ULTRASONOGRAPHIC IMAGING OF OVARIAN MORHPOLOGY FOR THE
DIAGNOSIS AND EVALUATION OF ANOVULATORY CONDITIONS ACROSS THE
ADIPOSITY SPECTRUM IN WOMEN AND ADOLESCENTS

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
In Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy

by
Heidi Vanden Brink
August 2019

© 2019 Heidi Vanden Brink

ULTRASONOGRAPHIC IMAGING OF OVARIAN MORHPOLOGY FOR THE
DIAGNOSIS AND EVALUATION OF ANOVULATORY CONDITIONS ACROSS THE
ADIPOSITY SPECTRUM IN WOMEN AND ADOLESCENTS
Heidi Vanden Brink, MS, RDMS
Cornell University 2019
The leading cause of reproductive disturbance in women is polycystic ovary syndrome (PCOS),
afflicting up to 10% of women. Hyperandrogenic anovulatory phenotypes (HA-Anov) of PCOS
exhibit a heightened risk of cardiometabolic comorbidities. In contrast, normoandrogenic
anovulatory (NA-Anov) phenotypes of PCOS experience less severe comorbidities. Therefore,
we propose that these two conditions should be considered separately to initiate treatment and
preventative measures appropriate for the risks associated with the clinical conditions.
However, current limitations in the reliability of androgen assays to diagnose
hyperandrogenism necessitate alternative biomarkers which accurately reflect NA- and HAAnov conditions. Unique morphological (structural) descriptions on ultrasonography have been
described in the ovaries of women with NA- and HA-Anov phenotypes. However, the degree
to which they specifically capture androgen status over other concurrent comorbidities is
unclear. There is growing evidence that obesity and hyperinsulinemia influence the
development of hyperandrogenism, folliculogenesis, and ovarian morphology. Thus, ovarian
morphology may capture the integration of reproductive and metabolic signals. The degree to
which these competing influences enhance or impair the utility of ultrasonographic evaluations
of ovarian morphology to guide diagnoses and treatment is an important area of consideration.
In this dissertation, we tested the hypothesis that sonographic evaluations of the ovary using
reproducible measures provide robust morphologic biomarkers that effectively inform the

diagnosis and prognosis of reproductive and metabolic disturbances in women.

In Chapter 1, we undertake a series of experiments to establish the reproducibility of several
new or commonly used, two- (2D) and three-dimensional (3D) sonographic methods to evaluate
ovarian morphology. We conduct a method comparison study to test the agreement of various
approaches for obtaining follicle number per ovary (FNPO) versus an established, but timeconsuming reproducible method generated by our group. 2D counts of FNPO made in real-time
exhibit poor agreement and the data do not support continued use of this method in clinical
practice or research. Other 2D and 3D methods are appropriate for the categorization of ovarian
dysmorphology, however substantial over- and under-counting across 2D and 3D methods
hinder their utility when a precise estimate of FNPO is needed. We subsequently tested the
reliability and agreement of ovarian stromal assessments. Although we did not identify a
reproducible method to evaluate the stroma, we provide evidence that increased stromal area is
a consistent finding in women with anovulation. A method which obtains total stromal area by
subtraction of follicular area was shown to be promising under certain imaging conditions, but
ultimately there was justification to test the overarching hypothesis of this dissertation using
metrics related to ovarian size and follicle number, not stromal features, which showed adequate
reproducibility.

In Chapter 2 we test whether reproducible methods to evaluate the ovary on ultrasound can
discriminate between anovulatory conditions in lean and overweight women. We report that the
ovary exhibits diagnostic potential for anovulatory conditions. We also show that thresholds to
define ovulatory disorders were impacted by BMI. However, the impact of BMI on the

diagnostic accuracy of ovarian features was variable and did not lead to the development of
BMI-specific thresholds for ovulatory disorders. Rather, the findings point to a possibility that
consideration of metabolic consequences of obesity and/or metabolic pathways impacting
hyperandrogenism and ovarian morphology are relevant to improve diagnostic accuracy of
ovulatory disorders. In Chapter 3, we focus on insulin resistance (IR) as a metabolic
disturbance suspected to contribute to the pathogenesis of androgen excess and abnormal
ovarian morphology. We show that the degree of metabolic risk perceived in women with
ovulatory disorders depends on how both hyperandrogenism and IR are defined. The data also
suggest that IR may influence the reproductive axis predominantly through increasing free, but
not total, androgens. Whether the diagnosis and evaluation of ovulatory disturbances using
ovarian morphology are possible over the life course remains an important point of
consideration.

In Chapter 4 we conducted a secondary analysis on data obtained from adolescents with PCOS
to explore relationships between ovarian markers and aspects of reproductive and metabolic
disturbance. We show that sonographic imaging using transabdominal ultrasound is possible
and that features of the ovary reflect reproductive and metabolic disturbances in adolescents.
The demonstration that the ovary can serve as a biomarker at such early stages of reproductive
development justifies its consideration as a diagnostic feature during the adolescent
reproductive transition.
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PREFACE
My doctoral research has centered around understanding the relevance of ovarian structural
features for the evaluation of women’s health. The implementation and use of ultrasonography
opened the door to noninvasive in vivo imaging of the female reproductive tract and in turn, the
study of ovarian form and function in the context of health and disease. As a result, ovarian
sonographic imaging enabled two lines of research. The first, to study follicle growth dynamics
in women under differing reproductive and metabolic conditions and across life stages. The
second, to study cross-sectionally the relevance of ovarian structure, as not only the organ of
gamete production, but also the integration site of several reproductive and metabolic inputs.
During my master’s graduate research, I was trained in and pursued the first line of questioning
and became proficient in characterizing folliculogenesis in women in association with changes
in reproductive hormones. For my doctoral research, I sought to advance the second line of
research while also addressing a critical premise for any measurement used in clinical practice
and research – the reproducibility of methods or techniques used to obtain primary endpoints.
To that end, my doctoral research has focused on first addressing the impact of imaging
technique on ovarian morphologic outcomes (Chapter 1), elucidating the diagnostic potential
of ovarian morphology to discriminate between distinct anovulatory conditions across different
degrees of adiposity (Chapter 2), honing in on a metabolic impairment tightly linked to the
pathophysiology of reproductive disturbance (Chapter 3), and finally extending the relevance
of ovarian morphology as a clinical indicator of health in adolescents (Chapter 4). The
overarching hypothesis for the proposed research is that reproducible metrics using 2D and 3D
ultrasonography are imperative for the evaluation of ovarian morphology and that specific
metrics assessed using high-resolution ultrasonography will provide information about
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reproductive and metabolic status across the reproductive lifespan.

An important tenant of science embedded in the discovery and the generation of knowledge is
the reproducibility of experiments. Reproducibility of methods implies agreement and
reliability are maintained across methods and raters. In the context of ultrasonography,
agreement refers to addressing the how similar or dissimilar measurements are across
individuals and methods. Reliability, by contrast, is a clinically relevant metric which depends
on both 1) the variance between groups or anovulatory phenotypes of interest, and 2) the
variance among multiple raters (or methods) obtaining the same endpoint. Thus, high variability
among raters may still lead to a reliable metric so long as the effect size in sonographic measure
of interest is large enough between two groups. Despite the widespread use of ultrasonography
to evaluate ovarian morphology for the diagnosis of anovulatory conditions, very few studies
address the reproducibility of sonographic measures and considers their subsequent
implications for clinical practice and research. Lack of reproducibility in sonographic measures
may therefore lead to the misdiagnosis of women in clinical settings, and delays in clarifying
the role of ovarian morphology as a biomarker. In Chapter 1 of this dissertation, we begin by
examining the degree of agreement between various 2D and 3D sonographic techniques used
to determine antral follicle number and diameter versus an established reproducible method. In
the second paper of Chapter 1, we turn to measurements of the ovarian stromal tissue, which
are considered by some – but not all – to be predictive of ovarian androgen excess in
anovulatory conditions. Inconsistent findings across studies may be in part attributed to
differences in methods used to identify, characterize and measure the ovarian stroma. To date,
no formal comparison across methods has been conducted to validate or refute whether

xvii

variation in stromal assessment methodologies contribute to heterogeneity in study outcomes.
To that end, we design and implement a study that tests the reliability and agreement of 5 raters
using 3 quantitative methods to obtain stromal area and 1 qualitative method to evaluate stromal
echogenicity. Findings from the papers included in Chapter 1 provide rationale for the
measures of ovarian morphology employed in Chapters 2 and 3.

Researchers have demonstrated in well-controlled studies that reproductive and metabolic
perturbations in animal models manifest in changes in ovarian structure and function. Similarly,
we and others have demonstrated in women that features of ovarian morphology associate with
reproductive and metabolic disturbance, corroborating the evidence in animal models. In this
way, we can consider the ovary to have potential as a biomarker for reproductive or metabolic
disturbance. To date, the focus of ovarian morphology as a diagnostic criterion has not
considered the impact of obesity nor tested its diagnostic performance for different anovulatory
conditions. However, reproductive and cardiometabolic risks are known to differ across
anovulatory conditions (hyperandrogenic versus normoandrogenic) and justify the need to
consider further delineating between these two conditions. Reliable and cost-effective
assessments of clinical (i.e., hirsutism) and biochemical androgen status are lacking. Thus, there
is a need to identify a proxy, or biomarker, of androgen status that can be used to diagnose
hyperandrogenic and normoandrogenic anovulatory conditions in women. Thus, in Chapter 2
we test the hypothesis that certain features of ovarian morphology have potential to distinguish
between hyperandrogenic and normoandrogenic anovulatory states. Because emerging
evidence supports that ovarian morphology is impacted by adiposity, we also considered the
possibility that obesity could impair diagnostic accuracy for anovulatory conditions given its
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potential to exert competing influences on ovarian folliculogenesis. As such, we tested whether
BMI-specific thresholds for anovulatory conditions yielded any gains in diagnostic accuracy.

In Chapter 2, we report that morphologic features of the ovary can be used to distinguish
between anovulatory conditions, but that discriminatory power may be impacted by how such
anovulatory conditions are defined. We conclude that our approach to reveal BMI-specific
thresholds for anovulatory conditions may be inadequate to improve diagnostic accuracy and
consider the possibility that metabolic perturbations associated with obesity – that may not be
adequately captured by BMI – better reflect any contribution to alterations in folliculogenesis
that promote ovarian dysmorphology. A large body of evidence points towards increased or
aberrant insulin signaling potentiating hyperandrogenism in women with ovulatory disorders.
A smaller and largely experimental body of literature also provides compelling evidence that
folliculogenesis is altered with increased insulin signaling. In clinical research, definitions of
hyperandrogenism and surrogate measures of insulin resistance (IR) and hyperinsulinemia (HI)
are used inconsistently when attempting to establish the degree risk for IR and/or any
physiological relevance of increased insulin signaling in women with anovulatory conditions.
Therefore, Chapter 3 builds upon insights gained from Chapter 2 to focus on determining
whether IR, rather than adiposity per se, may be associated with distinct diagnostic features of
anovulatory conditions. By using a variety of metrics to define IR and HA, a cross-sectional
study was undertaken to clarify the relevance of hyperandrogenic status and surrogate measures
of IR in the study of anovulatory disorders in women.

Consideration of ovarian morphology for reproductive conditions is limited to adult women.
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However, reproductive disturbances manifest during the adolescent reproductive transition and
there is growing acknowledgment that early identification of girls at risk for reproductive
disorders is warranted. Evaluation of ovarian morphology in adolescence is discouraged as
clinicians and investigators believe that transabdominal ultrasound imaging, indicated for
adolescent populations, is unable to adequately resolve features of ovarian morphology. It is
also believed that the ovary naturally takes on a multi-follicular appearance during the
transition, reflecting the dynamic hormonal changes of the early menarcheal years, which could
confound detection of any underlying reproductive disturbance. Chapter 4 of this dissertation
builds upon the studies conducted in women to test the hypothesis that we can sufficiently
resolve follicles using transabdominal ultrasound and further, that we can extend the lines of
questioning about ovarian morphology into adolescence.

Together, these series of studies establish the importance of reproducible methods to assess
ovarian morphology and advance consideration of the ovary to improve the diagnosis and
evaluation of anovulatory conditions across the reproductive lifespan. These studies also
underscore the importance of considering the adequacy of criteria used to define the phenotypic
spectrum of anovulatory conditions and metabolic status.
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CHAPTER 1A

REPRODUCIBILITY OF ULTRASONOGRAPHIC METHODS FOR THE EVALUATION
OF OVARIAN MORPHOLOGY

A Comparison of 2D and 3D Ultrasonographic Methods for the Evaluation of
Ovarian Antral Follicle Number

Vanden Brink H, Pisch AJ, Lujan ME

Working Manuscript
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ABSTRACT
Introduction. Polycystic ovarian morphology (PCOM) is most commonly defined by a follicle
number per ovary (FNPO) of > 25 observed using 2D transvaginal ultrasonography. The 2DGrid Method (2D-Grid) yields highly reliable, although time-consuming, estimates of FNPO
and could represent a reference method for evaluating ovarian follicle populations off-line.
However, the time taken to obtain FNPO remains an important consideration, particularly in
clinical settings. FNPO is most often obtained in real-time (2D-RT) where the user counts
follicles as they scan through the ovary without marking individually detected follicles – this
greatly reduces the duration of the assessment – albeit at the expense of reliability. It is plausible
that a hybrid of 2D-Grid and 2D-RT may strike a balance between clinical feasibility and
reproducibility. Emergence of 3D ultrasonography has also enabled additional techniques to
assess FNPO which may also provide an alternative which effectively balances reliability and
efficiency in determining FNPO. To date, the performance of these newer 3D approaches has
not been compared to a reference method. A lack of agreement across methods, despite their
use to assess similar endpoints, would have significant implications for the detection of PCOM
and any eventual phenotyping of participants with polycystic ovary syndrome (PCOS).

Objectives. To determine the agreement in obtaining FNPO, and classifying ovaries as either
PCOM or Non-PCOM, using 2D-RT, 2D-RT with Grid and both real-time and off-line
variations of 3D Multiplanar View (MPV), Tomographic Ultrasound Imaging (TUI) and
SonoAVC versus 2D-Grid (reference). Any gains in feasibility compared to the reference
method were also determined for each test method.

2

Methods. 32 ovaries were analyzed for FNPO using each test method and classified as either
PCOM or Non-PCOM accordingly. Bland-Altman agreement statistics and Passing-Bablok
regression analyses evaluated the degree of agreement and proportional bias in FNPO.
McNemar tests evaluated the ability of each method to correctly classify ovaries as PCOM (as
judged by the reference method). Clinical feasibility, defined as the time taken to complete
follicle counts, was compared to the time taken to determine FNPO using 2D-Grid with
Student’s t-tests.

Results. A systematic bias, or mean difference, in FNPO of +3.2 + 8.7 follicles (p=0.045) was
detected between 2D-RT versus 2D-Grid which was attributed to over-counting follicles in
Non-PCOM ovaries using the 2D-RT approach (6 + 6 follicles; p=0.003). By contrast, no
significant bias in FNPO was detected with 2D-RT with Grid – that is, when a grid was used to
compartmentalize the ovary and obtain FNPO in real-time (-0 + 7 follicles, p=0.944). No bias
in FNPO was detected when using MPV and TUI off-line (1 + 5 follicles; p=0.146 and -2 + 7
follicles, p=0.078, respectively) or in real-time (-1 +6 follicles, p=0.477 and -2 + 7 follicles,
p=0.138, respectively). By contrast, FNPO by SonoAVC showed a negative systematic bias (3 + 5 follicles; p=0.001) attributed primarily to undercounting follicles in PCOM ovaries (-4.1
+ 5.0 follicles; p=0.004). The absolute percent difference in FNPO versus 2D-Grid was highest
using 2D-RT (26.7%) and lowest using MPV in real-time (13.0%). 2D-RT was the only method
to misclassify ovaries as PCOM (p=0.011) as compared to classifications assigned using the
2D-Grid. All methods, except MPV, took less time to complete FNPO assessments compared
to 2D-Grid (p<0.001).
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Conclusion. Use of MPV in real-time and 2D-RT with Grid exhibited the closest agreement to
the reference method and represent clinically feasible methods to obtain FNPO for the
classification of PCOM. Given high variability and systematic bias in FNPO, our results do not
support the use of 2D-RT to obtain FNPO or to classify PCOM. Although all other 3D and 2D
methods showed comparable performance in classifying PCOM, high variability and broad
limits of agreement in FNPO infer that they should not be used in place of off-line 2D-Grid
when an accurate FNPO is the desired endpoint.

4

INTRODUCTION
Polycystic Ovary Morphology (PCOM) on ultrasound is a cardinal feature of polycystic ovary
syndrome (PCOS)—a complex and prevalent endocrine disorder associated with both
reproductive and cardiometabolic co-morbidities1,2. Follicle number per ovary (FNPO), defined
as the total number of
2-9 mm follicles in one ovary, is the preferred marker of PCOM as it has the highest predictive
power for PCOS compared to other ovarian features3. In addition to having diagnostic potential
for PCOS, identification of PCOM and follicle counts have long been considered relevant in
guiding therapeutic options for treatment of infertility and predicting risk of ovarian
hyperstimulation syndrome (OHSS)4,5. Emerging evidence also supports that follicle
populations, which considers both follicle number and the distribution of follicle sizes, may
serve as a biomarker for the degree of reproductive and metabolic disturbance in patients 3,6–8.
Research and technological advancements aimed at obtaining reliable estimates of follicle
number on ultrasound therefore represent an important field of study for optimizing health
outcomes in women of reproductive age.

Estimates of FNPO are most often obtained in real-time using two-dimensional transvaginal
ultrasonography [2D real-time (2D-RT)]. Efforts to standardize approaches for obtaining FNPO
using 2D-RT have been proposed9,10. However, inter-observer reliability, defined as the
intraclass correlation coefficient (ICC), in 2D-RT counts have ranged from fair (ICC = 0.63) to
poor (ICC = 0.08) in our previous studies11,12. Use of off-line approaches greatly improves the
reliability of follicle counts obtained11. We found that a method which utilizes a grid overlay to
compartmentalize the ovary captured in a 2D videoclip (called a cineloop) enables raters to
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perform focused follicle counts on individual segments of the ovary (i.e., inside each grid
square). This approach, termed the 2D-Grid Method (2D-Grid), provides an opportunity to flag
and measure each follicle as they are uniquely identified thereby reducing the likelihood of
over- or under-counting. We showed that 2D-Grid was associated with substantially higher
levels of inter-observer agreement (concordance correlation coefficients 0.79 to 0.87)11
compared to methods simulating real-time counts. However, the increased time demand of 2DGrid limits its utility in clinical practice. Therefore, the 2D-RT approach remains the most
common practice for estimating follicle number13,14.

Growing integration of 3D ultrasound imaging in clinical settings now provides several
additional alternative methods for assessing ovarian morphology off-line9, such as Multi-Planar
View (MPV)15–1715,16,17, Tomographic Ultrasound Imaging (TUI)18, and Semi-Automated
Volume Calculation software (SonoAVC)11,16,19. Whether these newer 3D approaches provide
feasible and/or interchangeable estimates of FNPO when compared to a reference method is
uncertain. To address these gaps in knowledge, a comprehensive method comparison study was
conducted to determine the level of agreement in FNPO, follicle size groups, and PCOM status
between these newer 3D methods, and the commonly used 2D-RT method, using 2D-Grid as
the reference. An assessment of clinical feasibility, or the time taken to obtain FNPO using each
method, was also performed. We hypothesized that methods conducted using measurementenabled off-line methods would agree closely with 2D-Grid given the ability to flag follicles
and minimize under- or over-counting. We also anticipated that the improved agreement would
coincide with similar time needed to obtain FNPO and therefore, be offset by a reduction in
clinical feasibility.
6

METHODS
Ovarian Image Acquisition and Selection
Thirty-two ovaries from sixteen participants were selected from an internal de-identified image
archive at Cornell’s Women’s Imaging Research Lab (Ithaca, NY). Images of the left and right
ovaries of each participant had been obtained using a Voluson E8 with a 3D transvaginal
transducer (RIC 6-12 MHz) which either coincided with the early follicular phase or at a
random time when there was no ultrasonographic evidence of impending or recent ovulation.
Participants were between the ages of 18-48 years and had not taken hormonal contraception,
fertility medications, or insulin sensitizing drugs within two months of study participation
(Cornell University IRB #1108002383). Women were excluded if they were diagnosed with
conditions known or suspected to interfere with reproductive function (other than PCOS), were
pregnant or breastfeeding, or if the sonographer could not visualize both ovaries on ultrasound
during a study visit. Images of the ovaries were selected for analysis with the goal of obtaining
those with good image quality and an equal number of ovarian pairs that met or did not meet
the definition of PCOM as proposed by the AE-PCOS Society2 (FNPO 2-9 mm > 25 follicles)
which was the internationally accepted threshold for FNPO at the time of study design. Good
image quality was based on a subjective assessment of the clarity of the follicles within ovaries,
degree of follicle clustering, and optimal visibility of the ovarian contour, as per an internal
standard grading protocol. Based on a recent study16, 32 ovaries would be expected to detect a
difference of 2 + 4 follicles (effect size 0.52) at an alpha of 5% and 80% power for matched
pair analyses (G*Power v.3.1.9.4, Dusseldorf, Germany)20.
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Ovarian Image Analysis and Image Processing
Images were evaluated for the number (FNPO) and/or size of all follicles (≥ 2 mm) present
within the ovary by a single blinded rater using 8 different methods (1 reference method to
which the test methods are compared and 7 test methods): 1) 2D-Grid (the reference method),
2) 2D-RT, 3) 2D-RT with Grid, 4) Multiplanar View (MPV); 5) MPV Real-Time (MPV-RT),
6) Tomographic Ultrasound Imaging (TUI), 7) TUI Real-Time (TUI-RT) and 8) SonoAVC
(Figure.1). The rater was trained in image analysis using 2D-Grid and maintained an ICC of >
0.900 versus all other members in the research group for FNPO. For the present study, the term
‘real-time’ (RT) refers to an off-line approach that attempted to simulate a live scan of the
ovaries conducted in a clinical setting wherein the rater counted follicles while slowly scanning
from one ovarian margin to the next without marking counted follicles or taking follicle
measurements. In contrast, reference to ‘off-line’ or ‘measurement-enabled’ methods refer to
those in which digital calipers were used to mark and measure follicles as they were observed.
All methods without a designation ‘Real-Time’ (RT) refer to off-line, or measurement-enabled
methods.

For each method, the images were randomized by participant and side of ovary (i.e., right versus
left) to minimize participant (or ovary) recognition and bias in the evaluation of the ovaries.
The rater waited a minimum of two weeks between each method in order to minimize recall
bias of follicle counts obtained in the ovaries using previous methods. For 3D methods (MPV,
MPV-RT, TUI, TUI-RT and SonoAVC), volume files – representing a sweep through the entire
ovary in three orthogonal planes – were used in their native file format (.4dv) with the associated
proprietary software (GE Healthcare, Milwaukee, WI). For 2D methods (2D Grid, 2D-RT and
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2D-RT with Grid), volume files were partitioned from their native file format into three
cineloops (dicom file format) representing each of the orthogonal planes. Only a single cineloop
in a designated reference plane was selected for analysis using a generic DICOM reader
software [Santesoft DICOM Editor (v. 5.0.9), Athens, Greece].

2D-Grid (Reference Method)
The 2D-Grid method involved overlaying a programmable grid onto the viewing window, as
previously described11. The grid parameters could be altered to compartmentalize the ovary into
a desired number of grid sections (usually 9-12 squares) to conform to the rater’s preference.
The rater then scrolled through the cineloop, measuring and flagging all follicles within a given
grid section using digital calipers. This process was repeated for all grid sections and the number
of follicles in each section was summed to yield an estimate of FNPO. The size of each follicle,
as judged by follicle diameter, was also recorded.

2D Real-Time and 2D Real-Time with Grid
The 2D-RT method involved scrolling through a 2D cineloop (single reference plane) and
counting all follicles visualized from one ovarian margin to the next. This process was repeated
twice, and the average was tabulated and recorded as FNPO. In the case of 2D-RT with Grid,
the ovary was partitioned by applying a programmable grid onto the viewing window. The rater
then scrolled through the cineloop and counted all follicles within a given grid section as they
were visualized (no electronic calipers were used). This process was repeated for all grid
sections and the number of follicles in each section was summed to provide an estimate of
FNPO. Follicle counts were completed twice using this approach, and the average between
9

trials was tabulated and recorded as FNPO.
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Figure 1A.1: Representative Images of 2D and 3D Image Analysis Methods. A. 2D Imaging. 2D still image of an ovary with
and without a superimposable grid overlay as would be used with 2D-RT with Grid and 2D-Grid. Follicles (representative
follicles are marked by *) appear as black, spherical anechoic regions within the limits of the ovary. B. TUI. The reference plane
of an ovary in the largest cross sectional view is depicted in the top left. The vertical white lines represent slices through the
orthogonal plane. The slices, or serial cross-sections, through the orthogonal plane are displayed in the subsequent eight images.
C. MPV. The reference plane (x), and two corresponding orthogonal views (y, z) of an ovary are depicted for simultaneous
viewing and analysis. D. SonoAVC. A representative output of SonoAVC following manual post-processing by the rater is shown.
Three orthogonal views of the ovary (x, y, z) correspond to the rendered 3D volumetric model of the ovary, wherein each follicle
identified is presented in a separate color.
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Multiplanar View and MPV Real-Time (MPV-RT)
The Multiplanar View (MPV) method involved measuring and flagging all follicles using
electronic calipers while simultaneously visualizing follicles in all three orthogonal planes. (Figure
1.1C). Follicle number and diameter were recorded. The MPV-RT method involved scrolling
through the reference plane and counting all visualized follicles, using the orthogonal planes to
confirm the identity of follicles in cases of poor image quality or when clustering of follicles made
it difficult to distinguish individual follicles in a single imaging plane. Follicle counts were
completed twice, and the average was tabulated and recorded as FNPO.

Tomographic Ultrasound Imaging and TUI Real Time (TUI-RT)
The TUI method is analogous to visualizing serial histological sections through the ovary, at a
slice thickness predetermined by the rater (Figure 1.1B). The slices can then be viewed
simultaneously, requiring the rater to analyze fewer frames than other approaches. For the purposes
of this study, slice thickness was set to 2.0mm and visualized on a 3 x 3 display (i.e. 9 slices
visualized simultaneously). The total number of slices was adjusted to include the entirety of the
ovary and therefore varied for each ovary assessed. In the case of TUI as a measurement-enabled
method, screenshots of the 3 x 3 display were captured and exported to a generic DICOM viewer
so that individual follicles and their diameters could be counted and measured using electronic
calipers for each ovary. Follicle number and diameter were recorded. TUI Real-Time (TUI-RT)
involved counting follicles in the slice in which each follicle appeared in its largest cross-section.
The trackball could be used at the rater’s discretion to confirm the unique identity and location of
follicles in adjacent slices. Follicle counts were completed twice, and the average was tabulated
and recorded as FNPO.
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Semi-Automated SonoAVC
SonoAVC is a semi-automated software designed to recognize anechoic spheres consistent with
ovarian antral follicles in an acquired volumetric dataset. Each follicle is assigned a color, which
corresponds with its dimensions and estimated follicular volume (Figure 1.1). The SonoAVC
method involved the rater selecting a region of interest (ROI) that captured the limits of the ovary
in three orthogonal planes while minimizing any extra-ovarian tissue. SonoAVC was then engaged
and an initial automated report of follicle number and size provided. The rater then initiated postprocessing which involved manually adding missed follicles, removing echotextures incorrectly
identified as follicles, as well as merging and cropping follicles to more accurately capture follicle
number and size – in this way, the approach was considered semi-automated. Following postprocessing, follicle number and sizes approved by the rater were recorded for each ovary.
SonoAVC is an inherently measurement-enabled method and therefore no real-time analogy was
possible.

Assessment of Clinical Feasibility
Clinical feasibility of each method was defined as the time to obtain FNPO, determined using a
timer. For real-time methods, the time to obtain a final FNPO represented the sum of the time it
took to complete two independent assessments of FNPO (given that the FNPO for all real-time
approaches were based on the average of the first and second counts performed). For measurementenabled methods, the time required to mark and measure all follicles and generate a total FNPO
during a single assessment was recorded.
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Statistical Analysis
For each method, the overall mean and standard deviation of FNPO were determined. The absolute
percent error in obtaining FNPO was determined for each test method compared to 2D-Grid
(reference) in order to assess overall error independent of over- or under-counting. Bland Altman
plots and two-sided paired t-tests were used to evaluate agreement in FNPO obtained by each test
method to the reference method. The Shapiro-Wilk test assessed normality of mean difference
distributions, which were found in two methods (2D-RT, MPV-RT) to be non-normal. Therefore,
Passing-Bablok regression analyses were conducted to determine the presence of proportional bias
(i.e. degree to which agreement changes as the value of the outcome variable increases) and
confirm the presence of systematic bias (i.e. a consistent over- or under- estimation between two
methods across all values) detected by Bland-Altman agreement statistics. All agreement analyses
were conducted for: 1) the entire dataset (N=32), 2), by PCOM status of individual ovaries (N=17
PCOM vs. N=15 Non-PCOM), and by follicle size-populations (small 2-5mm follicles and
medium 6-9mm follicles, off-line methods only). McNemar’s test was used to determine whether
each test method accurately categorized each ovary as PCOM or Non-PCOM as defined by 2DGrid. The time required to obtain FNPO using different test methods was compared to the time
taken to obtain FNPO with 2D-Grid using paired t-tests. Statistical analyses were performed using
JMP Pro 13 (v.13.1.0) and Medcalc (v.18.2.1). For all analyses, statistical significance was defined
as p < 0.05.

RESULTS
Estimates of Follicle Number Per Ovary Across Methods
Table 1.1 presents FNPO and follicle size populations estimated by the reference and test methods.
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Using 2D-Grid, FNPO averaged across all ovaries was 32 + 17 follicles, wherein the majority of
follicles were in the 2-5mm versus 6-9mm range. Corresponding follicle counts obtained from the
same ovaries using the test methods ranged from 29 ± 18 follicles (SonoAVC) to 35 ± 14 follicles
(2D-RT). Consistent with their morphological classification, FNPO in Non-PCOM ovaries
averaged 20 ± 5 follicles using 2D-Grid and 43 ± 18 follicles in PCOM ovaries, respectively. In
Non-PCOM ovaries, test methods ranged from 19 + 6 follicles (SonoAVC) to 26 + 9 follicles (2DRT), indicating that some methods yielded counts that exceeded the threshold for PCOM ovaries
(> 25 follicles). When PCOM ovaries were considered, FNPO ranged from 39 + 20 follicles
(SonoAVC) to 44 + 14 follicles (2D-RT). In both PCOM and Non-PCOM ovaries, the majority
of follicles were in the 2-5mm size-range.
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Table 1A.1 Estimates of Mean Follicle Number Per Ovary Across Methods
FNPO: All Ovaries
2D-Grid
2D-RT
2D-RT Grid
MPV
MPV-RT
TUI
TUI-RT
SonoAVC

2-9mm
32 + 17
35 + 14
32 + 20
34 + 17
31 + 14
30 + 17
30 + 16
29 + 18

2-5mm
27 + 16
28 + 16
26 + 16
21 + 15

FNPO: Non-PCOM Ovaries
6-9mm
5+4
5+4
4+3
7+5

2-9mm
20 + 5
26 + 9
21 + 8
22 + 5
22 + 6
20 + 8
20 + 8
19 + 6

2-5mm
16 + 4
17 + 6
16 + 8
14 + 6

6-9mm
4+2
4+2
3+1
4+2

FNPO: PCOM Ovaries
2-9mm
43 + 18
44 + 14
42 + 8
43 + 18
40 + 15
39 + 18
39 + 16
39 + 20

2-5mm
36 + 17
36 + 19
35 + 15
29 + 10

6-9mm
6+4
7+4
5+3
10 + 5

Values represent Mean + SD across all ovaries (N=32), Non-PCOM ovaries (N=15) and PCOM ovaries (N=17) as defined by counts obtained using 2D-Grid
(reference method). Abbreviations: FNPO, Follicle Number Per Ovary; RT, Real-Time; MPV, Multi-Planar View; TUI, Tomographic Ultrasound Imaging;
SonoAVC, Semi-Automated Volume Calculation.
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Agreement Across Test Methods and 2D-Grid
An overall mean difference in FNPO was detected between 2D-RT and 2D-Grid (systematic bias:
3 ± 9 follicles, p=0.045; Figure 1.2), which was attributed to over-counting in the Non-PCOM
ovaries (6 + 6 follicles; p=0.003; Table 1.2). Positive proportional bias was detected in the NonPCOM population (slope = 2.4 (1.4-5.0); Table 1.3). Therefore as FNPO increased over-estimation
of FNPO became more pronounced. Limits of agreement between 2D-RT and 2D-Grid were also
the widest using this approach, particularly in PCOM ovaries (Table 1.2), reflecting greater
variation in follicle count differences versus 2D-Grid. Wide limits of agreement are also indicated
by the absolute percent difference, which assesses variation in estimates of follicle count
irrespective of over- or underestimation. Absolute percent difference was highest in 2D-RT versus
2D-Grid at 26.7% (Figure 1.2), confirming substantial variation in estimates of FNPO using 2DRT. In contrast, there was no overall difference in FNPO between 2D-Grid and 2D-RT with Grid
across all ovaries nor when stratified by PCOM status (Figure 1.2 and Table 1.2). The limits of
agreement and percent difference also narrowed substantially versus 2D-RT when a grid was
applied (Figure 1.2 and Table 1.2), although no overall mean differences were detected when
PCOM and Non-PCOM ovaries were considered separately (Table 1.2), 2D-RT with Grid
overestimated FNPO as follicle counts increased in Non-PCOM ovaries only (positive
proportional bias, slope: 2.2, CI: 1.2-3.0, Table 1.3). Absolute percent difference in FNPO was
substantially lower when a grid overlay was applied to 2D-RT assessments, dropping to 17%
(Figure 1.2).

There was no overall mean difference between FNPO obtained using MPV versus 2D-Grid when
ovaries were considered together (1.3 + 5.0 follicles; p=0.146; Figure 1.2), nor after stratifying by
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PCOM status (Table 1.2).

However, when follicle subpopulations were compared, MPV

overestimated the number of 2-5mm follicles versus 2D-Grid in Non-PCOM ovaries (3 + 4
follicles; p=0.011; Table 1.4), but the overestimation of small follicles did not reach significance
when all ovaries were considered. In contrast, FNPO obtained using MPV-RT was not different
from 2D-Grid when considering all ovaries, PCOM status or follicle subpopulations (Figure 1.2
and Tables 1.2 and 1.3). The absolute percent difference in FNPO was lowest at 13.0%, using
MPV-RT (Figure 1.2).

TUI tended to underestimate FNPO across all ovaries (-2 + 7 follicles, p=0.078; Figure 1.2).
Passing Bablok regression analyses confirmed the negative systemic bias and revealed a
proportional bias; as follicle number increased, differences in the estimates of FNPO between TUI
and 2D-Grid became more pronounced. When follicle sub-populations were considered, the
number of 6-9 mm follicles was underestimated in the Non-PCOM ovaries (-1 + 1 follicles,
p=0.001; Table 1.4). In contrast with TUI as a measurement-enabled method, FNPO obtained
using TUI-RT did not differ from the reference when considering all ovaries, PCOM status or
follicle subpopulations (Figure 1.2 and Tables 1.2 and 1.3).

SonoAVC underestimated FNPO in PCOM ovaries (-4 + 5 follicles, p=0.004, Table 1.2) which
resulted in an overall mean difference of -3 + 5 follicles when all ovaries were considered
(p<0.001; Figure 1.2), When follicle subpopulations were considered, SonoAVC consistently
underestimated FNPO 2-5mm in PCOM (-7 + 7; P<0.001) and Non-PCOM (-2 + 4; P<0.042)
ovaries, resulting in an overall negative mean difference of -5 + 10 follicles, p<0.001; Table 1.4).
Passing-Bablock regression analyses also demonstrated systematic bias in the Non-PCOM ovaries
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(slope <1.0, Table 1.3). In contrast to the follicles 2-5mm, follicles 6-9mm were overestimated in
PCOM ovaries (3 + 4; P=0.001; Table 1.3) which resulted in an overall mean difference of 2 + 3
follicles in the 6-9mm range (p=0.001; Table 1.3).
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Table 1A.2: Agreement in Follicle Number Per Ovary (FNPO) Between Reference and Test Methods by Non-PCOM
and PCOM Ovaries
Mean
| % Difference |
Limits of Agreement
P-Value
Difference
Non-PCOM Ovaries
2D-Grid
2D-RT
35.37 + 23.4
6+6
-7 – 19
0.003
2D-RT Grid
18.18 + 17.2
1+5
-10 – 11
0.510
MPV
21.77 + 15.5
2+4
-6 – 10
0.067
MPV-RT
16.21 + 18.6
2+4
-6 – 9
0.103
TUI
20.93 + 29.0
-1 + 7
-14 – 12
0.670
TUI-RT
19.71 + 24.6
0+6
-12 –11
0.897
SonoAVC
15.48 + 10.7
-2 + 4
-9 – 6
0.124
PCOM Ovaries
2D-Grid
2D-RT
19.1 + 11.9
1 + 10
-19 – 20
0.754
2D-RT Grid
15.9 + 14.9
-1 + 9
-19 – 17
0.652
MPV
9.0 + 6.5
1+6
-11 – 12
0.648
MPV-RT
10.2 + 8.6
-3 + 7
-17 – 11
0.096
TUI
15.3 + 15.5
-4 + 8
-19 – 11
0.063
TUI-RT
16.3 + 10.8
-3 + 8
-18 – 12
0.911
SonoAVC
13.2 + 12.2
-4 + 5
-14 – 6
0.004
Absolute percent difference and Bland Altman agreement statistics for each test method versus the reference, 2D-Grid. Values for the
absolute % difference and mean difference are represented by mean + standard deviation in Non-PCOM ovaries (N=15) and PCOM
ovaries (N=17). Abbreviations: FNPO, Follicle Number Per Ovary; | % Difference |, Absolute Percent Difference, RT, Real-Time;
MPV, Multi-Planar View; TUI, Tomographic Ultrasound Imaging; SonoAVC, Semi-Automated Volume Calculation.
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Table 1A.3: Systematic and Proportional Bias in FNPO across Methods
2D-Grid vs:
All Ovaries (N=32)
2D Real-Time
2D Real-Time with Grid
Multiplanar View
Multiplanar View Real-Time
TUI
TUI Real-Time
SonoAVC
PCOM Ovaries (N=17)
2D Real-Time
2D Real-Time with Grid
Multiplanar View
Multiplanar View Real-Time
TUI
TUI Real-Time
SonoAVC
Non-PCOM Ovaries (N=15)
2D Real-Time
2D Real-Time with Grid
Multiplanar View
Multiplanar View Real-Time
TUI
TUI Real-Time
SonoAVC

Intercept (95% CI)

Slope (95 % CI)

1.0 (0.8-1.3)
-4.1 (-12.0-0.43)
2.5 (-2.4-6.4)
3.4 (0.0-6.9)
-4.1 (-10.3-1.0)
-1.9(-9.8-2.5)
-2.0 (-4.5-1.8)

5.5 (-5.6-11.3)
1.07 (0.93-1.4)
1.0 (0.8-1.1)
0.9 (0.7-1.0)
1.1 (0.9-1.3)
1.0 (0.9-1.3)
1.0 (0.8-1.1)

3.0 (-23.9-16.9)
-14.1 (-33.5- -3.2)
-4.4 (-12.6-6.5)
0.14 (-7.9-13.8)
-9.5 (-24.6-5.2)
-4.0 (-20.8-8.8)
-6.7 (-13.3 – -0.2)

1.0 (0.6-1.8)
1.3 (1.0-1.8)
1.1 (0.8-1.4)
0.9 (0.6-1.1)
1.2 (0.8-1.6)
1.0 (0.8 -1.5)
1.1 (0.9-1.3)

-22.8 (-80.0 – -1.7)
-24.4 (-42.0- -3.4)
-1.6 (-28.5-8.3)
0.0 (-19.0-6.6)
-24.0 (-47.9 – -2.5)
-23.0 (-63.0-0.0)
-2.0 (-25.0-3.7)

2.4 (1.4-5.0)
2.2 (1.2-3.0)
1.2 (0.7-2.5)
1.0 (0.7-2.0)
2.0 (1.1-3.1)
2.0 (1.0-3.9)
1.0 (0.7-2.1)

Intercepts and slopes according to Passing-Bablock regressions analyses are shown. An intercept which does not pass through zero represents
systematic bias of a method to over- or under-count compared to 2D-Grid. A slope which does not pass through 1.0 represents a method
displaying proportional bias (over- or under-counting relative to the reference method increases as FNPO increases).
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Table 1A.4: Agreement in Follicle Size Populations between Reference and Test Methods in Polycystic and Normal
Ovaries
FNPO 2-5mm
FNPO 6-9mm
Mean
Limits of
Mean
Limits of
P-Value
P-Value
Difference
Agreement
Difference
Agreement
All Ovaries
2D-Grid
MPV
2+5
-17 – 7
0.114
0+3
-5 – 5
1.000
TUI
-1 + 7
-15 – 13
0.335
-1 + 3
-6 – 5
0.061
SonoAVC
-5 + 10
-9 – 12
<0.001
2+3
-4 – 8
0.001
Non-PCOM Ovaries
2D-Grid
MPV
-1 + 2
-4 – 3
0.217
3+4
-5 – 10
0.011
TUI
1+7
-13 – 14
0.733
-1 + 1
-4 – 1
0.001
SonoAVC
1+2
-3 – 4
0.111
-2 + 4
-9 – 5
0.042
PCOM Ovaries
2D-Grid
MPV
0+6
-12 – 12
0.844
1+3
-6 – 7
0.207
TUI
-3 + 7
-17 – 11
0.124
-1 + 4
-8 – 7
0.816
SonoAVC
-7 + 7
-20 – 5
<0.001
3+4
-4 –10
0.001
Absolute percent difference and Bland Altman agreement statistics for each test method versus the reference, 2D-Grid. Values for the
absolute % difference and mean difference are represented by mean + standard deviation in Non-PCOM ovaries (N=15) and PCOM
ovaries (N=17). Abbreviations: FNPO, Follicle Number Per Ovary; RT, Real-Time; MPV, Multi-Planar View; TUI, Tomographic
Ultrasound Imaging; SonoAVC, Semi-Automated Volume Calculation.
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Classification between PCOM and Non-PCOM
The degree to which test methods agreed with 2D-Grid in their classification of ovaries as PCOM
or Non-PCOM are presented in Figure 1.3. With exception of 2D-RT, all methods did not differ
in their ability to categorize an ovary as PCOM or Non-PCOM. The FNPO obtained using 2D-RT
led to ovaries being mis-classified of 9 out of 15 times for Non-PCOM ovaries and 1 out of 17
times for PCOM ovaries (Overall 68.8% agreement to 2D-Grid, p=0.011).

Clinical Feasibility
On average, the time needed to count and measure all follicles using the reference method was
22.8 + 9.2 minutes. Of the measurement-enabled methods, SonoAVC and TUI, but not MPV, took
less time to assess FNPO, requiring 12.0 + 8.8 and 12.6 + 5.5 minutes, respectively (p<0.0001).
Follicle counts obtained by methods used in real-time took between 1 and 5 minutes, less than one
quarter of the time required to obtain FNPO using 2D-Grid (Table 1.5).
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Figure 1A.3. Agreement in Categorical Classification of PCOM Between Methods. Each method was compared to the reference 2D-Grid Method
to determine whether the methods agreed on PCOM diagnosis (defined as 2-9 mm FNPO > 25). Abbreviations: FNPO, Follicle Number Per
Ovary, LOA, Limits of Agreement, RT, Real-Time; MPV, Multi-Planar View; TUI, Tomographic Ultrasound Imaging; SonoAVC, Semi-Automated
Volume Calculation.
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Table 1A.5: Comparison of Feasibility across Methods as Judged by Time to Complete Ovarian Assessments of Follicle Number
Per Ovary (FNPO)
Method
Time (mins)
Mean Difference (mins)
P-Value
22.8 + 9.2
2D-Grid
2D-RT
1.2 + 0.5
-21.6
<0.001
2D-RT Grid
2.2 + 0.8
-20.6
<0.001
MPV
24.8 + 11.9
0.4
0.803
MPV-RT
3.1 + 1.0
-19.8
<0.001
TUI
12.0 + 8.8
-10.9
<0.001
TUI-RT
5.1 + 2.2
-17.7
<0.001
SonoAVC
12.6 + 5.5
-10.2
<0.001
Time to complete an assessment of FNPO is reported as Mean + SD in minutes. Mean Difference is expressed relative to the reference method (2D
Grid). Abbreviations: FNPO, Follicle Number Per Ovary; RT, Real-Time; MPV, Multi-Planar View; TUI, Tomographic Ultrasound Imaging; SonoAVC,
Semi-Automated Volume Calculation.
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DISCUSSION
Standardization of ultrasonographic methods which are used to obtain FNPO is critical
given the current and widespread dependence of this metric to define PCOM for the
diagnosis of PCOS3, and given its expanding role as a biomarker for reproductive and
metabolic disturbance. This study represented an evaluation of 2D and 3D methods
versus a previously established method (2D-Grid) to assess FNPO and define the impact
of methodology on the classification of PCOM – an area in which there are little to no
data. Overall, we found that most 3D methods exhibited good overall agreement with
2D-Grid. However, when a more precise evaluation of follicle number and size was
considered, inconsistent over- and underestimation by all methods tested suggested that
further research is needed to better clarify the limitations of each method and any
avenues for standardization of these approaches. Further, we noted that agreement in
FNPO by 2D-RT was markedly improved when a grid overlay was added to partition
the ovary at the time of analysis. This finding was particularly striking when considered
along our other observation that all test methods, except 2D-RT, successfully classified
PCOM from Non-PCOM ovaries. Together, our study supports that 3D methods and
2D-RT with Grid are interchangeable with 2D-Grid when classification of ovaries is the
main endpoint.

Wide confidence limits and variations in absolute percent agreement compared to 2DGrid raises significant concerns regarding the impact of methodology to obtain reliable
estimates of FNPO, specifically when a precise measurement of follicle number and/or
diameter are needed. We6,21,22 and others23–26 have demonstrated that follicle number
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and size directly associate with measures of reproductive disturbance such as
hyperandrogenism and menstrual cycle length. There are also data to support
associations with metabolic derangements such as degree of insulin resistance and
overweight and obesity27–29. The notion that ovarian morphology could serve to identify
patients with more severe reproductive disturbance and/or those at risk for concurrent
metabolic co-morbidities would be helpful clinically, given that not all women are
thoroughly evaluated for their reproductive or metabolic health concerns (i.e., younger
and lean women). However, the utility of follicle counts as a biomarker of health status
is controversial, as other studies have found no such relationshipa25,30. The results from
the present study suggest that inconsistencies in reports of relationships between follicle
populations and reproductive and metabolic endpoints may be attributed to the variance
in methods used to evaluate ovarian morphology.

2D-RT represents the predominant approach to evaluate ovarian morphology10. When
we simulated this approach in our study, we found that estimates of FNPO did not agree
with counts obtained using 2D-Grid, were subject to the greatest degree of over- and
under-estimation compared to other methods, and led to significant misclassification of
ovaries as PCOM or Non-PCOM. It should be noted that 2D-RT is also the predominant
method to which studies evaluating the utility of 3D ultrasound have been
compared14,17,31. 3D assessments of FNPO have been reported to either over-17 or undercount14,31,32 follicle number compared to 2D-RT in ovaries of women with PCOS14 or
women with suspected subfertility16,31. As a result, we are limited in our ability to
directly contrast the performance of our test methods to previous studies as we relied on
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2D-Grid as a standard. However taken together, our results add to growing evidence
that 2D-RT is less reliable and does not agree with other methods to obtain FNPO11,33.

Unique to this study design was the inclusion of both PCOM and Non-PCOM ovaries
to better define the impact of agreement across a spectrum of FNPO and the implications
on categorizing ovaries for a clinical evaluation of PCOM. We found that overall,
overestimation of FNPO using 2D-RT was more pronounced in the Non-PCOM ovaries
and led to significant misclassification of Non-PCOM ovaries as being PCOM. We
attempted to obviate the challenges of over- and under-counting by incorporating a grid
overlay into the 2D-RT protocol which substantially improved the assessments of
follicle number and added, on average, only one additional minute to the duration of the
assessment. Consequently, we extend our previous work on the development and
evaluation of the 2D-Grid method to recommend that when only 2D-RT imaging is
available, partitioning the ovary into grid sections improves confidence in the follicle
counts obtained even without marking and measuring individual follicles.

Of the 3D methods tested, MPV was the most promising. We found that counts by
MPV-RT displayed relatively narrow limits of agreement, and overall good agreement
with 2D-Grid, taking an average of 3 minutes to obtain an estimate of FNPO. Previous
reports have showed that MPV-RT performed similarly to 2D-RT17 and that
assessments of FNPO were associated with excellent interobserver reliability
(ICC>0.900).33 Similar to our current study, investigators took approximately 3 minutes
to obtain reliable follicle counts by MPV-RT which could be argued to be clinical
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feasible.33 Collectively, these data suggest that MPV-RT may be superior to 2D-RT for
assessments of ovarian morphology and that the additional orthogonal views effectively
obviate challenges encountered by the more limited 2D-RT approach. It should be noted
that MPV-RT, by virtue of being a 3D method, is inherently an off-line assessment.
Images of the ovaries are quickly captured (within seconds) using a 3D transducer and
counts are performed from stored data and not during real-time scanning. Incorporation
of such a method into practice would have the added benefit of reducing patient scan
time and could ultimately improve and streamline workflow. When the ability to mark
and measure follicles was employed with MPV, although it tended to over-count in NonPCOM ovaries. MPV consistently demonstrated narrow confidence limits across all
comparisons, particularly when measuring larger follicles. That said, MPV took the
longest time to complete and did not differ in time to completion compared to 2D-Grid.
We conclude that the rigor of this method is reflected in its high agreement and may
represent a potential alternative reference method when 2D-Grid is not feasible.

TUI has only recently been used to quantify follicle populations – albeit in an adolescent
population.18 The reliability and/or agreement of TUI to other methods has not yet been
evaluated to our knowledge. We expected TUI to underestimate FNPO given that 2mm
cross-sections through the ovary would provide fewer views of the ovaries versus the
usual frame-by-frame approach which employs much thinner sections through the ovary
(0.5mm). Despite consistent but insignificant negative bias, underestimation of follicle
number by this method was most pronounced in the large antral follicles (6-9mm). We
posit that the undercounting of TUI was a result of missing the smallest of antral follicles
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(2mm), and underestimating the size of larger follicles (6-9mm), because the thicker
slices did not always provide the opportunity to view the individual follicles in their
largest cross-sectional view. Although TUI and TUI-RT exhibited good agreement for
classification of PCOM status, this method took the longest among the 3D methods,
limiting its clinical utility when both time and accuracy must be balanced. The wide
confidence limits associated with counts obtained by TUI when compared to 2D-Grid
support the conclusion that follicle counts by this method should be interpreted with
caution.

SonoAVC has been widely investigated for its utility to assess follicle counts. It is an
attractive option given the tedious nature of counting and measuring follicles.
Assessments by SonoAVC have been reported to be reliable, but they underestimate
follicle numbers16,17,34 and are heavily dependent on the user’s experience with postprocessing. Our findings support previous studies in that SonoAVC underestimated
follicle number as compared to other imaging methods14,31, albeit not in all studies17.
These findings are expected given this software was designed for follicle tracking in
stimulated cycles, where the follicles of interest are typically >10mm33 and easier to
identify by both the software and user. Although previous studies have demonstrated
that SonoAVC is reliable tool to obtain follicle counts16,19,35, our current findings do not
support the interchangeable use of SonoAVC and 2D-Grid to obtain FNPO when
follicle size populations are needed. However, when a quicker assessment is desired for
the classification of PCOM status, SonoAVC did agree with assessments made by 2DGrid.
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The need to consider methods used to obtain FNPO in clinical and research settings has
been raised by others9,10,31. Improvements in technology leading to better visualization
of small antral follicles has contributed to increases in FNPO36 detected over the past
two decades, yet the degree to which new and older image analysis methods reliably
capture ovarian morphology is controversial. Efforts have been made to address the
inconsistencies in obtaining follicle counts by providing recommendations for training
and performing follicle counts10. However, the need for a method comparison studies
persists9. Some have argued that efforts are best directed to candidate biochemical
markers, such as Anti-Müllerian hormone (AMH), that have been shown to reflect
ovarian reserve and antral follicle number37,38. However, lack of assay standardization
and affordability continue to limit their widespread adoption. Ultrasonography remains
a relatively low-cost, widely available technology, but this study contributes to a
growing acknowledgement that ultrasonography for the evaluation of FNPO is subject
to significant inter-observer, intra-observer, and inter-method variability – which should
be addressed to maximize the potential of ovarian morphology. The most recent
guidelines for the diagnosis and evaluation of PCOS provide minimum transducer
frequency requirements and recommend appropriate timing for sonographic evaluation,
but do not consider any potential implications of varying methods used to obtain
measures of ovarian morphology39. The present study suggests that differences in 2DRT versus other approaches may lead to misdiagnosis and continue to yield
inconsistencies among studies reporting on the relevance of phenotypic variations in
PCOS and/or the severity of clinical presentation as judged by ovarian dysmorphology.
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This study had many strengths. The protocols for all methodologies were consistent and
developed from previously published approaches. The rater was experienced having
first trained using 2D-Grid, with excellent inter- and intra-observer reliability based on
internal assessments (ICC>0.900). Therefore, we interpret differences in follicles counts
made by the rater to reflect differences in the method, versus inconsistency in the rater
themselves. Finally, randomization of ovaries and incorporation of a wash-out period
between methods were used to counteract the effects of learning, and practice
assessments were utilized to test and gain familiarity with each method before
performing the actual assessments. This study also had limitations. One rater conducted
all of the measurements, therefore interrater or intrarater reliability within each method
were not assessed which limits the generalizability of our findings. Second, the
thresholds recommended to define PCOM have recently been changed from an FNPO
of 25 to 2039. At the time of study design, the AE-PCOS Society recommendations2 had
not been superseded by the most recent 2018 International Guidelines39, therefore our
data and results are limited to the classification of PCOM based on AE-PCOS PCOS
thresholds. However, we do not anticipate that the methods would perform differently
had different ovaries been selected.

In summary, MPV-RT and 2D-RT with Grid most closely agreed to measurements
using 2D-Grid and therefore, represent clinically feasible methods to obtain FNPO for
the classification of PCOM. Our results do not support the continued use of 2D-RT to
obtain follicle counts or classify PCOM. Although all other 3D and 2D methods showed
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comparable performance in classifying PCOM, high variability in FNPO infer that they
should not be used in place of 2D-Grid when an accurate follicle number and diameter
are the desired endpoints.
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CHAPTER 1B

REPRODUCIBILITY AND AGREEMENT OF ULTRASONOGRAPHIC
METHODS FOR THE EVALUATION OF OVARIAN MORPHOLOGY

Reliability and Agreement of Ultrasonographic Measures of the Ovarian Stroma in
Women with Regular Cycles and Anovulatory Conditions: Impact of Methodology

Vanden Brink H, Nosrati A, Ortiz A, Jarrett BY, Peppin A, Lujan ME

Working Manuscript

39

ABSTRACT
Introduction. Characteristics of the ovarian stroma on ultrasonography have been
proposed as diagnostic features of polycystic ovary syndrome (PCOS). However, there
has not been widespread adoption of stromal features to define polycystic ovarian
morphology and they were again excluded from the most recent evidenced-based
guideline to diagnose and manage PCOS. Inconsistency in how stromal characteristics
are assessed may contribute to discordance in literature regarding their significance as
markers of hyperandrogenism and/or insulin resistance.

Objectives. The objectives of this study were to establish the reproducibility of distinct
methods used to evaluate the size and echogenicity of the ovarian stroma by determining
their interrater reliability and agreement. A secondary objective was to determine
whether stromal assessment method impacted the ability to detect differences in stromal
characteristics across women of varying reproductive phenotypes.

Methods. Five raters analyzed 30 ovaries using three distinct methods for assessing
stromal area and one method for scoring stromal echogenicity under two imaging
conditions. In the first condition, raters were provided with a full cineloop of each ovary
(‘free choice’) and had the opportunity to select the frame under which to perform their
measurements. Under the second condition, raters were provided with pre-selected
images of the ovaries (‘fixed frame’) on which to perform their assessments. Specific
instructions were provided for obtaining the ovarian area (OA; 1 trace option), stromal
area (SA; Methods 1, 2 and 3), and stromal echogenicity (SEcho, 1 scoring scale).
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Method 1 involved obtaining SA by subtracting the follicular area from the OA, Method
2 involved obtaining SA directly by outlining the periphery of the stroma, and Method
3 represented a hybrid approach in which additional instructions to subtract central
follicles were provided. The total stromal to ovarian area ratio (S/A) was calculated
from the OA and SA measurements obtained for each relevant method. Sonographic
images of the ovaries had been obtained from women with one of three reproductive
phenotypes: non-androgenic women with regular menstrual cycles (Controls, N=10),
non-androgenic women with irregular menstrual cycles (NA-Anov, N=11), and
hyperandrogenic women with irregular menstrual cycles (HA-Anov, N=9). Reliability
was determined using intraclass correlation coefficients (ICCs) for continuous measures
and Fleiss’ kappa agreement statistics (κ) for categorical measures. The coefficient of
variation (CV) and repeatability coefficient were calculated for continues measures to
gauge agreement. Mixed models were used to determine whether SA and S/A differed
across reproductive phenotypes or imaging conditions for any method.

Results: Reliability in measurements of SA were superior using Method 1 (ICC=0.558
and ICC=0.705) versus Method 2 (ICC=0.522 and ICC=0.230) and Method 3
(ICC=0.429 and ICC=0.305) under free choice and fixed frame conditions, respectively.
Agreement was also superior using Method 1 versus Methods 2 and 3, albeit no method
achieved an interrater CV of <10%. SEcho was not reliably assessed across raters
(κ=<0.500). When we considered SA and S/A across phenotypes, SA was increased in
women with HA-Anov versus controls using Method 1, but not using Methods 2 or 3.
SA was increased in NA-Anov versus controls using all methods (P<0.05). By contrast,
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mean S/A did not differ across phenotypes using any of the tested methods.

Conclusions: Measurements of SA and S/A using Method 1 were associated with the
highest levels of reliability and agreement. Assessments under free choice typically
improved reliability and agreement but overall, assessments of SA and S/A were still
only moderate to poor using any of the methods or imaging conditions. Qualitative
assessments of SEcho were not reproducible. Although SA was increased in women
with anovulation versus controls, a lack of reliability and agreement across raters among
the methods tested hinders our interpretation of the physiologic relevance for SA.
Establishing a reproducible method to assess stromal characteristics may clarify the
clinical significance of the ovarian stroma. Current approaches hinder confidence in
their utility as a diagnostic tool for anovulatory disorders and support their exclusion as
a criterion at this time.
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INTRODUCTION
Hypertrophy of the ovarian stroma was one of the first overt signs of ovarian
dysmorphology identified in women with polycystic ovary syndrome (PCOS)1–6.
Stromal hypertrophy in the medullary, or central region of the ovary was thought to
occur as a result of ovarian thecal hyperthecosis through excessive luteinizing hormone
(LH) or insulin stimulation, or secondary to disordered folliculogenesis and increased
follicular atresia in polycystic ovaries. Ex vivo studies have since confirmed that stromal
tissue in women with PCOS exhibit increased androgen steroidogenesis when cultured
with insulin7,8, thereby providing a mechanism by which increased ovarian stromal
tissue contributes to the hyperandrogenism characteristic of PCOS.

Using ultrasound imaging, stromal hypertrophy manifests as an enlarged, central
stromal area which may appear hyperechoic9 relative to adjacent structures. As such,
increased stromal area (SA)10–14, echogenicity9,15–17, and the stromal area to total ovarian
area ratio (S/A)

11,18–20

have garnered interest as being potential non-invasive markers

of PCOS11,12,19 or biochemical hyperandrogenism13,14. However, findings related to their
diagnostic potential have been mixed. While some studies have shown stromal features
to be highly predictive of PCOS11,12,19 and hyperandrogenism13,14, others have found no
association or inferior predictive ability for reproductive disturbance versus other
sonographic markers of ovarian morphology, such as antral follicle number or ovarian
size10,21,22. As a result, there has been lack of enthusiasm towards incorporation of
stromal assessments for the sonographic evaluation of reproductive disturbance and
diagnosis of PCOS 23.
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Several reasons may have contributed to the heterogeneity across studies. First,
inconsistent use of methodology to define and measure the ovarian stromal area or
echogenicity reflects a lack of standardization in approach. Methods used either targeted
the central hypertrophied stromal area12, believed to be pathophysiologic, whereas
another captured total stromal area by subtracting follicular area from total ovarian
area13,14, or some mix of both22. Second, assessments of the ovarian stroma were made
on a single cross-sectional image of the ovary which represents a very limited view of
the ovary for the rater. Without access to serial sections throughout the entire ovary
(which are available when using a 3D volume file or 2D cineloop/videoclip), confidence
in differentiating stroma from follicles, particularly in case of poor image quality, can
be significantly impaired. That said, approximating the largest cross-sectional area of
an ovary on which to perform a stromal assessment is a very subjective decision and
could impart greater variation in the presentation of the ovary selected across raters.
Finally, differences in criteria to define PCOS or hyperandrogenism would have
resulted in phenotypic differences across study populations and may have led to
differences in the effect sizes reported. Although the underlying physiologic premise is
that hypertrophy of the ovarian stroma leads to increased androgen production, studies
have included women with PCOS defined by the Rotterdam criteria18,19, which includes
a milder, normoandrogenic phenotype. Moreover, consideration of follicle distribution
pattern in the PCOS cohort a priori would bias the effect size to be greater in women
with PCOS versus when ovarian morphology is not considered. As a result, the utility
of stromal assessments using ultrasonography for the diagnosis or evaluation of
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reproductive risk in women remains controversial.

Several studies evaluating the reliability and agreement of measurements of ovarian
morphology on ultrasound such ovarian follicle number or ovarian size have been
undertaken due to their relevance for the diagnosis of PCOS24,25, management of
infertility26,27, and emerging role as biomarkers for reproductive and metabolic
disturbance. Although excellent agreement has been reported for some methods to
obtain SA and S/A11,13,28, to our knowledge a comprehensive assessment of agreement
and reliability across various methods to obtain SA, S/A and stromal echogenicity
(SEcho) has not been undertaken. Such a study is important to elucidate whether
methodology may account for discordance in previous studies regarding the utility of
stromal metrics for the diagnosis and evaluation of reproductive disturbance in women,
and to identify a method which is reproducible and could be widely promoted for use in
stromal assessments. Therefore, the objectives of this study were to first determine the
interrater reliability and agreement of different methods used to evaluate SA, S/A and
SEcho in a subset of ovaries from women with regular cycles, hyperandrogenic
anovulation, and normoandrogenic anovulation, and to provide a preliminary report on
the differences in stromal characteristics across reproductive phenotypes by
methodology. We hypothesized that methods which focus on identifying the central
stroma with additional clarification about how to manage centrally located follicles in
the ovary would be most reproducible across raters. We also predicted that the ability
to select the frame upon which to conduct stromal assessments would introduce
additional variability and ultimately result in poorer reproducibility for measures
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performed under free-choice conditions.

METHODS
Participants
Five raters with experience in analyzing sonographic images of ovarian morphology
were recruited to participate in the study. Surveys were administered to the raters
(participants) at study entry to collect information on training, level of experience in
ovarian image analysis, and perceived confidence in evaluating the ovarian stroma. All
raters were provided with basic information on ovarian anatomy, ovarian stroma
physiology, and a general overview of imaging the ovarian stroma on ultrasound to
ensure a standardization of basic knowledge across raters at study entry. This study was
approved by the Institutional Review Board at Cornell University (IRB #1707007287)
and all participants provided informed consent.

Study Design
The raters analyzed 30 ovaries using three distinct methods for assessing stromal area
(SA), and one method for scoring stromal echogenicity (SEcho), using a generic
DICOM imaging software (Santesoft Dicom Editor, version 6.2). Two methods to
measure SA were adaptations of previously published methods 10–14,19,29,30 whereas the
third method to measure SA represented a hybrid of Method 2 providing additional
instructions to focus on the central stroma (described in Table 1.6, visual representations
provided in Figure 1.4). Ovarian area (OA) was measured using one approach in which
the periphery of the ovarian contour was traced using electronic calipers which was
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needed to obtain S/A for each unique method of SA. The S/A was calculated by dividing
the SA obtained with each unique method by the OA obtained using the standard
instructions provided. Raters scored SEcho as one of the following: 1) Normal, defined
as equivalent echogenicity to the physiologic stromal tissue around the cortical or
peripheral region of the ovary between and around the follicles, 2) Moderately
Increased, or 3) Frankly Increased 16,30,31.

The order in which raters used the three methods to assess SA or one method to evaluate
SEcho was randomly assigned across four trials. Ovaries were randomized for each trial.
Before raters began the 30-case series of ovaries, raters were provided with two
“practice ovaries” before raters began their assessments on the actual case series.
Exemplary images of each SA method were also provided for clarity. The four trials
were conducted under 2 imaging conditions. For the first set of trials, raters were
provided with the full cineloop of each ovary upon which to conduct their assessments
(imaging condition one, ‘free choice’). After completion of the first set of trials under
free choice, raters repeated their assessment using pre-selected still images of the same
30 ovaries (imaging condition two, ‘fixed frame’). In the second condition, raters were
unable to scroll through the ovary and were thereby limited to performing their
measurements on the single image provided. In order to minimize recall bias by the
raters, the order of the methods and ovaries for each trial were randomized for each
condition. No minimum washout period was recommended which allowed maximal
flexibility for the raters to complete the study. Raters were asked to use the same image
presets to ensure that image quality and echogenicity were identical across raters. The
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time required to obtain measurements for each method was recorded by each rater.
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Table 1B.6 Methods Used to Calculate the Stromal Area
Method

Instructions

1

Outline the periphery of each follicle, recognized as the interface between the
external limits of the follicular fluid and ovarian follicle wall.

2

Obtain the stromal area by outlining the peripheral profile of the stroma.

3

Outline the central stromal area, recognized as the area inside the inner borders
of the follicular outline facing the central stromal area.
Specific additional instructions:
a. Between groups of follicles, do not trace down to the ovarian perimeter.
Instead, continue the trace along the ovary at the same distance from the
ovarian periphery to the top of the next follicle(s).
b. Outline the periphery of individual central follicles identified within the
outlined region of the stroma, if any are detected. The outline should be
along the interface between the external limits of the follicular fluid and
follicle wall.
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Figure 1B.4 Methods Used to Calculate the Stromal Area. Representative examples of ovaries analyzed using
Method 1 (Panel A), Method 2 (Panel B), and Method 3 (Panel C) are shown. Using Method 1, the stromal
area was obtained by subtracting the sum of all follicular areas from the total ovarian area. Using Method 2,
the stromal area was directly measured (yellow trace) by outlining the central core of stroma. Using Method
3, the stromal area was obtained by subtracting the area associated with any central follicles identified.
Instructions to obtain the total ovarian area were identical across methods (peripheral purple trace).
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Image Selection
A quasi-random sample of 30 ovaries was selected from a de-identified sonographic
image archive at Cornell’s Women’s Imaging Research Lab (Ithaca, NY). Images of the
ovaries had been collected from: 1) non-androgenic women with regular menstrual
cycles (N=10), 2) non-androgenic women with irregular menstrual cycles (NA-Anov;
N=11), and 3) hyperandrogenic women with irregular menstrual cycles (HA-Anov;
N=9); that were participating in a registered clinical trial (ClinicalTrials.gov Identifiers:
NCT01927432, NCT01927471, NCT01785719, NCT01859663). Regular menstrual
cycles were defined as self-reported menstrual cycles occurring every 21-35 days and
hyperandrogenism was defined as total testosterone concentrations >62.4ng/dL based
on an internal threshold. Although hyperandrogenism was based on a biochemical
metric, preference to participants with hirsutism scores <7 was applied when selecting
cases for inclusion in the NA-Anov and regular menstrual cycle groups. Likewise, cases
were selected to ensure an equal number of ovaries belonging to women in lean and
overweight body mass index (BMI) categories across groups. In all but one case, a
participant in the NA-Anov group had a hirsutism score >7. Images had been collected
by 3D transvaginal ultrasound using a 6-12MHz transducer (Voluson E8, GE
Healthcare, Milwaukee, WI). Women were scanned in the early follicular phase and/or
when no dominant follicle or evidence of ovulation was apparent. Three-dimensional
volume files were partitioned from their native file format (.4dv) into three separate 2Dcineloops (videoclips in DICOM file format) wherein the cineloop of the largest crosssectional view of the ovary was used for the present study. Given the de-identified
nature of the image files, raters were blinded to the reproductive phenotype associated
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with the ovary selected.

Statistical Analysis
Within-method reliability for continuous variables was assessed by intraclass
correlation coefficients (ICCs) using two-random effects (ovary, rater), single measures,
and absolute agreement32. An ICC of <0.500 was defined as poor reliability, 0.500 –
0.750 was defined as moderate reliability, >0.750 – 0.900 was defined as good
reliability, and values >0.900 were defined as excellent reliability32. For the purposes of
this study, an ICC >0.800 was considered the threshold to define an acceptable level of
reliability33. Fleiss’ kappa agreement statistics (κ) were used to determine the withinmethod reliability for categorical variables. A κ>0.81 was defined as excellent
agreement and >0.61 as good agreement34. The coefficient of variation (CV) and
repeatability coefficient were calculated for each method to define agreement across
raters. The repeatability coefficient is the predicted maximum difference between two
future measurements on the same ovarian endpoint in 95% of the subsequent
measurements35,36, whereas CV provides a measure of interrater variability relative to
the overall mean. In order to detect an ICC of at least 0.800 with a confidence interval
of 0.200 at an alpha level of 0.05, with ovary and rater as random effects, five raters
would need to evaluate 32 ovaries, or 10 raters would need to evaluate 28 ovaries

37

.

Therefore, to balance between statistical power and feasibility, we recruited 5 raters to
analyze 30 ovaries. Further, a sample size of 10 ovaries per reproductive phenotype
allowed us to test whether the methods demonstrated good agreement, defined as CV
<10% at a width of 0.15 and assurance of 0.8038. Mixed models were used to determine
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whether SA and S/A differed across phenotypes for each method. Ovary, rater, and trial
number were included as random effects. Post hoc comparisons using Tukey’s test were
performed when significant differences were detected in the mixed models.
Demographic and reproductive comparisons across phenotypes were made using
Kruskal-Wallis tests with non-parametric post-hoc analyses when significance was
detected to account for multiple comparisons. Statistical analyses were carried out in
JMP Pro 13 or SPSS (version 24.0).

RESULTS
Stromal Area and Total Stromal to Ovarian Area Ratio
Reliability across raters when obtaining SA and S/A using Method 1 is depicted in
Figure 1.5. Interrater reliability was moderate and good when measuring the SA under
free choice (ICC = 0.558) or fixed frame (ICC = 0.705) conditions, respectively. By
contrast, the reliability of obtaining S/A was poor across raters (ICC < 0.500). Interrater
agreement in SA and S/A was closest to 10% using Method 1 versus Methods 2 and 3.
However, CV for Method 1 still exceeded 10% across raters (23% and 21.8% under free
choice and 19.0% and 17.0% under fixed frame conditions, for SA and S/A respectively;
Table 1.7). Although estimates of SA by fixed frame and free choice were similar, the
repeatability coefficient was greater for the free choice assessments. Namely, a future
rater would be expected to obtain a SA that approximated the current overall mean by
+ 2.11 cm2, which represents a substantial proportion of the current estimated mean SA
(Table 1.7).
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Measurements of SA and S/A using Method 2 exhibited moderate to poor reliability
under free choice conditions (ICC = 0.522 and ICC = 0.357, respectively), and poor
reliability under fixed frame conditions (ICC = 0.230 and ICC=0.213, respectively;
Figure 1.6). Agreement was also poor under both conditions. CV was >28% across all
estimates and was substantially greater under fixed frame versus free choice conditions
(Table 1.7). Notably, the repeatability coefficients exceeded the mean values for SA and
S/A obtained under fixed frame conditions (Table 1.7). This is consistent with variation
in obtaining SA and S/A across observers exceeding the range of possible values (i.e.,
since SA cannot be a negative number).
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Figure 1B.5 Dot Plots and Interrater Reliability of SA and S/A using Method 1. Ovary ID on the x-axis represents the 30 ovaries across phenotypes
used to test the reliability and agreement across all methods. The order of the ovaries was randomly assigned. Each rater is represented by a unique
color and their measurements of SA and S/A are aligned for each ovary along the y-axis. Moderate reliability was observed across raters for measures
of SA under both imaging conditions. However, reliability was poor (ICC<0.500) for measures of S/A under both imaging conditions. The 95%
confidence intervals are expressed in parentheses. Abbreviations: S/A, Stromal to Total Area Ratio; ICC, Intraclass Correlation Coefficient.
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Figure 1B.6 Dot Plots and Interrater Reliability of SA and S/A using Method 2. Ovary ID on the x-axis represents the thirty ovaries across
phenotypes used to test the reliability and agreement. The order of the ovaries was randomly assigned. Each rater is represented by a unique color and
their measurements of SA and S/A are aligned for each ovary along the y-axis. Moderate reliability was observed across raters for measures of SA
under free choice imaging conditions. However, reliability was poor (ICC<0.500) for measures of SA under fixed frame conditions and under both
imaging conditions when obtaining S/A. The 95% confidence intervals are expressed in parentheses. Abbreviations: S/A, Stromal to Total Area Ratio;
ICC, Intraclass Correlation Coefficient.
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Measurements of SA and S/A using Method 3 were poorly reliable across both free
choice (ICC=0.429 and ICC=0.296, respectively) and fixed frame conditions
(ICC=0.305 and ICC=0.239, respectively; Figure 1.7). Consistent with Method 2, the
CV when measuring SA and S/A was greater when raters conducted assessments under
fixed frame versus free choice and all measurements consistently exceeded a CV >10%.
The lack of agreement among raters was also reflected in high repeatability coefficients
(Table 1.7). Namely, repeatability coefficients exceeded the overall means obtained
across the 5 raters for both SA and S/A by free choice and fixed frame conditions.

Stromal Echogenicity
Under both imaging conditions, raters poorly agreed with the assignment of SEcho
scores. A consensus among raters regarding a SEcho score was achieved for 3/30
ovaries when assessments were made under free choice conditions and in 10/30 ovaries
under fixed frame conditions (κ = 0.214 + 0.044 and 0.361 + 0.045, respectively; Table
1.8). Sub-analysis to determine whether specific categories exhibited better agreement
than others, showed that raters scored SEcho as Frankly Increased more consistently
under free choice conditions and SEcho as Normal more consistently under fixed frame
conditions. However, overall poor agreement persisted (Table 1.8).

Ovarian Area
Instructions for obtaining OA were identical for all trials under both imaging conditions.
Measures of reliability and agreement in OA were excellent across all methods under
free choice imaging conditions (ICC > 0.900 and CV <10%, Table 1.9). However, under
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fixed frame imaging conditions, excellent reliability and agreement were only observed
when using Method 1 (Table 1.9).
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Figure 1B.7 Dot Plots and Interrater Reliability of SA and S/A using Method 3. Ovary ID on the x-axis represents the thirty ovaries across phenotypes
used to test the reliability and agreement across all methods. The order of the ovaries was randomly assigned. Each rater is represented by a unique color
and their measurements of SA and S/A are aligned for each ovary along the y-axis. Across all raters, reliability was poor (ICC<0.500) under both imaging
conditions when obtaining SA and S/A. The 95% confidence intervals are expressed in parentheses. Abbreviations: S/A, Stromal to Total Area Ratio; ICC,
Intraclass Correlation Coefficient.
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Table 1B.7 Measures of Dispersion and Agreement Across Quantitative Methods to Assess Stromal Area
Free Choice
Mean SD
Repeatability
Coefficient
Method 1
Stromal Area (cm2)
S/A Ratio
Method 2
Stromal Area (cm2)
S/A Ratio
Method 3
Stromal Area (cm2)
S/A Ratio

CV (%)

Fixed Frame
Mean SD
Repeatability
Coefficient

CV (%)

3.12 1.09
0.63 0.16

2.11
0.38

23.0
21.8

3.18 1.16
0.63 0.15

1.79
0.31

19.0
17.0

1.29 0.63
0.26 0.11

1.23
0.25

30.0
28.4

1.42 0.85
0.28 0.14

2.16
0.34

48.7
40.9

1.22 0.71
0.25 0.12

1.56
0.29

40.3
38.6

1.24 0.76
0.24 0.14

1.84
0.36

43.4
46.0

Mean values across raters and all ovaries are reported.
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Table 1B.8 Interrater Agreement to Assess Qualitative Stromal Echogenicity
Free Choice
Category
Overall

Kappa SE

Fixed Frame
Kappa SE

0.214 0.044

0.361 0.045



Normal

0.186 0.058

0.518 0.058



Moderately Increased

0.110 0.058

0.213 0.058



Frankly Increased

0.481 0.058

0.307 0.045

Agreement across all raters in assessments of stromal echogenicity across 30 ovaries are shown. Free
Choice refers to the imaging condition in which raters could select their own still frame upon which to
evaluate stromal echogenicity from a cineloop. Fixed Frame refers to the imaging condition where
raters were only given a still image of the ovary and asked to evaluate echogenicity.
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Table 1B.9 Ovarian Area Measures of Reliability and Agreement
Method 1
Method 2
Method 3

ICC
0.911
0.932
0.915

Free Choice
CI
.853-.952
.888-.963
.858-.955

CV
7.8
7.1
7.4

ICC
0.905
0.614
0.655

Fixed Frame
CI
.839-.950
.458-.763
.506-.792

CV
8.1
17.2
14.9

Reliability and agreement metrics for OA when paired with the three unique methods to obtain SA. The
identical instructions were given for OA. Reliability is reflected in the intraclass correlation coefficients
(ICC) with the 95% confidence intervals (CI). Agreement is represented by the coefficient of variation (CV,
%) across raters for each method under each imaging condition.
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Table 1B.10 Participant (Ovarian) Characteristics
N
Age (years)
Age at Menarche (years)
BMI (kg/m2)
Mean Cycle Length (days)
Hirsutism Score
Total Testosterone (ng/dL)
FAI (%)
Free Testosterone

Regular
Median
(IQR)
10
32.5
(21-35)
13
(12-14)
25.1
(21.1-33.0)
29.25a
(27.6-31.5
3
(0-4)
30.7 a
(21.6-36.5)
1.9a
(1.3-2.4)
0.396a
(0.28--.48)

NA-Anov
Median
(IQR)
11
27
(21-33)
12
(11-13)
31.5
(22.6-37.30
60.0b
(52.5-90)
3
(1-5)
38.8a
(32.9-44.0)
3.6a
(2.3-5.2)
0.692b
(0.46-0.76)

HA-Anov
Median
(IQR)
9
22.5
(21-28)
12.75
(12-14)
24.5
(22.2-27.8)
68.5b
(54.1-153.8)
3
(1-13)
86.9b
(79.6-102.7)
4.6b
(3.8-7.8)
1.01c
(0.94-1.52)

P values next to medians reflect Kruskal-Wallis statistical analyses. Within-row significant differences are denoted by different subscripts.
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Impact of Imaging Conditions and Methods on Phenotypic Differences
Clinical characteristics of the women whose ovaries are included in this study are
presented in Table 1.10. Age and BMI were similar across reproductive phenotypes
(P>0.05). Mean menstrual cycle length was greater in participants with anovulatory
conditions versus women regular menstrual cycles (68.5 and 60.0 versus 29.3 days,
respectively). By design, total testosterone was greater in participants with HA-Anov
versus NA-Anov and controls – albeit free testosterone was higher in the NA-Anov
group compared to controls.

Using Method 1, SA was greater in the HA-Anov cohort versus women with regular
menstrual cycles (Figure 1.8). Across all methods, SA was greater in women with NAAnov versus controls. SA in women with HA-Anov did not differ from that in NAAnov. The S/A was not different across phenotypes using any of the methods (Figure
1.8). Most of the unexplained variance in the mixed models was attributed to rater
differences in measuring SA using Method 3, which suggests that the additional
instructions provided to clarify stromal borders and central follicles led to increased
variability across raters versus other methods. Mixed model analyses also confirmed
that agreement as defined by CV was not impacted by phenotype (data not shown).
Across all methods, mixed model analyses revealed that despite variability in agreement
and reliability observed, SA and S/A ratio were not different between free choice and
fixed frame imaging conditions (effect of imaging condition, P>0.05).
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Figure 1B.8 SA and S/A across Phenotypes using Different Methods to Measure the Ovarian Stroma. Mixed model analyses were conducted to
determine whether phenotype, trial number (whether the rater was assigned a method first, second, third, or fourth), or image style (free choice or fixed
frame imaging condition) significantly impacted the overall measurements of SA and S/A for each method. The random effects of ovary and rater, or
percent of unexplained variance from each model attributed to differences between raters and ovaries are depicted beside each figure. Significant
differences between phenotypes are denoted by different letters. In all analyses, no effect of image style was detected. Although a significant overall effect
of trial was detected for Method 1, post hoc multiple comparisons analyses did not reveal significant differences in SA among trials. By contrast, S/A was
higher when raters were assigned Method 1 in Trial 3 versus Trial 2. Within each method, no differences in S/A were detected between phenotypes.
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DISCUSSION
The overall objective of this study was to determine whether different methods used to
assess sonographic features of the ovarian stroma were reproducible, and to provide an
assessment of stromal characteristics by method across women of variable reproductive
phenotypes. To our knowledge, this is the first study to test the reliability, and quantify the
agreement across raters, when using different methods to evaluate stromal features.
Identical instructions to obtain OA were provided to more specifically test the impact of
methodology on the reproducibility of SA and S/A measures. Overall, we were unable to
identify a highly reproducible method to evaluate the SA, S/A, or SEcho. Having access to
images of the entire ovary (free choice) tended to improve reliability and agreement in
measures – but ultimately, assessments were only deemed moderate to poor. When we
tested whether method impacted the ability to detect differences in stromal characteristics
across reproductive phenotypes, we found that SA was consistently increased in women
with anovulatory conditions versus those with regular menstrual cycles using all methods.
This was in contrast to S/A, which did not differ across reproductive phenotypes
irrespective of the method used.

No method to measure SA was associated with acceptable reliability or agreement. As our
findings contrast with previous reports regarding the agreement of certain methods, this
result was unexpected. Method 1 exhibited the overall best agreement and reliability across
all methods tested, which instructed the raters to focus on the recognition and tracing of
individual follicles and therefore, captured SA as the non-follicular ovarian area. Methods
2 and 3 were intended to focus on the central stroma. Our results suggest that discerning
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between central stroma and non-central stroma may be too subjective. It is plausible that
because the raters all had previous experience and training in the recognition of antral
follicles, they were better able to define follicular borders rather than the limits of the
ovarian stroma. We chose not to include instructions about focusing on hyperechoic
portions of the central stroma as others have done previously39. Rather, our goal was to
capture assessments of the entire central stroma (independent of stromal echogenicity),
which we anticipated would reduce subjectivity and interrater variability. Method 3 further
attempted to obviate the subjective nature of defining the central stroma by providing
additional clarifications in which raters were instructed not to trace down to the ovarian
periphery. However, we did ask raters to subtract out central follicles – and this additional
step may have inadvertently contributed to the lower levels of reliability and agreement
noted with Method 3. Ultimately, no modification to an existing method yielded a
reproducible measure of SA.

We were also unable to replicate the findings of previous studies which reported excellent
agreement11,14,19 or interrater reliability28 in S/A. Given their dependence on assessments
of SA, it was unsurprising that estimates of S/A in our study were associated with poorer
levels of agreement and reliability compared to SA. Further, any small variance in
assessments of OA across raters would be expected to compound the variance across raters
when calculating S/A. Lack of reproducibility in our assessment of S/A likely contributed
to our failure to identify differences in S/A across reproductive phenotypes. Our current
findings conflict with previous reports of S/A being a superior metric over SA when using
an approach similar to Method 211. Likewise, our findings do not agree with reports that a

67

combination of S/A (assessed by a method similar to Method 2) and hirsutism best
predicted biochemical hyperandrogenism compared to other sonographic markers.28
Plausible explanations for differences across studies include the possibility that
physiological changes in stromal characteristics with hyperandrogenism are small and
effects sizes can be missed with relatively narrow margins of error in the stromal measures
used. However, we think that it is more likely that heterogeneity in study populations
contributed to the differences in findings across studies. We did not consider ovarian
follicle distribution pattern when selecting sonographic cases for inclusion in this study, as
others have12. Therefore, the ovaries in our sample likely included not only those with
central ovarian hypertrophy, but also ovaries with several follicles scattered throughout the
ovarian stroma.40,41 In this way, we would expect the level of difficulty in assessing the
ovarian stroma to be escalated and more subject to interrater variability in our current study.

In certain clinical practices (i.e. gynecology setting), it is common for assessments of
ovarian morphology, including stromal assessments, to be conducted in real-time. We
attempted to simulate a clinical practice using our free choice imaging condition. By
contrast, the fixed frame condition simulated the scenario wherein the clinician or
researcher analyzed ovarian endpoints offline from still images that had been pre-selected
by a sonographer for later analysis (e.g. common in a radiology setting). In our experience,
the ability to scroll through the ovary provides the rater additional confidence in defining
the limits of the ovary and clarifying the presence or absence of follicles. That said, we
acknowledge that free choice may also run the risk of negatively impacting reproducibility
since the precise frame selected by raters could vary substantially and result in different
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numbers of follicles in view, and by consequence, a potentially different amount of stromal
area visualized. As such, we had anticipated that free choice may result in poorer
reproducibility for approaches that focus primarily on measures of the central ovarian
stroma. Consistent with this hypothesis, we found that measures of SA using Method 1
were most reliable and consistent under fixed frame conditions whereas assessments by
Methods 2 and 3 benefited from the free choice condition. These data suggest that Method
1, which represents an indirect means of estimating the ovarian stroma, could be a method
worth optimizing in future studies when access to full cineloops is not feasible or practical.

SA was shown to be increased in anovulatory conditions versus women with regular cycles
across all three methods. Increased stromal area is a frequently observed finding in
anovulatory conditions4,6,11,12,14,42. However, the differences in SA across phenotypes in
the present study should be interpreted cautiously given the poor reliability and agreement
of the methods used. The study was not designed to determine whether physiologic
differences exceed interrater error or interrater error contributed to physiologic differences.
We also noted that SA and S/A were not different between HA-Anov and NA-Anov –
despite our expectation that stromal hypertrophy would be more pronounced in HA-Anov.
We cannot rule out the possibility that physiologically differences across phenotypes were
not captured due to the poor reliability and agreement of our stromal assessments.
However, we acknowledge again that lack of consideration of follicle distribution pattern
a priori may have been a factor. A peripheral distribution of follicles (i.e. around the
perimeter of the ovary) with a hypertrophied central stroma has been touted as a unique
morphologic feature in women with hyperandrogenism9 and/or HA-Anov such as PCOS6.

69

However, heterogeneous follicle distribution patterns have also been observed in these
cohorts. Because the peripherally distributed follicular pattern may not be a consistent
finding in women with HA-Anov, studies that use aspects of ovarian morphology as an
inclusion criterion may bias findings toward an increased SA and/or S/A. In our study,
phenotypes were defined based on biochemical hyperandrogenism and menstrual cycle
status with no consideration of ovarian morphology. As such, we anticipate that our cases
were likely more heterogeneous in their morphological presentation and perhaps, more
representative of what could be expected in the evaluation of anovulatory disorders at large.
Nonetheless, larger well-controlled studies using reproducible methods are needed to
ultimately address this issue of morphological differences in stromal characteristics of
distinct anovulatory disorders.

Subjective evaluations of SEcho based on a three-category scale were not reproducible
across the 5 raters. These findings suggest that the subjective nature of SEcho assessments
are likely responsible for the disagreement in the literature related to the sensitivity and/or
specificity of changes in echogenicity for anovulatory disorders. Indeed, SEcho had been
reported as increased in women with PCOS43,44, whereas other investigators have found no
such difference45,46. Further, SEcho was shown to be associated with follicle number47 and
slightly predictive of LH46, both of which represent morphologic and endocrine risk factors
for anovulatory disorders. Increased echogenicity, relative to surrounding tissue, is
attributed to increased tissue density which is thought to arise from stromal hypertrophy
due to increased LH and insulin stimulation as well as increasing follicle atresia48–50 As
such, it plausible that graded changes in SEcho could manifest across a spectrum of HA
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and/or oligo-anovulation. We noted that agreement was generally higher under fixed frame
conditions and when designating at the ends of the echogenicity scale. This suggests that
inclusion of the Moderately Increased category may have functioned to increase variability
across raters. We acknowledge these findings point to greater promise for objective
assessments of SEcho, such as the Stromal Index (SI)

17,22

, or incorporating a reference

point, such as the myometrium15. While objective approaches would seem promising, SI
would depend on a reliable trace of the SA and to this point, we are unaware of any such
method.

A recent consensus statement on the diagnosis and management of PCOS concluded that
SA reflected OA and, therefore, did not uniquely contribute to recognition of polycystic
ovarian morphology51. The findings from this current study suggest that conclusions
pertaining to the relevance of stromal assessments in PCOS are confounded by lack of
reproducibility in methodology. While SA would be expected to correlate with OA, it
should be acknowledged that ovarian size is dynamic and highly impacted by follicle size
diameter(s). Therefore, the degree to which SA maintains a linear relationship with OA is
uncertain. The consensus statement also sheds light on the growing acknowledgment that
standardized approaches are needed51 to adequately gauge the relevance of morphologic
features as diagnostic and prognostic indicators of reproductive and metabolic health. As
such, future efforts should be directed on both best practices for establishing metrics and
training raters to obtain reproducible stromal assessments. Although follicle number is
currently heralded as the best marker for the diagnosis of polycystic ovarian morphology,
reliable assessments are time consuming and not always practical in clinical settings.
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Because stromal assessments are much more efficient versus obtaining a follicle count, the
former taking on average 1.44 minutes (data not shown) versus 23 minutes52 to obtain a
reproducible assessment of follicle number, and may reflect disease severity, continued
consideration of stromal features is warranted.

This study has several strengths. Methods for analysis were chosen based on the frequency
with which they have been reported in the literature and given that they focused on specific
and varying aspects of the ovarian stroma. We are aware of another approach involving the
use of linear measurements of the ovary and stroma, versus a trace, which showed that S/A
was correlated with androgens levels18. However, to our knowledge this method has not
gained traction in the sonographic evaluation of the ovarian stroma and for that reason was
excluded from our current study. Another strength included our consideration of stromal
characteristics across a spectrum of anovulatory conditions. This provided us with an
opportunity to test the reproducibility of stromal metrics across a spectrum of androgen
status which simultaneously increased the generalizability of our findings. Ultimately,
should stromal assessments be used clinically for the prospective evaluation of anovulatory
conditions, distinctions will need to be made between normoandrogenic and
hyperandrogenic anovulatory women. We also consider this study to be externally valid
as we enrolled raters that were experienced in ovarian ultrasound image analysis and would
be anticipated to conduct similar stromal assessments in both research and clinical settings.
Whether the lack of reliability and poor agreement across raters was attributed to a training
deficient or a reflection of the subjective nature of stromal assessments is a question which
remains unanswered. This study also had limitations. We elected not to test intrarater
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agreement given the intensive study design. However, we acknowledge that this type of
assessment would have clarified whether one or more rater(s) influence(d) the strength of
the findings and/or served as an outlier. Further, only 2D approaches to assess
morphological variations in the ovarian stroma were employed and relevance of stromal
vascularity and 3D characteristic remain uncertain30,53–55.

In summary, we were unable to demonstrate good agreement or reliability among any of
the tested methods to assess stromal features, which may explain the lack of support for
stromal assessments in the evaluation or diagnosis of hyperandrogenism and PCOS. This
study underscores the importance of establishing reproducible methods to evaluate ovarian
morphology and builds upon growing

52,56,57

consensus that sonographic image analysis

methods require standardization for use in research and clinical practice. Despite our
inability to identify a reproducible method, we observed that increased SA was in fact a
consistent finding women with anovulatory conditions. As such, continued efforts to
standardize stromal assessments are recommended to fully elucidate their potential to
diagnose or identify individuals at risk for reproductive dysfunction.
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THE OVARY AS A DIAGNOSTIC MARKER FOR ANOVULATORY CONDITIONS
IN LEAN AND OVERWEIGHT WOMEN
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ABTRACT
Introduction. Ultrasonographic evidence of polycystic ovarian morphology (PCOM) is widely
used to diagnose polycystic ovary syndrome (PCOS). The criteria to define PCOM differentiate
women with hyperandrogenic PCOS (HA-Anov) from healthy controls. However, the degree
to which they capture normoandrogenic anovulatory disorders (NA-Anov) is uncertain, calling
into question their specificity for PCOS.

Objectives. To determine whether ovarian morphology can distinguish between women with
regular menstrual cycles, normoandrogenic (NA-Anov), and hyperandrogenic (HA-Anov)
anovulatory conditions. Any impact of body mass index (BMI)-specific thresholds to improve
the diagnostic potential of ovarian morphology for the detection of anovulatory conditions was
also determined.

Methods. Women with HA-Anov (defined as biochemical and/or clinical hyperandrogenism
and irregular cycles; N=53), NA-Anov (defined as irregular cycles in the absence of clinical
and/or biochemical hyperandrogenism; N=42), and women with regular cycles (referred to as
controls, defined as cycles every 21-35 days in the absence of clinical or biochemical
hyperandrogenism; N=41) underwent an evaluation of their reproductive health history, a
physical exam, a transvaginal ultrasound scan of their ovaries and fasting blood tests for
reproductive hormones and glucoregulatory markers. Follicle diameter, follicle number per
ovary (FNPO) and ovarian volume (OV) were determined. Group comparisons were assessed
using one-way ANOVA or multiple linear regression. Linear regression analyses were used to
assess the impact of BMI on ovarian morphology across phenotypes. The diagnostic
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performance of sonographic markers for anovulatory conditions was tested using Receiver
Operating Characteristic (ROC) curves. Partial correlations were conducted to assess the
independent associations between diagnostic features of anovulatory conditions and BMI.

Results: FNPO was higher in women with anovulatory conditions versus controls and was
driven by an increase in the number of 2-5mm follicles. OV was increased in women with HAAnov versus women with normoandrogenic status (NA-Anov and controls). FNPO and OV are
robust sonographic markers to discriminate between HA-Anov and controls, but diagnostic
power and sensitivity improved in lean women for FNPO, whereas specificity improved for
overweight women. Diagnostic accuracy of OV declined slightly when BMI status was
considered. FNPO demonstrated discriminatory power for HA-Anov versus NA-Anov in lean
women (BMI < 25kg/m2), whereas OV discriminated between anovulatory conditions in
women with overweight or obesity (BMI > 25kg/m2). FNPO, but not OV, differentiated
between NA-Anov and controls, albeit thresholds were substantially lower for women in lean
versus those in overweight BMI categories.

Conclusion: Ovarian morphology has diagnostic potential for anovulatory conditions and
under certain comparisons is improved with consideration of obesity. However, the overlap in
morphological characteristics across anovulatory disorders is too extensive to propose BMIspecific thresholds at this time. BMI may be an imperfect measure of adiposity and metabolic
status, therefore future studies should consider factors such as waist-hip ratio, percent body fat,
or additional categories of BMI may improve diagnostic performance when considering the
ovary as a diagnostic measure for anovulatory conditions.
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INTRODUCTION
Polycystic ovarian morphology (PCOM) on ultrasonography is an established marker of
reproductive disturbance, most predominantly used for the diagnosis of polycystic ovary
syndrome (PCOS)1,2. PCOS is a highly prevalent endocrine disorder and currently the leading
cause of reproductive disturbance and anovulatory infertility, afflicting between 6-10% of
women depending on the diagnostic criteria used3,4. While PCOM was considered a central
feature of PCOS in the original descriptions of the condition5–8, its relevance to the diagnosis
of PCOS has been debated. In 1990, PCOM was excluded from the National Institutes of
Health’s (NIH) attempt to develop an international standard for the diagnosis of PCOS9. Indeed,
it was more than a decade later, at a joint venture by the American Society for Reproductive
Medicine (ASRM) and European Society for Human Reproduction and Embryology (ESHRE)
in Rotterdam (The Netherlands), that experts concluded that there was in fact sufficient global
evidence to corroborate PCOM as a consistent finding in women with PCOS10. Since then, both
the Androgen Excess and PCOS Society2,11 and 2018 International Evidence Based Guideline
for the Diagnosis and Management of PCOS1 have acknowledged that PCOM represents a
cardinal diagnostic feature of PCOS.

While there is current consensus that PCOM reflects a marker of PCOS, debate has persisted
regarding the appropriate morphologic features and/or thresholds to define PCOM on
ultrasonography. At present, the definition of PCOM reflects the upper thresholds for ovarian
volume (OV) and follicle number per ovary (FNPO) of a healthy, reference population1,2 and
therefore, the utility of the ovary is limited to classifying between normal and abnormal without
consideration to the specificity, etiology or potential severity of the anovulatory condition.
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Historically, there has been support that the presence of an enlarged ovary with follicular excess
reflects a hyperandrogenic state. The antiquated practice of ovarian wedge resection in restoring
normal menstrual cycles and fertility by reducing androgen secretion provided direct evidence
that the ovary was a main driver in the hyperandrogenic anovulation (HA-Anov) that was
considered a requisite for PCOS at the time.12 However, more recently, PCOS has come to be
known as a broad clinical spectrum disorder with the most widely used criteria to define PCOS
including normoandrogenic women with anovulation and polycystic ovaries

1,10

. While some

have argued that hyperandrogenism is the core pathophysiology in PCOS – imparting adverse
effects on all components of the hypothalamopituitary ovarian axis13–16 and having independent
effects on the likelihood of cardiometabolic comorbidities

1,17–24

– a normoandrogenic

phenotype has been embraced as part of the PCOS spectrum given that women demonstrate
clear elevations in follicle populations and disruptions in their reproductive and metabolic
profile, albeit less severe than those with hyperandrogenic PCOS22,25–28. As such, it has been
hypothesized that the normoandrogenic anovulatory condition may represent an intermediary
phenotype which may later progress to HA-Anov under certain environmental exposures23,29,30.
Therefore, there is rationale to consider hyperandrogenic anovulatory conditions (HA-Anov)
separately from normoandrogenic anovulatory conditions (NA-Anov). In the case of the ovary,
the degree of morphologic overlap between the normoandrogenic and hyperandrogenic
phenotypes is unknown and underscores the uncertainty regarding the physiological basis of
the current PCOM thresholds. That said, known associations between follicle counts and
ovarian size with increasing androgens, gonadotropins, and intervals between menses suggest
that features of ovaries may be sufficiently different to distinguish between anovulatory
conditions31–35. Given the numerous challenges of establishing reliable indicators of clinical
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and biochemical hyperandrogenism in women36,37, use of non-invasive morphological markers
to distinguish anovulatory conditions warrants investigation.

In addition to their uncertainty over specificity for HA-Anov versus NA-Anov, sonographic
criteria for PCOM are limited by their lack of consideration for factors known or suspected to
influence ovarian morphology. Definitions for PCOM do not account for any potential
confounding effects of adiposity despite the knowledge that women with obesity are more likely
to report menstrual irregularity, difficulty conceiving, and other dysfunctions of the
reproductive system38–42. There is also growing evidence to support an impact of metabolic
status on ovarian morphology. Body weight and insulin resistance in women43–46, as well as
weight gain in animal models47–49 have all been associated with perturbations in follicle
development, follicle subpopulations and/or ovarian size. Therefore, it is plausible that
adiposity and/or metabolic status may impact the specificity or sensitivity of ovarian features
to predict anovulatory conditions. Together, BMI-specific thresholds to define PCOM may
represent a means of maximizing the diagnostic accuracy of sonographic assessment of ovarian
morphology.

To that end, the objective of this study was to determine whether ovarian morphology can be
used to distinguish between women with regular menstrual cycles, normoandrogenic, and
hyperandrogenic anovulatory conditions. A secondary objective was to determine whether
BMI-specific thresholds improve the diagnostic potential of ovarian morphology for the
detection of anovulatory conditions. We hypothesized that sonographic markers of ovarian
morphology (i.e. antral follicle populations and ovarian size) would differ sufficiently between
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women with regular menstrual cycles and those with HA-Anov and NA-Anov to propose
unique sonographic criteria for each anovulatory condition, and that the sensitivity and
specificity of ovarian morphology to predict anovulatory conditions would be improved using
BMI-specific thresholds.

METHODS
Study subjects
One hundred and thirty-six women with HA-Anov (N=53), NA-Anov (N=42), and regular
menstrual cycles (N=41) were recruited as a part of five ongoing studies (Clinicaltrials.gov
identifiers: NCT-01927471, 01927432, 01859663, 03306849, NCT01785719). Recruitment
was targeted to obtain similar numbers of women with HA-Anov, NA-Anov and Controls in
both Lean (<25kg/m2) and Overweight (≥25kg/m2) BMI categories. Based on a sample size
calculation for a receiver operating characteristic (ROC) curve analysis in which the minimum
diagnostic threshold value (AUC) of 0.80 was assigned, a sample size of at least 20 participants
in each group would allow us to detect any significant diagnostic potential of a test parameter
(defined as better than chance alone AUC=0.50) at an =0.05 and =0.80.

HA-Anov was defined by the NIH criteria as having both: 1) irregular menstrual cycles and 2)
clinical and/or biochemical hyperandrogenism in the absence of other reasons for anovulation
or androgen excess. NA-Anov was defined as the presence of oligo- or chronic amenorrhea in
the absence of hyperandrogenism and evidence of transition into menopause. Menstrual
irregularity was defined as a history of menstrual cycles < 21 or > 35 days within the past year.
Clinical hyperandrogenism was defined as a modified Ferriman-Gallwey score > 7 and
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biochemical hyperandrogenism was defined as a total testosterone concentration > 65.4 ng/dL
based on the upper 95th percentile of an internal reference population. Participants were at least
2y post-menarche, ages 18–38 years and did not use hormones, fertility drugs, insulin
sensitizers or drugs known to influence lipid metabolism or reproductive function for at least 2
months. Women were excluded if they were currently pregnant, nursing, had current and
untreated abnormalities in prolactin, cortisol, thyroid hormone, or elevated follicle stimulating
hormone indicative of the transition to menopause.

Ethical considerations
Studies were approved by either the Cornell University Institutional Research Board,
University of Rochester Institutional Research Board, or the Weill Cornell Medicine
Institutional Research Board. All interactions with participants occurred at the Human
Metabolic Research Unit (Cornell University, Ithaca, NY), Strong Fertility Center and Clinical
Research Center (University of Rochester, Rochester, NY), or the Center for Reproductive
Medicine and Clinical and Translational Research Center (Weill Cornell Medicine, New York,
NY) between 2009 and 2018. Written informed consent was obtained before any procedures
were conducted.

Ultrasonography
Women who reported regular menstrual cycles were evaluated in the early follicle phase.
Participants with cycle irregularity were scanned at a time when there was no dominant follicle
or evidence of a recent ovulation. All participants were scanned with a Voluson ultrasound
system (GE, Milwaukee, Wisconsin) using either a RIC5-9W-RS, RIC5-9A-RS, or RIC6-12-
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D endovaginal transducer. Images of the right and left ovaries were analyzed off-line using a
grid overlay50 by one of six members of the research team trained in image analysis. The
endpoints assessed were: 1) total number of 2–9 mm follicles per ovary (FNPO), and 2) ovarian
volume (OV). Ovarian volume was calculated as [π*(average of all four linear measurements
in orthogonal planes)3], which has been shown to best correlate with assessments of ovarian
volume made in 3D when the true length, width, and height can be obtained51. All members of
the research team achieved acceptable levels of agreement [intraclass correlation coefficient
(ICC) > 0.9] across their estimates of FNPO and OV as part of an internal reliability study.
Values reported for FNPO and OV represent the mean of measurements made in the right and
left ovary for an individual participant. In cases where poor image quality prevented reliable
assessments in 1 of 2 ovaries, only the values of the ovary which could be visualized were
reported.

Clinical assessments
The day of the ultrasound scan, participants underwent the following procedures: 1) evaluation
of menstrual cycle history, 2) fasting blood draw, 3) a physical exam to assess terminal hair
growth using the modified Ferriman-Gallwey scoring system and 4) a vitals and anthropometry
assessment (waist and hip circumference, height, weight, blood pressure). In a subset of
participants (N=29), the day of the ultrasound was different than the day of the clinical
assessments due to stage of cycle (Range, 1-20 days from the day of the scan). Participants were
asked to fast for at least ten hours prior to the morning blood draw. Hair growth on nine regions
of the body were assessed by inspection and participant self-report in order to generate a
modified Ferriman-Gallwey hirsutism score52. Waist and hips were measured using a tape
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measure and standardized procedure. Weight was collected using a calibrated digital scale and
height measured with a digital stadiometer. BMI was calculated as weight in kilograms divided
by height in meters squared. Blood pressure was assessed with an automated blood pressure
monitors and appropriate-sized cuff. Blood glucose was measured on-site using a glucometer
(Accu-chek Aviva, Roche) and values were used to calculate the homeostatic model assessment
for insulin resistance (HOMA-IR; (Insulin0hr*Glucose0hr)/22.553.

Biochemical assays
Sera were assayed at the Human Nutritional Chemistry Service Laboratory at Cornell
University for luteinizing hormone (LH), follicle stimulating hormone (FSH), estradiol, insulin,
and sex hormone binding globulin (SHBG) using a chemiluminescent immunoassay (Siemens
Medical Solutions Diagnostics, Deerfield, IL). The intra-assay coefficients of variation (CVs)
ranged from 3 to 6% and the inter-assay CVs ranged from 5-10%. Serum total testosterone was
measured using an LC-MS/MS assay (Brigham and Women’s Hospital Research Assay Core
Boston, MA), which has been certified by the Centers for Disease Control’s HoST program.
The inter-assay CV was <8% and intra-assay CV was <5%37,54.

Statistical analysis
Variables were transformed as needed to meet assumptions of normality for parametric testing.
Group comparisons of sonographic, reproductive, and metabolic markers between lean and
overweight women within each reproductive cohort was assessed using one-way ANOVA or
multiple linear regression. The impact of BMI was evaluated across sonographic, reproductive,
and metabolic markers using linear regression analyses where BMI, Phenotype, and an
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interaction effect were tested. Multiple comparisons were conducted using Tukey’s HSD test.
The accuracy of sonographic markers to diagnose NA-Anov and HA-Anov versus controls and
NA-Anov from HA-Anov were determined using Receiver Operating Characteristic (ROC)
curves. Diagnostic thresholds were proposed based on Youden’s index, which balances
maximum test specificity and test sensitivity. Partial correlations were conducted to assess the
independent associations between diagnostic features of anovulatory conditions and BMI. All
statistical analyses were conducted in JMP Pro (version 14.0). Significance was defined as
p<0.05.
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RESULTS
Characteristics of Participants Across Reproductive Phenotypes
Demographic, diagnostic, metabolic, and reproductive features of the participants are presented
in Table 2.1. Mean age was not different across groups, however women with HA-Anov had a
higher BMI versus controls (31.6 + 8.8 versus 26.0 + 6.5 kg/m2, P<0.05). Therefore, multiple
linear regressions in order to account for differences in BMI across cohorts was used to compare
the remaining endpoints across phenotypes. By design, hirsutism score and total testosterone
were lower in controls and NA-Anov versus HA-Anov. Likewise, menstrual cycle length was
increased in both anovulatory cohorts versus controls. Overall, women with HA-Anov had a
more adverse metabolic and reproductive profile versus controls whereas, women with NAAnov reflected a more intermediary phenotype. Women in the HA-Anov group had increased
fasting insulin concentrations versus controls and were more insulin resistant, as defined by
HOMA-IR, versus women with NA-Anov (Table 2.1) even after controlling for any potential
impact of BMI. LH levels were similar between anovulatory groups, but higher than those in
controls. By contrast, FSH and estradiol levels did not differ across group. Free testosterone,
bioavailable testosterone and FAI increased progressively from controls to NA-Anov to HAAnov – with free and bioavailable testosterone being significantly higher in women with NAAnov and HA-Anov compared to controls. Last, FNPO was greater in anovulatory cohorts
versus controls, which was driven by an increase in the number of 2-5mm follicles (FNPO 25mm). Unlike FNPO, OV was only increased in the HA-Anov relative to controls.
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Table 2.1 Demographic, Diagnostic, Metabolic, and Reproductive Features of all
Women Across Cohorts
Controls
Mean SD
Demographics
N
Age (y)
Age at menarche (y)
Diagnostic Features
Menstrual Cycle Length (d)
Hirsutism Score
Total T (ng/dL)
Metabolic Status
BMI (kg/m2)
Waist Circumference (cm)
WHR
Fasting Glucose (mg/dL)
Fasting Insulin (uIU/mL)
HOMA-IR
Systolic BP (mmHg)
Diastolic BP (mmHg)
Reproductive Endocrinology
LH (mIU/mL)
FSH (mIU/mL)
Estradiol (pg/mL)
SHBG (nmol/L)
Free T (ng/dL)
Bioavailable T (ng/dL)
FAI (%)
Ovarian Morphology
FNPO 2-9mm
FNPO 2-5mm
FNPO 6-9mm
OV (cm3)

NA-Anov
Mean SD

HA-Anov
Mean SD

41
27 5
12 1a

42
25 5
13 2 a,b

53
26 5
13 2b

29.5 2.5a
3 2a
33.3 11.4a

81.4 71.7b
3 2a
39.3 12.3a

108.5 117.0b
10 5b
54.3 26.5b

26.0
84.6
0.83
97.0
8.2
2.0
107.2
69.2

6.5a
14.0
0.10a,b
10.0
6.5a
1.6a,b
13.7
7.8a

29.2
86.2
0.81
93.0
10.3
2.4
111.7
73.0

9.2a,b
17.9
0.10a
9.9
8.8a,b
2.1a
14.7
11.5a

31.6
95.9
0.85
97.0
15.3
3.9
116.4
74.9

8.8b
22.0
0.10b
13.5
13.6b
3.9b
16.5
11.6a

4.9
6.7
45.4
58.8
0.4
10.2
2.5

2.5a
2.1
22.6a
26.3a
0.2a
3.8a
1.6a

8.2
6.2
49.2
50.2
0.6
14.7
3.7

5.6b
1.9
21.2a
43.5a,b
0.3b
6.7b
2.4a

8.1
6.0
51.0
37.0
1.0
23.8
7.2

3.2b
1.7
21.0a
23.5b
0.6c
13.7c
5.6b

25
22
3
6.7

10a
9a
2
2.5a

36
32
4
8.2

17b
16b
3
3.4a

49
44
5
11.1

26b
25b
4
3.7b

P values reflect transformed data and accounting for BMI. Differences for within-row comparisons are denoted
by different letters. Abbreviations include: T, Testosterone; BMI, Body Mass Index; HOMA-IR, Homeostatic
Model Assessment of Insulin Resistance; WHR, Waist-Hip Ratio; BP, Blood Pressure; LH, Luteinizing Hormone;
FSH, Follicle Stimulating Hormone; FAI, Free Androgen Index; FNPO, Follicle Number Per Ovary; OV, Ovarian
Volume. For SHBG, to convert from SI units (nmol/L) to conventional units (mg/dL), divide by 10.
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Diagnostic Potential of Ovarian Morphology Across Phenotypes
The diagnostic ability of each sonographic metric to distinguish between reproductive
phenotypes is presented in Table 2.2. Both FNPO and OV had significant diagnostic potential
to detect HA-Anov from controls (both p<0.001) and NA-Anov (p=0.007 and p<0.001,
respectively). A threshold of >36 follicles was identified as having 72.0% sensitivity and 90.2%
specificity to identify HA-Anov from controls. By contrast, FNPO, but not OV, had diagnostic
potential for NA-Anov versus controls (p<0.001 and p=0.054, respectively). A threshold of >38
follicles was identified as having 93% specificity to distinguish NA-Anov from controls, but
sensitivity was substantially lower at only 38%. A slightly higher threshold of >39 follicles was
needed to distinguish between HA-Anov and NA-Anov. However, the diagnostic performance
of FNPO was substantially compromised (AUC=0.659) with test sensitivity and test specificity
approximating only 64% and 71%, respectively. OV thresholds for distinguishing HA-Anov
from controls (>8.6cm3) or NA-Anov (>8.5cm3) were similar, yet diagnostic performance was
lower when discriminating HA-Anov from NA-Anov.

Impact of Body Mass Index on Diagnostic Potential of Ovarian Morphology Across
Phenotypes
Table 2.3 summarizes the performance of FNPO and OV as diagnostic markers for anovulatory
condition in both lean and overweight cohorts. Both FNPO and OV had significant diagnostic
potential to distinguish between both lean and overweight women with HA-Anov and controls.
Thresholds for FNPO and OV were relatively similar for both lean and overweight groups, but
FNPO had more specificity, that is, fewer false positives, to distinguish HA-Anov women with
overweight from controls compared to OV (93% vs. 66%, respectively). Similarly, FNPO had
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discriminatory potential for NA-Anov versus controls in both lean and overweight cohorts –
whereas OV did not. Diagnostic thresholds of FNPO were substantially different for lean (> 22
follicles) and overweight (> 38 follicles) women. In the case of the lean cohort, sensitivity was
high (86%) but specificity was substantially lower (46%), meaning that over half of lean
controls had an FNPO greater than 22 follicles. By contrast, the FNPO threshold proposed for
those with overweight/obesity was associated with perfect specificity – albeit test sensitivity
was compromised at 38%. Only FNPO in lean women, and only OV in overweight women,
exhibited significant diagnostic potential to distinguish between HA-Anov and NA-Anov. A
lower FNPO threshold of 32 follicles (versus 39 follicles) distinguished between anovulatory
cohorts with improved sensitivity (83% versus 64%) but lower specificity (62% versus 71%)
compared to when all women were considered (compare Tables 2.2 and 2.3). Last, a slightly
lower OV was proposed to distinguish between anovulatory cohorts in overweight women (7.9
versus 8.5 cm3) with some improvement in sensitivity (84% versus 78%) and no compromise
in specificity versus when all women were considered (compare Tables 2.2 and 2.3).
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Table 2.2 Diagnostic Potential of Ovarian Morphology to Distinguish between Anovulatory Conditions
HA-Anov vs. Control
FNPO
OV (cm3)
NA-Anov vs. Control
FNPO
OV (cm3)
HA-Anov vs. NA-Anov
FNPO
OV (cm3)

AUCROC

P value

Threshold

Sensitivity (%)

Specificity (%)

0.820 (0.726-0.891)
0.841 (0.750-0.909)

<0.001
<0.001

>36
>8.6

72 (56 - 84)
77 (63 - 87)

90 (77 - 97)
81 (65 - 91)

0.698 (0.588-0.740)
0.621 (0.507-0.727)

<0.001
0.054

>38
---

38 (24 - 54)
---

93 (80 - 99)
---

0.659 (0.553-0.754)
0.746 (0.643-0.831)

0.007
<0.001

>39
>8.5

64 (49 - 77)
78 (65 – 89)

71 (55 - 84)
70 (54 - 83)

Diagnostic potential as judged by area under the receiver operating characteristic (ROC) curve is shown. Youden’s Index was used to identify the
threshold value to balance between test sensitivity and test specificity. Abbreviations include: AUCROC, Area Under the ROC Curve; FNPO,
Follicle Number Per Ovary; OV, Ovarian Volume. For FNPO, thresholds identified using Youden’s Index which fell on a 0.5 were rounded up to
whole numbers (i.e., 35.5 to 36.0).
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Table 2.3 Diagnostic Potential of Ovarian Morphology to Discriminate between Anovulatory Conditions and Controls by
Body Mass Index Category
AUCROC
HA-Anov vs. Control
FNPO
Lean
0.870 (0.721-0.957)
OW
0.817 (0.686-0.910)
OV
Lean
0.805 (0.647-0.914)
OW
0.727 (0.625-0.814)
NA-Anov vs. Control
FNPO
Lean
0.673 (0.521-0.803)
OW
0.721 (0.546-0.857)
OV
Lean
0.608 (0.453-0.748)
OW
0.647 (0.467-0.800)
HA-Anov vs. NA-Anov
FNPO
Lean
0.722 (0.539-0.863)
OW
0.642 (0.507-0.763)
OV
Lean
0.665 (0.500-0.835)
OW
0.764 (0.635-0.866)

P value

Threshold

Sensitivity (%)

Specificity (%)

<0.001
<0.001

>32
>35

83 (52 - 98)
74 (57 - 87)

81 (61 - 93)
93 (68 - 100)

<0.001
<0.001

>8.3
>8.0

69 (39 - 91)
71 (57 - 83)

81 (61 - 93)
66 (49 - 80)

0.030
0.010

>22
>38

86 (64 - 97)
38 (18 - 62)

46 (27 - 67)
100 (78 - 100)

0.214
0.138

-----

-----

-----

0.014
0.056

>32
---

83 (52 - 98)
---

62 (38 - 82)
---

0.066
<0.001

-->7.9

--84 (69 - 94)

--70 (46 - 88)

Diagnostic potential as judged by area under the receiver operating characteristic (ROC) curve is shown. Youden’s Index was used to identify the
threshold value to balance between test sensitivity and test specificity. Abbreviations include: AUC ROC, Area Under the ROC Curve; FNPO, Follicle
Number Per Ovary; OV, Ovarian Volume; OW, overweight. For FNPO, thresholds identified using Youden’s Index which fell on a 0.5 were rounded up to
whole numbers (i.e., 35.5 to 36.0).
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Figure 2.1 Ovarian Morphology by Body Mass Index (BMI) and Reproductive Phenotype. A
comparison of follicle size populations and ovarian size are shown for women in the overweight
category (BMI >25kg/m2;
) and for women in the lean category (BMI <25kg/m2;
).
Differences across groups are denoted by different letters. P values represent analyses conducted
using transformed data to meet assumptions. Abbreviations include: FNPO, Follicle Number Per
Ovary; BMI, Body Mass Index, NA-Anov, Normoandrogenic Anovulation; HA-Anov,
Hyperandrogenic Anovulation.
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Relationships Between Ovarian Morphology, Body Mass Index and Diagnostic
Features of Anovulatory Conditions
A comparison of follicle populations and ovarian size are shown for women with
overweight or obesity (BMI >25kg/m2) and for women with a lean BMI (<25kg/m2)
across reproductive phenotypes in Figure 2.1. Two-way ANOVAs corroborated that
differences in FNPO and OV were driven by reproductive phenotype and not BMI.
Namely, elevations in FNPO and FNPO 2-5mm in NA-Anov and HA-Anov occurred
in both lean and overweight women. Likewise, increased OV in HA-Anov was not
impacted by BMI status. Consideration of transducer frequency in a mixed model
analysis, to account for changes to equipment across study sites, did not impact the
results (data not shown). Partial correlation analyses evaluating independent
associations between ovarian morphology and diagnostic features of anovulatory
disorders are presented in Table 2.4. FNPO was significantly associated with features
of hyperandrogenism and cycle irregularity, which was driven by the presence of an
increasing number of small follicles (FNPO 2-5mm). By contrast, larger follicles (69mm) were negatively associated with BMI. Last, OV was positively associated with
both biochemical and clinical signs of hyperandrogenism, after controlling for
menstrual cycle length and BMI.
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Table 2.4 Partial Correlations between Ovarian Morphology and Diagnostic
Features of Anovulatory Conditions
FNPO
FNPO 2-5mm
FNPO 6-9mm
OV (cm3)

MCL (d)

Total T (ng/dl)

Hirsutism Score

BMI (kg/m2)

0.273**
0.251***
0.106
0.175

0.295***
0.277**
0.137
0.359***

0.162*
0.165*
0.056
0.287***

-0.046
-0.020
-0.261**
0.110

Correlations between diagnostic features and ovarian morphology were controlled for all other
variables in the adjacent columns (e.g. MCL was corrected for total T, hirsutism score and BMI).
Abbreviations: FNPO, Follicle Number Per Ovary; OV, Ovarian Volume; MCL, Menstrual Cycle
Length; T, Testosterone; BMI, Body Mass Index. Variables were transformed to meet model assumptions.
*P<0.05, **P<0.01, ***P<0.001
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DISCUSSION
Sonographic features of ovarian morphology are widely used for the evaluation and diagnosis
of anovulatory conditions, such as PCOS. Because morphologic features of the ovary are known
to associate with specific features of reproductive and metabolic disturbance, this study aimed
to extend the utility of the ovary to test whether its diagnostic accuracy could be refined for
anovulatory conditions across a spectrum of adiposity. Given the propensity of
hyperandrogenic conditions to reflect a more deleterious reproductive and metabolic profile,
and the lack of standardization and reliability across androgen assays, we posited that ovarian
morphology could serve as a biomarker sufficient to differentiate between anovulatory
conditions. Consideration of severity and etiology of phenotype in the diagnosis and evaluation
of reproductive disturbances could guide treatment strategies for more effective resolution of
conditions or in preventing progression to a more adverse reproductive or metabolic state. Our
hypotheses were partially supported in that we found that the diagnostic performance of FNPO
and OV differed depending on the anovulatory phenotype and was additionally impacted BMI
status. Notably, higher thresholds for FNPO were required to discern anovulatory conditions in
women with overweight or obesity and OV appeared to be more specific for HA-Anov in
overweight, but not lean, women. Despite the indication that diagnostic thresholds for
anovulatory conditions are possible and would be improved with consideration of obesity, the
overlap in morphological characteristics across anovulatory disorders is too extensive to
propose BMI-specific thresholds at this time.

Our findings are consistent with several other diagnostic test studies showing that FNPO has
significant diagnostic potential to discriminate between HA-Anov and controls32,55–58. FNPO is
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currently heralded as the most robust sonographic marker of PCOS having shown to be
associated with the highest levels of discriminatory power and sensitivity/specificity compared
to other morphologic markers32,56,58,59. While the threshold for FNPO which best balanced
between sensitivity and specificity has been debated, our current study supports a substantially
higher FNPO than what has been previously reported using identical statistical approaches (35.5
follicles vs 1232 to 1955 and 2656 follicles). We acknowledge that our use of off-line image
analysis resulted in higher follicle counts and therefore, best accounts for the differences across
studies. Our approach to the assessment of FNPO is extensive and provides the opportunity to
flag and measure follicles as they are identified60. This greatly reduces the risk of over- or
undercounting – albeit at the expense of clinical feasibility. That said, our approach is
reproducible and those employing similar off-line image analysis approaches would be
expected to require a higher threshold for FNPO when identifying HA-Anov on
ultrasonography.

FNPO also had diagnostic potential for NA-Anov. While the performance of FNPO was
substantially lower for NA-Anov compared to that of HA-Anov, a FNPO >38 follicles was a
highly specific finding in women with NA-Anov (93% when compared with controls),
reflecting an independent impact of disrupted folliculogenesis on ovarian morphology.
However, the lack of sensitivity associated with FNPO showed that there was substantial
overlap in follicle populations between NA-Anov and controls. We did not anticipate the
substantial overlap given that we and others25 have shown group differences in sonographic
features between NA-Anov and controls. Considerable overlap between NA-Anov and controls
highlights an important, yet controversial practice when assessing ovarian morphology as a
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biomarker for certain conditions. Previous studies that have evaluated a normoandrogenic
PCOS phenotype only included women with a FNPO greater than a pre-specified diagnostic
threshold. In this way, they exclude women with NA-Anov whose follicle counts might overlap
with a control population. Likewise, cluster analysis61 has identified a cohort of eumenorrheic
women with increased follicle numbers and anti-Mullerian hormone (AMH) levels that some
have judged as not representing a truly healthy control condition, and are removed from
analyses proposing diagnostic thresholds. Because we did not exclude eumenorrheic women
with elevated follicle populations, or NA-Anov women with low follicle populations, we
consider the degree of overlap noted to be representative of the true variance that one would
expect to encounter when evaluating women with anovulatory conditions.

We noted that FNPO had diagnostic potential to discriminate between HA-Anov and NA-Anov.
The threshold identified was slightly higher at 39 follicles but ultimately, the declines in
discriminatory power, sensitivity and specificity were consistent with only marginal potential
to discriminate between HA-Anov and NA-Anov. We had anticipated that we would detect a
more robust association between HA-Anov and FNPO given that ovarian follicles are a main
source of testosterone production leading to hyperandrogenism62 – and presumably, androgenrelated disruptions in folliculogenesis. Androgens are known to stimulate early follicle
development locally, which may contribute to an increased presence of small antral follicles
(FNPO) that in turn drive total androgen production via thecal cells63. It is possible that by
having incorporated the clinical measure of hirsutism in our definition of hyperandrogenism,
the discriminatory potential of FNPO for HA-Anov was compromised. Indeed, our HA-Anov
group included a significant proportion woman without frank elevations in total testosterone. A
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number of studies have failed to demonstrate an association between hirsutism and total
androgen production59,64–66 suggesting that clinical signs of hyperandrogenism may reflect
systemic prolonged exposure to bioavailable androgens rather than a biomarker of ovarian
androgen production. Lower measures of diagnostic accuracy for FNPO to discriminate
between anovulatory conditions may reflect the variable degrees of hyperandrogenism present
in our HA-Anov cohort. That said, we acknowledge that increased follicle number has been
shown

to

independently associate

with

both

menstrual

cycle

disturbances

and

hyperandrogenism31–34,46, which was affirmed in the present study. Evidence for aberrant
follicle development and a multifollicular ovary, in the absence of hyperandrogenism, has been
identified during the peripubertal transition67,68 and in women with functional hypothalamic
amenorrhea (FHA)69,70. How or whether mechanisms of anovulation and hyperandrogenism are
synergistic or additive in their influence on folliculogenesis and ovarian morphology are
unknown. Our data suggest that hyperandrogenism induces some, but not sufficient differences
in follicle number to yield FNPO as a sufficiently robust marker in the context of anovulation.
OV was a diagnostic predictor for HA-Anov, but did not confer discriminatory potential for
anovulation, per se. We found that a threshold of >8.5cm3 could detect HA-Anov from either
controls or women with NA-Anov. A threshold of 8.5cm3 is substantially smaller than the
currently recognized threshold of 10cm3 for defining polycystic ovarian morphology1,2. The
threshold of 10cm3 has remained uncontested since its first proposal in Rotterdam, despite a
growing number of studies suggesting that a lower OV conferred improved specificity and
sensitivity for HA-Anov71–74. However, many of the studies evaluating OV have compared
overweight women with PCOS to a lean control group56,74–77. Studies that have matched BMI
across groups propose a much narrow range of OV threshold (between 7cm3 55 and 8 cm3 57).
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Therefore, varying OV thresholds to differentiate between HA-Anov and controls may be in
part due to comparison groups that were not balanced for adiposity in previous studies.
Correlation analyses confirmed that OV was a specific feature of hyperandrogenism and was
independently associated with both total testosterone and hirsutism scores. Increased OV in
HA-Anov likely results from increased follicle populations but also increased stromal size.
Increased stromal area is thought to be a specific finding in ovaries of women with HA-Anov,
representing an abundance of luteinized, steroidogenically active thecal cells throughout the
central compartment of the ovary8,78,79. However, we have shown that sonographic assessments
of the ovarian stroma are not reproducible and therefore, it has not been possible to confirm the
contribution of stromal area to increased OV, nor to reliably determine the diagnostic potential
of any stromal marker for HA-Anov. Taken together, the findings of the current study support
OV as a robust marker hyperandrogenism.

We had anticipated that obesity (and/or its metabolic consequences) would influence follicle
dynamics sufficiently to impact ovarian morphology and alter its specificity and sensitivity for
anovulatory conditions. In support of our hypothesis, we found some evidence of improved
discriminatory power of ovarian morphology when women were stratified by lean and
overweight categories. FNPO had greater diagnostic potential for HA-Anov versus controls in
lean women whereas gains for detection of NA-Anov were apparent only for overweight
women versus controls. Accordingly, we also noted substantial losses in diagnostic potential.
Namely, FNPO could no longer distinguish between HA-Anov and NA-Anov in overweight
women whereas OV had no equivalent discriminatory power in lean women. Evidence for an
impact of obesity on ovarian follicle development was also reflected in the BMI-specific
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thresholds. In the absence of androgen excess, a much lower FNPO was needed to discriminate
lean women with irregular cycles from controls (NA-Anov: > 22 follicles) compared to their
overweight counterparts (NA Anov: > 38 follicles). These findings support growing evidence
that obesity may accelerate follicle development48,80 and/or increase overall follicles
populations81 – albeit at the expense of large follicles that would be expected to have greater
likelihood to proceed to ovulation. Despite evidence for improved discriminatory power with
BMI-specific thresholds, we did not find an impact of BMI categorically on FNPO which
suggests that either inappropriate thresholds for BMI were used, or potentially that other
metabolic mechanisms were associated with changes in ovarian morphology that were not
captured by BMI. When we considered bivariate associations, we did note that FNPO 6-9mm
was negatively associated with BMI. Competing influences on the growth of smaller versus
larger follicles may have impacted the ability to detect direct associations between BMI and
FNPO. However, we acknowledge that 6-9mm follicles comprise a relatively small fraction of
FNPO and their relative contribution to differentiate between women of graded BMI is tenuous.
In the case of OV, the demonstration that OV could distinguish HA-Anov from NA-Anov in
overweight but not lean women raises the question of whether metabolic consequences of
obesity are needed to drive the increase in OV in context of hyperandrogenism. One potential
mechanism driving this relationship may be insulin resistance. Insulin resistance and
compensatory hyperinsulinemia is a common comorbidity of obesity but has also been shown
to be independently associated with PCOS – particularly in the hyperandrogenic phenotypes.
Studies conducted in animal models and cell culture point to a direct role of compensatory
hyperinsulinemia on increasing ovarian androgen production, stimulating stromal hypertrophy
and disrupting follicle development 82–85. In this way, a propensity for insulin resistance in HA-
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Anov may drive the sufficient changes in OV to result in significant discriminatory potential.
In support of this notion, Reid et al.43 found that insulin resistance predicted enlarged OV (i.e.,
>10cm3) in women with PCOS and this current study, we observed that women with HA-Anov
were more insulin resistant compared to other groups even after accounting for BMI. Overall,
our data point to the possibility that BMI-specific thresholds may be needed to maintain
diagnostic accuracy of ovarian features for anovulatory disorders. However, we acknowledge
that the BMI categories we employed were limited and that consideration of BMI along a
continuum in a sufficiently powered study or testing other metabolic perturbations associated
with changes in ovarian morphology are needed to fully address this question.

As stated above, we cannot exclude the possibility that BMI represents an imperfect measure
of adiposity and that aspects of metabolic status may better refine morphologic predictors of
anovulatory conditions. The degree to which metabolic perturbations of obesity directly or
indirectly impact ovarian morphology are uncertain.86–88 Direct evidence from studies of nonhuman primates consuming a western-style, high fat diet (WSD) showed the development of
an increased number of small follicles in conjunction with reduced LH pulse frequency89,47,49.
Rodent studies have also demonstrated that diet-induced obesity in the absence of
hyperandrogenism is associated with accelerated follicle development48,80, and increased
follicle populations90,91. That WSD alone could induce a polycystic-like ovarian morphology
may explain why FNPO did not significantly discriminate between anovulatory cohorts in
women with overweight/obesity. Similar metabolic profiles – or attainment of some threshold
of metabolic disturbance – in women with overweight and obesity may have been sufficient to
impair the diagnostic accuracy of FNPO. Although mechanisms in women are not well-

105

elucidated, reduced circulating LH and LH pulse amplitude is a common observation in women
with obesity – with92,93 or without38,39 anovulatory disturbances. It is plausible that obesity may
induce an increase in FNPO via leptin- or cytokine- mediated suppression of LH, leading to
reduced estradiol production and accumulation of follicles but only to the small antral follicle
stage94. Longitudinal data evaluating changes in folliculogenesis alongside metabolic status
would serve to better understand the degree to morphological markers track with ovulatory
processes or disorders in women.

This study had several strengths. We used reliable approaches to obtain follicle counts that
enabled us to draw a reliable conclusion regarding associations between morphological
characteristics of the ovary and anovulatory disorders. The sonographic, metabolic, and
reproductive measures evaluated in this study represent those commonly obtained in a clinical
workup for reproductive health and therefore, provide a measure of translational utility for this
research. Further, and very importantly, we used a nationally standardized program to obtain
reliable measures of total testosterone production. Given the international attention that has
been drawn to the lack of sensitivity and reproducibility of commercially available assays1,36,95,
research questions centered on androgen status in women benefit tremendously from use of best
practices thereby ensuring the capacity to corroborate findings across studies. We also
acknowledge the limitations of this study. This study was not designed to consider the relative
sources of androgen production which has implications for understanding the true etiology of
the anovulatory condition present. Studies have confirmed that the ovaries are a key source of
testosterone over-production in women with HA-Anov62. However, the incidence of adrenal
androgen excess in women with HA-Anov has been estimated at 20-65%96,97. The extent to
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which adrenal versus ovarian androgens impact reproductive and metabolic status is
uncertain96. There is the potential that adrenal androgens may have a distinct role in the
pathogenesis of anovulation, compromising the utility of the ovary to distinguish between
anovulatory conditions. We also did not assess the role of race and ethnicity. While an impact
of ethnicity and/or underlying genetic differences in ovary morphology is emerging98, age is a
factor known to influence ovarian features99,100. We attempted to obviate any potential impact
of age by restricting our inclusion parameters to women of reproductive age. However, we
acknowledge that age-stratified thresholds may be useful for the diagnosis of anovulatory
conditions77,100. Last the criteria used to define the reproductive phenotypes in this study differ
from the recently released 2018 evidence-based guideline for the diagnosis and management of
PCOS1. The new guideline recommends that hyperandrogenism be defined as a hirsutism score
of 4-6 and/or and the upper end of any free testosterone metric based on internally developed
thresholds. This study was designed before the release of the guideline, and therefore reflects
an effort to test our a priori hypotheses. However, it is noteworthy that under the newest
definitions of hyperandrogenism, a large subset of women with NA-Anov in this study would
be re-phenotyped as having HA-Anov given the finding of an isolated elevation in free
testosterone. It has been argued that isolated free testosterone (i.e. in the absence of increased
total testosterone) represents a metabolic manifestation of hyperandrogenism101 and thus,
subject to similar risks as those with other clinical or biochemical signs of hyperandrogenism.
Given that our NA-Anov cohort exhibited metabolic disturbances and increased LH, it is
possible that some of these participants may advance to increased total testosterone and/or
development of terminal hair growth over time and progress to a diagnosis of HA-Anov102. It’s
plausible that, by keeping these phenotypes uniquely distinguished and defining diagnostic
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features for each, that targeted therapeutic or preventative measures can be implemented in
order to obviate future reproductive or metabolic disturbance.

Challenges in diagnosing anovulatory disorders persist. A missed or false diagnosis may lead
to unnecessary emotional and/or economic burden for women1,103,104. Not all anovulatory
conditions present with the same reproductive or metabolic or risks. Careful diagnosis is
important for ensuring appropriate and timely management as well as judicious counseling
across the reproductive lifespan. For these reasons, efforts to expand and improve the utility of
a widely used non-invasive tool to evaluate female reproductive health, such as ovarian
ultrasonography, are needed to hone diagnostic practices. This study corroborated the
diagnostic potential of sonographic aspects of ovarian morphology to detect anovulatory
disorders and pointed to a differential capacity of ovarian size for hyperandrogenic types of
anovulation. Overlap in follicle populations across anovulatory conditions limited its specificity
for the etiology of anovulation. However, this study provides further justification to delineate
the impact of adiposity, or its metabolic consequences, on morphological features of
anovulation. By improving our understanding of relationships between metabolic disturbances
and the reproductive axis and the pathogenesis towards hyperandrogenism, we have the
potential to identify diagnostic features unique to specific etiologies of reproductive
disturbances in women across the adiposity spectrum.
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ABSTRACT
Introduction. While hyperandrogenism (HA) is considered a cardinal feature of polycystic
ovary syndrome (PCOS), measures to define biochemical HA have been inconsistent.
Compensatory hyperinsulinemia (HI) of IR is closely tied to women with reproductive
disturbances. Compensatory HI is thought to contribute to HA either via increased ovarian
androgen production (reproductive pathway) or increased androgen bioavailability (metabolic
pathway). However, the relevance of the reproductive pathway in women without extreme
manifestations of IR is unclear. Elucidating the relevance of IR to HA has not only been clouded
by how HA is defined, but also by the inconsistent use of numerous metrics to assess IR and
infer compensatory HI.
Objectives. The first objective was to compare reproductive and metabolic features across
women of different hyperandrogenic versus normoandrogenic reproductive phenotypes. The
second objective was to elucidate the impact of differing definitions of hyperandrogenism, and
surrogate measures of glucoregulation on the severity of IR or likelihood of IR. Last, the
strength of associations between impaired glucoregulation as judged by varying surrogate
measures and physiologic endpoints related to the metabolic and reproductive pathway of HA
were determined.
Methods. A secondary analysis of the reproductive and metabolic features of a subset of
women from a larger database of ongoing studies was conducted. 147 women were categorized
into one of four reproductive phenotypes: 1) Regular Cycles, 2) normoandrogenic anovulation
(NA-Anov), 3) hyperandrogenic anovulation by free and total testosterone (Anov-FTTT), and
4) hyperandrogenic anovulation by free testosterone alone (Anov-FT). Participants underwent
the following procedures: transvaginal ultrasonography of the ovaries, fasting blood tests, a 2-
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hour oral glucose tolerance test (OGTT), a physical exam to assess hirsutism, an assessment of
vitals and anthropometric markers (waist to hip ratio, systolic and diastolic blood pressure,
height, weight), and a dual energy x-ray absorptiometry (DXA) scan to quantify body
composition. The number of follicles per ovary (FNPO), and ovarian volume (OV) were
determined from ultrasound analysis and blood samples were analyzed for glucose; insulin, sex
hormone binding globulin as well as free, bioavailable and total testosterone. Fasting (HOMAIR, QUICKI, FGIR) and OGTT-derived indices (WB-ISI, ISIStumvoll(original), ISIStumvoll(revised) of
glucoregulatory status were calculated. Linear regression analyses were used to assess
differences across cohorts, accounting for adiposity (body mass index; BMI). The severity and
likelihood of impaired glucoregulation by metric was determined using linear and logistic
regression analyses, respectively – also accounting for BMI.
Results. Anov-FT, but not Anov-FTTT, exhibited a more adverse metabolic phenotype versus
NA-Anov and women with regular cycles. By contrast, Anov-FTTT, but not Anov-FT,
exhibited a more adverse reproductive phenotype versus NA-Anov and women with regular
cycles. Women with Anov-FT were more IR versus women with regular cycles using both
fasting and OGTT-derived measures of IR. Whether women with Anov-FT were more IR
versus NA-Anov depended on which metric was used. Women with Anov-FT, but not AnovFTTT, were more likely to demonstrate impaired glucoregulation versus women with regular
cycles only by WBISI. Surrogate measures of IR more consistently associated with features of
the metabolic pathway (BioT, FT, FAI) rather than those of the reproductive pathway.
Conclusion. The severity and likelihood of IR across reproductive phenotypes depends both
on the metrics used and how biochemical HA is defined. Despite Anov-FT and Anov-FTTT
having comparable reproductive and metabolic features, comparisons to normoandrogenic
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phenotypes suggest sufficient variation in etiology of Anov-FT and Anov-FTTT to warrant
investigations contrasting outcomes in both phenotypes. The demonstration that IR and
compensatory HI are more closely associated with free androgens versus total androgens,
gonadotropins, and ovarian morphology supports the notion that the metabolic pathway may be
the predominant phenomenon driving the pathogenesis of HA in PCOS as defined by the most
current diagnostic criteria.
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INTRODUCTION
The leading cause of reproductive dysfunction in women is polycystic ovary syndrome (PCOS),
afflicting up to 10% of women globally1. PCOS imparts a broad significant impact on women’s
health as it is very closely associated with obesity, metabolic syndrome and type 2 diabetes2.
The most common diagnostic criteria for PCOS recognize the condition along a phenotypic
spectrum. As only two out of three cardinal features are required for a diagnosis, PCOS can
manifest as any combination of menstrual irregularity, androgen excess and/or polycystic
ovarian morphology2. Significant attention has been drawn to the hyperandrogenic phenotypes
of PCOS. Notably, the phenotype which presents with all three cardinal features is most closely
tied with insulin resistance – an association which appears independent of body mass index
(BMI)3–7. By contrast, researchers have also shown that women with the normoandrogenic
phenotype of PCOS present with a more favorable metabolic profile and are less likely to be
insulin resistant8,9. Together, these data point to the hyperandrogenism of PCOS as being central
to both the reproductive and metabolic complications associated with PCOS.

The etiology of androgen excess in PCOS is likely multifactorial10. Hyperinsulinemia and
impaired insulin signaling are believed to contribute to the pathogenesis of hyperandrogenic
variants of PCOS11. The dominant theories proposing how insulin resistance and compensatory
hyperinsulinemia contribute to PCOS are via a reproductive pathway and/or a metabolic
pathway. The reproductive pathway involves direct insulin signaling in the GnRH neurons12,13,
gonadotropes14, and ovary15–17 to increase luteinizing hormone (LH) production, ovarian
steroidogenesis, and follicle development. The ovary is believed to retain insulin sensitivity and
mitogenic signaling capabilities despite peripheral insulin resistance18, implying that the ovary
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is likely to respond to the compensatory hyperinsulinemia when beta cell function is retained19–
22

. The metabolic pathway results from an insulin-mediated reduction in sex-hormone-binding-

globulin (SHBG)23, and because the majority of circulating androgens are bound to SHBG24,
this leads to an increase in the unbound proportion of circulating androgens. Whereas the role
of the metabolic pathway is well established, the relevance of the reproductive pathway in
women without extreme manifestations of hyperinsulinemia is unclear. Indeed, much of the
evidence in support of the reproductive pathway has been conducted in animal, cell, or tissue
culture experiments12–14,16,22,25–29. There are limited data to support the degree to which the
reproductive pathway contributes to HA in women.

To further complicate clinical investigations of the relative contributions of the metabolic
versus reproductive pathways in HA, various indices have been used to measure IR in ovulatory
disorders, and there remains no consensus on the appropriateness of surrogate metrics for
capturing IR in women. The gold standard to assess insulin resistance in tissues is the
hyperinsulinemic euglycemic glucose clamp (HEC)11. The clamp measures insulin-mediated
glucose disposal into peripheral tissues and therefore, reflects whole body insulin sensitivity.
This technique is time-consuming, invasive and not feasible in clinical practice. As a result,
more easily obtained measures of glucoregulation are commonly used, such as those derived
from fasting measures of insulin and/or glucose as well as oral glucose tolerance tests (OGTTs).
These surrogate indices of glucoregulatory status capture metabolic signaling in peripheral
tissues, such as muscle and fat. However, in women with PCOS, mitogenic downstream insulin
signaling is thought to drive insulin actions on ovarian hyperandrogenism or follicle
development. In this way, the degree to which surrogate markers appropriately reflect actions
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at reproductive tissues is not understood. Because these surrogate measures are used
inconsistently across studies, it is unsurprising that controversy persists related to the degree
and likelihood of insulin resistance in ovulatory disorders.

Best practices for defining androgen excess in ovulatory disorders has been debated. In the case
of biochemical hyperandrogenism, both free and/or total androgens have been considered as
acceptable criteria to define hyperandrogenism. However, the most recent evidenced-based
guideline for the diagnosis and management of PCOS has moved away from embracing total
testosterone as a measure of androgen excess and has instead advocated for measures of free
androgens in the diagnosis of PCOS2. With this shift to define biochemical hyperandrogenism
by free androgens, it stands to reason that the new diagnostic criteria for PCOS may now be
more apt to capture women with a more metabolic etiology of hyperandrogenism. Such
differences in how clinical phenotypes are defined is important, as they may lead to a dilution
in the actual reproductive and/or metabolic risks associated with distinct etiologies of
hyperandrogenic anovulation.

In light of the changing definitions of hyperandrogenism for the diagnosis of PCOS, a crosssectional study was undertaken to clarify the relevance of hyperandrogenic status and surrogate
measures of IR in the study of ovulatory disorders in women. The first objective was to compare
reproductive and metabolic features across women with different hyperandrogenic anovulatory
phenotypes, normoandrogenic anovulation and regular cycles. The second objective was to
elucidate the impact of differing definitions of hyperandrogenism and surrogate measures of
glucoregulation on the severity or likelihood of IR. The final objective was to contrast the
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strength of associations between impaired glucoregulation (as defined by differing surrogate
measures) with physiologic endpoints related to the metabolic and reproductive pathways. We
anticipated that women with hyperandrogenic anovulation as defined by both elevated free and
total testosterone would present with a more adverse reproductive and metabolic profile versus
women with hyperandrogenism defined by free testosterone alone. We expected that measures
of IR that better capture hyperinsulinemia, such as fasting insulin, would more strongly
associate with physiologic endpoints related to the reproductive pathway whereas, all measures
of glucoregulation would be associated with physiologic endpoints associated with the
metabolic pathway.

METHODS
Study subjects
The study represents a secondary analysis of the reproductive and metabolic features of
participants obtained from an internal research database. One hundred and forty-seven women
were recruited as part of five ongoing studies (Clinicaltrials.gov identifiers: NCT-01927471,
01927432, 01859663, 03306849, NCT01785719). Women were categorized into one of four
reproductive phenotypes: 1) Regular Cycles (controls) 2) normo-androgenic anovulation (NAAnov), 3) hyperandrogenic anovulation by free and total testosterone (Anov-FTTT), and 4)
hyperandrogenic anovulation by free testosterone alone (Anov-FT). Controls were defined as
women with regular menstrual cycles in the absence of biochemical hyperandrogenism by free
and total testosterone. NA-Anov was defined as women with menstrual irregularity in the
absence of biochemical hyperandrogenism by free and total testosterone. Biochemical
hyperandrogenism by free testosterone was defined as a bioavailable testosterone (BioT)
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concentration of >19.06ng/dL. Biochemical hyperandrogenism by total testosterone was define
by a level >61.5ng/dL. Both thresholds for biochemical hyperandrogenism were based on the
upper 95th percentile of an internal reference population. Bioavailable testosterone reflects
unbound testosterone as well as testosterone weakly bound to albumin. Bioavailable
testosterone was calculated using an online calculator provided by the International Society for
the Study of the Aging Male (http://www.issam.ch/freetesto.htm) using a method previously
described30. For the present study, hirsutism as a clinical indicator of hyperandrogenism was
not included in the phenotypic definitions as the goal was to capture any potential effect of
biochemical androgen status. Menstrual irregularity was defined as a history of menstrual
cycles <21 or >35 days within the past year. Participants were at least 2y post-menarche,
ages 18–38 years and did not use hormones, fertility drugs, insulin sensitizers or drugs known
to influence lipid metabolism or reproductive function for at least 2 months. Exclusionary
criteria have been described elsewhere31.

Ultrasound Imaging
Participants who reported regular menstrual cycles were evaluated in the early follicle phase.
Participants with cycle irregularity were scanned at a time when there was no dominant follicle or
evidence of a recent ovulation. Participants underwent a transvaginal ultrasound scan of their ovaries
using a Voluson system (GE, Milwaukee, Wisconsin) equipped with either a RIC5-9W-RS, RIC5-9ARS, or RIC6-12-D probe. Images of the right and left ovaries were analyzed off-line using a grid
overlay32 by one of six members of the research team trained in image analysis. An internal assessment
of reliability revealed that raters maintained excellent interobserver reliability at an intraclass correlation
coefficient (ICC) of >0.900 for ovarian endpoints. The right and left ovaries were evaluated for: follicle
number per ovary 2-9mm (FNPO 2-9mm), FNPO 2-5mm, FNPO 6-9mm and ovarian volume (OV). OV
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was calculated as [π*(average of all four linear measurements in orthogonal planes) 33], which has been
shown to best correlate with assessments of ovarian volume made in 3D when the true length, width,
and height can be obtained58. Values reported for sonographic measures represent the mean of both
ovaries. In cases where poor image quality prevented reliable assessments in 1 of 2 ovaries, only the
values of the ovary which could be visualized were reported.

Clinical Assessments

The day of the ultrasound scan, participants underwent the following clinical procedures: 1)
evaluation of menstrual cycle history, 2) a 2-hour 75g oral glucose tolerance test (OGTT), 3) a
physical exam to assess terminal hair growth using the modified Ferriman-Gallwey scoring
system, and 4) a vitals and anthropometry assessment (waist and hip circumference, height,
weight, blood pressure). In a subset of participants (N=29), the day of the ultrasound scan was
different than the day of the clinical assessments due to stage of cycle (range, 1-20
days). Participants were asked to fast for at least ten hours prior to the OGTT. Following a
fasting blood sample, a glucose solution (75g) was consumed and blood was drawn at 30, 60,
90, and 120 minutes post-glucose consumption. As part of the physical exam, participants were
asked to report hair growth based on nine pre-determined areas of the body in order to generate
a modified Ferriman-Gallwey hirsutism score59. Waist and hips were measured using a tape
measure and standardized procedure. Weight was obtained with a calibrated digital scale and
height with a stadiometer. Blood pressure was assessed with an automated blood pressure
monitor and appropriately sized cuff. BMI was calculated as weight in kilogram divided by
height in meters squared. Fasting blood glucose was measured on-site using a glucometer
(Accu-chek Aviva, Roche) whereas fasting insulin was measured off-site in sera (description
follows). Equations used to calculate fasting indices of insulin resistance are presented in Table
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3.1. Equations and approaches used to calculate OGTT-derived indices of insulin resistance and
integrated glucose and insulin secretion (area under the curve) in response to a glucose
challenge are presented in Table 3.2.

Biochemical Assays
Sera were assayed at the Human Nutritional Chemistry Service Laboratory at Cornell University for
luteinizing hormone (LH), follicle stimulating hormone (FSH), estradiol, insulin, and sex hormone
binding globulin (SHBG) using a chemiluminescent immunoassay (Siemens Medical Solutions
Diagnostics, Deerfield, IL). The intra-assay coefficients of variation (CVs) ranged from 3 to 6% and the
inter-assay CVs ranged from 5 to 10%. Serum total testosterone was measured off-site using an LCMS/MS assay (Brigham and Women’s Hospital Research Assay Core Boston, MA), which has been
certified by the Centers for Disease Control’s HoST program. The inter-assay CV was <8% and intraassay CV was <5%34,35.

Statistical Analyses
Variables were transformed as needed to meet assumptions of normality for parametric testing. Group
comparisons of metabolic and reproductive features, as well as fasting and OGTT-derived indices of
glucoregulation, were assessed using one-way ANOVA or multiple linear regression to account for
BMI. Post hoc multiple comparisons were conducted using Tukey’s tests. Thresholds for
glucoregulatory measures are presented in Table 3.3 and were calculated as the 5th or 95th percentile of
each metric in regularly cycling women with a BMI <25kg/m2, depending on whether high or low values
indicate impaired glucoregulation. Multiple logistic regression analyses were conducted to determine
whether the likelihood of being IR or demonstrating impaired glucoregulation differed across
phenotypes for each surrogate measure, adjusting for BMI. A Bonferroni correction was applied for
multiple comparisons. Partial correlations or Pearson correlation coefficient statistics were conducted to
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assess the strength of associations between surrogate indices of glucoregulation and reproductive
endpoints, controlling for BMI where appropriate. All statistical analyses were conducted in
JMP Pro (version 14.0). Significance was determined at an α of 0.05.

Ethical considerations
Studies were approved by either the Cornell University Institutional Research Board for Human
Participants,

the

University

of

Rochester

Institutional

Research

Board,

or

the

Weill

Cornell Medicine Institutional Research Board. All interactions with participants occurred at the Human
Metabolic Research Unit (Cornell University, Ithaca, NY), Strong Fertility Center and Clinical Research
Center (University of Rochester, Rochester, NY), or the Center for Reproductive Medicine and Clinical
and Translational Research Center (Weill Cornell Medicine, New York, NY) between 2009 and 2018.
Written informed consent was obtained before study procedures were initiated.
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Table 3.1 Overview of Fasting Indices for Glucoregulatory Status
Metric

Formula

Interpretation

Correlation with HEC

Fasting Insulin

0HR Insulin (mU/L)

↑ = IR

HOMA-IR

𝐹𝐼(𝑚𝑈/𝐿) ∗ 𝐹𝐺(𝑚𝑚𝑜𝑙/𝐿)/22.5

↑ = IR

r=0.6236

QUICKI

1
log(𝐹𝐼(𝑚𝑈/𝐿)) + log(𝐹𝐺(𝑚𝑔/𝑑𝐿))

↓ = IR

r=0.6236

FGIR

𝐹𝐺(𝑚𝑔/𝑑𝐿)
𝐹𝐼(𝑚𝑈/𝐿)

↓ = IR

r=0.5336

Abbreviations: HEC, hyperglycemic euglycemic clamp; HOMA-IR, homeostasis model assessment for insulin resistance; QUICKI, quantitative
insulin sensitivity check index; FGIR, fasting glucose-to-insulin ratio; IR, Insulin Resistance; FG, Fasting Glucose, FI, Fasting Insulin.
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Table 3.2 Overview of Oral Glucose Tolerance Test (OGTT)-Derived Indices for Glucoregulatory Status
Metric
WBISI

Formula
10,000
√(𝐹𝑃𝐺 ∗ 𝐹𝑃𝐼) ∗ (𝐺 ∗ 𝐼)

Interpretation

Correlation with HEC

↓ = IR

𝑟 = 0.7337

ISIStumvoll(original)

0.226 − 0.0032(𝐵𝑀𝐼) − 0.0000645(𝐼𝑛𝑠120 ) − 0.0037(𝐺𝑙𝑢𝑐90 )

↓ = IR

𝑟 = 0.7938

ISIStumvoll(rev)

0.156 − 0.00004459(𝐼𝑛𝑠120 ) − 0.00321(𝐼𝑛𝑠0 ) − 0. 00541(𝐺𝑙𝑢𝑐120 )

↓ = IR

𝑟 = 0.6939

Abbreviations: HEC, hyperglycemic euglycemic clamp; WBISI, whole body insulin sensitivity index; ISI Stumvoll (original), Stumvoll insulin sensitivity
index; ISIStumvoll (rev), updated Stumvoll insulin sensitivity index; FPG, fasting plasma glucose (mg/dL); FPI, fasting plasma insulin (mU/L); G,
average glucose during OGTT; I, average insulin during OGTT; BMI, body mass index; Ins, insulin at OGTT time point designated by superscript
in minutes; Gluc, glucose at OGTT timepoint designated by superscript in minutes.
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Table 3.3 Internally Derived Normative Values for Glucoregulatory Status †
Threshold for
normal

Percentile

Previously published

Insulin0

>10.58

95th

>12.140
>2041

HOMA-IR

<2.46

95th

< 3.036
≤ 1.8242

QUICKI

>0.334

5

th

≥ 0.3236
> 0.3542
>0.33240

FGIR

>8.90

5th

≥ 7.036
≥ 4.543
> 9.5642
>6.440

WBISI

>5.37

5th

≥ 3.536
> 4.0342

ISI-Stumvollorg

>0.122

5th

> 0.1142

ISI-Stumvollrev

>0.105

5th

≥ 0.08036

Abbreviations: HOMA-IR, homeostasis model assessment for insulin resistance; QUICKI, quantitative
insulin sensitivity check index; FGIR, fasting glucose-to-insulin ratio; WBISI, composite insulin
sensitivity index; ISIStumvoll(original), original Stumvoll insulin sensitivity index; ISIStumvoll(rev), revised
Stumvoll insulin sensitivity index; N/A, metrics that have not been used in the literature to differentiate
IR from insulin sensitivity.
† Derived from a subset of control participants (N=33) with regular menstrual cycles, a lean BMI, no
hirsutism, ages 18-38 years, and normal androgen levels based on total and bioavailable testosterone
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RESULTS
Phenotypic Comparisons of Reproductive, Metabolic, and Sonographic Endpoints
Metabolic, reproductive, and sonographic features are contrasted across phenotypes in Table
3.4. Mean age, but not BMI, were similar across phenotypes. Therefore, group comparisons for
all other variables were adjusted for BMI. Average menstrual cycle length did not differ across
anovulatory phenotypes but menstrual cycles were longer versus controls. As expected, total
testosterone was increased in Anov-FTTT versus all other cohorts. However, total testosterone
was also elevated in Anov-FT versus women with regular cycles and NA-Anov. Serum BioT
concentrations were similar in hyperandrogenic phenotypes and increased versus
normoandrogenic phenotypes. Other biochemical measures of free androgens, including free T
and free androgen index (FAI), reflected the phenotypic differences observed for BioT.
However, hirsutism score, a measure of clinical hyperandrogenism, was only increased in
Anov-FT versus women with regular cycles. As a group, we also noted that women with NAAnov were clinically hyperandrogenic with a mean mFG score of 6.1+5.8 as per the most recent
evidence-based guidelines for the diagnosis and evaluation of PCOS in women (hirsutism
defined by >6)2.

Overall, we found that Anov-FT exhibited a worse metabolic profile versus NA-Anov and
women with regular cycles, whereas Anov-FTTT had a similar metabolic profile to the
normoandrogenic cohorts. BMI was higher and SHBG was lower in Anov-FT versus NA-Anov
and women with regular cycles. Further, percent body fat was increased in Anov-FT versus
women with regular cycles. Waist to hip ratio and blood pressure did not differ across cohorts,
after accounting for BMI.
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Reproductive and sonographic features are also contrasted across phenotypes in Table 3.4.
Circulating concentrations of LH demonstrated a stepwise increase across normoandrogenic
and hyperandrogenic cohorts. LH levels in NA-Anov women were increased versus women
with regular cycles, comparable to those is Anov-FT but lower than those with Anov-FTTT.
Estradiol and FSH were similar across phenotypes. When features of ovarian morphology were
contrasted, significant stepwise increases in FNPO (2-9mm) and OV were detected across in
women with regular cycles, NA-Anov, and Anov-FTTT. Women with Anov-FT had higher
FNPO 2-9mm and OV compared to women with regular cycles, but counts were similar to both
NA-Anov and Anov-FTTT.
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Table 3.4 Metabolic, Reproductive, and Sonographic features Across Phenotypes
Control

NA-Anov

Mean SD
Mean SD
N
55
54
Age (y)
27.3 5.3
25.3 5.9
Phenotypic Criteria and Additional Markers of Hyperandrogenism
Menstrual Cycle Length (d)
29 2a
87 101b
a
Total T(ng/dL)
32.74 11.36
34.10 11.27a
a
Bio T (calc) (ng/dL)
10.18 3.40
12.00 4.02a
a
Free T (ng/dL)
0.43 0.15
0.51 0.17a
FAI (%)
2 1a
3 1a
a
Hirsutism Score
4.8 3.5
6.1 5.8 a,b
Metabolic Features
BMI (kg/m2)
26.2 6.1 a
29.0 9.6 a
WHR
0.82 0.06
0.82 0.09
a
% Fat
27.9 9.5
32.9 12.3 a,b
Systolic BP (mmHg)
108 16
112 15
Diastolic BP (mmHg)
69 9
72 11
a
SHBG (nmol/L)
56.0 24.6
50.0 40.0 a
Reproductive and Sonographic Features
LH (mIU/mL)
5.10 3.06a
7.58 5.19b
FSH (mIU/mL)
6.8 2.1
6.0 1.8
Estradiol (pg/mL)
46.0 24.3
46.7 20.9
FNPO 2-9mm
27 12a
37 16b
a
FNPO 2-5mm
24 11
33 15b
FNPO 6-9mm
3 2
4 3
3
a
OV cm
7 2
9 3b

Anov-FTTT
Mean SD
17
24.7 3.7

Anov-FT
Mean SD
21
27.4 5.1

97
85.73
35.34
1.51
10
7.8

93b
16.05c
13.83b
0.59b
6b
5.8 a,b

120
52.57
27.04
1.15
9
8.1

101b
7.74b
5.67b
0.24b
4b
4.7 b

30.2
0.85
34.5
116
74
43.0

7.8 a,b
0.10
9.6 a,b
17
10
26.8 a,b

34.3
0.87
41.3
120
80
24.5

5.9 b
0.07
6.9 b
17
12
10.5 b

9.12
5.8
55.1
54
49
5
12

2.40c
1.6
21.66
22c
20b
5
4c

9.28
6.2
56.2
47
43
4
11

3.14b,c
1.8
20.4
33b,c
33b
3
4b,c

P values reflect comparisons done on transformed data where appropriate to meet assumptions. Different letter superscripts
within rows indicate significant differences in post hoc comparisons between cohorts. Abbreviations: T, Testosterone; BMI, Body
Mass Index; WHR, Waist-Hip Ratio; BP, Blood Pressure; LH, Luteinizing Hormone; FSH, Follicle Stimulating Hormone; FAI,
Free Androgen Index; FNPO, Follicle Number Per Ovary; OV, Ovarian Volume.
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Differences in Surrogate Measures of Insulin Resistance Across Phenotypes
The severity of IR across phenotypes as defined by fasting and OGTT-derived surrogate
measures are presented in Figures 3.1 and 3.2. Women with Anov-FT had higher, or lower,
surrogate metrics of IR compared to normoandrogenic phenotypes irrespective of the surrogate
metric used (Figures 3.1 and 3.2). Moreover, the degree of IR was consistently found to be
intermediate in severity for Anov-FTTT with respect to Anov-FT and women with regular
cycles as judged by any of the metrics. By contrast, NA- Anov either exhibited a similar or
superior degree of IR compared to Anov-FT depending on the metric used.
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Figure 3.1 – Fasting surrogate measures of insulin resistance across phenotypes. Different
superscripts denote significant differences between phenotypes. Regression analyses were
conducted to adjust for differences in BMI across phenotypes. Abbreviations: HOMA-IR,
homeostasis model assessment for insulin resistance; QUICKI, quantitative insulin
sensitivity check index; FGIR, fasting glucose-to-insulin ratio; NA-Anov, normoandrogenic
anovulation; Anov-FTTT, hyperandrogenic anovulation by free and total testosterone;
Anov-FT, hyperandrogenic anovulation by free testosterone alone.
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Figure 3.2 – OGTT-derived measures of insulin
sensitivity,
Different
superscripts
denote
significant differences between phenotypes.
Regression analyses were conducted to adjust for
differences in BMI across phenotypes. WB-ISI,
composite insulin sensitivity index; ISIStumvoll(original),
original Stumvoll insulin sensitivity index;
ISIStumvoll(rev), revised Stumvoll insulin sensitivity
index; NA-Anov, normoandrogenic anovulation;
Anov-FTTT, hyperandrogenic anovulation by free
and total testosterone; Anov-FT, hyperandrogenic
anovulation by free testosterone alone.
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Likelihood of Impaired Glucoregulation by Surrogate Measure Across Phenotypes
Table 3.5 presents the prevalence and likelihood of IR as defined by the upper thresholds of
each surrogate measure defined by an internal reference population of lean women with regular
menstrual cycles. The prevalence of IR in women with regular cycles ranged from 18%
(Insulin0 and FGIR) to 46% (ISI-Stumvollorg). The prevalence of IR in NA-Anov was higher
and ranged from 36% (HOMA-IR) to 66% (ISI-Stumvollorg). In the hyperandrogenic groups,
IR in women with Anov-FTTT ranged from 44% (all fasting surrogate measures of IR) to 82%
(ISI-Stumvollorg) whereas, the range of IR prevalence shifted in the Anov-FT group to
encompass 63% (FGIR) to 100% (ISI-Stumvollorg). Logistic regression analyses revealed that
after adjusting for BMI and multiple comparisons, women with Anov-FT were more likely to
be IR or exhibit impaired glucoregualatory status using WBISI. No differences in the likelihood
of being IR were detected for Anov-FTTT versus other reproductive phenotypes.
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Table 3.5 Prevalence of IR or Impaired Glucoregulation Across Phenotypes
Insulin0
HOMA-IR
QUICKI
FGIR
WBISI
ISIStumvollorg

Control
10/44 (18%)
11/55 (20%)
12/55 (22%)
10/55 (18%)
10/45 (22%)a

NA-Anov
21/53 (40%)
19/53 (36%)
20/53 (37%)
21/53 (39%)
25/48 (52%)a,b

21/45 (46%)

33/50 (66%)

Anov-FTTT
7/16 (44%)
7/16 (44%)
7/16 (44%)
7/16 (44%)
8/16 (50%)a,b
14/17 (82%)

Anov-FT
14/21 (67%)
13/19 (68%)
14/19 (74%)
12/19 (63%)
15/17 (88%)b
18/18 (100%)

ISI-Stumvollrev
12/45 (36%)
26/49 (53%)
10/16 (63%)
15/17 (88%)
Different superscripts denote significant differences in prevalence between phenotypes. Abbreviations:
HOMA-IR, homeostasis model assessment for insulin resistance; QUICKI, quantitative insulin sensitivity
check index; FGIR, fasting glucose-to-insulin ratio; WB-ISI, composite insulin sensitivity index;
ISIStum(original), original Stumvoll insulin sensitivity index; ISIStum(rev), revised Stumvoll insulin sensitivity
index; AUCInsulin, insulin area-under-the-curve; AUCGlucose, glucose area-under-the-curve.
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Associations Between Surrogate Measures of Glucoregulation and Endpoints Related to the
Reproductive and Metabolic Pathways
Associations between markers of the metabolic and reproductive pathway with surrogate
measures of IR are presented in Table 3.6. Of the fasting measures evaluated, fasting insulin
was positively associated with total testosterone and negatively associated with FNPO 6-9mm.
Further, WBISI was positively associated with FNPO 6-9mm (r=0.199) consistent with adverse
glucoregulatory status negatively impacting ovarian morphology. In contrast to endpoints
associated with the reproductive pathway, surrogate measures of glucoregulation were
consistently associated with free androgens – albeit with the exception of the revised Stumvoll
index.
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Table 3.6 Associations Between Surrogate Measures of Glucoregulation and Endpoints Related to the Reproductive and
Metabolic Pathways
TT
Fasting Metrics
Insulin0
0.192*
HOMA-IR
0.0661
QUICKI
-0.0495
FGIR
-0.0714
OGTT-Derived Metrics
WBISI
-0.1494
ISI0.0177
Stumvollorg
ISI0.0494
Stumvollrev

LH

Reproductive Pathway
FNPO 2-9 FNPO 2-5 FNPO 6-9

OV

BIO-T

Metabolic Pathway
FT
FAI (%)

0.0756
0.1366
-0.1375
-0.1237

0.0410
0.0226
-0.0196
-0.0841

0.0687
0.0406
-0.0349
-0.1015

-0.209*
-0.1264
0.1074
0.1105

0.1307
0.1123
-0.1052
-0.1101

0.383***
0.299***
-0.276**
-0.295**

0.383***
0.299***
-0.276**
-0.296**

0.439***
0.378***
-0.354***
-0.363***

-0.1508
-0.0818

-0.0207
0.0495

-0.0446
0.0497

0.199*
-0.0198

-0.1032
-0.0224

-0.383***
-0.355***

-0.383***
-0.355***

-0.458***
-0.463***

-0.1198

0.0011

-0.0128

0.0440

-0.0394

-0.1525

-0.1531

-0.245**

*P<0.05, **P<0.01, ***P<0.001. Stumvoll (org) associations were not controlled for by BMI because BMI is included in the equation. P values reflect
analyses conducted on transformed variables where appropriate. Abbreviations: HOMA-IR, homeostasis model assessment for insulin resistance;
QUICKI, quantitative insulin sensitivity check index; FGIR, fasting glucose-to-insulin ratio; WB-ISI, composite insulin sensitivity index; ISIStumvoll(original),
original Stumvoll insulin sensitivity index; ISIStumvoll(rev), revised Stumvoll insulin sensitivity index; Total T, total testosterone; FAI, free androgen index;
Free T, free testosterone; Bio T, bioavailable T; OA, ovarian area; OV, ovarian volume; FNPO 2-9 mm, mean 2-9mm follicles per ovary; FNPO2-5 mm, mean
2-5mm follicles per ovary; FNPO6-9 mm, mean 6-9mm follicles per ovary
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DISCUSSION
This study aimed to contrast the reproductive and metabolic features of women across a
spectrum of anovulation. We were particularly curious about the severity of IR in these
conditions given that IR is believed to modulate androgen status via predominantly a metabolic
or reproductive pathway. This question is challenging to address given that indices for defining
hyperandrogenism and IR are controversial, and debate persists regarding best practices.
Contrary to our hypothesis, we did not observe that women with elevations in both free and
total androgens (Anov-FTTT) exhibited a more deleterious metabolic phenotype or presented
with more severe impaired glucoregulation. Rather, we found that women with isolated
elevations in free androgens (Anov-FT) were consistently more IR compared to women with
normoandrogenic phenotypes. We also observed that women with Anov-FTTT had a more
adverse reproductive phenotype compared to normoandrogenic phenotypes. Together, this
suggests that the differences in androgen status across Anov-FT and Anov-FTTT may be
sufficient to warrant investigations contrasting outcomes in both phenotypes moving forward.
Our hypothesis that different surrogate indices of IR would yield inconsistent findings related
to the severity and likelihood of IR was partially supported. However, differences between
surrogate markers were not sufficient to interfere with capturing associations of IR with aspects
of the metabolic pathway leading to HA. Indeed, we noted that the vast majority of surrogate
indices showed consistent associations between glucoregulatory status and markers of the
metabolic pathway. In the case of the reproductive pathway, our expectation for fasting insulin
to best capture associations between IR and reproductive features was supported. That the
majority of markers did not associate with aspects of the reproductive pathway, suggests that
surrogate measures of IR may be inadequate to detect the presence or extent of the reproductive
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pathway. It is also possible that variables we did not evaluate, such as genetic and
environmental factors, are more relevant when trying to capture this pathway.

Our data showed that even after controlling for BMI, women with Anov-FT retained a more
adverse metabolic profile versus normoandrogenic phenotypes (NA-Anov and women with
regular menstrual cycles). By contrast, aberrations in Anov-FTTT were more consistent with
impairments in reproductive markers compared to normoandrogenic phenotypes. Although
overt differences in the reproductive and metabolic characteristic of Anov-FT and Anov-FTTT
were not detected, comparisons against women NA-Anov suggest that Anov-FT and AnovFTTT may represent two distinct phenotypes wherein relative contributions for mechanisms
driving HA are divergent. In the case of Anov-FT, the finding of an adverse metabolic profile
in those with isolated free androgens support a role for hepatic driven reductions in SHBG as a
biomarker for risk of reproductive dysfunction44. We found that SHBG was substantially lower
in Anov-FT versus NA-Anov and controls with levels in Anov-FT being less than half that of
either normoandrogenic phenotype. SHBG levels were also 40% lower in Anov-FT versus
Anov-FTTT – although differences did not reach statistical significance. SHBG levels in AnovFT are consistent with sufficient disruption in glucoregulatory status to reduce hepatic
biosynthesis. SHBG is a well-known biomarker for metabolic syndrome and predictive of the
severity of cardiometabolic risks45,46. Although the regulation of SHBG is not well established,
some evidence points to hepatic lipogenesis and/or hepatic cytokine production as driving
reductions in SHBG (discussed in 44). SHBG levels were used to calculate all measures of free
androgens in the present study. Because SHBG is used in the calculation for measures of free
androgens, it can be argued that Anov-FT inherently captures a metabolic phenotype linked to
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the pathophysiology of SHBG production44. That imbalances in free testosterone are sufficient
to drive or reflect metabolic dysfunction in the absence of concurrent increases in total
testosterone are consistent with findings of a similar study that showed that isolated free
androgens in the absence of increased androstenedione (the inactive precursor to biologically
active testosterone) was also more closely associated with a metabolic phenotype of PCOS47.
Nonetheless, we had anticipated that women with combined elevations in free androgens and
total androgens would exhibit a more pronounced degree of glucoregulatory impairment.
Recent evidence for a direct effect of androgen signaling on adipocyte metabolism in women48,
would suggest an increased propensity for IR in women FTTT even in the presence of normal
SHBG production. While our findings in Anov-FTTT were unexpected, they do agree with a
recent systematic review and meta-analysis wherein women with PCOS who had higher
testosterone levels were more likely to be insulin sensitive as gauged by HEC after adjusting
for BMI49. Taken together, we found that by separating Anov-FTTT and Anov-FT phenotypes,
we revealed divergent reproductive and metabolic disturbances versus normoandrogenic
women, and that namely Anov-FT may reflect a more pronounced metabolic phenotype.

The prevalence of IR in all reproductive phenotypes varied tremendously depending on the
surrogate marker used to assess glucoregulatory status. This is consistent with numerous
reports36,50 and reflects variability in how surrogate measures inform on different
pathophysiologic processes of IR. For instance, surrogate indices which include BMI may
overestimate the prevalence of IR given that the equation assumes an increased propensity for
impaired glucoregulatory status in overweight or obesity. Moreover, fasting measures tend to
reflect hepatic insulin resistance, whereas OGTT-derived measures focus on peripheral tissue
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insulin sensitivity. In this way, OGTT derived measures may better capture earlier disruptions
in glucoregulation prior to the onset of hepatic IR and subsequent beta-cell dysfunction51.
Across all fasting and OGTT-derived surrogate measures of IR, there were no differences in
the severity or likelihood of impaired glucoregulation in women with Anov-FTTT compared to
those with regular cycles or NA-Anov. By contrast, the likelihood of being IR as judged by
WBISI was higher in Anov-FT compared to controls irrespective of BMI. Some have argued
that the WBISI is a superior metric as it reflects both hepatic and peripheral insulin resistance
by combing fasting and OGTT-derived values. Such as, WBISI has been shown to better
identify individuals with IR versus other metrics52,53. A comparison of the performance of
surrogate measures of IR with the HEC in women with PCOS found that overall, the specificity
of surrogate measures was significantly lower versus the HEC, which was interpreted as
surrogate measures being likely to under-estimate the true prevalence of IR36. A recent study
further concluded that IR was under-diagnosed in women with PCOS when fasting, rather than
OGTT-derived surrogate measures of IR were used50. This aligns with our findings that the
prevalence of IR was lower across all phenotypes when fasting measures were used (qualitative
assessment only). Nonetheless, inconsistencies in the utility of surrogate measures has
persisted36,37. Collectively, the previous studies suggest that there is no clear consensus as to
which surrogate measures should be used to gauge IR in women with ovulatory disorders. We
must acknowledge that the majority of studies cited above9,49,50,54 used definitions of
hyperandrogenism that included clinical markers either in combination with free and total
androgens or in combination with free androgens alone36. Therefore, it is difficult to draw direct
comparisons with our current findings since we used a unique approach to differentiate
hyperandrogenic anovulatory phenotypes (no reliance on clinical markers of HA).
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The relevance of the reproductive pathway in the development of hyperandrogenism and
abnormal ovarian morphology in women is unclear. We confirmed a weak association between
fasting insulin and total testosterone which provides some evidence that the reproductive
pathway may be evident in women. These findings are consistent with insulin reflecting overall
hyperinsulinemia in the presence of beta cell function. Therefore, fasting insulin may best infer
the propensity for increased mitogenic insulin signaling in reproductive tissue versus other
surrogate measures which incorporate glucose values and/or BMI. Although the present study
confirms that a relationship between fasting hyperinsulinemia and androgen production is
possible – the directionality and extent to which this pathway is causal, or merely associative,
cannot be addressed. Further, we did not identify associations between small antral follicles (25mm) and surrogate measures of IR – which was somewhat unexpected given the assertion that
numerous small antral follicles correspond with increased androgen production in ovulatory
disorders55. Identification of such a relationship would have been consistent with experimental
research in animal models showing increased follicle populations with metabolic
perturbations27,29. That said, evidence in women has been mixed. Some have found positive
associations between IR or HI with follicle number and/or ovarian volume56,57, ovarian size and
follicle growth during ovulation induction therapy58 or no such associations59,60 By contrast, we
noted negative associations between glucoregulation (fasting insulin and WBISI) and FNPO 69mm, which is more consistent with our previous studies suggesting that general perturbations
in metabolic status are associated with a reduction in follicle number61. Collectively,
relationships between surrogate indices of IR and markers of the reproductive pathway remain
inconsistent and warrant further investigation
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Consideration of approaches for defining hyperandrogenism is timely, given the recent release
of the international evidence-based guideline for the diagnosis and evaluation of PCOS2. This
guideline advises that free androgens, specifically free testosterone, FAI, or BioT be used for
the evaluation of biochemical hyperandrogenism. Moreover, the guideline states that
biochemical hyperandrogenism is only necessary when clinical hyperandrogenism, or
hirsutism, is absent. The findings of our current study provide insight into the considerable
range of clinical heterogeneity that is now captured using this updated definition for
hyperandrogenism in PCOS. Namely, the guideline combines Anov-FT, Anov-FTTT and a
majority of NA-Anov. This approach may confound future research and practice by not
delineating between phenotypes of varying etiology or severity. Further it must be
acknowledged that as group NA-Anov exceeded the recommended upper limit of hirsutism and
as such, a large proportion of women with NA-Anov would be expected to be diagnosed with
a hyperandrogenic PCOS phenotype alongside women with Anov-FTTT and Anov-FT.
Ultimately, the new guideline may present obstacles in elucidating pathophysiological
mechanisms of ovulatory disorders.

This study had strengths. By using a highly reproducible androgen assay from a national
standardization program, we believe that our assessments of biochemical hyperandrogenism
are robust and obviate many of the concerns related to measuring androgens in women62.
Second, our study is novel in providing insight into important nuances related to defining
hyperandrogenism and IR. These nuances have been largely overlooked but have significantly
confounded lines of research in women with anovulatory conditions. There is emphasis
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currently to define hyperandrogenism as either increased clinical evidence or increased free
androgens2, however we report that differences in metabolic and reproductive status can be
delineated by separating women with elevated free testosterone and total testosterone. This has
implications for determining long term reproductive and metabolic health outcomes, and
potentially gives rise to more personalized treatment regiments to alleviate the metabolic versus
reproductive perturbations. This study also had several limitations. First, we elected to use a
small series of surrogate measures of IR – ones that had been used most commonly in PCOS
research. However, we acknowledge that a number of other surrogate metrics for IR have been
proposed36,37,51 and as a result, the tested metrics in our study are not exhaustive and limit the
range of our findings. We also acknowledge that we were unable to account for variables that
may lead to a propensity towards ovarian responsiveness to hyperinsulinemia, such as insulin
signaling defects63,64.

In summary, the severity and likelihood of IR across reproductive phenotypes depends on the
metrics used and how biochemical hyperandrogenism is defined. Despite Anov-FT and AnovFTTT

having

comparable

reproductive

and

metabolic

features,

comparisons

to

normoandrogenic phenotypes suggest sufficient variation in etiology of Anov-FT and AnovFTTT to warrant investigations contrasting outcomes in both phenotypes. The demonstration
that IR and compensatory HI are more closely associated with free androgens versus total
androgens, gonadotropins, and ovarian morphology supports the notion that the metabolic
pathway may be the predominant phenomenon driving the pathogenesis of HA in PCOS as
defined by the most current diagnostic criteria.
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ABSTRACT
Introduction. To determine whether ovarian morphology imaged using transabdominal
ultrasonography reflects clinical and metabolic features in adolescents with Polycystic Ovary
Syndrome (PCOS).

Methods. A retrospective pilot study was conducted in 33 adolescents (12-18 years) with PCOS
defined by hyperandrogenism and irregular cycles. Adolescents underwent the following
assessments at a random time during the menstrual cycle: transabdominal ultrasonography, a
physical exam (height, weight, systolic and diastolic blood pressure), fasting hormonal tests
(free, percent free, and total testosterone, androstenedione, follicle stimulating hormone,
luteinizing hormone) and metabolic tests (including an oral glucose tolerance test, fasting and
2-hour insulin and glucose, homeostatic model assessment of insulin resistance, and whole body
insulin sensitivity index). Ultrasound images were analyzed offline for Ovarian Area (OA),
Ovarian Volume (OV), Follicle Number Per Cross-Section (FNPS), and Follicle Distribution
Pattern. Associations among endocrine and metabolic variables with sonographic features were
assessed by Spearman’s rank correlation coefficients and stepwise multiple linear regression.

Results. Total testosterone and androstenedione, but not free or percent free testosterone,
positively correlated with OA (ρ=0.515, ρ=0.422, respectively), OV (ρ=0.451, ρ=0.382), and
FNPS (ρ=0.394, ρ=0.474). LH:FSH also positively correlated with ovarian size (OA, ρ=0.520
and OV, ρ=0.409). Unexpectedly, body mass index (ρ=-0.503) and fasting glucose levels (ρ=0.393) were inversely correlated with FNPS. Total testosterone was an independent predictor
of FNPS, OA, and OV as judged by regression analyses.
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Conclusion. Ovarian morphology in adolescents with PCOS using transabdominal
ultrasonography informs on the degree of reproductive dysfunction and provides rationale to
investigate how ovarian morphology may reflect metabolic dysfunction.
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INTRODUCTION
Polycystic ovary syndrome (PCOS) is a complex endocrine disorder imparting short and longterm health risks for females. The appropriateness and ability to diagnose PCOS in adolescence
is controversial, given the overlap of PCOS symptoms with the normal progression through
puberty1. Several attempts have been made to develop internationally accepted criteria for
PCOS in adolescents, however limited data on the normative ranges of androgens, duration of
cycle irregularity, and ovarian morphology during this developmental period hinders a
consensus1. Despite these challenges, some2,3, but not all studies4,5 which examined PCOS in
adolescents, have demonstrated an increased risk of reproductive and cardiometabolic
abnormalities, which may follow these girls into adulthood6. Despite this uncertainty, there is
growing support that early identification of and intervention for PCOS during the adolescent
period is needed to obviate these potential long-term health risks.

Consideration of ovarian morphology to diagnose PCOS7,8 and serve as an indicator of
reproductive and metabolic disturbance has been evaluated in adults9,10. Modern, higher
frequency transvaginal ultrasound systems (i.e., >8MHz) have improved the ability to assess
ovarian morphology in PCOS8. Further, the use of standardized approaches to evaluate ovarian
morphology has greatly improved the reliability of these sonographic assessments11. While not
all studies have shown consistent associations among markers of ovarian morphology and
reproductive and metabolic endpoints12,13, use of older and poorer imaging technology,
heterogeneous cohorts and unreliable approaches to assessing ovarian morphology may have
contributed to the variation in findings.
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The utility of sonographic ovarian imaging to gauge reproductive or metabolic disturbance in
adolescents with PCOS is only beginning to be explored, as the relevance of transabdominal
ultrasonographic assessments of ovarian morphology in adolescents is not widely accepted8,14.
Transabdominal ultrasonography (TAUS) utilizes lower frequency probes, is more susceptible
to attenuation due to abdominal adiposity, and is believed to yield poorer quality images
compared to transvaginal ultrasound (TVUS). However, recent studies employing newer
ultrasound technology report follicle numbers15 using TAUS and find no association between
BMI and quality of the images16,17. Moreover, differences in ovarian morphology between
adolescents with PCOS and/or hyperandrogenism and healthy controls have been detected
using TAUS4,16-18. Therefore, it is plausible that ovarian morphology may not only be different
in adolescents with PCOS but also reflect severity of the symptomology in this condition19.
This may be particularly helpful in identifying those adolescents with heightened risks for
reproductive and metabolic co-morbidities. To that end, the objective of this study was to test
the hypothesis that ovarian morphology reflects the clinical and metabolic features of PCOS in
adolescents.

MATERIALS AND METHODS
Subjects
A retrospective analysis of data collected from a previous study evaluating glucose metabolism
in adolescents with PCOS as defined the 2006 Androgen Excess Society [20] was conducted.
A subgroup of thirty-three adolescents was identified as having both ultrasound data and PCOS
defined by the National Institutes of Health (NIH) and did not meet exclusionary criteria.
Briefly, participants were between ages 12 and 18 years and were recruited after being referred
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to the Multi-Specialty Adolescent PCOS Program at Yale University, School of Medicine from
2008 to 2010. PCOS was defined as having both [1] cycle irregularity and [2] clinical or
biochemical evidence of hyperandrogenism. Irregular and/or infrequent menstruation that
persisted at least 1.5 years post menarche or primary amenorrhea based on no menstruation at
least 3 years post thelarche were used to define cycle irregularity21. Clinical hyperandrogenism
was defined as the subjective presence of hirsutism and hyperandrogenemia was defined as a
serum total testosterone >39ng/dL, which is above the reference range for Tanner stage 5 on a
commercially HPLC/MS assay20. Adolescents had not used hormonal contraceptives or insulin
sensitizers at the time of study participation. Biochemical screening was conducted to exclude
for uncontrolled endocrinopathies including non-classical adrenal 21-hydroxylase deficiency,
androgen-secreting tumors, hyperprolactinemia, and thyroid dysfunction, as described
elsewhere20.

Study procedures
Each participant underwent a complete history and physical exam by either a Pediatric
Endocrinologist (TSB), an Endocrinologist (CAF) or Pediatric Gynecologist (BWR) in a
hospital clinic. Hirsutism was assessed by a clinician experienced in assessing hair growth using
the modified Ferriman and Gallwey scoring system. Hirsutism data was missing for 2
participants. Ethnicity data were self-reported. The body weight of each subject was measured
to the nearest 0.1 kg with a digital scale (Tanita TBF-310, Arlington Heights, Illinois, USA).
Blood pressure was measured using an automated device. Blood pressure was not obtained in
1 participant. A TAUS was performed by sonographers at the hospital clinic using either a
Phillips M3 (73% of ultrasounds) or an HDI 5000 (23% of ultrasounds), with a C5-1 or C5-2
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transabdominal probe. Fasting metabolic and hormonal work ups were completed at a random
time during the menstrual cycle between 0800-1000h and included a 2-hour 75-gram oral
glucose tolerance test (OGTT) with measurements of serum glucose and insulin concentrations
at time 0 and 2 hours.

Ultrasound Image Assessment
Single cross-sectional images of each ovary were obtained in the transverse and sagittal planes.
Ultrasound images were analyzed offline using Santesoft DICOM Editor (©Emmanouil
Kannellopoulus, Athens, Greece) for the following parameters by a single observer (HVB):
total number of antral follicles in the single plane (FNPS), ovarian area (OA), ovarian volume
(OV), and follicle distribution pattern (FDP). The OA was estimated in the sagittal plane using
the equation π/3(transverse diameter) x (sagittal diameter). The OV was estimated using the
following equation: π/6 (transverse diameter) x (anteroposterior diameter) x (longitudinal
diameter). The FDP was determined on cross-sectional images that showed >9 follicles and had
no follicles >10mm9. The FDP was graded based on the following scale: 1: both ovaries have
fewer than 9 follicles; 2: one ovary has more than 9 follicles which are scattered throughout the
ovary (e.g., heterogeneous distribution pattern); 3: both ovaries have >9 follicles and a
heterogeneous distribution pattern; 4: at least one ovary has more than 9 follicles and has a
peripheral distribution pattern; 5: both ovaries have more than 9 follicles and have a peripheral
distribution pattern. Ovarian data are presented as a mean of both ovaries. When a dominant
follicle (>10mm) or corpus luteum was detected, only the data from one ovary was reported.
The investigator was blinded to the endocrine and metabolic status of the participants. Image
quality was evaluated as a subjective assessment of the ability to visualize the contour of the
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ovary, resolution antral follicles, and degree of antral follicle clustering within the ovary. Right
and left ovary image quality was evaluated as ‘poor’, ‘partially visible’, or ‘excellent’. Eighteen
percent (6/33) of the participants had subjectively poor image quality in both ovaries. FNPS
was unable to be ascertained from both ovaries in 3 adolescents and FDP in 2 adolescents due
to poor image quality.

Biochemical Assays
As these data represent a subgroup analysis of a larger cohort26, assay details have been reported
elsewhere. Briefly, plasma glucose levels were determined by the glucose oxidation method,
and insulin levels were determined using radioimmunoassay (RIA) within the Yale Clinical
Laboratories. All other hormones were analyzed by the commercial lab Esoterix, Inc (Austin,
TX, USA). Total testosterone and androstenedione were measured by high performance liquid
chromatography mass spectrometry (HPLC/MS). Serum free and percent free testosterone were
determined by equilibrium dialysis. FSH and LH were determined by chemiluminescent assay.
Esoterix Laboratory Services maintains an acceptable level of inter-assay variability at 15 and
20% for mass spectrometry and immune assays, respectively.

Data analysis
Descriptive statistics were tabulated for the clinical, endocrine, and ultrasonographic endpoints
(median, 5th percentile, 95th percentile). BMI percentiles were derived from standard curves
developed by the Centers for Disease Control (CDC) (www.cdc.gov/growthcharts/). Glucose
abnormalities were assessed per the American Diabetes Association (ADA) 2016 guidelines.
Impaired glucose tolerance was defined as a 2-hour glucose level of 140-199 mg/dL following
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a 75g oral glucose tolerance test. Hypertension was defined using the guidelines proposed by
the Working Group on High Blood Pressure in Children and Adolescents22. Pre-hypertension
was defined as systolic or diastolic blood pressure falling between the 90th and 95th percentiles
for age, sex, and height. Hypertension was defined as the blood pressure exceeding the 95 th
percentile. Hypertension in adolescents 18 years of age were based on the CDC guidelines for
blood pressure in adults23. The homeostasis model assessment for insulin resistance (HOMAIR) was calculated as fasting insulin concentration (μU/ml) multiplied by fasting glucose
concentration (mg/dl) divided by 405, as previously described24. A normative HOMA-IR value
was set at <4.39 for this study, which is two standard deviations above the mean for a
population-based sample of adolescents, with normal fasting glucose and normal weight25. The
whole body insulin sensitivity index (WBISI) was calculated by a modified formula using
fasting and 2-hour insulin and glucose values that showed good association with other measures
of insulin sensitivity26. Because there are no known WBISI thresholds to define glucoregulatory
status in adolescents, this metric was not used to assess metabolic status. Associations among
FNPS, OV, OA, and FDP with clinical and metabolic parameters were assessed by Spearman
rank correlation coefficients. Stepwise multiple linear regression analyses were conducted to
determine which metabolic or endocrine variables that correlated with markers of ovarian
morphology significantly predicted FNPS, OV, and OA. Significant predictors (P<0.05) were
retained in the final model. Analyses were performed using SPSS (v23). Significance was
detected if P<0.05. Based on a retrospective power calculation (GPower v3.1.9.2,Universität
Kiel, Germany), this study had 80% power to detect a significant correlation of 0.40 and 55%
power to detect significant correlations of 0.30.
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Ethical considerations
The study was approved by the Yale School of Medicine Institutional Review Board. All
interactions with human participants occurred at the multi-specialty adolescent program for
evaluation of PCOS. Each subject signed an age appropriate assent/consent form and a parent
of each subject gave written informed consent.

RESULTS
Clinical characteristics of the adolescents
The demographic, clinical, ultrasound, and metabolic characteristics of the participants are
reported in Table 4.1. The median age of the adolescents was 15.5 years. Thirty had oligo- or
amenorrhea while the remaining three adolescents had primary amenorrhea. All adolescents
presented with clinical and/or biochemical hyperandrogenism, as per the inclusion criteria.
Ninety percent were hirsute (28/31) and 48% had hyperandrogenemia (16/33), defined as
elevated total testosterone. As a group, the median value of total testosterone was at the upper
limit of the normal reference range. Median free and percent free testosterone were above the
upper limits of normal. Elevated free testosterone was detected in 69% (22/33) of adolescents
and 73% (24/33) had elevated percent free testosterone. Median values of androstenedione, LH,
and FSH were all within the normative reference ranges (Table 4.1).
Most of the adolescents were overweight or obese. Specifically, 18% (6/33) were overweight
(85th-94th percentile) and 67% (18/33) were obese (>95th percentile of BMI for age). One
adolescent (3%) exhibited impaired glucose tolerance based on an elevated 2-hour blood
glucose following an OGTT, whereas 30% (10/33) of adolescents were judged as insulin
resistant based on an elevated HOMA-IR. Twenty five percent of adolescents were pre-
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hypertensive (8/32) and approximately 9% of adolescents were hypertensive (3/32).
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Table 4.1 Clinical, Ultrasonographic, and Metabolic Characteristics of Adolescents
with PCOS
Marker
Demographic
Age
Ethnicity, n (%)
Hispanic n (%)
Non-Hispanic
Not Reported
Race, n (%)
African American
Asian
Mixed
White
Diagnostic
Total Testosterone (ng/dL)
Hirsute, n (%)
Cycle irregularity
Oligomenorrhea
Amenorrhea
Primary amenorrhea
Reproductive
Free Testosterone (pg/mL)
Percent Free Testosterone (%)
Androstenedione (ng/dL)
LH (mIU/mL)
FSH (mIU/mL)
LH:FSH Ratio
Sonographic
Mean OA (sag) (cm2)
Mean OV (cm3)
Mean FNPS
Peripheral Distribution Pattern, n
Metabolic
Body(%)
Mass Index (kg/m2)
Fasting Glucose (mg/dL)
2-Hour Glucose (mg/dL)
Fasting Insulin (µIU/mL)
2-Hour Insulin (µIU/mL)
HOMA-IR
WBISI
SHBG (nMol/L)
Systolic BP (mmHg)
Diastolic BP (mmHg)

PCOS Cohort

Expected values

15.5 (12.1-18.3)

-

7/33 (21)
24/33 (73)
1/33 (3)
1/33 (3)
1/33 (3)
2/33 (6)
29/33 (88)
38 (20-88)
28/31 (90)

<39
21-35

26/33 (79)
4/33 (12)
3/33 (9)
7.6 (1.5-19)
2 (0.6-3.0)
175 (59-338)
5.7 (0.41-40)
4.4 (1.0-11.0)
1.52 (0.1-5.26)

<6.3a
<1.4a
50 – 224b
0.4-11.7b
1.0-9.2b
-

4.66 (2.15-8.01)
7.56 (2.87-20.54)
7.5 (3-18)
5/33 (15)

-

30.65 (19.61-45.03)
84 (70-96)
105 (66-139)
13 (3-61)
92.5 (23-390)
2.45 (0.51-12.08)
3.30 (0.59-12.51)
23.5 (10-113)
116 (97-130)
69 (49-79)

<85th percentilec
<100d
<140d
<17b
15-53 b
4.39e
36-125b
<90th percentilef
<90th percentilef
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Values are expressed as median (5th, 95th percentile). BP = blood pressure; HOMA-IR = homeostatic model
of insulin resistance; WBISI= whole body insulin sensitivity index. aNormal range of assay determined by
Esoterix Laboratory for adults (adolescent reference ranges not available). bNormal range of assay determined
by Esoterix Laboratory for adolescents. cBMI percentile is determined based on age using Center of Disease
Control growth charts. dGlucose thresholds based on the American Diabetes Association 2016 Guidelines. f
Based on US Department of Health and Human Services Report (2005). e Based on Lee et al. (2006).
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Ultrasonographic characteristics of the adolescents
Ovarian size was variable with OA ranging from 1.88 to 9.94 cm2 and OV ranging from 1.45
to 20.88 cm3. Likewise, FNPS ranged from 2.5 to 22 follicles. Sixteen percent (5/31) of
adolescents were classified as having a peripheral distribution of follicles in at least one ovary
whereas 32% (10/31) were classified as having a heterogeneous distribution pattern in at least
one ovary. Fifty-one percent (16/31) of adolescents did not have the sufficient number of
follicles in the cross-sectional images of either ovary to allow for a pattern designation (at least
FNPS >9).

Associations among sonographic markers of ovarian morphology with clinical and metabolic
features are presented in Table 4.2. Ovarian size was positively associated with total
testosterone, androstenedione, LH and LH:FSH ratio. FNPS was positively associated with total
testosterone and androstenedione whereas associations with LH:FSH (P=0.085) and LH
(P=0.064) did not reach statistical significance. Additionally, FNPS negatively associated with
BMI and fasting glucose (Table 4.2).

Using stepwise linear regression analyses, total testosterone, but not androstenedione or
LH:FSH, was included in the final model and significantly predicted mean OA (β = 0.045,
SE=0.015, P=0.005, R2=0.231) and OV (β = 0.120, SE=0.039, P=0.005, R2=0.231). Due to high
collinearity between the LH:FSH and serum LH concentrations, only LH:FSH was included as
a potential predictor in the model. In the case of FNPS, total testosterone, but not
androstenedione, BMI, or fasting glucose, was a significant predictor identified by stepwise
linear regression (β = 0.109, SE=0.036, P=0.005, R2=0.246). In examination of the residuals
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and homogeneity of variance, an outlier was identified. To confirm robustness of the final
models, the outlier was removed and final models re-fit which confirmed total testosterone as
a significant predictor.
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Table 4.2. Associations between Ultrasonographic Markers of Ovarian
Morphology and Reproductive and Metabolic Features in Adolescents with
Mean
Mean
Mean FNPS FDP
PCOS
Reproductive
MarkerTotal T (ng/dL)
Free T (ng/dL)
Percent free T
Androstenedione (ng/dL)
LH (mIU/mL)
FSH (mIU/mL)
LH:FSH Ratio
Metabolic
BMI (kg/m2)
Fasting glucose (mg/dL)
2 HR glucose (mg/dL)
Fasting insulin (µIU/L)
2 HR insulin (µIU/L)
HOMA-IR
WBISI
SHBG
Systolic BP (mmHg)
Diastolic BP (mmHg)

OA
.515**
0.282
-0.114
.422*
.496**
0.304
.520**

OV
.451**
0.222
-0.071
.382*
.404*
0.303
.409*

.394*
0.072
-0.166
.474**
0.343
0.242
0.320

FDP
0.089
-0.054
0.024
0.112
0.122
0.131
0.033

-0.306
-0.193
-0.117
-0.173
-0.215
-0.205
0.186
0.182
-0.096
-0.015

-0.288
-0.248
-0.100
-0.181
-0.197
-0.213
0.186
0.178
-0.168
0.050

-.503**
-.393*
-0.078
-0.204
-0.168
-0.242
0.208
0.244
-0.096
0.103

-0.281
-0.315
0.002
-0.013
-0.081
-0.048
0.045
0.019
-0.077
0.202

Values are expressed as Spearman’s rho. *P<0.05, **P<0.01 (levels of significance). T= testosterone;
BP = blood pressure; HR = hour; HOMA-IR = homeostatic model of insulin resistance; WBISI= whole
body insulin sensitivity index.
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DISCUSSION
The main objective of this study was to test the hypothesis that aspects of ovarian morphology
assessed by TAUS would reflect the degree of reproductive and metabolic disturbance in a welldefined cohort of adolescents with PCOS. Our results partially supported this hypothesis. We
noted that ovarian size and FNPS positively correlated with total testosterone levels as well as
its precursor, androstenedione. These findings agree with previous studies that showed larger
OV in adolescents with PCOS17,18,27 or hyperandrogenemia16 versus healthy controls using
TAUS. Regression analyses confirmed that total testosterone significantly predicts ovarian size
and follicle number in adolescents with PCOS, consistent with the notion that ovarian
hyperandrogenism is the major source of androgen excess in adolescents with PCOS28. Larger
ovarian size has also been noted in adolescents with irregular menstrual cycles compared to
those with regular menstrual cycles29-31. While the presence of PCOS was not formally
evaluated in the studies evaluating ovarian morphology in irregularly cycling adolescents,
longitudinal assessments29 were also consistent with ovarian size being reported in association
with PCOS-like clinical symptoms. Furthermore, we showed that ovarian size correlated with
LH levels and the LH:FSH. Given that LH is a key hormonal driver of ovarian androgen
production, this study contributes to the growing evidence19 that ovarian size and follicle
numbers reflect reproductive dysfunction in adolescence– albeit some controversy exists32. We
did not detect associations between free or percent free testosterone with either ovarian size or
follicle number, in agreement with a previous study that reported no difference in OV, follicle
number, or free testosterone between lean and overweight adolescents with PCOS27. Free
testosterone concentrations change in part secondary to insulin-induced suppression of
SHBG33. Positive associations between free testosterone and BMI34 in adolescents suggest that
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elevated free testosterone may capture a metabolic origin of PCOS. As such, a biochemical
marker that more directly reflects increased androgen production of an ovarian origin (such as
total testosterone) would be expected to better associate with ovarian morphology compared to
free testosterone.

A peripheral distribution pattern in at least one ovary was noted in 15% of adolescents, which
is much less than previous reports of >80%35,36. Some have postulated that this morphological
pattern reflects a more advanced state of reproductive dysfunction in women with PCOS 37.
Several reasons may explain the lower prevalence of peripherally distributed follicles in our
cohort. First, we may have underestimated the prevalence of a peripheral distribution pattern
by evaluating only a single cross-sectional slice of the ovary. Second, differences in inclusion
criteria may have led to phenotypic variations among PCOS cohorts which limits the
appropriateness of comparisons among studies. Unlike others reporting a high incidence of
peripherally distributed follicles35,36, we did not use ovarian morphology as a diagnostic
criterion for PCOS as our objective was to determine whether aspects of ovarian morphology,
not the presence of polycystic ovaries, reflected the severity of the condition. Studies which
prospectively recruit adolescents with ultrasonographic evidence of polycystic ovarian
morphology (PCOM) as part of their inclusion criteria would be expected to report a higher
incidence of polycystic ovarian features, such as a peripheral distribution pattern. To that end,
we did note that the median FNPS and OV in our cohort was lower than the most recently
proposed thresholds for PCOM for women over 18 years (FNPS: 7.5 versus 9 and OV: 7.6
versus 10.0mL)7,8 . Given the differences in imaging technology (TVUS versus TAUS) and
developmental stage, the use of adult criteria to define polycystic ovaries in adolescents may
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not be wholly appropriate. To the best of our knowledge, thresholds for FNPS using TAUS in
adolescents have not been proposed nor have recent studies compared agreement in ovarian
endpoints using modern TVUS and TAUS. For these reasons, direct comparisons among adult
and adolescent ultrasound studies are limited.

Few studies have evaluated whether ovarian morphology corresponds with metabolic features
in adolescents. Some studies have reported a positive association between measures of adiposity
and OV30,38 – while others have shown no association leaving this area of study controversial17.
We anticipated that metabolic derangements associated with obesity would correspond with
increasing ovarian size and follicle number, given that insulin has been shown to augment the
effects of gonadotropins in the ovary39. In contrast to our hypothesis, aspects of ovarian
morphology (i.e., FNPS) were inversely correlated with BMI and fasting glucose levels and we
noted no associations between ovarian size and metabolic features. There are a number of
potential interpretations of these findings. First, differences in the diagnostic criteria for PCOS
employed, as well as the small sample size of this study, may have contributed to the differences
in findings across studies. Moreover, the mechanisms whereby metabolic consequences of
obesity impede folliculogenesis are not well understood. BMI has been shown to be inversely
associated with LH pulse amplitude and serum LH levels in adolescents40 which could impair
its trophic effects on ovarian folliculogenesis and result in fewer growing antral follicles. An
inverse association between BMI and fasting glucose with follicle number may reflect this
phenomenon. One additional explanation for the unexpected findings may relate to the duration
of metabolic exposure. It is plausible that a longer duration of metabolic perturbation and/or a
more severe reproductive phenotype is needed for the establishment of consistent associations
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between morphological and metabolic factors. That said, our interpretations must be tempered
as we did not assess follicle number in the entire ovary or follicle diameter, which would have
provided relevant information on the stages of antral follicle development. We previously
showed in adult women with PCOS that associations among follicle number and aspects of
metabolic status depend on follicle size9. Smaller follicles positively correlated with metabolic
markers whereas as negative associations were apparent with larger follicles – consistent with
a favorable metabolic environment promoting advanced follicular growth. Whether these
relationships would manifest during adolescence is uncertain and merits further research. Last,
we cannot exclude the possibility that these associations may also represent a limitation of
TAUS to detect antral follicles with increasing adiposity. However, it should be noted that we
and others15,27 were able to resolve antral follicles as small as 1-2 mm in overweight adolescents
which is in line with a recent study demonstrating that the usability of ovarian ultrasound data
by TAUS was not impacted by increasing BMI17.

This study was strengthened by its use of an offline analysis of ovarian morphology which
significantly improves reliability in evaluating ovarian morphology11. We also conducted a
comprehensive evaluation of several clinical, hormonal and metabolic features in our
participants which enabled the use of a well-defined study cohort. However, this study
represented a pilot evaluation of ovarian morphology in a subset of adolescents with PCOS and
hence, was limited by its small sample size and lack of control group. While we confirmed that
the associations between ovarian morphology with reproductive and metabolic status that we
identified represented meaningful relationships (as judged by a power calculation), we cannot
exclude the possibility that we may have missed moderate associations with other parameters.
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This study was also observational in nature therefore associations detected cannot address
causality. Furthermore, ultrasounds were not conducted at a standardized stage of the menstrual
cycle which may have weakened some of the associations noted. Whereas antral follicle
development has been well characterized in regularly cycling women41, follicle dynamics in
early reproductive life have not been established. For this reason, we are unable to fully
anticipate the impact of menstrual cycle stage on our findings. Last, our analyses were limited
to images of a single cross-sectional view of the ovary obtained from 1 of 2 ultrasound
machines. Our internal assessment of image quality showed no difference between machines
(Fisher’s Exact test: Left ovary: p=0.580; Right ovary: p=0.784) supporting our use of images
collected from both ultrasound systems. Future prospective studies will benefit from providing
estimates of follicle population throughout the entire ovary as well as measurements of the
stromal compartment where there is paucity of data using modern equipment in adolescents.
In summary, we report that aspects of ovarian morphology relate to the degree of androgen
production and gonadotropin secretion despite potential competing influences of metabolic
factors on ovarian morphology during adolescence. This study supports the utility of TAUS to
reflect reproductive disturbance in adolescents with PCOS and provides rationale to further
explore the potential of ovarian morphology to serve as a biomarker of metabolic disturbance
in large, well-controlled prospective studies. Research aimed at establishing best practices for
the sonographic evaluation of ovarian morphology is needed to solidify a role for ovarian
imaging in the evaluation of reproductive and metabolic status in adolescents.
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AFTERWORD
The diagnosis and evaluation of anovulatory conditions, namely PCOS, has been a moving target
for decades as investigators lack standardized approaches to study reproductive and metabolic
risks. This body of work establishes the implications of inconsistent tools to assess ovarian
morphology, surrogate measures of insulin resistance, and definitions of hyperandrogenism. The
series of studies provide evidence that ovarian morphology can be used for the diagnosis and
evaluation of anovulatory conditions across the reproductive lifespan and highlights potential
etiologic differences of hyperandrogenic states association with anovulation. A summary of the
major findings and future directions are provide below.

Considerable attention has been directed towards the need for standardized assays to ensure
comparability of hormone concentrations across laboratories for the evaluation of reproductive
disorders. However, the standardization and reproducibility of ovarian sonographic measures has
lagged despite its widespread use in the evaluation of women’s reproductive health. In Chapter
1, we demonstrate that use of real-time assessments of follicle number per ovary (FNPO) in 2D
should be discontinued. By adding, on average, one additional minute to obtain FNPO either via a
grid overlay in 2D, or use of MPV-RT in 3D, we can improve agreement and sufficiently classify
ovaries as being polycystic. This study establishes a line of research to pursue the reproducibility
of these specific metrics in investigations of the relevance polycystic ovarian morphology for
clinical and research settings. We also report that stromal area is increased in anovulatory
conditions, but its utility for diagnostic or clinical purposes cannot be further realized until
reproducible methods have been defined. Overall, we conclude that controversy attributed to the
role of stromal assessments, and establishing a normative range of follicle populations in women,
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are in part attributed to a lack of reproducibility in morphological assessments. Future studies and
clinical assessments would benefit from efforts to standardization of sonographic methods both
internally and internationally with the caveat being that our study was not exhaustive in the
techniques available and did not address technical challenges related to training and
implementation. However, we believe this is an important first step towards a consensus regarding
the value of standardized sonographic methods.

In Chapter 2, we conclude that features of the ovary can distinguish between anovulatory
conditions, however diagnostic accuracy depends on how the anovulatory condition is defined and
the degree of adiposity given the premise that both may underlying changes in ovarian
morphology. These data affirm our previous studies, which proposed that structural features of the
ovary reflect metabolic comorbidities of obesity in addition to reproductive status. Collectively,
these findings justify efforts to elucidate the underlying aberrations in folliculogenesis in
anovulatory states across the adiposity spectrum and to determine the extent to which crosssectional analysis of ovarian morphology reflects degrees of follicle development impairment.
Such investigations are currently underway in our laboratory using serial ultrasonography and will
define those metabolic mediators which may underlie disordered folliculogenesis across a
spectrum of hyperandrogenism. Longitudinal assessments of folliculogenesis under various
metabolic states would also clarify the degree to which metabolic perturbations influence the
function, and by consequence, form of the ovary on ultrasound. Such studies have the potential to
reveal which metabolic variable(s) maximizes the diagnostic capacity of ovarian morphology for
anovulatory conditions.
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We sought to determine whether insulin resistance (IR) and compensatory hyperinsulinemia (HI)
may serve as better metabolic variables to consider when improving the diagnostic accuracy of
ovarian morphology. However, in Chapter 2 we also concluded that there may have been too
much heterogeneity in our definition of hyperandrogenism to adequately capture the
discriminatory power of ovarian morphology. Given the different pathways by which IR may
influence hyperandrogenism and ovarian morphology, we attempted to clarify the extent to which
IR is related to different anovulatory pathways using commonly used surrogate measures of IR.
In Chapter 3, we provide evidence that use of clinical measures of hyperandrogenism (hirsutism)
and lack of distinction between women with isolated free androgens and elevated total androgens
results in heterogeneous cohorts of women with anovulatory disorders that have varying degrees
of reproductive and metabolic disturbance. It remains unclear if the phenotypic differences
identified in Chapter 3 reflect unique etiologies, or physiologic spectrum of the same ovulatory
disorder. We also demonstrate that the HI of IR is more closely related to elevated free androgens
versus total androgens and that changes in ovarian morphology are more consistent with a
predominance of the metabolic pathway contributing to the anovulatory state. Finally, we conclude
that of the surrogate measures tested, fasting insulin best reflected the extent to which the
reproductive axis is associated with the HI of IR and that WBISI best captured the likelihood of
being IR across phenotypes. Further studies are needed to determine whether a surrogate measure
of IR can capture the reproductive axis response to HI and to determine if specific presentations
of hyperandrogenism ultimately represent different etiologies deserving of unique treatment or
preventative strategies.

In Chapter 4, we advanced the notion that ovarian morphology is useful to inform on reproductive
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disturbance across the reproductive lifespan. In the case of adolescents, a utility of ovarian
ultrasonography directly conflicts with the most updated guidelines for the diagnosis of PCOS in
adolescents. We argue that the lack of enthusiasm to embrace ovarian morphology during the
adolescent reproductive transition should be challenged. The current recommendations are
attributed to an antiquated assumption of poor imaging quality garnered by transabdominal
ultrasonography (TAUS). Further, there is a lack of normative data during the adolescent
reproductive transition which speaks to the need to prioritize research efforts in this age group. We
demonstrate in Chapter 4 that resolving features of ovarian morphology using TAUS is possible
in adolescents across the adiposity spectrum, and that the sonographic features assessed reflected
reproductive and metabolic disturbance – similar to what we have previously shown in adults. By
demonstrating the ability to resolve antral follicles using TAUS, our findings underscore an urgent
need to first establish TAUS as a reproducible technology across a series of morphologic markers.
Further, we provide rationale for future studies to define the normal versus abnormal trajectory of
ovarian features during early gynecological life. Together, these efforts will enable conclusions
related to whether ovarian biomarkers can reliably predict future reproductive disturbances to be
drawn.

Collective this body of work, advances the field forward in three related areas. First, it
establishes the relevance of ovarian morphology as a diagnostic feature for specific anovulatory
states and legitimizes the pursuit to standardize sonographic methods for obtaining endpoints of
ovarian morphology. Second, it draws attention to the potential for variable etiologies towards
hyperandrogenism to impart varying degrees of reproductive versus metabolic risk in women
with ovulatory disorders. Third, we provide evidence that with future studies, ovarian
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morphology may have potential to discern or predict underlying reproductive abnormalities
during the adolescent reproductive transition.
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