 22:6n−3),
1% for linoleic acid (LA, 18:2n−6) and 6% for arachidonic acid (AA,
20:4n−6). The average within-run coefficients of variance were 1% for
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ALA, 1% for EPA, 2% for DPA, 1% for DHA, 1% for LA and 1% for AA.
Major pathways of PUFA metabolism are shown in Fig. 1.

Dietary assessment
Diet was assessed before ART treatment using a validated FFQ (Rimm
et al., 1992). Participants were asked to report how often they con-
sumed specified amounts of 131 food items during the previous year.
Multivitamin and supplement users were asked to specify the brand of
the multivitamin or supplement, the dose and frequency of use.
Nutrient intakes were estimated by summing the nutrient contribution
of all food and supplement items. Nutrient contents were obtained
from the nutrient database of the US Department of Agriculture with
additional information from manufacturers (U.S. Department of
Agriculture, 2012).

Clinical outcomes
Clinical data were abstracted from the electronic medical record.
Women underwent one of three controlled ovarian stimulation IVF
treatment protocols as clinically indicated on the Day 3 of induced
menses after taking a cycle of oral contraceptives: (i) luteal phase
gonadotropin-releasing hormone (GnRH)-agonist protocol, (ii) follicu-
lar phase GnRH-agonist/Flare protocol or (iii) GnRH-antagonist
protocol. Patients were monitored during gonadotropin stimulation
for serum estradiol, follicle size measurements and counts, and endo-
metrial thickness through 2 days before egg retrieval. hCG was admi-
nistered approximately 36 hours before the scheduled egg-retrieval
procedure to resume oocyte meiosis and to yield mature oocytes at
retrieval. Couples underwent ART with conventional IVF or ICSI as
clinically indicated. Embryologists classified oocytes as germinal vesicle,
metaphase I, metaphase II (MII) or degenerated. Embryologists deter-
mined the fertilization rate 17–20 h after insemination as the number
of oocytes with two pronuclei divided by the number of inseminated
MII oocytes. Implantation was defined as a serum β-hCG level
>6 mIU/mL measured 15–20 days after egg retrieval, clinical preg-
nancy as the presence of an intrauterine pregnancy visualized on ultra-
sound by the presence of a gestational sac, with or without heartbeat,
and live birth as the birth of a neonate on or after 24 weeks gestation.

Statistical analyses
Spearman correlation coefficients were used to describe the dependence
between serum fatty acid concentrations and dietary intake. Descriptive
statistics were calculated for demographic, reproductive, and dietary
characteristics according to low (≤33th percentile), medium (34th–67th
percentile) and high (≥68th percentile) levels of serum ω3-PUFA.
Kruskal–Wallis and Fisher’s exact tests were used to evaluate differences
in baseline characteristics according to serum ω3-PUFA concentrations
for continuous measures and categorical variables, respectively. Serum
fatty acid concentrations were analyzed as continuous linear variables.
We also used cubic splines to explore potential non-linearity in the asso-
ciations of serum fatty acids and ART outcomes. To evaluate the associ-
ation of total and specific PUFAs with clinical outcomes (implantation,
clinical pregnancy, and live birth), cluster-weighted generalized estimating
equation (GEE) models with a log link were used to account for within-
person correlations between repeated cycles in the presence of non-
ignorable cluster size (Williamson et al., 2007; Missmer et al., 2011).
Cluster-weighted GEE models with a Poisson distribution and log link
function were specified for oocyte counts, and a normal distribution and
identity link function were specified for peak estradiol levels. Modified
Poisson regression models were used to estimate relative risk for fertil-
ization and clinical outcomes when log binomial models failed to con-
verge (Zou, 2004; Yelland et al., 2011). Robust estimators of the
variance were used to compute 95% CIs. Results are presented as popu-
lation marginal mean adjusted for covariates at their mean for continuous
covariates and as a weighted average over levels of categorical variables
according to their relative frequency.
Confounding was evaluated using prior knowledge and descriptive

statistics from our cohort. Factors that were different across tertiles of
PUFA concentrations at P < 0.20 in a univariate analysis were con-
sidered as confounders. We decided a priori that age (Malizia et al.,
2009), BMI (Luke et al., 2011) and smoking (Soares and Melo, 2008)
would be considered as confounders regardless of whether their rela-
tion with serum PUFAs was statistically significant since they are well-
known predictors of live birth following ART. Covariates included in
the final models were age, BMI, smoking status, moderate-to-vigorous
physical activity, history of live birth, and intake of multivitamin supple-
ments. Because Day 3 FSH could be either a potential intermediate
variable or a confounder, we conducted a sensitivity analysis with add-
itional adjustment for day-3FSH levels as a covariate in the multivari-
able model. Further, as serum ω3-PUFA are considered as biomarkers
of dietary intake (Baylin et al., 2005), we also examined the association
of dietary long-chain ω3-PUFA intake and ART outcomes using the
multivariable adjusted nutrient density method. Specifically, terms for
dietary long-chain ω-3 PUFA intake and other types of fatty acids, pro-
tein, and total energy intake were added to the models to represent
isocaloric substitution of long-chain ω3 PUFA for other sources of
macronutrients. In addition, we adjusted for Prudent and Western
dietary pattern scores (to capture overall food choices) in addition to
the same set of covariates in the serum fatty acids model. The effect of
substituting long-chain ω-3 PUFA for other macronutrients was esti-
mated using linear combinations of the regression coefficients; the
95% CI of a substitution was estimated based on the variance and the
covariance of each regression coefficient. All statistical analyses were
conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC). Two-
sided P values less than 0.05 were considered as statistically significant.

18:3(w-3)

18:4(w-3)

20:4(w-3)

20:5(w-3)

α-linolenic acid (ALA)

20:4(w-6)

18:3(w-6)

20:3(w-6)

18:2(w-6) linoleic acid (LA)

arachidonic acid(AA)

-linolenic acid

dihomo -linolenic acid

eicosapentaenoic acid (EPA)

22:5(w-3)

22:6(w-3)

docosapentaenoic acid (DPA)

decosahexaenoic acid (DHA)

Long chain

stearidonic acid

eicosatetraenoic acid

Δ-6 desaturase

Δ-5 desaturase

elongase

Figure 1 Major pathways of polyunsaturated fatty acids.
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Results
Our analysis of serum fatty acids included 100 women who underwent
a total of 136 ART cycles within 1 year of blood sample collection. Of
these, 62 cycles (46%) resulted in a clinical pregnancy and 47 cycles
(35%) ended in a live birth. Most women were Caucasian (82%), never
smokers (71%), nulliparous (88%), with a mean (standard deviation) age
of 34.8 (3.8) years and BMI of 24.4 (4.0) kg/m2. The median [25th, 75th
percentile] serum ω3- and ω6-PUFA concentrations for the 100 women
were 4.7% [3.8%, 5.8%] and 41.8% [39.4%, 45.2%] of total fatty acids,
respectively. The Spearman correlations between serum concentrations
and dietary intake were 0.49 for long-chain ω3, 0.15 for ALA and 0.18
for LA. Women with higher serum ω3-PUFA concentrations were, on
average, leaner, more physically active, more likely to be never smokers,
had lower Day 3 FSH levels, had a higher adherence to a Prudent dietary
pattern, and consumed higher amounts of ω3-PUFA from diet com-
pared to women with the lowest serum ω3-PUFA concentrations
(Table I). Women with higher serum ω6 concentrations were, on aver-
age, older and more likely to consume a multivitamin and consume high-
er amounts of dietary ω6-PUFA compared to women in the lowest
tertile of serum ω6-PUFA concentrations.
Serum long-chain ω3-PUFA and ALA were associated with clinical

outcomes, but in different directions. Specifically, higher concentrations
of serum long-chain ω3-PUFA were associated with higher probability of
clinical pregnancy and live birth following ART. In multivariable adjusted
models, the probability of clinical pregnancy and live birth increased by
8% (95% CI: 4%, 11%) and 8% (95% CI: 1%, 16%) for every 1% (of total
fatty acids) increase in serum long-chain ω3-PUFA concentrations.
These positive associations were mainly driven by concentrations of
EPA (Table II). Every 1% increase in serum EPA concentrations was
associated with a 10% (95% CI: 0%, 20%) and 15% (5%, 26%) increase
in the probability of clinical pregnancy and live birth, respectively. On
the other hand, serum levels of ALA were associated with lower risks of
clinical pregnancy, with a RR of 0.47 (95% CI: 0.24, 0.92) for a 1%
increase in ALA levels (Table II). When the analysis was restricted to
first cycles only, these estimates were similar albeit with wider confi-
dence intervals, given the loss in statistical power (Supplementary
Table SII). Additional adjustment for Day 3 FSH levels had little impact
on effect estimates (data not shown). Serum ω6-PUFA, total PUFA, and
ratios of ω6: ω3 and LA: ALA were not associated with ART outcomes
(Table II). There was no evidence of non-linear relationships between
specific or total PUFAs and clinical outcomes.
Serum specific or total ω3 PUFAs were not associated with peak

estradiol, oocyte count, fertilization rates, or embryo quality (Table III).
However, serum LA levels were inversely associated with total oocyte
and M2 oocyte yield, while the serum ratio of ω6 to ω3-PUFA was
inversely associated with peak estradiol levels (Table III). This association
was consistent when restricting to the first cycles only (Supplementary
Table SIII).
Lastly, we examined the associations of dietary fatty acid intakes and

ART outcomes among 168 women who underwent 297 ART cycles
after completing their FFQ. The major food sources of long-chain ω3-
PUFA were fish (especially dark meat fish) and fish oil supplements
(Fig. 2). As shown in Fig. 3 consuming 1% of energy from long-chain
ω3-PUFA instead of 1% of energy from saturated fatty acids was asso-
ciated with 2.37 (95% CI: 1.02, 5.51) times higher risk of live birth. The
associations were similar when isocalorically substituting dietary intake

of long-chain ω3-PUFA for ω6-PUFA (RR: 2.62, 95% CI: 1.10, 5.24),
for monounsaturated fatty acids (2.54, 95% CI: 1.07, 6.03), for protein
(RR: 2.38, 95% CI: 1.00, 5.64), or for carbohydrates (RR: 2.44, 95%
CI: 1.05, 5.68). Dietary intake of ALA was unrelated to clinical preg-
nancy or other ART outcomes.

Discussion
In this prospective study of women undergoing infertility treatment
with ART we found that serum long-chain ω3-PUFA concentrations
were associated with a higher probability of clinical pregnancy and live
birth. These associations were mainly driven by EPA. Consistent with
this finding, intake of long-chain ω3-PUFA was also related to a higher
probability of live birth. We also found higher levels of serum ALA
were associated with a lower probability of clinical pregnancy although
intake of ALA was not related to these same outcomes. On the other
hand, serum LA, and ratio of ω6 to ω3-PUFA levels were inversely
associated with specific preclinical endpoints such as peak estradiol
and oocyte yield (both markers of ovarian response to gonadotropin
stimulation), but this did not translate into differences in clinical out-
comes. In interpreting these findings it is important to note that ω3-
PUFA including ALA and long-chain ω3-PUFA, are biomarkers of usual
dietary intake (Baylin et al., 2005), whereas serum levels of AA are
under homeostatic regulation and do not change appreciably in
response to changes in dietary intake (Baylin et al., 2005; Willett,
2007). Overall, these findings suggest that increased intake of long-
chain ω3-PUFAs may be beneficial for women undergoing infertility
treatment with ART.
Despite numerous studies that have assessed dietary PUFA intake

on ovarian function or infertility treatment outcomes, very few studies
have assessed such relationships using serum biomarkers. Consistent
with our finding, a prospective cohort of ART patients (n = 105)
showed that serum levels of EPA were significantly higher in pregnant
women than in non-pregnant patients (Mirabi et al., 2017). Meanwhile,
a study of 91 women undergoing assisted reproduction also found that
serum ALA concentrations were associated with decreased chance of
pregnancy (Jungheim et al., 2011). However, a subsequent publication
in the same study cohort using a larger sample size (N = 200 women),
found no association between any of the specific serum ω3-PUFAs and
ART outcomes, but higher LA to ALA ratio was associated with higher
embryo implantation (defined as the number of gestation sacs on ultra-
sound/number of embryos transferred) and higher probability of clin-
ical pregnancy and live birth (Jungheim et al., 2013). The divergent
findings between the latter study and our current analysis could result
from the differences in BMI (27.7 versus 24.4 kg/m2) distribution
between studies. Further, serum long-chain ω3-PUFAs (mean: 4.28%)
among women in our study were considerably higher than plasma
long-chain ω3-PUFAs (mean: 1.98%) (Murphy et al., 2015) among a
nationally representative sample of US adults. (Of brief note, serum
and plasma fatty acid levels are comparable to each other (Moilanen
and Nikkari, 1981)). Another possible explanation could be differences
in analytical approach, particularly as it relates to the analysis of LA to
ALA ratios. Ratio measures are statistical interactions between two
variables. Hence, when including them in regression models it is
important to also include the main effects of this interaction. Failure to
include main effects can result in biased estimates of the effects of the
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.............................................................................................................................................................................................

Table I Baseline characteristics of 100 women in Environment and Reproductive Health Study according to tertiles of
serum ω-3 polyunsaturated fatty acids.

Total Cohort Serum ω-3 PUFAs, % total fatty acids P value

Group Low Median High

range of serum ω-3 PUFAs, % 2.4–4.0 4.0–5.4 5.4–16.3

Number of women 100 33 34 33

Mean (SD) or N (%)

Personal characteristics

Age, years 34.8 (3.8) 34.8 (4.0) 35.4 (4.1) 34.2 (3.2) 0.44

BMI, kg/m2 24.4 (4.0) 26.8 (4.9) 23.6 (2.9) 22.7 (2.6) 0.0006

Ever smoker, n (%) 29 (29.0) 13 (39.4) 6 (17.7) 10 (30.3) 0.006

White/Caucasian, n (%) 82 (82.0) 30 (90.1) 26 (76.5) 26 (78.8) 0.26

Moderate-to-vigorous exercise, hr/week 4.3 (4.7) 3.0 (3.7) 5.2 (5.0) 4.9 (5.1) 0.09

Dietary characteristics

Total calories, kcal/d 1815 (566) 1898 (458) 1585 (543) 1973 (638) 0.004

Carbohydrates, g/d 227 (82) 238 (70) 194 (58) 252 (104) 0.97

Protein, g/d 73.5 (21.4) 75.1 (20.8) 66 (15.5) 79.7 (25.3) 0.27

Fat, g/d 67.7 (26.7) 70.8 (23.2) 57.9 (21.4) 74.7 (32.2) 0.90

SFA, g/d 21.6 (8.4) 23.1 (8) 19.2 (7.5) 22.7 (9.4) 0.44

MUFA, g/d 26.9 (13.1) 28.7 (12.3) 22.4 (9.3) 29.7 (16.1) 0.61

ω-3 fatty acid, g/d 1.6 (0.9) 1.4 (0.7) 1.4 (0.7) 2.1 (1.2) 0.006

ω-6 fatty acids, g/d 11.6 (5.5) 11.6 (3.7) 9.7 (4.4) 13.6 (7.1) 0.85

Trans fatty acids, g/d 1.9 (0.7) 2 (0.7) 1.7 (0.7) 1.9 (0.8) 0.08

Prudent dietary pattern scores −0.1 (0.9) −0.3 (0.8) -0.3 (0.7) 0.2 (1.1) 0.01

Western dietary pattern scores 0 (0.9) 0.5 (0.8) -0.3 (0.8) -0.1 (0.8) 0.006

Multivitamin user, n (%) 91 (91.0) 28 (84.9) 32 (94.1) 31 (93.9) 0.04

Reproductive characteristics

Nulliparous, n (%) 88 (88.0) 27 (81.8) 30 (88.2) 31 (93.9) 0.32

Infertility diagnosis, n (%) 0.67

Female factor 24 (24.0) 6 (18.2) 9 (26.5) 9 (27.3)

Ovulation disorders 10 (10.0) 3 (9.1) 3 (8.8) 4 (12.1)

DOR 3 (3.0) 1 (3.0) 2 (5.9) 0 (0)

Tubal 7 (7.0) 2 (6.1) 0 (0) 5 (15.2)

Endometriosis 3 (3.0) 0 (0) 3 (8.8) 0 (0)

Uterine 1 (1.0) 0 (0) 1 (2.9) 0 (0)

Male factor 35 (35.0) 14 (42.4) 9 (26.5) 12 (36.4)

Unexplained 41 (41.0) 13 (39.4) 16 (47.1) 12 (36.4)

Treatment protocol, n (%) 0.46

Follicular phase GnRH antagonist 10 (10.0) 2 (6.1) 2 (5.9) 6 (18.2)

Follicular phase GnRH agonist 9 (9.0) 4 (12.1) 3 (8.8) 2 (6.1)

Luteal phase GnRH agonist 81 (81.0) 27 (81.8) 29 (85.3) 25 (75.8)

Day 3 FSH, IU/L 7.0 (2.0) 7.7 (2.2) 6.6 (1.7) 6.7 (2.0) 0.08

Embryo transfer day, n (%) 0.69

No embryos transferred 13 (13.0) 5 (15.2) 6 (17.7) 2 (6.1)

Day 2 5 (5.0) 2 (6.1) 1 (2.9) 2 (6.1)

Day 3 56 (56.0) 17 (51.5) 17 (50.0) 22 (66.7)

Day 5 26 (26.0) 9 (27.3) 10 (29.4) 7 (21.2)

Continued
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ratio. Clearly, further examination of serum PUFAs and infertility treat-
ment outcomes is warranted.
Although the impact of PUFA on human physiology is complex,

investigators have identified several mechanisms by which PUFA com-
position and concentration may impact female reproduction. PUFAs
are the direct precursors of prostaglandins (PGs), compounds which
play key roles in reproductive physiology (Wathes et al., 2007; Salleh,
2014). Omega-3 fatty acids promote the generation of the 3-series
PGs (such as PGE3 and PGF3α) which are generally categorized as anti-
inflammatory, while ω6-PUFA are precursors to the pro-inflammatory
PGs (Kohli and Levy, 2009). The precursors for the 3-series PGs com-
pete for the enzymes involved in the ω6-PUFA pathway, creating a

system where dietary intake of ω3-PUFAs may inhibit the ω6-PUFA
pathway PGs and vice versa (Lands, 1992; Wathes et al., 2007). PG
composition within the uterine environment is thought to be critical
for successful implantation (Salleh, 2014), although there are conflict-
ing reports regarding the precise roles of each PG. For example, one
study suggests that PGE2, a product of the ω6-PUFA pathway (Biondi
et al., 2006), inhibits trophoblast invasion, while others demonstrate the
opposite (Godbole et al., 2011; Ciepiela et al., 2015).
It has been suggested that PUFAs might exert an effect on pregnancy

outcome by influencing oocyte quality and competence. A report by
Nehra et al. (2012) demonstrated that a diet rich in ω3-PUFAs
resulted in improved fecundity and oocyte quality in aging mice. On

.............................................................................................................................................................................................

Table I Continued

Total Cohort Serum ω-3 PUFAs, % total fatty acids P value

Embryos transferred, n (%) 0.59

No embryos transferred 13 (13.0) 5 (15.2) 6 (17.7) 2 (6.1)

1 embryo 12 (12.0) 2 (6.1) 6 (17.7) 4 (12.1)

2 embryos 59 (59.0) 21 (63.6) 17 (50.0) 21 (63.6)

3+ embryos 16 (16.0) 5 (15.2) 5 (14.7) 6 (18.2)

DOR, diminished ovarian reserve; PUFAs, polyunsaturated fatty acids.
*P value was calculated based on Kruskal–Wallis test for continuous variable and Fisher exact test for categorical variables.

.............................................................................................................................................................................................

Table II Adjusted risk ratio (95% CI) of clinical outcomes per initiated treatment cycle for every 1% increase in serum
fatty acid concentrations in 100 women who underwent 136 ART cycles within 1 year of blood sample collection, the
Environment and Reproductive Health (EARTH) Study.

Serum fatty acids Implantation Clinical pregnancy Live birth

RR1 (95% CI) per 1% increase in serum concentration

18:3 ω-3 ALA 0.57 (0.29, 1.10) 0.47 (0.24, 0.92) 0.49 (0.18, 1.31)†

20:5 ω-3 EPA 1.07 (0.99, 1.16) 1.10 (1.00, 1.20) 1.15 (1.05, 1.26)†

22:5 ω-3 DPA 0.66 (0.22, 2.01) 0.70 (0.21, 2.30) 1.46 (0.34, 6.29)†

22:6 ω-3 DHA 1.09 (0.95, 1.24) 1.08 (0.94, 1.25) 1.16 (0.96, 1.40)†

Long chain2 1.04 (0.98, 1.1) 1.08 (1.04, 1.11) 1.08 (1.01, 1.16)†

ω-3 PUFA3 1.05 (1.01, 1.08) 1.05 (0.98, 1.12) 1.07 (1.00, 1.16)

18:2 ω-6 LA 0.98 (0.95, 1.02) 0.99 (0.95, 1.03) 0.97 (0.92, 1.03)

20:4 ω-6 AA 1.04 (0.97, 1.12) 1.07 (0.99, 1.16) 1.05 (0.94, 1.18)

ω-6 PUFA 0.99 (0.96, 1.02) 1.01 (0.97, 1.04) 1.00 (0.95, 1.05)

Ratio of ω-6 to ω-34 1.01 (0.93, 1.10) 1.02 (0.92, 1.12) 0.98 (0.84, 1.13)†

Ratio of LA to ALA5 1.00 (0.97, 1.02) 1.00 (0.97, 1.02) 1.00 (0.97, 1.04)†

Total PUFA 1.00 (0.97, 1.03) 1.01 (0.98, 1.05) 1.01 (0.97, 1.06)

AA, arachidonic acid; ALA, alpha linolenic acid; DHA, decosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid, IQR, interquartile range
(from 25th to 75th); PUFA, polyunsaturated fatty acids; RR, risk ratio
Bold values represent the following: P = 0.03 for ALA and clinical pregnancy. P = 0.04 for EPA and clinical pregnancy. P < 0.0001 for long chain and clinical pregnancy. P = 0.009 for
ω-3 PUFA and implantation.
1Adjusted for age, BMI, smoking status, moderate-to-vigorous physical activity, use of multivitamins and history of live birth.
2Sum of EPA, DPA and DHA.
3Sum of ALA, EPA, DPA and DHA.
4Additional adjusted for ω-6 and ω-3 PUFA concentrations.
5Additional adjusted for LA and ALA concentrations.
†Modified Poisson model was used to estimate RR when GEE log bionomial models did not converge.
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the other hand, Wakefield et al. (2008) noted poorer embryo morph-
ology and developmental competence among mice fed a diet rich in
ω3-PUFAs. In an epidemiologic study, Hammiche et al. (2011) found
improved embryo quality among women with higher ω3-PUFA intake
as measured using a questionnaire. In the present study, however, we
did not observe any associations between serum ω3-PUFA levels and
markers of oocyte or embryo quality despite the positive associations
of long-chain ω3-PUFA with clinical pregnancy and live birth. This sug-
gests that even if the positive effect of long-chain ω3-PUFAs on clinical
outcome is in fact mediated by oocyte and embryo quality, as other
studies have suggested (Wakefield et al., 2008; Hammiche et al.,
2011), classifications of quality based on gross morphological criteria
may not be sufficiently sensitive to identify these effects. Studies on
serum or follicular fluid concentrations of ω6-PUFAs are generally
more consistent, suggesting an inverse relationship of LA levels with
oocyte yield and quality but not with pregnancy outcomes. For
example, a prospective study in humans reported an inverse correl-
ation between follicular fluid levels of LA and number of MII oocytes
(Mirabi et al., 2017). Another study in humans evaluated the relation-
ship between follicular fluid ω6-PUFAs and IVF outcomes, showing
that elevated concentrations of AA and LA in follicular fluid at the time
of oocyte retrieval negatively impacted oocyte competence but did
not affect subsequent pregnancy rates (Ciepiela et al., 2015). In the
present study, we also observed higher serum LA was associated with
lower MII oocyte and total oocyte yield, but these findings did not
translate into differences in clinical outcomes. Taken together, this
could represent a true association between serum LA and markers of

oocyte quality that is mitigated by embryo selection and transfer in the
IVF setting. Further examination of the relation between serum fatty
acids and fertility outside of the setting of ART is important.
Finally, PUFAs may also impact female reproduction through their

influence on steroidogenesis. PUFAs are sources of cholesterol, the
precursor molecule for all steroid hormones, and may have direct and
indirect effects on steroid synthesis through regulation of enzymes and
PGs (Wathes et al., 2007). The results from epidemiologic studies,
however, are mixed. Hammiche et al. (2011) reported higher baseline
estradiol levels in women who consumed more ALA, a specific type of
ω3-PUFA. Another study by Mumford et al. (2016) showed that
increased dietary intake of DHA was associated with increased estra-
diol. Our results, nonetheless, are not consistent with these findings as
reflected by a lack of association between serum ω3-PUFAs with peak
estradiol levels. However, we found that serum ratio of ω6 to ω3-
PUFA was inversely associated with peak estradiol levels, markers of
ovarian response to stimulation.
It is unclear why several studies on the relationship between PUFAs

and female fertility yield conflicting results. This may be due to the
complexity of PUFA metabolism including genetic variation involved in
fatty acid metabolism (Simopoulos, 2010; Corella and Ordovas, 2012)
and the multitude of endpoints they may impact (i.e. oocyte, steroido-
genesis, implantation). Our study adds to the limited data regarding
the relationship between PUFAs and human fertility, and suggests that
a higher serum ω3-PUFA level may positively impact IVF outcomes. In
addition the discrepancy between the relation of serum PUFAs with
clinical and preclinical outcomes highlights the need to use ‘hard’

.............................................................................................................................................................................................

Table III Adjusted changes in preclinical outcomes for every 1% increase in serum PUFA concentrations in 100 women
who underwent 127 fresh ART cycles1 within 1 year of blood sample collection, the Environment and Reproductive
Health (EARTH) Study.

Peak estradiol
(pmol/L)

Total oocytes (count) MII oocytes (count) Fertilization (%)† Probability of ≥1 good
embryo quality (%)†

Absolute difference
per 1% increase in
serum concentrations2

Relative difference per 1% increase in serum concentrations (% (95% CI))2

18:3 ω-3 ALA −329 (−978, 320) 0 (−35.5, 55.0) 3.5 (−33.8, 61.9) −14.2 (−32.6, 9.3) −31.4 (−70.9, 61.6)

20:5 ω-3 EPA −87 (−233, 59) −6.5 (−15.2, 3.2) −4.2 (−13.2, 5.8) 3.2 (−2.5, 9.2) 1.0 (−15.2, 20.3)

22:5 ω-3 DPA −402 (−1492, 689) −11.6 (−52.0, 62.7) −8.0 (−49.3, 67.1) 26.5 (−11.0, 79.9) −70.2 (−93.9, 45.3)

22:6 ω-3 DHA 15 (−189, 218) −3.3 (−12.6, 7.0) −1.1 (−10.4, 9.1) 2.1 (−3.4, 7.8) −3.4 (−21.2, 18.4)

Long chain −23 (−123, 77) −2.7 (−7.7, 2.6) −1.5 (−6.6, 4.0) 1.6 (−1.4, 4.7) −1.4 (−12.2, 10.7)

Total ω-3 PUFA −28 (−126, 69) −2.7 (−7.8, 2.7) −1.4 (−6.7, 4.1) 1.3 (−1.6, 4.2) −2.0 (−13.3, 10.6)

18:2 ω-6 LA −8 (−55, 39) −2.4 (−4.6, −0.2) −2.2 (−4.3, 0.0) −0.8 (−2.8, 1.2) −1.7 (−6.7, 3.5)

20:4 ω-6 AA 60 (−23, 143) 2.1 (−3.4, 7.9) 2.4 (−3.0, 8.2) −0.6 (−3.5, 2.4) 6.4 (−3.1, 16.8)

Total ω-6 PUFA 7 (−29, 43) −1.2 (−3.4, 1.1) −1.0 (−3.2, 1.3) −0.6 (−2.2, 0.9) −0.3 (−4.3, 3.9)

Ratio of ω-6 to ω-33 −138 (−238, −37) −5.5 (−12, 1.6) −4.6 (−10.8, 2.2) 0.2 (−3.0, 3.6) 2.2 (−4.6, 9.4)

Ratio of LA to ALA4 19 (−7, 44) 0 (−1.2, 1.3) 0.6 (−0.7, 1.9) 0.4 (−0.3, 1.2) 1.2 (−2.0, 4.4)

Total PUFA 2 (−33, 38) −1.5 (−3.6, 0.8) −1.1 (−3.3, 1.1) −50.3 (−51.5, −49.1) −0.6 (−4.3, 3.3)

Bold values represent the following: P = 0.03 for total oocyte and LA. P = 0.05 (0.048) for MII oocyte and LA. P = 0.008 for ratio of ω6 to ω3 and peak estradiol.
1Of 136 cycles initiated within 1 year of blood sample collection, nine cryocycles were excluded due to lack of data on fresh oocytes, fertilization, and embryo quality measurement.
2Adjusted for age, BMI, smoking status, moderate-to-vigorous physical activity, and use of multivitamins, and history of live birth.
3Additional adjusted for ω-6 and ω-3 PUFA concentrations.
4Additional adjusted for LA and ALA concentrations.
†Modified Poisson model was used to model fertilization given the weighted GEE log binomial models do not converge.
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endpoints such as live birth in studies evaluating the clinically relevant
effects of potential predictors of ART treatment outcomes.
The strengths of our study include its prospective design and the

objective quantification of ω3-PUFA in serum. We were also able to
utilize dietary data to complement the results of the serum fatty acids.
However, we recognize that this study also has several limitations.
First, the use of a single measurement of serum fatty acids to character-
ize exposure could have led to exposure misclassification during follow-
up. However, a previous study showed that the intraclass correlation
coefficient for circulating long-chain ω3-PUFAs was 0.75 over the span
of 15 months, suggesting that serum PUFAs are good biomarkers of
habitual intake (Yuan et al., 2017). Second, our findings may not be gen-
eralizable to the general population because participants were recruited
through a fertility clinic. Nonetheless, EARTH participants are compar-
able to fertility patients nationwide (Stephen and Chandra, 2000), sug-
gesting the findings may be generalized to other couples undergoing
infertility treatment. Third, as is the case for all observational studies,
residual and unmeasured confounding cannot be excluded although we
tried to account for many potential confounding factors in our analysis.
Moreover, caution must be taken prior to making clinical interventional
recommendations. To this end, randomized controlled trials are
needed to assess the potential impact of ω3-PUFA supplementation on
fertility outcomes. To our knowledge, only one human trial supple-
menting infertility patients with ω3-PUFA has been performed,

Figure 2 Major food sources of long-chain ω-3 fatty acids in the
EARTH participants. Others included cod liver oil supplement,
breaded fish cakes or fish sticks, muffin and cakes. Examples of
dark meat fish are tuna, mackerel, salmon, sardines, bluefish,
swordfish, etc.

Figure 3 Risk ratios (RR) of clinical outcomes following ART by substituting long-chain ω-3 fatty acids for different sources of macronutrients
among 168 women (297 cycles). Models were adjusted for age, BMI, smoking status, moderate-to-vigorous physical activity, use of multivita-
mins, history of live birth, total calories, protein intake, dietary patterns and other types of fatty acids. The number in the figure represents the
risk ratio (RR) for each of the clinical outcome substituting 1% of calories from long-chain ω-3 fatty acids for 1% of calories from different
sources of macronutrients. SFA, saturated fatty acid intake; MUFA, monounsaturated fatty acid intake; PUFA, polyunsaturated fatty acid intake;
RR, risk ratio.
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suggesting an increase in fertilization rates as presented at a conference
but these findings remain unpublished (Kim et al., 2010). Another trial
is currently underway (Kermack et al., 2014).
In conclusion, higher serum levels and intake of long-chain ω3-PUFA

was positively related to the probability of clinical pregnancy and live
birth, among women undergoing ART. Future studies are needed to
delineate possible mechanisms as well as understand the potential
impact of dietary supplementation with long-chain ω3-PUFAs on
fertility.

Supplementary data
Supplementary data are available at Human ReproductionOnline.
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