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Abstract

Purpose The purpose of this study was to examine the bio-
logical variability of follicular fluid (FF) high density lipopro-
tein (HDL) particle components measured in ipsilateral ovar-
ian follicles.

Methods We collected FF from two ipsilateral follicles among
six women undergoing in vitro fertilization (IVF). We mea-
sured concentrations of 19 FF HDL particle components, in-
cluding HDL cholesterol, free cholesterol, four cholesteryl
esters, phospholipids, triglycerides, paraoxonase and
arylesterase activities, apolipoproteins A-1 and A-2 (ApoA-1
and ApoA-2), and seven lipophilic micronutrients, by auto-
mated analysis and with high-performance liquid chromatog-
raphy. We assessed biological variability using two-stage
nested analysis of variance and compared values with those
previously published for contralateral follicles.

Capsule The variability of FF HDL analytes from ipsilateral follicles was
smaller than variability that was previously reported in follicles from
contralateral ovaries.
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Results For most FF HDL analytes, there was little variability
between follicles relative to the variability between women (i.e.,
%Uzp:%023 <0.5). Intraclass correlation coefficients were
>0.80 for HDL cholesterol (0.82), phospholipids (0.89), para-
oxonase (0.96), and arylesterase (0.91) activities, ApoA-1
(0.89), and ApoA-2 (0.90), and single specimen collections
were required to estimate the subject-specific mean, demon-
strating sufficient reliability for use as biomarkers of the follic-
ular microenvironment in epidemiologic and clinical studies.
Conclusions These preliminary results raise the possibility for
tighter regulation of HDL in follicles within the same ovary
vs. between ovaries. Thus, collection of a single FF specimen
may be sufficient to estimate HDL particle components con-
centrations within a single ovary. However, our results should
be interpreted with caution as the analysis was based on a
small sample.

Keywords Biological variability - Follicular fluid (FF) - High
density lipoprotein (HDL) - Invitro fertilization (IVF) - Human
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Introduction

It is critical to identify and characterize sources of biological
variability in studies of human reproduction, to foster the use
of designs and biomarkers that maximize validity and preci-
sion using available resources. In terms of female reproduc-
tion, substantial variability has been reported between and
within women with respect to the laterality of ovulation [1,
2], menstrual cycle length [2], ovarian follicle growth rates,
and maximum achieved follicle diameter [3]. More recently,
investigators have also begun to characterize the biological
variability of proteins, lipids, hormones, and metabolites in
human follicular fluid (FF) [4-7]. Given its proximity to a
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developing oocyte [8], FF is increasingly viewed as a potential
source of biomarker information for studying reproductive
endpoints [9, 10].

In FF, high density lipoprotein (HDL) is found as the major
class of lipoprotein; larger lipoprotein particles are excluded
by the follicular basal lamina [11]. Given its potent anti-
oxidant activity [12—14], and critical role in delivering choles-
terol for steroid hormone synthesis [15, 16], HDL has strong
potential as a biomarker of the follicular microenvironment.
Studies also identified HDL particle components measured in
FF, including cholesterol, ApoA-1 [17], y-tocopherol, and (3-
cryptoxanthin [18], as important predictors of embryo quality
during in vitro fertilization (IVF). Higher FF apolipoprotein
A-1 (ApoA-1) levels were recently associated with poorer
embryo quality per oocyte, in women undergoing IVF [19].
These data point to the importance of FF HDL biomarkers in
human reproduction and suggest an important role in epide-
miologic and clinical investigations of female infertility. Yet,
perhaps due to the complexities and invasive nature of FF
retrieval, characterization of the biological variability of FF
HDL using human data is very limited at present.

To help to address the abovementioned data gap, Bloom et
al. recently characterized the biological variability of FF HDL
particle components collected from contralateral ovaries [20].
Substantial variability for 19 FF HDL particle components
was reported between follicles from contralateral ovaries, as
well as between women according to demographic and clini-
cal factors. These results underscored the importance of'a “one
follicle-one oocyte” design in studies of follicular mecha-
nisms and IVF outcomes. To augment those data, we here
made a preliminary characterization of biological variabilities
in HDL particle components, using FF collected from ipsilat-
eral follicles, and compared these to our previously reported
results for contralateral follicles [20].

Methods
Sample selection

Between April 10, 2010 and June 28, 2011, we recruited a
convenience sample of 180 women undergoing IVF treatment
with fresh, non-donor oocytes, among women referred to the
University of California at San Francisco (UCSF) Center for
Reproductive Health for infertility treatment. Overall, 97.8 %
of women agreed to participate. The participants provided
comprehensive infertility data and health-related behaviors,
including current and past cigarette smoking status, through
completion of a standard infertility intake form and a study
questionnaire. Height and weight were measured to calculate
body mass index (BMI; kg/m?). Informed consent was obtain-
ed prior to the inclusion to the study. We performed all proce-
dures in accordance with the ethical standards of the UCSF
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Committee on Human Research and with the 1964 Helsinki
declaration and its later amendments. The study protocol was
approved by the UCSF Committee on Human Research.

Clinical protocol and specimen collection

All study participants underwent controlled gonadotropin-
induced ovarian stimulation (COS) per standard clinical proto-
cols. Endometrial development and follicle maturation were
monitored by regular transvaginal ultrasounds and serum estra-
diol (E,) measures. Human chorionic gonadotropin (hCG) was
administered subcutaneously when a sufficient number of folli-
cles had developed beyond 17 mm diameter. Oocytes were
aspirated under conscious sedation using a transvaginal needle
(18 gauge) with ultrasound probe approximately 36 h later. We
collected ipsilateral follicles from six women, and contralateral
follicles were collected from the remaining participants. For
each woman, the first follicle was aspirated using a clean, never
used needle, and the second follicle was aspirated with a fully
washed needle without flushing the follicle. Following collec-
tion, each follicle was individually transferred into an empty 10-
mL tube and processed. After removal of the oocyte for clinical
purposes, each 3.5-5.0-mL FF aspirate was centrifuged to pel-
let residual granulosa cells. The aspirated FF supernatant was
aliquoted (0.6 mL) and frozen at —80 °C. No specimens showed
visual evidence of blood contamination before or after centri-
fugation [21]. We shipped two aliquots from each follicle to the
University of Buffalo, State University of New York on dry ice
via overnight service for biochemical analyses.

Analytic methods

We used whole FF to determine concentrations of ApoA-1,
apolipoprotein A-2 (ApoA-2), and paraoxonase (PON1) ac-
tivities. ApoA-1 and ApoA-2 levels were analyzed by
immunoturbidometric methods using diagnostic kits from
Kamiya Biomedical (Seattle, WA) on the Cobas Fara II auto-
mated chemistry analyzer (Hoffmann-La Roche, Basel, Swit-
zerland). Arylesterase and paraoxonase activities were also
analyzed using the Cobas Fara II as described elsewhere
[22]. FF HDL fractions were prepared by selective precipita-
tion to remove trace amounts of apolipoprotein B containing
low density lipoproteins [17].

FF HDL particle lipids, including cholesterol, phospho-
lipids, and triglycerides, were measured using diagnostic re-
agent kits from Sekisui Diagnostics (Lexington, MA) adapted
to the Cobas Fara II (Hoffmann-La Roche). Free (unesterified)
cholesterol and cholesteryl esters, including cholesteryls pal-
mitate, oleate, linoleate, and arachidonate, were measured by
high-performance liquid chromatography (HPLC). Fat-
soluble micronutrients, including vitamin A (retinol), vitamin
E (x and vy tocopherols), and carotenoids ([3-carotene, [3-
cryptoxanthin, lutein/zeaxanthin, and lycopene) were
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simultaneously measured by HPLC. The interassay coeffi-
cients of variation (CVs) of each analyte ranged from 0.6 %
for arylesterase to 7.2 % for [3-cryptoxanthin.

Statistical methods

We had sufficient FF volume available to determine HDL
cholesterol, phospholipids, triglycerides, paraoxonase and
arylesterase activities, ApoA-1, and ApoA-2 in duplicate; we
defined these as “group I” analytes (Fig. 1). However, enough
FF was available for only a single HPLC determination, in-
cluding analysis of free cholesterol, cholesteryls palmitate,
oleate, linoleate and arachidonate, retinol, (3-carotene, [3-
cryptoxanthin, x-tocopherol, y-tocopherol, lutein/zeaxanthin,
and lycopene, which we designated as “group II” analytes.
Prior to statistical analysis, we excluded one free cholesterol
observation that was 6.6 interquartile ranges above the 75th
percentile of the sample distribution [23], and we applied a
natural log transformation to normalize distributions and sta-
bilize variances.

We characterized sources of variability due to factors be-
tween women (0”p) and between ipsilateral follicles (07F),
and due to analytic factors (0°4), using two-stage nested
ANOVA. We specified the models as Yjjx=p+sub;+
follicle;gy + exjiy; Where Yjj describes an analyte value for
the kth determination (k=1, 2 for group I analytes; k=1 for
group II analytes) collected from the jth ipsilateral follicle
(=1, 2) in the ith woman (i=1, ..., 6),  describes the grand

Fig. 1 Sampling strategy for the
measurement of follicular fluid
(FF) high density lipoprotein
(HDL) analytes measured in
ipsilateral follicles, collected from
in vitro fertilization patients.
Group I analytes included HDL
cholesterol, phospholipids,
triglycerides, arylesterase, and
paraoxonase activities, and
apolipoproteins (ApoA-1 and

Follicle #1

mean for an analyte, sub; describes the random effect of the ith
woman on the grand mean, follicle;;, describes the random
effect of the jth ipsilateral follicle nested in the ith woman,
and eyj;) describes the random effect of the kth determination
nested within the jth ipsilateral follicle sampled from the ith
woman.

We defined total variance as 0°r=0’g+ 0+ 024 for
group I analytes and 0°1=0g+ 0” for group II analytes.
We were unable to isolate variability due to O'2A from 02F
for group II analytes because of the aforementioned single
determination. The relative contributions of each source to
the total variance were calculated as proportions multiplied
by 100 % (%GZB, %0°g and %07 A, respectively). For each
HDL analyte, we also calculated ratios of variability (RV)
between follicles to variability between women
(%0?r:%0”) as an indicator of in situ follicle HDL regula-
tion; higher ratio values suggest greater localized control (i.e.,
within follicle), whereas low values are more indicative of
global ovarian regulation (i.e., ovarian circulation). CVs for
HDL analytes (1) were calculated as CV,= \o?/ X, where Vo2,
represented the total variance and X; represented the mean
value for an analyte. Intraclass correlation coefficients
(ICCs) were estimated as 0°g /0”r, with 95 % confidence
intervals (Cls) estimated using the inverse tan transformation
of Smith’s variance [24]. We also assessed the minimum num-
ber of specimens (m) necessary to estimate the within-ovary
mean for an HDL analyte (1) within 10 % (i.e., = 10 %) of the
“true” value, calculated as m;q.,=(1.96 x (CV,)/10))* [25].

Follicle #2

Determination #1

ApoA-2), for which two

[ Determination #2 |

[ Determination #1 |

Determination #2

determinations were made per
sampled follicle. Group II
analytes included free cholesterol,
cholesteryl palmitate, cholesteryl
oleate, cholesteryl linoleate,
cholesteryl arachidonate, retinol,
[3-carotene, [3-cryptoxanthin,
a-tocopherol, y-tocopherol,
lutein/zeaxanthin, and lycopene,
for which one determination was
made per sampled follicle

Follicle #1

Follicle #2

\
Determination #1
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SAS version 9.3 (SAS Institute, Inc. Cary, NC) was used for
the analyses.

Results

Mean (standard deviation) age and BMI for six women who
provided ipsilateral follicles was 37.3 (4.8) years and 20.6
(1.2) kg/m?, respectively. Except for one study participant,
all were non-Asian and had never-smoked. Primary infertility
diagnoses were distributed as male factor (n=1), diminished
ovarian reserve (DOR) female factor (n=3), and non-DOR
female factor (n=2). Half of the participants received a
Lupron downregulated COS protocol whereas the remaining
half received an antagonist protocol.

Biological variability characteristics for FF group 1 HDL
particle components are described in Table 1. CVs were gen-
erally low (ranging from 1.12 % for arylesterase activity to
4.56 % for ApoA-2), although for triglycerides, the CV was
high (30.35 %). The relative contribution of %0~ to RV was
higher than %o~ for all analytes, with a low of RV =0.03 for
paraoxonase activity to a high of 0.33 for triglycerides. The
ICC, which describes the proportion of observed variability
associated with “true” differences between women exceeded
0.80, and a single specimen was required to estimate the ipsi-
lateral ovary mean within +10 % of the true value for all group
I analytes, except for triglycerides (ICC=0.74; mq, = 13).

In contrast to the group I HDL particle components, CVs
for group II HDL analytes were considerably high and ranged
from 8.47 % for cholesteryl linoleate to 98.06 % for f3-
cryptoxanthin (Table 2). Similar to the group I analytes, RV
was <0.5 for most group II analytes. Except for free choles-
terol (ICC=0.76) and cholesteryl palmitate (ICC=0.54),
ICCs exceeded 0.80 for all group II analytes. However, the

minimum number of specimen collections to estimate the ip-
silateral ovary mean was greater than one for all group II
analytes, except for cholesteryl linoleate (mgo,=1).

Discussion

We determined concentrations of 19 FF HDL particle compo-
nents in ipsilateral follicles collected from women undergoing
IVF and characterized the sources of measurement variability.
Variability between follicles (i.e., within ovary) was substan-
tially smaller than variability between women for most HDL
particle components. Furthermore, our results indicate that the
reliability of group I HDL particle components was suitable
for use as biomarkers in epidemiologic and clinical studies,
having had ICC >0.80 and requiring collection of single spec-
imens to estimate subject-specific means within ovary. How-
ever, group Il HDL particle components appeared to be less
well-suited as biomarkers for epidemiologic or clinical inves-
tigations, as most analytes did not meet these requirements.
Active follicular regulation, with constitutive modification
of the HDL particle [26, 27], is suggested by previous studies
of mammalian ovaries. Tight biochemical controls between
follicles were implied by interfollicular communication
among cohorts of developing follicles within the ovary [28],
which typically is mediated by endocrine and intraovarian
factors [29]. Accordingly, variability between ipsilateral folli-
cles was low relative to variability between women for most of
the HDL particle components we measured, suggesting coor-
dinated interfollicular HDL metabolism within ovary. In con-
trast, previous data for contralateral follicles suggested a larger
contribution from extra-ovarian sources for most HDL particle
components [20], possibly associated with the mesenteric
circulation/blood supply. For example, the RV of

Table1l Biological variability characteristics for group I high density lipoprotein (HDL) particle associated follicular fluid (FF) analytes, sampled from
ipsilateral follicles in six in vitro fertilization patients
FF analytes Mean SD (Y o*r %0’y %0k %0°a RV myp, ICC  95%CI 95 %CI
Low High
HDL-cholesterol (mg/dL) 31.25 1.23 394 0092  82.60 15.42 1.98 019 1 082  0.64 1.00
Phospholipids (mg/dL) 7546  1.16 1.54  0.063  89.12 8.02 286 009 1 0.89  0.77 1.00
Triglycerides (mg/dL) 529 161 3035 0349 7382 2401 217 0.33 13 0.74 047 1.00
Arylesterase (kIU/L) 10697  1.19 .12 0.114  90.99 736 1.65 008 1 091 0281 1.00
Paraoxonase (IU/L) 81.53 1.73 212 0247  96.20 320  0.60 0.03 1 096 092 1.00
ApoA-1 (mg/dL) 10222 1.23 120  0.074  88.89 927 184 010 1 089  0.77 1.00
ApoA-2 (mg/dL) 27.25 1.24 456  0.074  89.68 8.81 1.51 010 1 0.90 0.78 1.00

NOTE: Geometric means and standard deviations (SDs) presented. All values were log-transformed for the analyses

ApoA-1 apolipoprotein A1, ApoA-2 apolipoprotein A2, CI confidence interval, CV coefficient of variation, /CC intraclass correlation coefficient, 7,4,
minimum number of specimen collections required to estimate the mean within £10 % of the “true” value, RV % 0 %0, 074 variability attributed
to analytic factors, o variability between women, o variability between follicles, o rtotal variability
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Table2 Biological variability characteristics for group II high density lipoprotein (HDL) particle associated follicular fluid (FF) analytes sampled from

ipsilateral follicles in six in vitro fertilization patients

FF analytes Mean  SD (Y o’ %0’ %0%r RV myg, ICC  95%CI 95 %CI
Low High
Free cholesterol (mg/dL)* 210 1.08 5149 0045 7642 2358 031 8 0.76  0.50 1.00
Cholesteryl palmitate (mg/dL) 387 125 3215 0.093 5444 4556 084 9 054  0.14 0.95
Cholesteryl oleate (mg/dL) 899 124 1374 0.074 7956 2044 026 2 080  0.58 1.00
Cholesteryl linoleate (mg/dL) 1447 122 847 0075 7984 2016 025 1 080  0.59 1.00
Cholesteryl arachidonate (mg/dL) 744 122 1638 008 8641 1359 016 2 086  0.72 1.00
Retinol (ng/mL) 136 105 7679 0004 8109 1891 023 3 081 061 1.00
B-carotene (p1g/mL) 108 106 9804  0.002 9628 372 004 5 096 092 1.00
B-cryptoxanthin (pg/mL) 104 102 9806 0.001 9526 474 005 13 095  0.90 1.00
o-tocopherol (ug/mL) 402 121 3009 0053 8627 1373 016 2 086  0.71 1.00
v —tocopherol (pug/mL) 120 108 8990 0011 9132 868 010 11 091 082 1.00
Lutein/zeaxanthin (u1g/mL) 109 104 9574  0.001  90.04 996 0.1 5 090  0.79 1.00
Lycopene (pg/mL) 106 101 9597  0.001  96.79 321 003 3 097 093 1.00

NOTE: Geometric means and standard deviations (SDs) presented. All values were log-transformed for the analyses. Variability due to analytic factors

was captured in conjunction with variability between follicles
#n=135 due to exclusion of one outlying observation

CI confidence interval, CV coefficient of variation, /CC intraclass correlation coefficient, 7,9, minimum number of specimen collections required to estimate
the mean within £10 % of the “true” value, RV % 0” 1: % 0~ s, 0" 5 variability between women, o° - variability between follicles, o 7 total variability

phospholipids (0.55 vs. 0.09), ApoA-1 (0.51 vs. 0.10), and
ApoA-2 (1.21 vs. 0.10) in the contralateral follicles was sub-
stantially higher than those measured in ipsilateral follicles,
respectively, implying a greater contribution of between con-
tralateral follicle variability than between ipsilateral follicle
variability, possibly due to ovary-specific blood supplies. A
conclusive explanation for the different contributions made by
sources of variability between follicles in HDL particle com-
ponents from ipsilateral and contralateral follicles is not
known. Still, our preliminary data are consistent with a greater
degree of regulation within than between ovaries for specific
HDL particle components, and thus, fewer FF specimen col-
lections may be sufficient to estimate HDL particle compo-
nents concentrations within a single ovary.

We also conducted a reliability analysis of ipsilateral FF
HDL particle components to evaluate their potential use as
biomarkers in epidemiologic and clinical studies [30]. The
CV describes the variability around a subject-specific mean;
CV <10 % is generally considered as a clinical threshold for
biomarker reliability [31]. In our study of HDL particle com-
ponents measured in ipsilateral follicles, the CVs of most
group I HDL analytes were well below 10 %, with the excep-
tion of triglycerides (30.35 %). Previously, a similar observa-
tion was seen for triglycerides sampled from contralateral fol-
licles (i.e., CV=22.52 %) [20]. Also similar to the contralat-
eral analyses, CVs exceeded 10 % for all group II HDL
analytes, except for cholesteryl linoleate (8.47 %) [20]. The
higher CVs for group II HDL analytes compared to group I

analytes in our study might be due to their substantially lower
mean concentrations compared to group I, yet variance esti-
mates of measured analytes in both groups were similar.
Therefore, our results suggest the challenge in providing a
reliable estimate for group Il HDL particle component means,
regardless of the ovary sampled.

The ICC estimates the correlation between two replicate
specimens, with an ICC >0.80 generally considered as a min-
imum reliability for use in epidemiologic studies [24]; an ICC
<0.80 will require a sample size increase of more than 20 %
for equivalent statistical power. In our study, ICCs were >0.80
for most HDL analytes, except triglycerides (0.74), free cho-
lesterol (0.76), and cholesteryl palmitate (0.54). In contralat-
eral follicles, ICCs exceeded 0.80 for only triglycerides, par-
aoxonase activity, [3-carotene, 3-cryptoxanthin, y-tocopherol,
lutein/zeaxanthin, and lycopene (Fig. 2) [20]. Thus, FF collec-
tion in ipsilateral follicles rather than contralateral follicles
appears to be a better choice for epidemiologic investigations,
if the study question addresses the impact of a large panel of
FF HDL particle components.

For the purposes of epidemiologic and clinical investiga-
tions, it is critical to identify the number of specimens required
to estimate subject-specific means. For most group I HDL
analytes, collection of a single specimen was sufficient to
estimate the mean within +10 % of the true subject-specific
mean, except for triglycerides (m;go, = 13). On the other hand,
Group II analytes required collection of a greater and varying
number of specimens, ranging from a single specimen for
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cholesteryl linoleate to 13 specimens for (3-cryptoxanthin. The
large myqe, for most group II analytes, despite ICCs >0.80,
indicates a greater degree of variability between follicles for
those analytes. A similar pattern was previously reported for
group I and group IT HDL particle components in contralateral
follicles, yet the number of required specimen collections was
generally greater than for ipsilateral follicles [32]. Still, a larg-
er number of ipsilateral than contralateral specimen collec-
tions is required for triglycerides (13 vs. 6) and f3-
cryptoxanthin (13 vs. 10). Again, these results suggest that
selection of either ipsilateral or contralateral follicles should
be determined by specific HDL analytes of interest in studies
utilizing FF HDL biomarkers.
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Follicular fluid Group Il HDL analytes

Our study has several limitations, and thus, the results
should be interpreted with caution. Most importantly, we
had a very limited sample size as ipsilateral follicles were
collected from only six women. Thus, our estimates of bio-
logic variability were imprecise, and we were unable to char-
acterize FF HDL analytes by relevant demographic and clin-
ical factors, such as infertility diagnosis (e.g., diminished
ovarian reserve) and COS protocol relevant to IVE. A larger
sample size will be needed to more definitively investigate the
clinical relevance of these results for IVF. It is reported that
levels of HDL components measured in mammalian FF de-
pend on follicle size [33], yet diameter data were unavailable
to us for incorporation into the analysis. However, we
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collected only follicles greater than 17 mm diameter, which
would minimize the impact of follicle size on HDL concen-
trations. In addition, insufficient remaining sample volumes
for our HPLC analysis prevented isolation of group II analyte
variability due to analytic factors from between-follicle vari-
ability. Still, given reported analytical performance of the
HPLC assays elsewhere [20], and previous estimates of ana-
lytical variability in serum [34], we believe that the variability
due to analytic factors was likely to be small.

Conclusions

In conclusion, our study demonstrated smaller between ipsi-
lateral follicles variability for most FF HDL particle compo-
nents than our previously reported results for follicles from
contralateral ovaries, potentially reflecting a higher degree of
follicular control within ovary. These findings illustrate the
need to conduct variability and reliability studies prior to
selecting FF biomarkers for epidemiologic and clinical inves-
tigations. To our knowledge, this is the first study investigat-
ing the biological variability of FF HDL particle components
within the same ovary. Our study results are restricted by the
aforementioned limitations, particularly the small sample size,
and so require further confirmation using a larger sample size
to provide for a more conclusive interpretation of clinical im-
pacts. However, these preliminary results offer useful insight
into the use of FF HDL particle components as biomarkers for
epidemiologic and clinical investigations.
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