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Androgen deficiency in women is increasingly recognized as
a new clinical syndrome and has raised our awareness of the
importance of accurate and well-validated measurements of
serum free testosterone (T) concentrations in women. There-
fore, we compared serum free T levels measured by equilib-
rium dialysis to those measured by a direct RIA (analog
method) and to those calculated from the law of mass action
(requires the measurement of total T and SHBG). We also
calculated the free androgen index, 100 x T/SHBG, as a simple
index known to correlate with free T. Subjects were 147
women with variable androgen and estrogen statuses. All
were studied three times in 1 month and included women 1)
with regular menses (estrogen positive, T positive), 2) more
than 50 yr old and not receiving estrogen (estrogen negative,
T positive), 3) receiving estrogen (estrogen positive, T nega-
tive), and 4) with severe androgen deficiency secondary to

hypopituitarism (estrogen negative, T negative). Calculated
values for free T using the laws of mass action correlated well
with those obtained from equilibrium dialysis (r = 0.99; P <
0.0001). However, the agreement depended strongly on the
specific assays used for total T and SHBG. In contrast, the
direct RIA method had unacceptably high systematic bias and
random variability and did not correlate as well with equi-
librium dialysis values (r = 0.81; P < 0.0001). In addition, the
lower limit of detection was higher for the direct RIA than for
equilibrium dialysis or calculated free T. Free androgen index
correlates well with free T by equilibrium dialysis (r = 0.93;
P < 0.0001), but is a unitless number without reference to the
physical reality of free T. We conclude that the mass action
equation and equilibrium dialysis are the preferred methods
for use in diagnosing androgen deficiency in women. (J Clin
Endocrinol Metab 89: 525-533, 2004)

NDROGEN DEFICIENCY IS increasingly recognized
as an important clinical syndrome in women (1-3).
However, because the symptoms and signs of this syndrome
are relatively nonspecific, physicians are more than usually
dependent upon accurate assays for total and free testoster-
one (T). In addition, because of the highly variable concen-
trations of SHBG, the high affinity of SHBG for estrogen, and
the large variation in estrogen levels among different pop-
ulations of women, measurement of serum free T, in addition
to total T, is necessary to determine whether abnormal an-
drogen concentrations are present. The ideal method with
which to measure free T is controversial. Further, the debate
has largely neglected the fact that an accurate measure of free
T is totally dependent upon an accurate assay for total T. The
issues of sensitivity and accuracy are particularly problem-
atic in women, who have 10-fold lower plasma concentra-
tions of total T and 20-fold lower concentrations of free T than
men. Accurate measurement of these steroids are even more
challenging in women with androgen deficiency, such as in
hypopituitarism.

Abbreviations: CV, Coefficient of variation; FAI free androgen index;
IRMA, immunoradiometric assay; ROC, receiver operator characteristic.
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To understand how current methods for T have come to
be used, it is necessary to explore briefly how they came to
be. Early measurements of androgenic activity were made
using bioassays until the early to mid 1960s, when a number
of alternative methods were developed. Electron capture
after gas liquid chromatography (4) and double-isotope de-
rivative formation (involving multiple chromatographs, de-
rivative formation and crystallization) (5) yielded values that
were accurate and sensitive. However, the sensitivity of the
methods depended upon extracting T from large volumes
(10-20 ml) of plasma. The techniques were cumbersome and
slow and were not suited for the routine clinical laboratory.
In the late 1960s, plasma SHBG was introduced as a reagent
for aligand binding assay for T (6-10). The methodology was
much simpler and faster than previous ones, and the original
reports took great care to validate the assays. Extraction of T
from plasma with an organic solvent and one or more chro-
matographs were still the rule, but great progress was made
in reducing the volume of plasma required to less than 10 ml.
Nevertheless, the assays left much room for improvement,
because SHBG binds not only T, but also other circulating
steroids, and has a relatively fixed Ky (it can be altered by
temperature, ionic strength, efc.), which is a major determi-
nant of sensitivity. With the primary goal of improving sen-
sitivity and specificity, endocrinologists turned to RIAs (11—
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13). The early assays were sufficiently sensitive to measure
T in extracts of 0.25 ml male plasma and 1.0 ml female
plasma. Thus, by the early 1970s, the basis for today’s tech-
nologies was in place.

In the ensuing 3 decades, RIAs and other kinds of immu-
noassays for T evolved that required smaller volumes and
less sample preparation, so that today’s clinical chemistry
laboratories use automated platforms with no extractions
into organic solvents and no chromatography. These assays
are available in kit form to endocrine and clinical laboratories
and are subject to quality control by the College of American
Pathologists. However, this quality control does not require
vigorous validation. The College of American Pathologists
accepts the ability of a given laboratory to obtain the same
values (within statistical limits) as other laboratories using
the same method or kit, even when different kits give dif-
ferent values for the same sample. There is no requirement
for accuracy; further, the community that relies on them
cannot examine the way in which many of these assays have
been validated, as these methods and data are proprietary
secrets, not published in peer-reviewed journals. Remark-
ably, a new set of normal values is sometimes arbitrarily
introduced, rendering the comparison of current results with
those of previously obtained results impossible. Tandem
mass spectroscopy is under development and is being val-
idated. It is an alternative method that may be available to
clinicians and researchers in the near future.

The actual concentration of free T in plasma is probably
unknowable. The concept of free T arises from a simple
consideration of mass action and equilibria. The fact that two
molecules may interact reversibly is not in question, because
in some cases, the three different species [the complex and
each of the uncomplexed (free) molecules] can be observed
by physical methods that do not disturb the equilibrium.
There is general agreement that, in expert hands, equilibrium
dialysis is the best approximation to the concentration of free
T in plasma despite considerable technical difficulties. How-
ever, there are probably factors in vivo, e.. a binding protein
for androgens on the vessel wall, that may make the absolute
estimate of free T in vivo inaccurate. Therefore, there is a
degree of arbitrariness about the best way to measure free T.

For the studies in this paper, we have sent samples to a
commercial laboratory that performs an RIA for total T after
extraction and a single chromatograph. This method is con-
gruent to methods that were validated in the 1970s and is
probably accurate. We compare serum free T levels as de-
termined by equilibrium dialysis (Esoterix Endocrinology,
Calabasas Hills, CA), the equations based on the law of mass
action, and a direct RIA (Diagnostic Systems Laboratories,
Inc., Webster, TX). More accessible methods, including the
direct RIA of free T and the calculation of a simple free
androgen index (FAL 100 X total T/total SHBG), may not be
valid in all populations (14-16). Indeed, that the direct RIA
may be seriously flawed has been pointed out on the basis
of internal inconsistencies arising from its use (17). Few data
are available regarding the use of any of these methods at the
lower limits of detection necessary to diagnose androgen
deficiency in women. Despite the fact that alternative, easier
to perform, lower cost assays, particularly the direct RIA
method, have not been validated in women, they are used
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regularly in clinical laboratories and in research. For exam-
ple, 48% of the 67 papers that reported free T concentrations,
published in the Journal of Clinical Endocrinology and Metab-
olism between January 1998 and November 2000, used the
direct RTA method (18).

We assessed serum free T three times in 1 month in women
using equilibrium dialysis, a direct RIA, and calculation us-
ing the law of mass action and the FAI. We compared these
methods in women with normal and reduced androgen and
variable estrogen levels. In addition, because all of these
methods, except for the direct RIA, depend upon the accu-
racy of the measurements of total T and SHBG, we measured
these variables by two different methods to determine the
magnitude of the effect on free T results.

Subjects and Methods
Subjects

One hundred and forty-seven women were studied three times dur-
ing 1 month. Clinical characteristics of the study subjects are shown in
Table 1. All normal premenopausal subjects had histories of regular
menstrual cycles since menarche. Confirmation of ovulatory function in
premenopausal controls, not receiving estrogen, was documented with
a serum progesterone of more than 16 nM in the luteal phase of the
menstrual cycle. In subjects receiving estrogen, estrogen preparations
included oral contraceptives in women of reproductive age and hor-
mone replacement therapy in the form of an estrogen and a progestin
in postmenopausal women. In women with hypopituitarism, the diag-
noses of hypogonadism and/or hypoadrenalism were made by the
subject’s endocrinologist or primary care physician. Subjects with cen-
tral hypogonadism had all been amenorrheic for at least 1 yr and had
serum FSH levels in the premenopausal range or lower. The diagnosis
of hypoadrenalism was based on an insulin tolerance test or cosyntropin
[ACTH-(1-24)] stimulation test, and signs and symptoms of hypoadren-
alism. No subject with hypoadrenalism was receiving supraphysiologi-
cal doses of glucocorticoids. All hypopituitary subjects had normal
serum free T, indexes, and all normal subjects had serum TSH levels
within the normal range. The study was approved by the subcommittee
on human studies of Massachusetts General Hospital, and all subjects
gave written consent.

Methods

Healthy subjects with regular menstrual cycles (n = 40) and all
subjects taking cyclical progestins were studied three times in the men-
strual cycle: 1) d 1-7, 2) d 14, and 3) d 21-23. These times were adjusted
for women with cycles of more than 28 d. Hypopituitary and post-
menopausal subjects who were not receiving estrogen were also studied
three times in 1 month to mimic sample timing in the other groups.

TABLE 1. Clinical characteristics of subjects

Mean age (yr) 45 + 12
Total no. of patients 147
Hormonal status

Regular menstrual cycles (estrogen +, T +) 40 (27)*

Postmenopausal women not receiving 18 (12)

estrogen (estrogen —, T +)

Receiving estrogen (estrogen +, T —) 63 (43)
Oral contraceptive 20 (14)
Low-dose estrogen replacement therapy 43 (29)

Hypopituitarism, not receiving estrogen 41 (28)

(estrogen —, T —)
Secondary hypogonadism 21 (14)
Secondary hypogonadism and secondary 15 (10)
adrenal insufficiency
Secondary adrenal insufficiency without 5(3)

hypogonadism

¢ No. of patients (percentage of patients).
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Subjects were admitted while fasting to the General Clinical Research
Center at Massachusetts General Hospital or had blood drawn at an
out-patient laboratory at 0800 h after an overnight fast. Height and
weight were determined, and all subjects completed a detailed medical
questionnaire, which included a menstrual history and medication use.

Hormonal assessment

Total T. Blood was drawn from fasted subjects at 0800 h. Serum T was
measured using two methods: RIA after extraction and column chro-
matography (Esoterix Endocrinology) and an Active Testosterone RIA
kit (Diagnostic Systems Laboratories, Inc.). In the column chromatog-
raphy method, a hexane/ethyl acetate extract of 0.5 ml serum is applied
to Al,O; microcolumns. The columns are then washed with hexane-
containing ethanol, after which T is eluted using hexane-containing
ethanol. Tritiated T was used for recovery. The dried samples were
assayed using an antibody raised against T-3-oxime-BSA conjugate. '*°I
was used as the label, and antibody-bound T was separated with am-
monium sulfate. Finally, the concentration of T in each sample was
calculated from a curve generated by purified T standards. All samples
were run in the same batch.

The Active Testosterone RIA kit is a solid phase RIA that places
whole, unextracted serum into Eolypropylene tubes coated with T-
specific antibodies to bind T and '**I-labeled T in a standard RIA format.
The characteristics of these assays are shown in Table 2.

SHBG. Esoterix Endocrinology measured SHBG by two different meth-
ods, an in-house immunoradiometric assay (IRMA) and an RIA accom-
plished with a kit from Diagnostic Systems Laboratories. The in-house
IRMA was calibrated against a binding capacity assay. The character-
istics of these assays are shown in Table 2. All samples for SHBG were
run in the same batch.

Free T. Free serum T by equilibrium dialysis (Esoterix Endocrinology)
measures percent free T by adding [*H]T to serum and dialyzing the
mixture for 11 h against a phosphate-saline buffer, which is placed on
the opposite side of the dialysis membrane, at 37 C using a dialysis cell
as described by Nelson and Tomei (19). The percent free T is calculated
at equilibrium as [*H]T in buffer/[*H]T in serum. [PH]T is routinely
checked for purity by paper chromatography every 2 wk. Serum free T
is then calculated by multiplying the percent free T (by equilibrium
dialysis) by total T (by RIA after column chromatography). All samples
were run in the same batch.

Free T was also measured using a direct RIA kit (Diagnostic Systems
Laboratories, Inc.). In this method, an ***I-labeled T analog, which does
not bind to SHBG, competes for a fixed time with free T in the patient
sample for sites on a T-specific antibody immobilized on the wall of
a polypropylene tube. The characteristics of this assay are shown in
Table 2.

Free T was calculated based on equations derived from the laws of
mass action as reported by Sodergard et al. (20) and Vermeulen et al. (14).
These equations require, as input, total T, SHBG, albumin, and the Ky
values (37 C) for the interactions of T with SHBG and albumin. We used
the following second degree equation for free T: T,(K; + K;K,Z) — T(1 —
KX + K,Z + K,Y) — X =0, where T is the free T concentration, X is the
total T concentration, Y is the SHBG concentration, Z is the albumin
concentration, K; is the association constant for T with SHBG (1 X 10°
L/mol), and K, is the association constant for the T with albumin (3.6 X
10* liter /mol). The albumin concentration was assumed to be 43 g/liter
(6.2 X 10~* mol/liter), according to Vermeulen et al. (14), who demon-

TABLE 2. Assay characteristics
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strated that small differences in albumin values do not significantly
affect free T concentrations. We confirmed that our result was equivalent
to that calculated by the equations of Vermeulen et al. (14) by comparing
it to that derived using a computer program in Basic language provided
by Jean M. Kaufman and Alex Vermeulen.

The FAI is the quotient of serum total T (measured by RIA after
column chromatography) divided by serum SHBG [measured either by
IRMA (Esoterix Endocrinology) or RIA (Diagnostic Systems Labora-
tory)] X 100, e.g. (100 T)/SHBG. The FAl is a unitless number when both
values are expressed in molar concentrations.

Lower limit of detection. The lower limit of detection of all assays per-
formed by Esoterix Endocrinology was determined as the lowest control
that, when assayed 10 times in three different assays, yielded inter- and
intraassay percent coefficients of variation (CVs) less than 20%. For
assays performed at the Massachusetts General Hospital General Clin-
ical Research Center core laboratory using commercially available kits,
the lower limit of detection reported here is that published by the
manufacturer of the kits.

Other hormones. Progesterone, TSH, and the free T, index were measured
by previously described methods (21). Samples from each individual
were measured in duplicate and run in the same assay. All other assays
were run by the same technician using kits that accommodated 40
samples.

Free T levels as measured by equilibrium dialysis and total T deter-
mined by column chromatography have been previously reported in a
manuscript that demonstrated androgen deficiency in women with hy-
popituitarism compared with healthy controls (1).

Statistical analysis

To determine the degree of agreement between different assays, the
differences between the methods were plotted against their averages
(22). The relationship between equilibrium dialysis and each alternative
method were examined by simple linear regression models. The inter-
cepts, slopes, and r values of dialysis were obtained from plots of each
alternative method (independent variable) and equilibrium dialysis (de-
pendant variable). To account for the interdependence of the values
(three serum samples from each subject), the regression models were
refit by the the generalized estimating equations approach (23). Slopes
derived in this analysis did not differ from those derived in the simple
linear regression, and the statistical significance remained the same.

Assay reproducibility was calculated as the within-subject CV over
three consecutive repeated measurements. For this analysis we used
only data from amenorrheic subjects and those taking daily acyclic
estrogen/progestin regimens (n = 72 X three samples each). The CV
calculation was carried out by one-way random subject effects ANOVA
of the logarithmically transformed measure where the resulting root
mean square error is equivalent to CV in the original scale (24).

To illustrate the differences in diagnostic sensitivity and specificity
between the methods, we constructed a receiver operator characteristic
(ROC) curve (sensitivity vs. 1 — specificity) at a serum free T concen-
tration of 3.47 pm. This cut-off, the fifth percentile for our group of
healthy women, was chosen as a clinically relevant serum level for the
diagnosis of androgen deficiency in women.

Sample volume % Intraassay

% Interassay Lower limit Normal female Normal female

Assay (D) ()% (3% of detection range (reported) range (our data)
Total T by RIA after column 500 2.9-6.1 9-15 0.10 0.35-1.91 0.15-0.98
chromatography (nm)
Total T by direct RIA (nm) 50 7.0 10.2 0.35 0.35-2.77 0.35-1.23
Free T by equilibrium 300 6.6 11.9 0.35 3.82-21.86 1.73-8.67
dialysis (pm)
Free T by direct RIA (pm) 50 6.2 9.7 0.87 1.56-11.00 1.01-3.50
SHBG by IRMA (nM) 50 3.5 8.1 10.0 36-185 60-126.5
SHBG by RIA (nm) 50 2.2 44 5.0 30-95 26.1-63.4
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Results
Median values

Median and 25-75% ranges of T, free T levels, and SHBG,
as determined by all assays used, are shown in Table 3. Data
are presented as the median and range, instead of the mean *
sD, because data were not normally distributed.

Agreement between methods

The agreement among the various methods used to de-
termine free T (i.e. interchangeability) is shown in Fig. 1. The
direct RIA method demonstrated high random and system-
atic variability, i.e. bias. Bias was demonstrated by systematic
deviation from a horizontal line at 0.0 (i.e. if the methods
agreed perfectly, the difference between free T as determined
by two methods would equal 0.0).

Correlational analysis

Simple linear regression analyses were performed to de-
fine further the relationship between free T determined by
dialysis and by every other method as well as to quantitate
bias (systematic variability) by calculating correction factors
(intercept and slope of the linear relationship between values
determined by the two methods (Table 4 and Fig. 2). There

TABLE 3. Results [median (25-75% range)]
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was a strong linear relationship between free T by dialysis
(percent free T by dialysis X total T by RIA after column
chromatography) and that calculated by mass action (using
T by RIA after column chromatography and SHBG by IRMA;
r=10.99; P <0.0001; Table 4 and Fig. 2A). The slope (1.20; P <
0.0001) indicates a systematic difference of approximately
20% in the absolute values of free T between the two meth-
ods. This difference could arise from systematic errors in
equilibrium dialysis or in the calculated value. If the diffi-
culty is in the calculation, then the most likely sources of the
difference would be in the measurement of SHBG, the K for
SHBG and T, or both. Five free T values obtained by equi-
librium dialysis were clear outliers, defined as greater than
the mean * 3 sp, but, when remeasured using the same
measurement techniques, were no longer outliers. Thus, the
gross experimental error was about 1%.

FAI (using T by RIA after column chromatography and
SHBG by IRMA) also correlated well with free T measured
by dialysis (r = 0.93; P < 0.0001). The slope was 7.38, and the
x-intercept was 1.07 (P < 0.0001; Table 4 and Fig. 2C). The
absolute value of the slope is unimportant because, unlike
the other plots in which the units, abscissa, and ordinate are
the same, the slope of this plot compares a concentration to
an index. Thus, the usefulness of the FAI should be judged

All subjects Estrogen +, T + Estrogen —, T + Estrogen +, T — Estrogen —, T —
Total T by RIA after column 0.5 (0.2-1.0) 0.9 (0.6-1.2) 0.8 (0.4-1.2) 0.4 (0.1-0.9) 0.1(0.1-0.3)
chromatography (nm)
Total T by direct RIA (nm) 0.8(0.4-1.2) 1.1(0.8-1.6) 1.0(0.4-1.4) 0.7 (0.3-1.0) 0.3 (0.3-0.9)

SHBG by IRMA (nm)

SHBG by RIA (nm)

Free T by equilibrium
dialysis (pm)

Free T by direct RIA (pm)

Free T by mass action
equation (pM)

FAI

110.0 (64.0-154.0)
53.4 (29.7-81.0)
4.5 (1.7-8.7)

2.3 (1.0-3.5)
3.8(1.6-7.1)

0.5 (0.2-0.9)

91.0 (60.0-126.5)
40.5 (26.1-63.4)
8.3 (3.1-13.5)

3.2(2.3-4.9)
6.8 (6.1-13.5)

0.9 (0.6-1.4)

93.5 (569.0-123.0)
40.0 (26.6-52.8)
9.9 (4.2-13.9)

3.4(2.1-4.8)
8.7(3.8-11.1)

1.2 (0.5-1.5)

152.0 (115.0-238.0)
77.9 (568.0-118.0)
2.4 (0.7-4.9)

1.7 (0.8-3.0)
2.0 (0.8-4.3)

0.2 (0.1-0.5)

49.5 (37.0-89.0)
18.2(16.8—-46.8)
2.1(1.0-4.5)

1.0 (0.8-1.9)
1.9 (1.1-3.8)

0.3 (0.1-0.7)

Estrogen +, T +, Healthy women with regular menstrual cycles; estrogen —, T +, healthy postmenopausal women not receiving estrogen

estrogen +, T —, women receiving estrogen; estrogen —, T —, women with hypopituitarism not receiving estrogen.

Mass Action Equation minus Dialysis

Direct RIA minus Dialysis

=11
=137
=15

)

Difference in Free Testosterone (pM) }»

¢ 2 4 6 8 10 12 14 16 1B 20 22 24 26 28 30
Mean Free Testosterone (pM)

Fia. 1. Agreement between free T by equilibrium dialysis and free T cal

Difference in Free Testosterone (pM) [0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Mean Free Testosterone (pM)

culated by the mass action equation (A) or by direct RIA (B). Perfect

agreement would be indicated by a horizontal line through x = 0.0 (difference in free T between two methods = 0.0). Horizontal lines indicate

the mean + 2 SD.
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TABLE 4. Linear regression models: correlation with free T by dialysis

Direct RIA

Mass action-SHBG

by TRMA FAI-SHBG by IRMA

All subjects (n = 441)
Correlation coefficient (r)
y=a+ Bx

Estrogen +, T + (n = 120)
Correlation coefficient (r)
y=a+ Bx

Estrogen —, T + (n = 54)
Correlation coefficient (r)
y=a+ Bx

Estrogen +, T — (n = 189)
Correlation coefficient (r)
y=a+t+ Bx

Estrogen —, T — (n = 60)
Correlation coefficient (r)
y=a+ Bx

0.81
y = —0.52 + 2.50x

0.70
y = 1.98 + 2.2%

0.74
y = 1.46 + 2.36x

0.81
y = —0.71 + 2.04x

0.92
y = —0.16 + 2.03x

0.99
y =0.02 + 1.20x

0.93
y = 1.07 + 7.38x

0.97
y = 0.09 + 1.20x

0.92
y = 2.86 + 6.37x

0.96
y =040 + 1.10x

0.87
y = 2.54 + 6.03x

0.98
y = —0.19 + 1.30x

0.97
y = —0.07 + 10.73x

0.99
y = —0.19 + 1.24«x

0.97
y = —0.14 + 8.10x

Estrogen +, T +, Healthy women with regular menstrual cycles; estrogen —, T +, healthy postmenopausal women not receiving estrogen;
estrogen +, T —, women receiving estrogen; estrogen —, T —, women with hypopituitarism not receiving estrogen.

by the magnitude of the correlation and the proximity of the
intercept to zero.

The comparison between free T by dialysis to that by direct
RIA was the weakest of all [r = 0.81 (P < 0.0001); slope = 2.50
(P = 0.06) and x-intercept = —0.52 (P < 0.0001); Table 4 and
Fig. 2B]. The slope indicates that, on the average, values for
free T determined by the direct RIA method were 40% of
those determined by equilibrium dialysis. The minimum
level of detection of free T by the direct RIA (0.87 pm; Table
2) was higher than that for dialysis (0.35 pm). This is an
important part of the range when measuring free T in
women, particularly women with androgen deficiency.
Therefore, the commonly used direct RIA method demon-
strated the highest bias and random variation, the highest
lower limit of detection, and the least accurate values of all
assays tested.

Similar results were obtained when subsets of data from
populations of women with variable free T ranges and es-
trogen levels were studied (Table 4). Of note, correlation
coefficients were highest in the subsets of women with an-
drogen and estrogen deficiency (r = 0.92-0.99) women with
androgen and estrogen deficiency (r = 0.92-0.99).

The correlation between total T by RIA after column chro-
matography and by direct RIA was modest (r = 0.77; P <
0.0001; slope = 0.67; intercept = 0.03; Fig. 3). The correlation
between SHBG by RIA and IRMA was strong (r = 0.96; P <
0.0001; Fig. 3). However, the slope of the regression line was
1.99, which reflected RIA values approximately half of IRMA
values. Compared with free T by dialysis values, the calcu-
lated values using total T by direct RIA and SHBG by RIA
(the alternative methods) correlated less well. The equations
and correlation coefficients describing the relationships were
as follows. Total T by RIA without chromatography and
SHBG IRMA: dialysis vs. calculation: r = 0.76, y = 0.96 +
0.65x; dialysis vs. FAL:r = 0.72, y = 2.42 + 3.33x. Total T after
chromatography and SHBG RIA: dialysis vs. calculation: r =
0.98, y = —0.12 + 0.70x; dialysis vs. FAL: r = 0.89, y = 1.84
+ 2.71x. Total T by RIA without chromatography and SHBG
by RIA: dialysis vs. calculation: r = 0.87, y = 0.43 + 0.41x;
dialysis vs. FAL'r = 0.72, y = 2.91 + 1.25x.

Therefore, although the correlation of free T by dialysis

(using total T by RIA after chromatography) and calculated
values (using the same total T methodology) was strong, the
slope of the regression line differed depending upon whether
IRMA or RIA was used to assay SHBG. Moreover, the cor-
relations between dialysis values and calculated values, mea-
suring total T by direct RIA, were poor. This reflected the
poor correlation between total T by direct RIA with that of
RIA after column chromatography.

95% prediction interval

The 95% prediction interval, i.e. precision of prediction
of dialysis values from values obtained by other methods,
was determined (Fig. 2). With equilibrium dialysis, more
than 5% of the values fell outside of the 95% prediction
interval. For the direct RIA, 6.6% of values were outside
of the 95% prediction interval. For calculated values, 7.3%
of values were outside of the 95% prediction interval, and
for the FAI, 6.1% of values were outside of the 95% pre-
diction interval.

Sensitivity and specificity

ROC curves (sensitivity vs. 1 — specificity) were con-
structed to determine the sensitivity and specificity of each
assay at a free T concentration of 3.47 pm (Fig. 4). The max-
imal area under the curve reflects maximal sensitivity and
specificity. Maximal sensitivity and specificity are indicated
by the greatest area under the curve or a vertical line at x =
0.0, followed by a horizontal line at y = 1.0. Figure 4, there-
fore, demonstrates that the RIA has lower sensitivity and
specificity than the calculated methods at a free T concen-
tration of 3.47 pM. A free T concentration of 3.47 pMm is the fifth
percentile of free T levels, as determined by equilibrium
dialysis, in 40 subjects with regular menstrual periods and
therefore was chosen as a clinically relevant level for the
diagnosis of androgen deficiency in women. Because values
were not normally distributed, the mean = 2 sp did not yield
a meaningful normal range (the lower limit as determined in
this manner was <0).

9PBO0|UMO

220z 1snBny 0z uo 189N A 6v.0782/52S/2/68/9101ME/Wa0l/Wwoo"dno-oILapeD.//:SdRy Wo.



530 J Clin Endocrinol Metab, February 2004, 89(2):525-533

FiG. 2. Correlation of various methods
for measuring free T. Simple linear re-
gression models with 95% prediction in-
tervals. A, Equilibrium dialysis vs.
mass action with SHBG by IRMA (y =
0.02 + 1.20x; r = 0.99; P < 0.0001). B,
Equilibrium dialysis vs. direct RIA (y =
—0.52 + 2.50x;r = 0.81; P < 0.0001)). C,
Equilibrium dialysis vs. FAI (y = 1.07 +
7.38x; r = 0.93; P < 0.0001).

Fic. 3. Comparison of different meth-
ods for measuring total T and SHBG. A,
Simple regression of serum total T mea-
sured by RIA after column chromatog-
raphy (Esoterix Endocrinology) vs. total
T by RIA (Diagnostic Systems Labora-
tories, Inc.) with 95% prediction inter-
vals (y = 0.67x + 0.03; r = 0.77; P <
0.0001). B, Simple regression of SHBG
by in-house IRMA (Esoterix Endocri-
nology) vs. RIA (Diagnostic Systems
Laboratories, Inc.) kits (y = 1.99x +
5.61; r = 0.96; P < 0.0001).
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A two by two analysis was performed to determine the
number of subjects misclassified by the calculation methods
and direct RIA compared with equilibrium dialysis. Four and
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a half percent of our subjects had free T levels below normal
(using a cut-off of <3.47 pMm) when calculated using the mass
action equation (compared with 5% by equilibrium dialysis),
whereas 30.2% and 54.8% would be considered to have an-
drogen deficiency using the direct RIA and FAI methods,
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Fic. 4. ROC curves at free T of 3.47 pM for equation based on the laws
of mass action (—-), FAI (- - -), and RIA analog (- - -). Maximal sen-
sitivity and specificity are indicated by the greatest AUC or a vertical
line at x = 0.0, followed by a horizontal line at y = 1.0. The two
calculated methods have similar sensitivities and specificities, higher
than that for RIA analog; 3.47 pM is the fifth percentile of free T in
normal women, as measured by equilibrium dialysis.
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respectively. The percentage of subjects with below normal
free T levels by equilibrium dialysis that would be classified
as having normal free T values using the other methods are
as follows: 0.9% with the mass action equation, 0.2% with the
direct RIA, and 0.0% with FAI. We again chose 3.47 pMm, the
fifth percentile of normal values as determined by equilib-
rium dialysis, to indicate a concentration below which an-
drogen deficiency is present. This demonstrates that a higher
percentage of patients would be classified as androgen de-
ficient using the direct RIA or the FAT if assay-specific normal
ranges are not developed or concurrent controls are not
studied.

Repeatability

Repeatability is the variability of measurements among
different sera from each individual subject measured in the
same assay. We measured the coefficient of variation, which
reflects both intraassay and intrapatient variabilities over
time. Data from 72 subjects, each of whom had three serum
samples during 1 month, were used. Only data from amen-
orrheic subjects and subjects receiving continuous estrogen/
progestin regimens were used, as serum free T levels were
unlikely to change over the course of 1 month in this subset.
The coefficient of variation for free T by dialysis was 23.7%,
for calculated free T using SHBG by IRMA it was 19.5%, for
FAI it was 20.5%, and for direct RIA it was 20.0%. These
values reflect variability among the three samples from each
patient as well as methodological variability. The coefficients
of variation for calculated free T and FAI are highly depen-
dent on the SHBG and total T coefficients of variation. The
coefficient of variation for equilibrium dialysis is highly de-
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pendent on the total T assay (free T = % free T by dialysis X
total T) and the purity of the [°’H]T. The purity of the label
isimportant, because if the [’H] T is impure, it will bind SHBG
in the sample with lower affinity and result in spuriously
high values for free T.

Discussion

We have demonstrated that the calculation of free T, using
equations derived from the law of mass action, is fairly
comparable to its measurement by equilibrium dialysis. The
FAlis a reasonable index of, but not equal to, free T. Because
it is an index, it does not indicate the actual physical con-
centration of free T. By contrast, the direct RIA method fared
poorly. It had the highest coefficient of variations and was
not sufficiently sensitive to measure reproducibly and accu-
rately the low plasma concentrations of T present in many
women with androgen deficiency. It is important to note that
the accuracy of both the equilibrium dialysis and the calcu-
lation methods depend strongly on the validity of the total
T assay, and the accuracy of the calculation also depends on
the SHBG assay. Although it was assumed in this study that
total T by RIA after column chromatography was the more
accurate of the two methods used to measure total T, neither
method was validated by another rigorous gravimetric
method such as mass spectrometry. Therefore, importantly,
none of the methods studied can be considered a gold stan-
dard. This is a critical issue because total T as measured by
the two different methods correlated poorly. Because there
is substantial data in older literature (using methods closely
related to the RIA after chromatography) that support the
accuracy of such measurements, we think that they are more
likely to be correct, or at least closer to the real values.
Likewise, two different SHBG assays tested resulted in
greatly different free T levels when used in the mass action
equation. Because calculated values of free T are comparable
to those obtained from equilibrium dialysis, they should
prove useful for clinical research and the clinical care of
women with androgen deficiency. The direct RIA has little
to recommend it, as it is inaccurate and less sensitive than the
other methods.

Even the best available methods have limitations, as they
do not directly measure free T in serum. The high variability
of all of the free T assays reflects their limitations. At this
time, one group has reported successfully measuring free T
directly in the dialysate after equilibrium (25). However, the
extremely low quantities of free T that must be detected make
this difficult. Assays that directly measure free T in the di-
alysate are not commercially available and are not accessible
to most clinicians or researchers. Although the use of equi-
librium dialysis has no insuperable obstacles, it requires a
high degree of technical expertise, exquisite attention to tem-
perature control (if the temperature of the sample increases,
the proportion of unbound T will increase), and particular
care in the maintenance of dialysis cells. In addition, puri-
fication of the label must be ensured by HPLC or column
chromatography because an unpure label results in reduced
binding of SHBG, leading to a spuriously high free T result.
Moreover, the dilution factor, due to the addition of a small
volume of tritiated T to the sample (7% of the total serum
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volume in this case), is not taken into account routinely in
equilibrium dialysis and may be a further source of error.
Finally, it should be noted that five of 441 of our samples
assayed were outliers, the values of which corrected upon
repeat assay. Thus, we presume experimental error was in-
volved in the initial measurement.

Free T calculated from the law of mass action should be
accurate when based on valid total T and SHBG assays.
However, it should be noted that SHBG binding abnormal-
ities and/or substantial amounts of steroids that compete for
binding sites on SHBG could lead to an overestimation of free
T. The former has yet to be described, but the latter exists in
pregnancy, where presumably high concentrations of ste-
roids that compete for binding sites on SHBG result in a
calculated value substantially different from those obtained
by equilibrium dialysis. In a group of women in the third
trimester of pregnancy (n = 16), the calculated mean free T
was significantly lower than that obtained with dialysis (14).
The same study reported no such disagreement in a small
number of men, patients with hyperthyroidism (a high
SHBG state), postmenopausal women, and women with hy-
perandrogenism (14).

The direct RIA is widely available and frequently used in
clinical research (18), but its validity has been previously
questioned in small studies (14, 15). The validity of the use
of the direct RIA method in clinical research has been called
into question because it leads to internally inconsistent con-
clusions (17). In addition, as is the case for calculations, the
direct RIA has not been validated in populations with bind-
ing globulin abnormalities, as it has not been shown to be free
of protein effects.

The validity of the FAI as an accurate reflection of free T
has been challenged. The ratio of FAI to free T by dialysis was
shown to vary from 0.12-0.26 in one small study of healthy
men and therefore to be an unreliable reflection of the serum
free T level (14). Another study demonstrated a low corre-
lation coefficient of 0.435 for FAI vs. free T by centrifugal
ultrafiltration in another small group of men, buta somewhat
better correlation in a small group of women (r = 0.858) (16).
In our study there was a good correlation between FAI and
free T determined by dialysis or calculation. The FAI can be
altered by alterations in either T or SHBG. Unlike free T
(whether by calculation or dialysis), using this quotient alone
can be misleading. Therefore, the utility of the absolute val-
ues is limited.

Androgen deficiency may be a syndrome with important
clinical consequences for women, including effects on bone,
libido, and quality of life (2, 3, 26-29). Serum total T levels
are not sufficient to diagnosis androgen deficiency in
women, because dramatic increases in SHBG are common,
most frequently due to increases in estrogen from endoge-
nous or exogenous sources (30). This results in relatively
lower free T than total T serum levels in these patient pop-
ulations, as demonstrated by our data. Normative data that
address the use of total and/or free T to define this syndrome
are not available, but if the example of hirsutism is appli-
cable, free T will be the diagnostic tool of choice. Therefore,
accurate measurement of serum free T levels is necessary to
diagnose androgen deficiency in women. Our data demon-
strate that a calculated value for free T, using the mass action
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equation, is an acceptable substitute for measurement by
equilibrium dialysis in normal women, women with andro-
gen deficiency, and women with variable estrogen levels. It
is important to note that the accuracy of both the equilibrium
dialysis and the calculation depend strongly on the validity
of the total T measurement on which they are based. In
addition, the validity of the calculated method depends on
the validity of the SHBG assay and standard SHBG binding
conditions, which may not be present in all populations of
women. The direct RIA for free T did not perform as well as
the calculation and is not sufficiently accurate to be used in
clinical research. FAI is unitless and correlates well with both
the calculated free T and equilibrium dialysis, but does not
furnish a physically meaningful result. Normal ranges spe-
cific to all assays and methods must be developed, given their
dependence on inconstant T and SHBG assays.
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