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Context/Objective: Hyperandrogenism is a common feature of women with polycystic ovary syn-
drome (PCOS) and is considered a cardinal element for the diagnosis and phenotyping of this
condition. Unfortunately, routinely available methods for measuring serum androgens suffer from
major limitations. No data are available on the impact of androgen assay quality on the assignment
of PCOS women to the different clinical phenotypes of PCOS, when defined according to the
Rotterdam criteria for diagnosis.

Patients: Two hundred four consecutive Caucasian women with PCOS, diagnosed by the Rotterdam
criteria participated in the study.

Design: Assessment of total T (TT), free T (FT), and androstenedione (A) by both a chemiluminescent
assay, routinely available in our hospital, and gold standard methodology, ie, liquid chromatog-
raphy-mass spectrometry and equilibrium dialysis, was performed. The results were compared and
the associations of these data with clinical and metabolic features of PCOS women were analyzed.

Results: By using gold standard assays, TT was high in 36.3% of women, whereas A only marginally
contributed to identifying hyperandrogenemic patients. However, gold standard FT measurement
was elevated in 70.6% of the PCOS patients, identifying them as hyperandrogenemic. Routine TT
and A assays, and the derived calculated FT, were strikingly inaccurate, with substantial overesti-
mation. These assays erroneously classified 60 patients (29.4%), 32 as false hyperandrogenemic,
and 28 as false normoandrogenemic, with incorrect assignment of many patients to the clinical
phenotypes of PCOS and inappropriate estimation of their metabolic risk. In particular, women
misclassified as normoandrogenic had a more severe metabolic profile than true normoandrogenic
subjects.

Conclusions: FT alone, as measured by equilibrium dialysis or calculated by using the Vermeulen
formula, provided that TT is assayed by gold standard methodology, can be used to identify
hyperandrogenemic PCOS subjects. The use of routine androgen assays may misclassify the phe-
notype of many PCOS women, with errors in the estimation of individual metabolic risk. (J Clin
Endocrinol Metab 101: 610–618, 2016)
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syndrome; TT, total T.
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Hyperandrogenism is a very common feature of women
with polycystic ovary syndrome (PCOS) and is con-

sidered a cardinal element for diagnosing this condition
(1–4), in combination with oligoanovulation and/or mi-
cropolycystic ovarian morphology. In particular, the pres-
ence of both hyperandrogenism and oligoanovulation, in
these women, identifies the classic phenotype of PCOS,
which is characterized by a worse metabolic profile (5, 6).
Therefore, to define a patient as hyperandrogenic may be
of major clinical significance.

Unfortunately, the assessment of both clinical and bio-
chemical hyperandrogenism generally relies on inaccurate
methods. Although hirsutism is considered the most com-
mon and specific clinical manifestation of hyperandro-
genism in these women (3), its expression is variable in
different ethnic groups, and its quantification is generally
based on semiquantitative, observer-dependent visual
scores (7).

As regards biochemical hyperandrogenism, total T
(TT), and free T (FT), androstenedione, and dehydroepi-
androsterone sulfate (DHEAS) are the androgens usually
measured in these women. However, the methods used to
assess these hormones in most routine laboratories have
poor sensitivity and accuracy, particularly in the female
range (8). Whereas liquid or gas chromatography-mass
spectrometry and equilibrium dialysis, which are the
methodologies recommended by the main scientific soci-
eties in the field (3, 8), are usually only available in re-
search labs and a few clinical labs. Also the use of calcu-
lated FT, which relies on the measurement of TT and
SHBG, may be inadequate, when a high-quality TT assay
is not available. These limitations make the diagnosis of
biochemical hyperandrogenism imprecise, with potential
errors in both PCOS diagnosis and PCOS phenotype
assignment.

Although a number of studies have clearly documented
the inaccuracy of androgen assay by routine methods (9–
11), almost no information is available on the clinical im-
pact of using these methodologies in the diagnosis and
phenotyping of women with PCOS.

Materials and Methods

Subjects
Two hundred four consecutive Caucasian women with PCOS

(aged 18–40 y) were recruited from March 2010 to June 2013
in the Verona PCOS Pathophysiology and Phenotype (Verona
3P) study. All subjects were referred to the outpatient clinic of the
Division of Endocrinology, Diabetes, and Metabolism of the
Verona City Hospital (Italy) for clinical hyperandrogenism
and/or menstrual dysfunction. Some details from 137 of these
women were shown in a previous paper, focused on the differ-
ences in insulin sensitivity between PCOS phenotypes (5).

PCOS was diagnosed according to the Rotterdam workshop
criteria, ie, presence of at least two of the three following fea-
tures: clinical and/or biochemical hyperandrogenism, chronic
oligoanovulation, and polycystic ovaries (PCO), after exclusion
of secondary causes (2). Clinical hyperandrogenism was de-
fined by the presence of hirsutism (modified Ferriman-Gallwey
score �8), and biochemical hyperandrogenism by increased FT
levels, according to the Androgen Excess and PCOS Society con-
sensus statement on PCOS (3). Chronic oligoanovulation was
diagnosed by the presence of either oligoamenorrhea (eight or
fewer cycles per year) or luteal phase serum progesterone less
than 12 nmol/L in two successive menstrual cycles. PCO was
diagnosed according to the Rotterdam workshop recommenda-
tions (2), whenever possible, by a transvaginal approach.

To rule out secondary causes, serum TSH, prolactin, and 17-
hydroxyprogesterone were assessed in all subjects, whereas
other investigations were carried out when indicated on clinical
grounds.

In this sample of 204 PCOS women, 149 (73.0%) had at least
one clinical manifestation of hyperandrogenism (hirsutism
and/or acne and/or alopecia). In particular, among those with
clinical hyperandrogenism, 119 (79.9%) had hirsutism, 72
(48.3%) acne, and 32 (21.5%) alopecia. Although these features
frequently coexisted, 23 women (15.4%) had either acne (n �
21) or alopecia (n � 2) as a unique manifestation of clinical
hyperandrogenism. Chronic oligoanovulation was present in
170 (83.3%) and PCO morphology in 184 (90.2%) subjects.
Fifty-nine percent of women had both clinical hyperandro-
genism and oligoanovulation.

No patients were suffering from other diseases or were taking
medications potentially interfering with the evaluations carried
out in the study. In particular, patients had not received oral
contraceptives, insulin-sensitizing agents, antiandrogens, or glu-
cocorticoids in the 6 months prior to the study. No women had
a pregnancy or miscarriage in the 2 years preceding the study.

All the participants gave their written informed consent be-
fore the study, which was approved by our institutional ethical
committee.

Protocol
All subjects underwent a complete medical examination, in-

cluding measurement of body weight, height, waist circumfer-
ence, and blood pressure, and assessment of the presence of hir-
sutism, quantified by the modified Ferriman-Gallwey score (7),
acne and alopecia.

In the early follicular phase of a spontaneous menstrual cycle
or, in women with severe menstrual alteration, after at least 3
months of amenorrhea, a fasting venous blood sample was
drawn for hormonal and metabolic assessment. The hormonal
assessment comprised a routine hormonal profile, including go-
nadotropins, SHBG, TT (routine-TT), androstenedione (A; rou-
tine-A), and DHEAS, with the calculation of FT (routine-FT),
from routine-TT and SHBG data, by the formula of Vermeulen
et al (12). The routine androgen assays were used for preliminary
diagnosis of PCOS and inclusion of subjects in the study. Sub-
sequently, to obtain gold standard measures of serum androgens,
on the same blood samples, TT and A were also assayed by liquid
chromatography-mass spectrometry (LC-MS/MS) and FT by
equilibrium dialysis (dial-FT). These assays were carried out on
frozen samples, stored for 2–6 months at �30°C. For compar-
ison, FT was also calculated, with the Vermeulen formula, from
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LC-MS/MS TT and SHBG data: these calculated FT values cor-
related well with those obtained by equilibrium dialysis (R2 �
0.931) (Figure 1).

The metabolic profile comprised serum lipids and glucose and
insulin levels before and after oral glucose tolerance testing. Di-
agnosis of metabolic syndrome was carried out using the 2009
joint criteria proposed by the International Diabetes Federation
and other societies (13).

In vivo insulin sensitivity was measured by the hyperinsuline-
mic-euglycemic clamp technique (insulin infusion rate 80 mU/m2

� minutes) in 192 of the 204 PCOS subjects, as previously de-
scribed (5). Glucose clamp data could not be collected in the
remaining women because three of them did not give their con-
sent to the procedure, and nine did not complete the test due to
technical problems in maintaining venous access.

Fat-free mass (FFM) was evaluated by bioelectrical imped-
ance (BIA 103; Akern) (14).

Assays
Routine serum TT, A, and DHEAS were measured by direct

automated chemiluminescence immunoassay (CLIA) methods
(ADVIA Centaur XP for TT; Siemens; and Immulite 2000 for A
and DHEAS, respectively; Siemens). The intra- and interassay
CVs for all these measurements were less than 10% and less than
16%, respectively.

LC-MS/MS measures of TT and A were performed by using
a Micromass Quattro Premier XE mass spectrometer from Wa-
ters Corp. For TT the intraassay CV was 9.1% at a concentration
of 14 ng/dL and the interassay CV was 9.3% at 26 ng/dL. For A,
the intraassay CV was 3% at 64 ng/dL and the interassay CV was
4.6% at 58 ng/dL.

The FT fraction was assessed by equilibrium dialysis, as pre-
viously described (12, 15). Briefly, tritiated T was added to the
serum; then dialysis was performed on diluted serum at 37°C,
and the proportion of tritiated T within and outside the dialysis
compartment was measured to determine the percentage of FT
after accounting for serum dilution. The concentration of FT was
then calculated from the percentage FT and TT, measured by
LC-MS/MS. For dial-FT the interassay CV was less than 8%.

The reference intervals for serum androgen assays by gold
standard methods were based on a previous sample of 56 young,
normal-weight, healthy, nonhirsute women, with regular menses

and normal ovarian morphology, recruited through advertise-
ments at the local university, the nursing school, and Verona City
Hospital. In particular, cutoff values were defined by the mean
� 2 SD of values in these healthy subjects.

Cutoff values to define hyperandrogenemia by routine meth-
ods were as follows: routine-TT greater than 80 ng/dL, rou-
tine-FT greater than 1.15 ng/dL, routine-A greater than 350 ng/
dL, DHEAS greater than 400 �g/dL. Cutoff values by gold
standard methods were as follows: TT greater than 41 ng/dL;
dial-FT greater than 0.49 ng/dL; A greater than 240 ng/dL.

SHBG and insulin were assayed by immunoradiometric
methods (Orion Diagnostica and Biosource, respectively) and
gonadotropins by an automated chemiluminescent method (Ad-
via Centaur XP; Siemens).

Plasma glucose was measured using a glucose analyzer (YSI-
2300 StatPlus; YSI Inc). Serum lipids were determined by stan-
dard automated laboratory procedures (Dimension Vista 1500;
Siemens).

Calculations
Calculated FT was assessed by the Vermeulen formula

(12), using the ISSAM online calculator (http://www.issam.ch/
freetesto.htm). A default albumin level of 4.3 g/dL was used in this
calculation.

Body mass index (BMI) was calculated as weight (kilograms)/
height (meters)2. Low-density lipoprotein (LDL)-cholesterol
was calculated by the Friedewald formula (16).

The glucose disposal rate during the steady-state period of the
clamp (M) was calculated with a standard formula (17) and
normalized for FFM because muscle is responsible for most in-
sulin-induced glucose metabolism (18). In addition, because the
glucose disposal rate during hyperinsulinemia is proportional to
serum insulin levels, M values normalized for FFM were adjusted
for differences among subjects in insulin concentrations during
the steady-state period of the clamp (19). Insulin sensitivity was
thus expressed as milligrams per kilogram FFM � minutes�1 �
milliunits per liter�1.

Specificity and sensitivity of routine methods in identifying
hyperandrogenemia, defined by increased serum FT as evaluated
by LC-MS/MS and equilibrium dialysis, were calculated as fol-
lows: true negative/(true negative � false negative); and true
positive/(true positive � false positive), respectively. Finally, the
positive predictive value and the negative predictive value of
routine methods were calculated by the true positive/all positive
and true negative/all negative ratios, respectively.

Statistical analysis
Continuous variables were described by median and inter-

quartile range. Categorical variables were summarized by
percentages.

Comparisons of continuous variables between subgroups of
patients were made by an unpaired t test and an ANOVA. Mul-
tiple post hoc comparisons were performed using the Bonferroni
correction. Not normally distributed variables were log or
square root transformed before analysis. Because fasting glucose
and serum triglycerides could not be normalized, they were an-
alyzed by Mann-Whitney and Kruskal-Wallis tests. The �2 test
was used for analyzing categorical variables.

The ratio method (ratio between results from CLIA and ref-
erence methods vs results from reference methods) (20) was per-
formed to assess the magnitude of the discrepancy between rou-

Figure 1. Correlation between FT values measured by equilibrium
dialysis (dial-FT, x-axis) or calculated by the Vermeulen formula
(calculated-FT, y-axis), using LC-MS/MS TT data. Each point represents
an individual value.
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tine and reference assays. The Bland-Altman plot (which plots
the difference between the two methods vs the average of the two
methods) was also used for bias analysis, whereas Deming re-
gression was used for comparing methods. All these analyses
were performed for A, TT, and FT.

Regression analysis and logistic regression analysis were used
to assess the relationships between serum androgens and M val-
ues or metabolic syndrome, respectively.

Values of P � .05 were considered statistically significant.
Analyses were performed using STATA version 10.1 (Stata-
Corp). Deming regression was performed using MedCalc statis-
tical software.

Results

Table 1 shows the main characteristics of PCOS women
included in the study. Median BMI was in the overweight
range (28.1 kg/m2), with a prevalent central fat distribu-
tion. In particular, 86 subjects were obese, 45 overweight,
and 73 normal weight. The medians of the metabolic fea-
tures were in the normal range, except for insulin, which
was increased, and insulin sensitivity, which was de-
creased. However, the oral glucose tolerance test revealed
that 20 women had impaired glucose tolerance and two
had mild diabetes mellitus. Although median blood pres-
sure was also in the normal range, 63 women had values
of 130/85 mm Hg or greater. Sixty-two patients (30%)
had metabolic syndrome.

As expected, median FT was above and SHBG below
the limits of the respective reference intervals. However,
measures of serum androgens by routine or gold standard
methods differed substantially.

Figure 2 shows the ratios between serum androgen val-
ues obtained by routine CLIA methods and the corre-
sponding values measured by gold standard methodology,
against these latter measurements. A striking inaccuracy
of routine assays emerged for all assays, with a variable
degree of overestimation in most samples throughout the
entire range of androgen concentrations observed in these
women. These conclusions were confirmed by the results
of Bland-Altman analysis (Supplemental Table 1) and De-
ming regression analysis (Supplemental Figure 1). In par-
ticular, the results of Deming regressions were the follow-
ing: for TT, routine-TT � 22.8 (�3.9) � 1.19 (�0.11) �
LC-MS/MS TT (r � 0.58); for FT, routine-FT � 0.08
(�0.07) � 1.73 (�0.13) � dial-FT (r � 0.74); for A, rou-
tine-A � 22.2 (�33.5) � 2.12 (�0.21) � LC-MS/MS A
(r � 0.59).

According to our routine assays, 58 women (28.4%)
showed increased levels of TT, 103 (50.5%) of A, and
eight (3.9%) of DHEAS. Collectively these assays identi-
fied biochemical hyperandrogenism in 124 patients
(60.8%). When FT concentrations were calculated, ap-

plying the Vermeulen formula to the routine measure-
ments of TT, 148 PCOS subjects showed abnormal values,
and the percentage of hyperandrogenemic women rose to
72.5%. Conversely, the use of LC-MS/MS methodology
for measuring TT and A identified as hyperandrogenemic
78 subjects (38.2% of the whole population of PCOS
women). In particular, TT was increased in 74 of the 82
hyperandrogenemic patients (90.2%) and A in 30
(36.6%) of these women. Similar percentages were found
when considering only patients with clinical evidence of
hyperandrogenism. Four additional women showed in-
creased serum DHEAS only, as measured by routine assay
(Figure 3A). Assessment of FT by equilibrium dialysis (di-
al-FT) increased to 144 (70.6%) the number of patients

Table 1. Main Characteristics of Women With PCOS
Included in the Study (n � 204)

Median (IQR)
Reference
Intervals

Age, y 23 (20–27)
Height, cm 163 (159–168)
Weight, kg 74.9 (59.8–90.7)
BMI, kg/m2 28.1 (23.1–33.6) 18.5–24.9
Waist circumference, cm 91.0 (77.5–105.0) �80
Fat mass, kg 26.9 (17.4–37.7)
Fat-free mass, kg 47.8 (43.3–53.1)
Ferriman-Gallwey score 8.7 (4.0–14.0) �8
Systolic blood pressure,

mm Hg
120 (110–130) �130

Diastolic blood pressure,
mm Hg

79 (70–84) �85

Fasting glucose, mg/dL 85.0 (79.0–92.0) 70–99
Fasting insulin, mU/L 11.8 (7.0–22.5) �9
M-clamp, mg/kg FFM �

min�1 � mU/L�1a
0.046 (0.032–0.061) �0.074

Total cholesterol, mg/dL 161.0 (143.0–181.5) �200
HDL-cholesterol, mg/dL 48.0 (40.0–59.0) �50
LDL-cholesterol, mg/dL 92.9 (80.0–108.4) �130
Triglycerides, mg/dL 65.0 (49.0–105.5) �150
LH, IU/L 8.0 (4.8–12.0) 1.0–25.0
FSH, IU/L 5.6 (4,5–6.5) 1.5–11.0
SHBG, nmol/L 31.0 (20.7–45.0) 39–121
TT CLIA, ng/dL 66.2 (51.8–83.4) �80.5
TT LC-MS/MS, ng/dL 35.1 (26.1–46.7) �41.0
FT calculated using CLIA

assays, ng/dLb
1.21 (0.88–1.63) �0.15

FT calculated using LC-
MS/MS assays, ng/dLc

0.61 (0.48–0.89) �0.46

FT equilibrium dialysis,
ng/dL

0.61 (0.47–0.91) �0.49

A CLIA, ng/dL 365.9 (273.2–467.3) �351
A LC-MS/MS, ng/dL 164.4 (123.0–216.0) �240
DHEAS CLIA, �g/dL 206 (161–274) �400

Abbreviation: HDL, high-density lipoprotein; IQR, interquartile range.
a M clamp: insulin sensitivity, assessed by the hyperinsulinemic-
euglycemic clamp.
b Calculated by Vermeulen formula (11) using TT CLIA and SHBG CLIA.
c Calculated by Vermeulen formula (11) using TT LC-MS/MS and SHBG
CLIA.
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recognized as hyperandrogenemic. Interestingly, the di-
al-FT measurement identified all but one PCOS patient
with elevations in any serum androgens. The only excep-
tion was a nonhirsute woman with isolated high serum A,
whereas all subjects with increased DHEAS levels, as mea-

sured by the routine assay, were recognized as hyperan-
drogenemic by dial-FT measurement (Figure 3B). There-
fore, in the subsequent analyses, we considered increased
dial-FT as the reference for hyperandrogenemia.

Notably, although the percentage of PCOS women rec-
ognized as hyperandrogenemic by routine vs gold-stan-
dard methodology was similar (72.5% vs 70.6%), there
was a striking mismatch in the assignment of individual
subjects to the categories of either increased or normal
androgenemia (Figure 4). In total, 60 of the 204 women
(29.4%) were inappropriately classified by the routine
methods. In particular, 32 patients were erroneously clas-
sified as hyperandrogenemic (21.8% of those classified in
this group by the routine methods) and 28 were errone-
ously classified as normoandrogenemic (20.3% of the cor-
responding group). Positive and negative predictive values
for the routine measurements of serum androgens were
78.2% and 50.9%, respectively, with a sensitivity of
80.4% and a specificity of 47.5%.

Interestingly, women with an erroneous assignment to
the normoandrogenemic subset had higher BMI, waist cir-
cumference, serum insulin and triglycerides, and lower
insulin sensitivity than true normoandrogenemic subjects
(Supplemental Table 2A) Conversely, women erroneously
classified as hyperandrogenemic by the routine methods
had lower BMI, waist circumference, and serum insulin
but higher insulin sensitivity and a more favorable lipid
profile than subjects appropriately assigned to this cate-
gory (Supplemental Table 2B).

Moreover, the number of women included in the cat-
egory of hyperandrogenism based exclusively on the pres-
ence of either clinical or biochemical findings differed
when using gold standard or routine androgen assays (31
vs 51, P � .05; and 46 vs 13, P � .01, respectively).

In the regression analysis, FT was the only androgen
significantly associated with insulin resistance and meta-
bolic syndrome. These relationships tended to be margin-
ally higher with dial-FT than with routine-FT (r � 0.504
and r � 0.494, both P � .001; and odds ratio 7.13, 95%
confidence interval 2.8–18.4 vs odds ratio 4.25, 95% con-
fidence interval 2.4–7.4, both P � .001, respectively).

Assignment of patients to the different clinical pheno-
types of PCOS, when defined according to the Rotterdam
criteria fordiagnosis (2),wasalsoaffectedby theandrogen
assay methodology. By using routine assays, 128 patients
had the classic phenotype (ie, hyperandrogenism and oli-
goanovulation, with or without PCO), whereas 34 had the
ovulatory (hyperandrogenism and PCO) and 42 the nor-
moandrogenic (oligoanovulation and PCO) phenotype.
Conversely, by using gold standard methodology, these
figures were 141, 33, and 27, respectively. Notably, 25
patients (12.2%) were assigned to a different PCOS phe-

Figure 2. Comparison, by the ratio method (20), of routine
(chemiluminescence, CLIA, with FT calculated by the formula of
Vermeulen et al) and gold standard (LC-MS/MS, with FT measured by
equilibrium dialysis, dial) assessment of serum TT (upper panel), FT
(central panel), and A (lower panel) levels, respectively. The hormone
concentrations measured by gold standard methods are indicated on
the horizontal axis, whereas the ratio between the measurements
obtained by routine and gold standard methods are on the vertical
axis. Each point represents an individual value.
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notype by using gold standard assays. Most of them (n �

20) moved from the normoandrogenic to the classic phe-
notype. Table 2 compares the main clinical and metabolic
features of these 20 false normoandrogenic women vs
those of subjects appropriately assigned to either the clas-
sic or the normoandrogenic phenotypes. These misclassi-
fied patients had insulin sensitivity and triglyceride mea-
surements similar to women correctly assigned to the
classic phenotype and significantly different from women
with the true normoandrogenic phenotype. Consistently,
the percentage of subjects with the metabolic syndrome
was 86.8%, 85.0%, and 40.9%, respectively, in the three
subgroups (P � .021). In addition, three subjects diag-
nosed with PCOS by using the routine methodology, and
previously assigned to either the classic (n � 2) or the
ovulatory phenotype (n � 1), did not have this diagnosis
confirmed by using the gold standard FT assay.

Discussion

The present study focused on the im-
pact of using routine methodology
rather than gold standard methodol-
ogy for androgen assay in pheno-
typing and classification of PCOS
women in clinical practice. When
measurements of serum androgens
by the CLIA methods used in the rou-
tine laboratory of our hospital,
which are methods widely used in
Europe and the United States, were
compared with the reference figures
obtained by LC-MS/MS and equilib-
rium dialysis, the former proved to
be extremely inaccurate, with sub-

stantial overestimation of hormone concentrations. No-
tably, in terms of biochemical hyperandrogenism, routine
methods misclassified about one-third of these women.
Although the assessment of clinical hyperandrogenism
limited the clinical impact of this mismatch on PCOS di-
agnosis, an erroneous assignment of subjects to PCOS
phenotypes occurred in approximately 15% of the pa-
tients, with implications for the estimation of the individ-
ual metabolic risk. An additional important finding of this
study is that FT, evaluated by LC-MS/MS and an equilib-
rium dialysis, is an excellent marker of hyperandrogen-
emia, making the measurement of serum A in these women
unnecessary.

Some previous studies assessed the accuracy of serum
TT measurements obtained by direct immunoassays in
women, reporting marked overestimation and very poor
correlations with results of gold standard methods (9, 21).
Some recent studies reported better agreement between
TT measurements obtained by LC-MS/MS and those ob-
tained by RIA after extraction procedures (22–24). Similar
findings were reported regarding androstenedione (23,
25–27). Collectively these studies suggest that, although
mass spectrometry should be considered the reference
methodology, an extraction RIA may be an acceptable
alternative in clinical practice for measuring serum andro-
gens. Nevertheless, both mass spectrometry and extrac-
tion RIA are currently unavailable in the vast majority of
routine laboratories, in which automated methods and
direct serum assays have progressively replaced isotopic
methods and serum extraction procedures due to the com-
plexity, costs, and safety concerns of the latter.

A new and intriguing finding of our study is the impact
of the different methods used to measure serum androgens
on the definition of the clinical phenotypes of PCOS
women. To the best of our knowledge, until now only Bell

Figure 3. Number of subjects recognized as hyperandrogenemic by gold standard methods,
either without (A) or with (B) inclusion of the measures of FT. Note that DHEAS data were from a
routine assay.

Figure 4. PCOS women identified as hyperandrogenemic or
normoandrogenemic by routine methods of androgen assay as
compared with the results of gold standard dial-FT measurement. The
numbers in the boxes indicate how many subjects had an appropriate
or erroneous diagnosis of hyperandrogenemia and
normoandrogenemia, respectively, by using routine methods.
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et al (21), in a retrospective study including 57 hyperan-
drogenic women (of whom 19 had PCOS), compared the
diagnosis of biochemical hyperandrogenism obtained by a
routine immunoassay and by isotope dilution/LC-MS/
MS. In this study, there were 20 patients misclassified in
terms of hyperandrogenemia (35%). Most of them were
normoandrogenic women, erroneously recognized as hy-
perandrogenemic by the immunoassay.

In our study, carried out on a large sample of women
diagnosed with PCOS by the standard procedures used in
clinical practice in our hospital, using routine androgen
assay marginally influenced the diagnosis of PCOS itself
because this diagnosis was not confirmed in three women
only. However, misclassification of biochemical hyperan-
drogenism occurred in almost 30% of subjects, 32 of these
women being erroneously defined as hyperandrogenemic
and 28 as normoandrogenemic. As a consequence, there
was a relevant shift in the number of subjects assigned to
the classic or the normoandrogenic phenotype. This may
be a clinically relevant point because women with the clas-
sic phenotype show frequent abnormalities in insulin sen-
sitivity and metabolic profile, whereas those with the nor-

moandrogenic phenotype do not (5, 6). Consistently, we
observed significant differences in the metabolic profile
among women with a true or a false normoandrogenic
phenotype. In short, misclassification of biochemical hy-
perandrogenism translated into misclassification of the in-
dividual metabolic risk. Notably, the Amsterdam Consen-
sus of the European Society of Human Reproduction and
Embryology and the American Society for Reproductive
Medicine included the typical (ie, classic) phenotype of
PCOS among the risk factors calling for screening glucose
tolerance by oral glucose tolerance testing (28), and inap-
propriate subclassification of PCOS women into pheno-
types may prompt physicians to erroneously prescribe or
not prescribe this test.

Another interesting finding of our study is that, mea-
suring serum androgens by LC-MS/MS, only 36.3% of
this cohort of PCOS women had increased serum TT,
whereas the percentage of hyperandrogenemic patients
was slightly increased by a concurrent androstenedione
assay. Similar figures were found when considering only
the subset of women with clinical hyperandrogenism.
These findings are in line with most of the limited data

Table 2. Comparison of the Main Clinical and Metabolic Characteristics of PCOS Women (Mean � SD or
Percentage) Classified as Belonging to the Classic Phenotype by Both Routine and Gold Standard Methods of
Androgen Assay vs Those Identified as Normoandrogenic by Routine Methods but Classified as Belonging to the
Classic Phenotype by Gold Standard Methods vs Those Classified as Normoandrogenic by Both Methods

Classic PCOS by
Both Methods
(True Classic
PCOS)

Normoandrogenic
PCOS by Routine
Methods but
Classic PCOS
by Gold Standard
Methods (False
Normoandrogenic
PCOS)

Normoandrogenic
PCOS by Both
Methods (True
Normoandrogenic
PCOS) P Valuea

n 121 20 22
BMI, kg/m2 31.3 � 8.2b,c 27.1 � 6.0 23.5 � 6.7 <.001
Waist circumference, cm 97.1 � 19.0b 88.0 � 12.0d 78.8 � 14.0 <.001
Systolic blood pressure, mm Hg 120 � 14 141 � 12 134 � 12 .199
Diastolic blood pressure, mm Hg 77 � 10 83 � 9 73 � 9 .253
Fasting glucose, mg/dL 86.8 � 10.7 85.1 � 8.8 85.4 � 14 .353
Fasting insulin, mU/lL 18.9 � 13.1b,e 10.2 � 7.1 7.9 � 6.9 <.001
M clamp, mg/kg FFM � min�1 � mU/L�1f 0.043 � 0.020b 0.049 � 0.019d 0.066 � 0.020 <.001
Total cholesterol, mg/dL 165 � 32 166 � 23 162 � 21 .922
LDL cholesterol, mg/dL 98 � 26 93 � 20 89 � 14 .557
HDL cholesterol, mg/dL 48 � 13b 53 � 14 59 � 15 .004
Triglycerides, mg/dL 92 � 61 85 � 42d 66 � 68 .002
Metabolic syndrome, %g 86.8 85.0 40.9 .021

Statistically significant differences are in bold.
a P value by ANOVA by Kruskal-Wallis test or by �2 test, as appropriate.
b P � .01-.001 vs true Normoandrogenic PCOS women.
c P � .05 vs false normoandrogenic PCOS women.
d P � .05 vs true normoandrogenic PCOS women.
e P � .01–.001 vs false normoandrogenic PCOS women.
f Insulin sensitivity evaluated by hyperinsulinemic-euglycemic clamp.
g According to International Diabetes Federation definition (12).
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available from the literature (3) and support the opinion
that TT has a poor sensitivity as a marker of androgen
excess in PCOS women, whereas measurement of other
androgens may add little information. Nevertheless, a re-
cent paper by O’Reilly et al (29), who used LC-MS/MS to
evaluate TT and A in 86 PCOS women, reported increased
levels of TT and A in 65.1% and 88.3% women, respec-
tively. In particular, 20 subjects (23.2%) showed high lev-
els of A with normal levels of TT, and this subgroup had
a worse glucose profile. The reasons underlying these dif-
ferences are unclear. The population examined in this lat-
ter study was older (30 vs 24 y) and heavier (BMI 32 vs 29
kg/m2) than in our study, but it seems unlikely these dif-
ferences may account for the discordant findings.

Information in PCOS women about FT levels, mea-
sured by reliable assays, is extremely limited because tech-
nical difficulties have restricted the use of equilibrium di-
alysis methodology to a limited number of laboratories.
However, there is general agreement that equilibrium di-
alysis gives the best available approximation to serum FT
concentrations (3, 8), which represent the biologically ac-
tive hormone.

Interestingly, our findings support the assessment of
serum FT in these patients, when it is measured by accurate
methodology. In our cohort of PCOS women, the percent-
age of hyperandrogenemic subjects increased substan-
tially after including assessment of FT levels. Moreover,
almost all hyperandrogenemic women were recognized by
this single assay. The discrepancy in the diagnostic per-
formance of TT and FT in PCOS women finds an expla-
nation in the low SHBG levels typical of many of these
subjects.

To overcome the difficulties in performing equilibrium
dialysis, indirect estimates of FT have been proposed (8).
In this regard, both FT calculated by the Vermeulen for-
mula, and the free androgen index showed good correla-
tions with direct measures of FT by equilibrium dialysis
(r � 0.99 and r � 0.93, respectively) (10). Accordingly, in
our study dial-FT and calculated FT, when TT was mea-
sured by LC-MS/MS, were well correlated (R2 � 0.931).
Collectively these findings indicate the possibility of using
surrogate measures of FT in a clinical setting, provided
that TT is assayed by high-quality methods.

The major strengths of this study are the large sample
of consecutive PCOS women and the careful and compre-
hensive characterization of these women by state-of-the-
art methods. However, the present study has also some
limitations. First, we cannot entirely estimate the percent-
age of women receiving an erroneous diagnosis of PCOS
when using routine vs gold standard methods of an an-
drogen assay. A very large and unselected population of
women should be considered for this purpose. Second, we

did not have the possibility of measuring dehydroepi-
androsterone/DHEAS by gold standard methodology,
limiting the estimation of the total number of women with
hyperandrogenemia in our sample. Nonetheless, this hor-
mone is of prevalent adrenal origin and considered of lim-
ited value in the diagnosis of PCOS (3). Moreover,
DHEAS is themost abundant circulating steroidhormone,
in the microgram-per-liter range, so that its measurement
by routine assays is generally considered fairly reliable.

In conclusion, this study highlighted the great inaccu-
racy of routine methods in measuring serum androgens in
women with PCOS and demonstrated that FT, evaluated
by equilibrium dialysis or by using the Vermeulen for-
mula, provided that TT is assayed by LC-MS/MS, is an
excellent marker of hyperandrogenemia in these women.
This assay makes the measurement of other androgens
unnecessary in these patients. Misclassification of bio-
chemical hyperandrogenism in PCOS women, caused by
inaccurate methods of an androgen assay, may be respon-
sible for assigning an erroneous clinical phenotype to
about one-third of these patients, with an inappropriate
estimate of their individual metabolic risk.
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