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Abstract
Objective—To determine if follicular free fatty acid (FFA) levels are associated with cumulus
oocyte complex morphology

Design—Prospective cohort study

Setting—University in vitro fertilization (IVF) practice

Patients—102 women undergoing IVF

Interventions—Measurement of FFAs in serum and ovarian follicular fluid

Main Outcome Measures—Total and specific follicular and serum FFA levels, correlations
between follicular and serum FFAs, and associations between follicular FFA levels and markers of
oocyte quality including cumulus oocyte complex (COC) morphology

Results—Predominant follicular fluid and serum FFAs were oleic, palmitic, linoleic and stearic
acids. Correlations between follicular and serum FFA concentrations were weak (r=0.252, 0.288,
0.236, 0.309 respectively for specific FFAs; r=0.212 for total FFAs). A receiver operator
characteristic curve determined total follicular FFAs ≥ 0.232 µmol/ml distinguished women with
lower versus higher percentage COCs with favorable morphology. Women with elevated follicular
FFAs (n=31) were more likely to have COCs with poor morphology than others (n=71) (OR 3.3,
95% CI:1.2–9.2). This relationship held after adjusting for potential confounders including age,
BMI, endometriosis and amount of gonadotropin administered (β=1.2; OR 3.4, 95% CI:1.1–10.4).

Conclusions—Elevated follicular FFA levels are associated with poor COC morphology.
Further work is needed to determine what factors influence follicular FFA levels and if these
factors impact fertility.
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INTRODUCTION
Serum FFAs are elevated in obesity and PCOS (1)—two common conditions in reproductive
age women and both associated with anovulation, decreased fertility and suboptimal
reproductive outcomes(2). Elevated serum FFAs are also associated with development of
type 2 diabetes (3), possibly by increasing insulin resistance in skeletal muscle (4) and/or
inducing apoptosis in pancreatic beta cells(5). FFAs may have similar adverse effects on
ovarian follicles and developing oocytes.

Data from animal studies shows oocytes metabolize FFAs(6,7). Palmitic, stearic, and oleic
acids are the predominant FFAs in bovine ovarian follicles(8). In these animals, elevated
follicular palmitic and stearic acids are associated with impaired oocyte maturation and
fertilization rates, and poor quality embryos (8) suggesting FFA have direct, adverse effects
on oocytes. Studies also demonstrate excess palmitic acid induces apoptosis in human and
bovine granulosa cells and impairs their ability for steroidogenesis—a critical function of
granulosa cells in supporting ovarian follicular development and oocyte
maturation(9,10).While animal data suggests FFAs affect ovarian function, little is known
relating FFAs to human reproductive potential. Given this knowledge gap, we sought to
determine the predominant FFAs in the human ovarian follicle with samples collected from
women undergoing IVF. Using results obtained from these samples we asked whether
elevations in FFAs were associated with markers of reduced oocyte quality and suboptimal
ovarian response to gonadotropin stimulation. Finally, we sought to determine if obesity and
PCOS were associated with increased levels of total or specific FFAs in ovarian follicular
fluid.

MATERIALS AND METHODS
Patient characteristics and samples

Washington University’s Institutional Review Board approved all study protocols. Women
were enrolled the morning of oocyte retrieval after undergoing controlled ovarian
hyperstimulation (COH) with injected gonadotropins as previously described(11). Inclusion
criteria were as follows: first IVF cycle, and age <38 years. Women were excluded if they
had not undergone our standard COH protocol, if they had known stage III/IV
endometriosis, or if sperm used in their procedures was obtained from testicular biopsy as
these factors could influence study outcomes(12–14).Data collected from medical charts
included age, body mass index (BMI) (kg/m2), gravity, parity, tobacco use, and infertility
diagnosis.

Participants were fasting the morning of sample collection. Serum was extracted from
venous blood.. Ovarian follicular fluid was collected as previously described(15). Briefly,
each ovary was evaluated for an accessible follicle of mature size (≥16mm). The chosen
follicle was punctured and aspirated with a 16-gauge needle under ultrasound-guidance.
Oocytes were isolated from follicular fluid for evaluation and culture. Remaining follicular
fluid was centrifuged to remove residual cells, and stored with serum samples at −80°C for
batched analysis. Study follicular fluid was always obtained from the first follicular aspirate
from a given ovary, and was collected from both ovaries in most patients. If no oocyte was
isolated from the first aspirated follicle from at least one ovary, the patient was excluded
from further study.
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Analysis of serum and ovarian follicular fluid FFAs
Total and specific serum and follicular FFA concentrations were quantified as previously
described(16). Specific FFAs analyzed included myristic (14:0), palmitic (16:0), palmitoleic
(16:1), stearic (18:0), oleic (18:1), linoleic (18:2), and α-linolenic (18:3) acids.

IVF cycle characteristics and outcomes
The following cycle data was collected: total gonadotropin dose, peak estradiol, number of
mature ovarian follicles, number of oocytes retrieved, oocyte insemination method and
fertilization rate, grade of cumulus oocyte complex (COC) obtained from initial follicular
aspirate, percent grade 3 or 4 COCs, number and developmental stage (day 3 vs. day 5) of
embryos transferred, number of gestational sacs on ultrasound, and pregnancy outcome.

Oocyte fertilization rate as was defined as number of oocytes fertilized divided by number
of oocytes inseminated. Blinded embryologists determined COC grade—a surrogate marker
of oocyte quality based on association between cumulus cell complex dispersion and oocyte
maturity previously described by Veeck et al (TABLE 1)(17).

Measurements and statistical analysis
Sample size was aimed at determining if elevated total follicular FFAs were associated with
poor oocyte quality, and it was based on the following assumptions: 0.05 type I error, 0.2
type II error, 60% probability of good COC quality in women with lower total follicular
FFA levels and 30% probability of good COC quality in others at a 1:1 case:control ratio. 96
women were enrolled to meet these assumptions. 6 additional women were enrolled in
anticipation of difficulties processing patient specimens.

Correlation between total and specific FFAs in serum and follicular fluid was measured by
Pearson’s or Spearman’s correlation coefficients as appropriate. In women with follicular
fluid collected from a follicle on both the right and left ovaries, correlation between samples
was measured to determine if fluid from one follicle was likely representative of another,
un-sampled follicle. A receiver operator characteristic (ROC) curve was established to
determine what total follicular FFA concentration best predicted reduced COC quality
(defined as <60% grade 3 or 4 COCs). Once this concentration was established, patients
were allocated to one of two groups, those with lower total follicular FFAs (< 0.232 µmol/
ml) or those with higher total follicular FFAs (≥ 0.232 µmol/ml). The resulting groups were
compared for IVF cycle outcomes using standard bivariate statistics. Comparisons yielding
p-values of < 0.05 were considered significant. Relationships between follicular FFA
concentration and COC grade were modeled with logistic regression adjusting for age, BMI,
diagnosis of endometriosis, and total amount of gonadotropin administered. Relationships
between elevated follicular FFA levels and percentage of good quality COCs were modeled
with linear regression adjusting for the same factors. We also investigated total and specific
serum and follicular FFA concentrations in overweight vs. normal weight patients and in
women with and without PCOS as defined by 2003 Rotterdam criteria(18). Analyses were
performed in SPSS version 16.0 (SPSS Inc., Chicago, IL).

RESULTS
Patient characteristics

102 women were enrolled. Average patient age was 32.7±3.5 years. Average BMI was
25.38±5.1 kg/m2. 41 subjects were overweight, 23 were parous, and 6 used tobacco.
Infertility diagnoses included PCOS (n=6), other ovulation disorder (n=13), fallopian tube
abnormalities (n=20), endometriosis (n=8), and male factor infertility (n=35). Several
participants had multiple diagnoses, and 22 had unexplained infertility.
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FFAs in serum and ovarian follicular fluid
Follicular fluid was available for 102 patients and serum for 93. Overall serum FFA content
for participants was as follows: 38% oleic, 24% palmitic, 21% linoleic, and 10% stearic
acids. Follicular fluid FFA content was as follows: 31% oleic, 27% palmtic, 25% linoleic,
and 12% stearic acids. Correlation analysis revealed strong relationships between total and
specific FFAs in follicular fluid obtained from two different ovaries within the same woman
(correlation coefficient range 0.6–0.85 and p<0.0001 for total and all specific FFAs).
Conversely, only weak correlations were demonstrated between concentrations of total and
specific FFAs in serum and follicular fluid (TABLE 2).

Associations between total follicular FFAs and COC morphology and ovarian function as
measured by IVF cycle outcomes

Applying results of our ROC curve (AUC 0.693), 71 women were determined to have lower
total follicular FFA concentrations (<0.232 µmol/ml) and 31 women had higher total
follicular FFAs (≥0.232 µmol/ml) (75% sensitive, 71% specific). No differences were noted
between the groups for age, BMI, or method of oocyte insemination. Interestingly, more
women diagnosed with endometriosis were found among women with elevated follicular
FFAs than those with lower levels(6/31 vs. 2/71; p=0.004; OR 8.28, 95% CI: 1.37–64.01)
(TABLE 3).

IVF outcomes did not differ between groups for amount of gonadotropin administered,
number of mature follicles, number of oocytes retrieved, oocyte fertilization rate, or for
clinical pregnancy or delivery rates. On the other hand, the odds of a patient having a poor
quality COC retrieved from her first aspirated follicle was higher if the associated total
follicular FFA level was ≥0.232 µmol/ml (3.28, 95% CI:1.05–10.36). This relationship held
after adjusting for potential confounders (β=1.2; OR 3.4, 95%CI:1.2–9.2). Percentage of
grade 3 or 4 COCs was also significantly lower in women with follicular FFA
concentrations (≥0.232 µmol/ml) compared to other women (69.86% vs. 78.23%; p=0.041).
This association also held after adjusting for potential confounders (Model: R2=0.12,
p=0.031; β= −0.229, 95% CI: −0.158 to −0.010, p=0.027).

There was a trend toward decreased number of cleavage stage embryos (post-fertilization
day 3) in women with elevated follicular FFA concentrations versus women with lower
levels (6.77 vs. 8.55; p=0.05). Accordingly there was also an increased trend toward transfer
of embryos on day 3 after fertilization among women with elevated follicular FFAs (23/31
vs. 40/71; p=0.088) rather than pushing these women for transfer of embryos on day 5—a
practice our lab reserves for patients with a greater quantity of good quality embryos.
Finally, there was a trend toward decreased implantation of embryos in women with
elevated follicular FFAs (0.428 vs. 0.285; p=0.085) (TABLE 4).

Associations between overweight and PCOS with FFA content of serum and follicular fluid
BMI correlated weakly with serum palmitic acid concentration (R=0.221; p=0.043). No
other significant correlations between BMI and total or specific serum or follicular FFAs
were noted, however dichotomizing patients into overweight (BMI ≥25 kg/m2, n=52) vs.
normal weight (BMI <25 kg/m2, n=37) revealed overweight women had higher serum
palmitic and linoleic acid levels than thinner women (0.16 vs. 0.14 µmol/ml; p = 0.03; 0.14
vs. 0.12 µmol/ml; p = 0.02 respectively). There were no differences in follicular FFAs noted
between overweight vs. normal weight patients. No significant differences were noted in
women with PCOS vs. those without PCOS, but numbers of women with PCOS in this study
were small (n=6).
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DISCUSSION
Our findings demonstrate that predominant FFAs in the ovarian follicle include oleic,
palmitic, stearic, and linoleic acids—the latter being an essential FFA obtained from the diet
whereas the others are synthesized by the body. The predominant FFAs in the ovarian
follicle were consistent with those found in serum, however, concentrations of FFAs in
follicular fluid had only a weak correlation with FFAs in serum. These results suggest cells
of the ovarian follicle metabolize specific FFAs at different rates, or perhaps certain FFAs
are transported preferentially into the ovarian follicle. In any case, we also found
associations between elevations in total follicular FFAs and poorer COC quality further
suggesting excess FFAs adversely influence ovarian follicular function.

Glucose is a better studied energy source for oocytes than FFAs(19). In conditions of excess
circulating glucose like type I diabetes, ovarian follicular function is adversely affected with
increased granulosa cell apoptosis, abnormal ovarian follicular development, and
maturational delay and mitochondrial abnormalities in oocytes(19–21). Similar to glucose, it
is possible at normal levels FFAs are utilized by the oocyte and ovarian follicle without
consequence, but that in excess FFAs are detrimental. We theorize this could occur through
direct effects on fatty acid metabolism key to oocyte maturation (6) via effects on PPARγ,
an enzyme thought to be important in oocyte development and ovarian function (22) for
which FFAs can act as a ligand (23), or alternatively via inhibitory effects on lipogenic
pathways that may be important to granulosa cell function(24). Interestingly, PPARγ
activators are effective in inducing ovulation in anovulatory women with PCOS(25,26).

What conditions affect FFA concentrations and composition within serum and ovarian
follicular fluid are not clear. Increasing BMI is associated with anovulation and subfertility
(2), and as mentioned, previous studies of obesity and PCOS have identified associations
between these conditions and elevated serum FFAs (1). We did not detect differences in
follicular FFAs between overweight and normal weight women, however, overweight
women in our sample had multiple different indications for undergoing IVF with only 5 of
the 41 overweight women having the diagnosis of PCOS or other ovulatory dysfunction. We
also did not detect differences in follicular FFAs in women with and without PCOS although
only 6 women with PCOS participated in our study. Perhaps with a larger sample of PCOS
patients or anovulatory obese women would reveal associations between FFAs and these
conditions..

While adiposity may contribute to serum and follicular fluid FFA concentrations, diet may
also be important. Previous work with Nurses’ Health Study II (NHSII) data has shown that
increased intake of trans-unsaturated fats like those found in commercially fried and baked
products increases the risk of ovulatory infertility(27). Our assay for measuring FFAs in the
serum and follicular fluid did not distinguish between the trans and cis configurations of
FFAs, but future work relating dietary fatty acid intake to oocyte quality and IVF outcomes
is worth exploring. NHSII data has also revealed associations between increased trans-
unsaturated fat intake and the diagnosis of endometriosis(28). Interestingly, more women
with known endometriosis were in our group of women with elevated follicular FFAs. We
excluded women with known stage III/IV endometriosis from our study as endometriosis
can affect oocyte quality (12), but our findings raise the possibility that it is not
endometriosis that affects oocyte quality, but instead some aberration in FFA metabolism or
dietary intake of FFAs. If this is the case, we suspect women with infertility related to
endometriosis could benefit from treatment with PPARγ activators as suggested by others
(29,30) or perhaps with modifications in types of fat consumed.
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The major limitation of our study is the subjective and controversial nature of our chosen
method for assessing oocyte quality(17). We chose to evaluate COC morphology as a
surrogate measure of oocyte quality as this method is noninvasive, and it is logistically
feasible in a clinical IVF laboratory setting. On the other hand, oocyte maturity and COC
morphology can be disparate, and there is a lack of data demonstrating association between
COC morphology and reproductive potential. Embryo grading is also subjective, however,
there are more standardized criteria available for grading embryos, and there is also data
available linking embryo quality to reproductive outcomes. We chose not to use embryo
quality as an outcome measure in this study for several reasons. The first and most important
being that our lab routinely pools fertilized eggs making it impossible to link a specific
embryo to the oocyte or follicle contents it was derived from. The second reason is that
embryos are not graded until they have been in culture for some time. Time in culture could
influence embryo quality in a positive or negative way and introduce unmeasurable
confounding(2). We were reassured in our conclusions that elevated follicular FFA levels
are associated with poor oocyte quality by finding trends in surrogate markers of oocyte
quality suggesting the same association. These surrogate markers include a decreased
number of cleavage stage embryos (p=0.05), an increase in day 3 transfers (p=0.09), and a
trend toward decreased implantation of embryos (p=0.09) in women with elevated follicular
FFAs. Further study with a larger number of patients may reveal significant differences in
these outcomes and allow for validation of our study’s findings.

The major strengths of our study are its prospective design and the fact that its findings are
supported by other clinical and basic science studies demonstrating associations between
FFAs and female reproduction (1,6–9,27,28,31–33). We propose future study of factors
known to adversely affect FFA metabolism and their associations with reproductive function
to identify novel treatments that may improve fertility in affected women.
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TABLE 1

Oocyte grading criteria based on cumulus cell complex (CCC) dispersion

Poor Quality Grade 1 Post-mature, CCC not dispersed

Grade 2 Germinal vesicle, CCC not dispersed

Good Quality Grade 3 Homogeneous granularity, CCC somewhat expanded & dispersed

Grade 4 CCC expanded, clear cumulus & oocyte
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TABLE 2

Correlation between serum and follicular free fatty acids

Free fatty acid Mean serum vs. follicular fluid FFA concentration (µmol/ml) R p-value

Total free fatty acids 0.58 ± 0.18 vs. 0.204 ± 0.06 0.212 0.042

Palmitic acid 0.15 ± 0.05 vs. 0.056 ± 0.02 0.288 0.005

Stearic acid 0.05 ± 0.016 vs. 0.0239 ± 0.009 0.309 0.003

Oleic Acid 0.22 ± 0.07 vs. 0.064 ± 0.02 0.252 0.015

Linoleic acid 0.13 ± 0.04 vs. 0.05 ± 0.02 0.236 0.023
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TABLE 3

Characteristics of women with elevated follicular FFAs vs. women with lower FFAs undergoing IVF

Total follicular free fatty acid
concentration < 0.232 µmol/ml
(n=71)

Total follicular free fatty acid
concentration ≥ 0.232 µmol/ml
(n=31)

p-value

Age 32.62 (3.5) 32.77 (3.6) 0.84

BMI 25.44 (5.3) 25.14 (4.4) 0.78

PCOS 4 (6%) 2 (6%) 0.87

Other ovulation disorder 10 (14%) 3 (10%) 0.75

Known endometriosis 2 (3%) 6 (19%) 0.009 (OR 8.28, 95%
CI: 1.37–64.01)

Tubal factor infertility 15 (21%) 5 (16%) 0.55

Male factor infertility 22 (31%) 9 (29%) 0.43

Unexplained infertility 17 (24%) 5 (16%) 0.38

Use of conventional insemination 13 (18%) 5 (16%) 0.79

Fertil Steril. Author manuscript; available in PMC 2012 May 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jungheim et al. Page 12

TABLE 4

IVF outcomes in women with elevated vs. lower follicular FFAs

Total follicular free fatty
acid concentration < 0.232
µmol/ml (n=71)

Total follicular free fatty
acid concentration ≥ 0.232
µmol/ml (n=31)

p-value OR (95% CI)

Total gonadotropin required (IU) 1929.23 (±858.3) 2101.21 (±909.4) 0.36

Peak E2 (pg/ml) 2112.49 (±928.6) 2144 (±1166.1) 0.88

Mature follicles on ultrasound 5.6 (±2.8) 5.5 (±2.5) 0.90

Number of oocytes collected 14.38 (±6.6) 12.19 (±5.3) 0.11

Poor quality oocyte collected from first
follicle punctured

9 (13%) 10 (32%) 0.027 3.3 (1.2–9.2)

Percent good quality oocytes 78.2% (±15.1) 69.9% (±19.8) 0.04

Fertilization rate 64.6% (±17.2) 61.9% (±23.1) 0.52

Number of cleavage stage embryos 8.55 (±4.4) 6.77 (±3.52) 0.05

Day 3 transfer 40 (56%) 23 (74%) 0.09 2.28 (0.88–5.65)

Day 5 transfer 32 (45%) 8 (26%) 0.07 0.42 (0.17–1.08)

Embryo implantation rate 42.8% (±39.0) 28.5% (±32.8) 0.09

Clinical pregnancies 45 (63%) 16 (52%) 0.27 0.62 (0.26–1.45)

Live birth 37 (52%) 15 (48%) 0.73 0.86 (0.37–2.01)

Fertil Steril. Author manuscript; available in PMC 2012 May 1.


