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background: Double-blind, randomized clinical trials are the preferred approach to demonstrating the effectiveness of one treatment
against another. The comparison is, however, made on the average group effects. While patients and clinicians have always struggled to
understand why patients respond differently to the same treatment, and while much hope has been held for the nascent field of predictive
biomarkers (e.g. genetic markers), there is still much utility in exploring whether it is possible to estimate treatment efficacy based on demo-
graphic and baseline variables.

methods: The pregnancy in polycystic ovary syndrome (PPCOS) study was a prospective, multi-center, randomized clinical trial com-
paring three ovulation induction regimens: clomiphene citrate (CC), metformin and the combination of the two. There were 446 women
who ovulated in response to the treatments among the entire 626 participants. In this report, we focus on the 418 women who received
CC (alone or combined with metformin) to determine if readily available baseline physical characteristics and/or easily obtainable baseline
measures could be used to distinguish treatment effectiveness in stimulating ovulation. We used a recursive partitioning technique and devel-
oped a node-splitting rule to build decision tree models that reflected within-node and within-treatment responses.

results: Overall, the combination of CC plus metformin resulted in an increased incidence of ovulation compared with CC alone. This is
particularly so in women with relatively larger left ovarian volumes (≥19.5 cubic cm), and a left ovarian volume ,19.5 cubic cm was related
to treatment outcomes for all subsequent nodes. Women who were older, who had higher baseline insulin, higher waist-to-hip circumfer-
ence ratio or higher sex hormone-binding globulin levels had better ovulatory rates with CC alone than with the combination of CC plus
metformin.

conclusions: Polycystic ovary syndrome (PCOS) is a phenotypically diverse condition. Both baseline laboratory and clinical par-
ameters can predict the ovulatory response in women with PCOS undergoing ovulation induction. Without a priori hypotheses with
regard to any predictors, the observation regarding left ovary volume is novel and worthy of further investigation and validation.
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Introduction
Randomized clinical trials have become the gold standard to compare
therapeutic benefits of treatments (Hulley et al., 2007). When inter-
preting the findings of these trials, the conclusions are based on the
overall effects in treatment groups. Given the effort and resources
required to conduct these studies, it is important to ask whether any-
thing more can be learned from these trials. For example, can baseline
information be extracted that will predict the effectiveness of a treat-
ment or characterize the heterogeneity of treatment effects in sub-
groups of patients, and ultimately in individual patients? To answer
these questions, exploratory analyses are usually needed. Some
refer to this type of analysis as ‘subgroup analyses’ and caution
against its use due to the potential to overstate findings and
produce misleading results (e.g. Wang et al., 2007). Irrespective,
exploratory analysis provides a useful method for hypothesis
generation.

In this article, we describe a technique of recursive partitioning to
identify groups of patients within which the treatment effects are
most different, hence making it easier for clinicians to choose more
effective treatments based on patient characteristics. We used data
from the pregnancy in polycystic ovary syndrome (PPCOS) study to
develop and evaluate our proposed method (Legro et al., 2006).

Polycystic ovary syndrome (PCOS) is the most common cause of
female infertility (Hull, 1987), affecting �7% of women of reproduc-
tive age (Azziz et al., 2004; Legro et al., 2007). It has been reported
that women with PCOS suffer from anovulation (Hull, 1987),
increased early pregnancy loss (Homburg et al., 1988), and later preg-
nancy complications (Vanky et al., 2004; Boomsma et al., 2006,2008).

The etiology of PCOS is not well understood, and the diagnostic cri-
teria and the treatment for the syndrome vary in practice (Ehrmann,
2005). In one of the largest randomized controlled clinical trials of ovu-
lation induction in women with PCOS, investigators in the reproduc-
tive medicine network evaluated the effectiveness of three
treatment arms—clomiphene citrate (CC) plus placebo, metformin
plus placebo and the combination of CC and metformin—in 626 infer-
tile women with PCOS for up to 6 months (Legro et al., 2007). The
trial confirmed the superiority of CC to metformin with respect to
both ovulation and live birth, and also revealed that the rate of ovu-
lation (but not of live birth) was significantly higher in the women
treated with the combination of CC and metformin than in either
single-agent treatment group, although there was no significant differ-
ence in the rate of live birth (Legro et al., 2007).

It is important to recognize that the treatment effectiveness in this
trial was assessed only at the group level. Given the diverse clinical
characteristics of infertile women with PCOS, it is important to under-
stand whether there are baseline characteristics that can predict the
ovulatory response to different treatments. Identifying these variables
and their discriminatory levels would improve the choice of infertility
treatment in an evidence-based manner for women with PCOS.

In a follow-up study using data from the PPCOS trial, we analyzed
which baseline characteristics were associated with the highest chance
of achieving a successful pregnancy and live birth (Rausch et al., 2009).
We found that baseline free androgen index (FAI), baseline proinsulin
level, interaction of the treatment arm with the body mass index (BMI)
and the duration of attempting conception were significant predictors
of ovulation, conception, pregnancy and live birth, and determined the

relative risk of these end-points based on clinical features or labora-
tory findings (Rausch et al., 2009). This information on relative risks
is useful in counseling and planning infertility treatment; however, it
does not directly answer the question as to which treatment is poten-
tially best for an individual woman with PCOS. For example, there
could be patients who responded poorly to all treatment regimens,
but in whom one of the treatment regimens can be shown to be
superior on a relative scale. To this end, we propose a method to
identify patient groups within which treatment effectiveness is most
different, and demonstrate how our method would be applied to
infertility treatment.

Materials and Methods

Study design
The PPCOS study was a prospective, multi-center, randomized clinical trial
which was sponsored by Eunice Kennedy Shriver National Institute of
Child Health and Human Development (Legro et al., 2007). From Novem-
ber 2002 to December 2004, 626 infertile women with PCOS were ran-
domized to one of three treatment arms: CC plus placebo, metformin plus
placebo or combination CC plus metformin. The institutional review
boards at all participating institutions approved the protocol, and all sub-
jects gave written informed consent. In this report, we excluded 208
women who did not receive CC, as both their ovulation and live birth
rates were significantly inferior to that of the CC treatment groups
(Legro et al., 2007), and for clarity, the presentation of the analytic
method is simpler for the comparison of two treatments than three
treatments.

All participants were diagnosed with PCOS, which was defined as oligo-
menorrhea (history of no more than eight spontaneous menses per year)
and hyperandrogenemia (elevated testosterone level documented within
the previous year in an outpatient setting on the basis of local laboratory
results, with a predetermined cutoff level set by the principal investigator
at each site). Exclusion criteria included hyperprolactinemia, congenital
adrenal hyperplasia, thyroid disease, other causes of amenorrhea such
as premature ovarian failure and clinically suspected Cushing’s syndrome
or androgen-secreting neoplasm. Other causes of infertility were excluded
by documentation of a normal uterine cavity and at least one patent fallo-
pian tube, and each woman’s current partner had a semen concentration
of at least 2 × 107/ml. All subjects were in good health with no major
medical disorders (Legro et al., 2007).

Baseline laboratory testing was performed after an overnight fast, and all
specimens were analyzed in a core laboratory using established assays.
Subjects were treated for up to six cycles, or 30 weeks. Metformin was
administered as 500 mg tablets, and increased to four daily (2000 mg);
CC was administered as 50 mg tablets, one to three daily for 5 days start-
ing day 5 of the menstrual cycle, with the dosage incrementally increased
dependent on the ovulatory response. Progesterone was measured
weekly, and ovulation was diagnosed by any weekly serum progesterone
level of 5 ng/ml (15.9 nmol/l) or greater. Study medication(s) were dis-
continued at the time of a positive pregnancy test. Pregnant subjects
were followed until fetal viability was documented on ultrasound evalu-
ation. The primary outcome of the trial was the live birth rate. Secondary
outcomes included the rate of pregnancy loss, singleton birth and ovu-
lation. Data were analyzed according to the intention-to-treat principle.
Detailed information on the power analysis, study design, main statistical
methods, baseline characteristics, study medications and outcomes have
been published previously (Myers et al., 2005; Legro et al., 2006, 2007;
Cataldo et al., 2008, Rausch et al., 2009). We have also previously exam-
ined ovulation by treatment group incorporating genetic polymorphisms
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(Legro et al., 2008), although we did not include genetic polymorphism in
the present analysis.

Although the primary outcome of the PCOS trial was the live birth rate,
we examined the ovulation rate in this report. We believe ovulation itself is
an important outcome. When an anovulatory patient with PCOS presents
to a clinician, the initial question is what treatment should be prescribed to
enable this patient to ovulate. If there are clinical characteristics that are
associated with better ovulatory response to a specific treatment, this
would help with clinical decision making. This, however, does not diminish
the importance of live birth as the ultimate outcome.

Statistical method
To identify groups in which the treatment effectiveness was most diver-
gent, we extended the recursive partitioning technique (Breiman et al.,
1984; Zhang and Singer, 1999). A chief motivation for recursive partition-
ing was to develop an expert system for disease diagnosis and treatment
(Breiman et al., 1984; Zhang and Singer, 1999; Chen et al., 2010). Herein,
we briefly describe the method. Suppose we have a number of study par-
ticipants, namely the 418 PCOS patients who received CC. We chose to
eliminate the metformin-only treatment group as both their ovulation and
live birth rates were significantly inferior to that of the CC treatment
groups (Legro et al., 2007). We also noted a similar fecundity per ovulation
and per patient who ovulated in both CC-containing groups, such that
ovulation is a validated marker for live birth in these treatment groups
in our trial (Legro et al., 2007).

The data include a clinical outcome such as the success or failure of ovu-
lation, treatment regimens and predictors including age, left and right
ovarian volumes, ovulation cycle, BMI, hirsutism score, race, waist,
waist/hip ratio, ethnic group, duration of infertility, pregnancy history,
prior loss of pregnancy, history of smoking, baseline total testosterone,
baseline glucose, baseline insulin, baseline proinsulin and baseline sex
hormone-binding globulin (SHBG). The instructions and policy for acces-
sing data are available at http://c2s2.yale.edu/rmn. For logistic regression,
it may not be wise to include many variables in a model due to potentially
missing data and colinearity. However, the decision tree has an embedded
variable selection procedure, and we can consider any number of putative
predictors.

As illustrated by Fig. 1, the goal of the recursive partitioning is to con-
struct a classification tree that defines subgroups in our study cohorts
within which we can observe differences in the effectiveness of the treat-
ment regimens. Recall that, although ovulation is the clinical outcome of
interest, we do not look for subgroups with high or low success rates of
ovulation; instead, we look for subgroups in which the treatment regimens
have differential success rates in ovulation. This approach is aimed at
empowering clinician treatment decisions in different subgroups of
patients. When different treatment regimens, even highly effective ones,
are similar in efficacy then there is little clinical motivation to identify or
exploit those differences in treatment decision making.

The process begins with the entire sample, denoted by node 1 in Fig. 1.
This is usually referred to as the root node. In our data, node 1 consists of
418 women with PCOS. This node is split into two daughter nodes,
labeled as 2 and 3. This split is such that nodes 2 and 3 are ‘preferable’
to node 1 according to a specific criterion. Here, our preference is
based on our goal to have the effects of the two treatments be as different
as possible to allow for easy distinction between them.

We make use of all available predictors and all possible splits from the
predictors. Unlike parametric statistical methods such as logistic
regression, recursive partitioning does not impose a known form of the
relationship between the response and predictors. Instead, we use each
predictor to create a statement that has a ‘yes’ or ‘no’ answer. For
example, using the age of a woman, we may ask ‘is she younger than 25

or not?’ If the answer is yes, she is assigned to node 2, and otherwise
to node 3. Whether we use 25 as the age cutoff depends on whether it
is ‘preferable’ to 24, 26 or other ages in our data. Furthermore,
whether we choose the age variable to split the root depends on
whether it creates a more preferable split than other predictors, such as
BMI and race.

As displayed in Fig. 1, ‘left ovarian volume’ is the best splitting variable
and the ideal cutoff is 19.5 cm3. It is important to note that node 2 does
not necessarily have better treatment response than node 3 or vice versa.
Rather, nodes 2 and 3 are determined by finding the cutpoint at which the
two treatments demonstrate the largest difference in the rate of ovulation.
Precisely, the divergence of the two treatment effects can be mathemat-
ically characterized by the Kullback–Leibler divergence (Kullback and
Leibler, 1951). In this study, we chose a simpler measure, i.e. the
squared difference in the within-node ovulation rates for the two
treatments.

After we find the best possible split for node 1, we continue to try to
split nodes 2 and 3 further using the same procedure as we did for node
1. By recursively employing this partitioning technique, we eventually end
up with a classification tree such as the one depicted in Fig. 1. After an
initial tree is built, a pruning step is usually applied (Breiman et al., 1984;
Zhang and Singer, 1999) to remove daughter nodes that are deemed
unwarranted. This leads to a final tree for decision making. In this
report, because we are interested in the relative effectiveness of two treat-
ments, a pair of nodes is regarded unwarranted if they identify the same
treatment to be more effective than the other, because the same clinical
decision would be made.

To avoid comparisons between subgroups that are too small to be clini-
cally meaningful, we required at least 20 subjects in any node of the tree,
and the partitioning process stopped when no further splits were possible.
We also revised the pruning step based on our current need to compare
the relative effectiveness of two treatments. After the partitioning process
is terminated, we merged any pair of terminal nodes if the same treatment
is preferred in both of them. The terminal nodes are the nodes that are
not further split. We have implemented our method using JAVA program-
ming, and the program is available upon request.

Results
Ovulation is the primary response variable of our data analysis, and it
was defined as a serum progesterone level of 5 ng/ml or greater
during a cycle. For our analysis, the response was defined as
whether a woman ever had an ovulatory cycle; and 331 women,
taking at least CC, did ovulate. Baseline characteristics of the 418 ran-
domized patients are listed in Tables I and II (similar to what have been
previously reported) (Myers et al., 2005; Legro et al., 2006, 2007;
Rausch et al., 2009). The number of subjects was 209 in the CC
group and 209 in the combination therapy group of CC and metfor-
min. Tables I and II indicate no statistically significant differences (at
the 0.05 significance level) between the treatment arms in the baseline
characteristics, except the BMI (P-value ¼ 0.035).

While it is known that the combined treatment was more effective
at achieving ovulation in the overall study population, Figs 1 and 2
suggest that CC alone is a competitive or better treatment for
many women. For 153 women in four nodes of Fig. 1 (#8, #12,
#14, #16), CC appeared to be more effective. Those women
tended to be older and/or have higher baseline insulin level (nodes
8 and 14). They also tended to have higher waist-to-hip circumference
ratio (node 12) or higher SHBG levels (node 16).
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Figure 2 is a revision of Fig. 1, specifically after examining the further
splits of node 2. The age-based split for node 5 in Fig. 1 is eliminated.
We present Fig. 2 emphasizing that it is possible and sometimes
reasonable to revise a computer-generated tree in order to simplify
the interpretation or apply existing knowledge, although it is possible
that this could introduce human confounding. In the present analysis,
Fig. 2 is somewhat simpler than Fig. 1, while the overall conclusion is
similar.

As an example of interpreting the trees, Fig. 2 supports the notion
that CC plus metformin led to a higher incidence of ovulation in
women with a left ovarian volume of .19.5 cm3. Further, if a
woman’s left ovarian volume is 18 cm3 and baseline insulin is

30 mU/ml, then her recommended treatment is also CC plus
metformin. However, if a woman’s left ovarian volume is 18 cm3

and baseline insulin is 46 mU/ml, then her recommended treatment
is CC alone.

Although this report focuses on ovulation, we are interested in how
the preferential treatment for ovulation correlates with the preferen-
tial treatment for live birth. The tree in Fig. 5 was grown using the
same method as in Fig. 1, except that we replaced ovulation with
live birth. As expected, the splitting variables and values are not all
the same, but we can also observe that insulin level and hip-to-waist
ratio are important for both live birth and ovulation. For insulin, the
cutoff values are notably higher in Fig. 1 than those in Fig. 5.

Figure 1 A Classification Tree (top). The top box, labeled #1, is the root node containing the entire study sample of 418 PCOS women. It is
partitioned into two nodes 2 and 3 in the next layer. The number of subjects is also displayed next to the node number inside each node. The splitting
role is beneath the internal node. The value along an arrow is the cutoff of the splitting variable. When the splitting variable has missing values, the
number of affected subjects is presented in the resulting node. In the bottom panel, the vertical bars (purple for CC and red for combination) display
the success rates of ovulation within each terminal node, and the terminal node number is printed on the x-axis. Terminal nodes 3, 7, 9, 13 and 15 in
the tree are colored red to indicate that the combined treatment is preferred, and other terminal nodes are colored purple indicating that CC is more
successful.
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Discussion
The method that we proposed and used to build classification trees to
predict treatment-specific successful outcomes is new and data-driven.
In this study, we present a proof-of-principle using the data from the
PCOS study reported previously by Legro et al. (2007). While the
properties of the method require further attention (besides the con-
cerns associated in general with subgroup analyses), the tree-based
methods are well established in biomedical research by Zhang and
Singer (1999), and the results of our study suggest that this method
can produce useful information for clinical consultation and decision
making. Furthermore, we are interested in the relative effectiveness
of two treatments on ovulation. We cannot use logistic regression
to directly investigate this issue, because each patient received only
one treatment and the comparison of treatments cannot be done at
an individual level, and must be done at the group level. Furthermore,
the groups that are of interest to us are not a priori defined. These
considerations render our method ideally suited to the clinical
problem of selecting the appropriate ovulation induction agent for
the appropriate patient. Thus, we propose an important concept to
examine the usefulness of the data from a clinical trial and a novel
method to achieve the goal.

Some of the factors used in our decision trees are related to those
identified in our previous analysis (Rausch et al., 2009), which had the
objective to predict the outcome of successful ovulation, pregnancy
and live birth in the PPCOS trial. We observed that the baseline
FAI, baseline proinsulin level, BMI and duration of infertility were all
associated with ovulation and live birth. However, our present objec-
tive differed from our previous studies (Legro et al., 2008; Rausch
et al., 2009), in that we wanted to evaluate the likelihood of successful
ovulation specific to the treatment based on the characteristics of an
individual woman. Left ovarian volume, insulin, age, waist-hip ratio and
SHBG all served as significant partitions predicting a differential
response to CC alone versus CC plus metformin in our model.

Other clinical trials have identified similar predictive factors for ovu-
lation in agreement with our data. In a study of 182 women with nor-
mogonadotropic oligoamenorrheic infertility, a category that overlaps
with our diagnostic criteria of PCOS, Imani et al. (2000) developed a
prediction model for ovulation success with CC that included the fol-
lowing: (i) FAI (FAI ¼ testosterone/SHBG ratio and inversely pro-
portional to success); (ii) cycle history (oligomenorrhea or
amenorrhea, with oligomenorrhea more favorable); (iii) leptin level
(which was superior to BMI in the model and inversely associated
with success) and (iv) mean ovarian volume (positively associated
with success). In a larger cohort (Imani et al., 1999), the same
authors identified a nomogram to determine the chance of ovulation
with CC therapy based on the age of the patient, FAI, BMI and
whether the patient was oligomenorrheic or amenorrheic, with
effects in the same direction.

Palomba et al. (2009) found that the baseline BMI, Ferriman–
Gallwey score, serum testosterone and androstenedione, FAI and
fasting insulin level were statistically significantly lower in those
women who ovulated in response to CC. In addition, SHBG and
the fasting glucose to insulin ratio were statistically significantly
higher in women who ovulated, compared with those who did not
ovulate, in response to CC. In our sample, while higher SHBG was
associated with slight superiority of CC alone, a high baseline insulin

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

Table I Clinical parameters used as covariates in
prediction models.

Parameter CC Combined P-value

Age1 27.9+4.0 28.3+4.0 0.280

Cycles to earliest ovulation1 2.2+1.7 1.9+1.5 0.057

BMI (kg/m2)1 36.0+8.9 34.2+8.4 0.035

Waist/hip ratio1 0.87+0.10 0.86+0.10 0.120

Hirsutism score1 14.7+8.2 14.4+7.4 0.690

,8 21.1% 19.6% 0.870

8–16 40.2% 39.2%

.16 38.8% 41.1%

Race 0.762

White 70.7% 71.2%

Black or African
American

17.8% 15.4%

Asian 2.4% 3.4%

American Indian or
Alaska Native

10.1% 11.5%

Native Hawaiian or
Pacific Islander

0.5% 0.0%

Ethnic group 0.734

Not hispanic or latino 74.6% 76.1%

Hispanic or latino 25.4% 23.9%

Length of attempting
conception (months)1

41.4+39.4 40.7+36.0 0.854

Prior pregnancy history 36.8% 32.1% 0.303

Live birth 22.5% 26.8% 0.307

History of smoking 42.1% 37.8% 0.369

History of alcohol use 66.0% 62.7% 0.475

Prior exposure to
metformin only

6.7% 11.5% 0.089

Prior exposure to
clomiphene only

32.1% 25.4% 0.130

Prior exposure to
combination therapy

18.7% 22.0% 0.395

1Mean+ SD.

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

Table II Baseline laboratory parameters used as
covariates in prediction models.

Parameter CC Combined P-value

Total testosterone (ng/dl)1 61.3+32.0 63.1+28.4 0.557

Left ovarian volume (cm3) 1 10.9+6.9 11.2+6.2 0.606

Glucose (mg/dl)1 89.2+16.5 88.9+18.6 0.882

Insulin (mU/ml) 1 22.6+20.7 22.4+30.0 0.959

SHBG (nmol/l)1,2 29.8+18.7 31.8+20.3 0.305

1Mean+ SD.
2A homeostatsis model assessment of insulin resistance (HOMA-IR) was calculated
according to the following formula: (insulin × glucose)/405.
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level was somewhat surprisingly also associated with a superiority of
CC over combined CC plus metformin. In contrast to Palomba
et al., higher waist-hip ratio, which is expected to covary with the
BMI, was associated with greater effectiveness of CC in our sample.
However, in the Palomba study, CC was compared with placebo, in
contrast to comparing CC with CC plus metformin. Also, the differ-
ence in the BMI between the patients in the Palomba et al. study
and this study may contribute to the different results.

Nonetheless, one would have expected that women with the stron-
gest evidence of metabolic dysregulation (lower SHBG, higher fasting
insulin, larger waist-hip ratio) would have had a higher rate of
success with combined CC plus metformin treatment in our study;
yet this was not uniformly the case.

Our findings may also reflect that the addition of metformin to the
ovulation induction regimen is not sufficient to adequately reverse the
metabolic derangement when it is severe, as is the case with higher
fasting insulin levels, lower SHBG and larger waist-hip ratio.

Our analysis suggests that simple parameters that can be easily
obtained in the routine evaluation of women with PCOS such as
left ovarian volume and baseline insulin level appear to be of great
value in helping to choose the more effective treatment option. Per-
sonal characteristics that are routinely obtained such as height and
weight are also useful for the same purpose. Although BMI is not
explicitly used in the trees, the waist-to-hip circumference ratio
was found to play an important role in choosing between CC
alone and CC plus metformin. It has been reported in the literature
that obese PCOS patients, especially those with centripetal obesity
have more severe clinical features including worse metabolic par-
ameters, hyperandrogenemia and menstrual abnormalities than do
normal weight PCOS women and that obesity also negatively
impacts stimulation in ovulation induction cycles, necessitating
higher doses with longer periods of stimulation (Dickey et al.,
1997; Balen et al., 2006; Pasquali et al., 2006). It is somewhat coun-
terintuitive that women with the highest waist-hip ratio, who would

Figure 2 A Revised Classification Tree (top). The top box, labeled #1, is the root node containing the entire study sample of 418 PCOS women.
The number of subjects is also displayed next to the node number inside each node. The splitting role is beneath the internal node. The value along an
arrow is the cutoff of the splitting variable. (For further details, see the legend for Fig. 1.)
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also be expected to have the highest BMI, had a greater likelihood of
ovulation when treated with CC alone, as opposed to CC plus met-
formin. On the one hand, it may be that the fat patterning in women
in the PPCOS trial was such that waist-hip ratio was not as unfavor-
ably impacted as suspected and thus the BMI and the waist-hip ratio
did not covary as expected. On the other hand, it may be necessary
to examine the clinical features of metabolic dysregulation more care-
fully in women with PCOS to discern the usefulness of metformin
therapy.

The primary cause of PCOS is unknown. However, it is not surpris-
ing that an ovarian parameter occupies the root node (node 1),
though few would have a priori chosen left ovarian volume as that par-
ameter. Combined CC plus metformin is clearly preferable in women
with relatively larger left ovarian volumes. The recommended treat-
ment in women with relatively smaller left ovarian volumes
(,19.5 cm3) depends on other factors. Imani et al. (2000) reported
that an increasing mean ovarian volume was associated with ovulatory
success, but they did not report whether one ovary had superior

Figure 4 Internal Validation of the Ratio of the Ovulation Rates between the combined and CC treatment groups with respect to the BMI groups.
The ratios are presented by the terminal nodes in Fig. 1. No data were available to estimate the ratio for the lower BMI group in terminal node 9.

Figure 3 Internal Validation of the Ratio of the Ovulation Rates between the combined and CC treatment groups. The ratios are presented by the
terminal nodes in Fig. 1. We took a random 60, 70, 80, 90 and 100% of the samples to examine the trend in the within-node preferential treatment.
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predictive power over the contralateral ovary. We previously
reported that the left ovary in our study cohort was significantly
smaller than the right ovary (by �10%) (Legro et al., 2006). Atiomo
et al. (2000) have also shown that the left ovary on ultrasound
shows greater sensitivity for the diagnosis of PCOS than the right,
though it was based on the follicle count and distribution more than
the volume.

We caution that our analysis, and the left ovarian volume finding in
particular, is best used for hypothesis generation. As a preliminary step
for internal validation, in Figs 3 and 4, we examined the trends in the
ratio of the ovulation rates between combined and CC treatment
groups in the terminal nodes of the tree in Fig. 1. In Fig. 1, the rates
of the ovulation in the terminal nodes (the bottom panel) were calcu-
lated from all available samples as presented in the terminal nodes (the
top part). We examined whether the trend for the preferential treat-
ment would be upheld if we use only a random percentage of the
available samples. Specifically, we used 60, 70, 80, 90 and 100% of
the samples to compute the ratio of the ovulation rates between

the two treatment groups. Clearly, the trend (i.e. the preferential
outcome of one treatment over the other) is consistent with regard
to the use of a random subset of the data.

Considering the potentially important role of the BMI, we further
validated our result with respect to the ranges of the BMI by examining
the trends in the ratio of the ovulation rates between combined and
CC treatment groups in the terminal nodes of the tree in Fig. 1. As
discussed above, it was reported that BMI is associated with ovulation
in response to CC, but for the purpose of this work, namely compar-
ing the ratio of the ovulation rates in the two treatments, Fig. 4
suggests that the BMI does not alter the relative effectiveness of CC
versus CC plus metformin. The direction of preference is not
changed in eight of the nine terminal nodes when we examined the
lower (BMI ≤ 30) or higher (BMI . 30) group alone or together.

There is some evidence in the literature for a role of left ovarian size
in identifying treatment effectiveness. In an early animal study, Chávez
et al. (1987) reported differences in the ovulation rate of the right or
left ovary in unilaterally ovariectomized rats. Fukuda et al. (2000)

Figure 5 A Decision Tree for Relative Effectiveness of Treatments for Live Birth. (For further details, see the legend for Fig. 1.)
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evaluated whether frequency of ovulation and fertility potential of
oocytes from the two ovaries differed in regularly menstruating
women and concluded that in both fertile and infertile women, the fer-
tility potential of oocytes from the right ovary surpasses that of the left
ovary. Furthermore, Järvelä et al. (2000) analyzed a database retro-
spectively that covered 477 cycles during which frozen/thawed
embryo transfer had been carried out. They reported that the side
of ovulation has a clinical impact and hypothesized that the side of ovu-
lation is significant in terms of embryo implantation. Our findings and
the existing reports together support the notion of a role for the side
of ovulation. This hypothesis can be tested in prospective trials of ovu-
lation induction and infertility in women with PCOS.

Although the primary interest of this report is on ovulation, we also
constructed a tree for live birth. Although the baseline insulin level and
the hip-to-waist ratio are common splitting values in Figs 1 and 5, the
tree structures are different. One explanation for the discrepancy is
that the study was done over a limited period of time and most sub-
jects were treated for up to six cycles or 30 weeks. Thus, if a woman
did not ovulate until she was treated with a dose of clomiphene of
150 mg × 5 d, then she would have had a total of three cycles of
attempts/opportunity for conception. Given that higher doses of clo-
miphene could have caused the development of other clinical factors
that interfered with conception and live birth (i.e. thickened cervical
mucus), it is reasonable to study ovulation rates in this decision tree
model. In addition, this model evaluates characteristics of the
woman herself and correlates with ovulation, whereas conception
and live birth are affected by factors external to the woman herself,
e.g. husband’s sperm count, timing of intercourse near ovulation,
development of pregnancy complications, etc.

In summary, we built classification models to predict treatment-
specific occurrence of ovulation in women with PCOS undergoing
ovulation induction, and constructed a clinically intuitive and useful
chart to contrast ovulation induction by two treatments: CC alone
or CC plus metformin. In the current model, women with PCOS
can be counseled on their likelihood for ovulation, and ultimately
live birth, according to treatment selection by the use of the following
baseline clinical parameters: left ovarian volume, insulin, age, baseline
waist-to-hip ratio and SHBG. However, due to the data-driven and
exploratory nature of the method and analysis, replications of our
finding are necessary.
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