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Abstract

We conducted studies to determine the magnitude and
sources of variability in androgen assay results and to
identify laboratories capable of performing such assays
for large epidemiological studies. We studied
androstanediol (ADIOL), androstanediol glucuronide
(ADIOL G), androstenedione (ADION), androsterone
glucuronide (ANDRO G), androsterone sulfate (ANDRO
S), dehydroepiandrosterone (DHEA),
dehydroepiandrosterone sulfate (DHEA S),
dihydrotestosterone (DHT), and testosterone (TESTO). A
single sample of plasma was obtained from five
postmenopausal women, five premenopausal women in
the midfollicular phase of the menstrual cycle, and five
women in the midluteal phase, divided into aliquots, and
stored at —70°. Four sets of two coded aliquots from each
woman were then sent to participating labs for analysis
at monthly intervals over 4 months.

Using the logarithm of assay measurements, we
estimated the components of variance and three measures
of reproducibility. The usual coefficient of variation is a
function of the components that are under the control of
the laboratory. The intraclass correlation between
measurements for a given individual is the proportion of
the total variability that is associated with individuals.
The minimum detectable relative difference is important
to evaluate study feasibility. Results suggest that a single
sample of ADIOL G, DHEA, DHEA S, and ANDRO G
(with two lab replicates per sample) can be used to
discriminate reliably among women in a given menstrual
phase or menopausal status. The results for DHT,
TESTO, ADION, and ANDRO S are more problematic
and suggest that the present measurement techniques
should be used with care, especially with midluteal phase
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women. The results for ADIOL suggest that this assay is
not yet ready for use in epidemiological studies.

Introduction
Endogenous steroid hormones are believed to play a major role
in breast cancer etiology, although a consensus does not yet
exist about the precise endocrine patterns that maximize risk
(1-3). Estrogens, especially estradiol, stimulate division of
breast epithelial cells and have long been linked to the promo-
tion and growth of breast cancer (4). More recently, androgens
have also been postulated to be important in breast carcinogen-
esis, possibly as a source of estrogens, or by other mechanisms
(3, 5-7). Epidemiological studies to explore the effects of
endogenous androgens require reliable and accurate assays.
To help identify appropriate techniques and laboratories
for measuring endogenous hormone in blood and urine samples
collected in large epidemiological studies, the reproducibility of
several capable laboratories was determined and compared. In
earlier reports, Gail et al. (8) estimated the sources of variability
and reproducibility of assays of estradiol, estrone, estrone sul-
fate, and progesterone in plasma from pre- and postmenopausal
women; and Ziegler et al. (9) determined the reproducibility
and validity of new measurement techniques for 2-hy-
droxyestrone and 16a-hydroxyestrone in urine. The present
report presents similar results for nine androgens measured in
plasma samples from women: ADIOL,> ADIOL G, ADION,
ANDRO G, ANDRO S, DHEA, DHEA S, DHT, and TESTO.
These include the ovarian and adrenal androgens previously
analyzed in epidemiological studies of breast cancer, as well as
other androgen. metabolites of potential importance in breast
cancer etiology. We have estimated assay variability over the
time required to assay samples from a large epidemiological

_study by using four measurements spaced over 3 months. Be-

cause androgen relationships have been reported to differ for
premenopausal and postmenopausal breast cancer, we present
variability and reproducibility separately for follicular phase
premenopausal women, luteal phase premenopausal women,
and postmenopausal women.

Materials and Methods

Experimental Design. Plasma was collected from 15 women
who were volunteers from the National Cancer Institute. Five
were in the midfollicular phase of the menstrual cycle (4-6
days after the start of menses; mean age, 40 years), five were in
the midluteal phase (4-6 days before menses; mean age, 36

2The abbreviations used are: ADIOL, androstanediol; ADIOL G, ADIOL giu-
curonide; ADION, androstenedione; ANDRO G, androsterone glucuronide;
ANDRO S, androsterone sulfate; DHEA, dehydroepiandrosterone; DHEA S,
DHEA sulfate; DHT, dihydrotestosterone; TESTO, testosterone; CV, coefficient
of variation; ICC, intraclass correlation; MDRD, minimum detectable relative

difference.

403



404 _ Reproducibility of Assays for Female Hormone Levels

years), and five were postmenopausal (natural menopause;
mean age, 56 years). None were taking exogenous hormones.
Immediately after separation, plasma was stored at 4°C. Within
4 h of draw, the plasma was mixed, aliquoted, and stored at
—70°. Further details on the material acquisition and handling
are provided by Gail er al. (8).

Each participating lab received four batches of samples,
with one batch to be assayed at the beginning of each of 4
consecutive months. Each batch contained two aliquots from
each of the 15 subjects. The identifying numbers for the 30
samples within each batch were randomly assigned, separately
for each batch. Lab personnel were told only whether a sample
was from a premenopausal or postmenopausal woman. Each
aliquot was assayed in duplicate. Thus, this study provides
information on assay variability among women, among days on
which assays were performed, among aliquots, and among lab
replicates, but it does not provide information on temporal
variations in hormone levels within women.

Laboratory Methods. Four laboratories, two academic and
two commercial, recognized for their skill and experience in
measuring endogenous hormones, were invited and willing to
participate in this study. Each lab was asked to use their
standard assay procedures and to perform only those assays
with which they had experience.

Laboratory 1. Lab 1 assayed ADIOL G, ADION, DHEA,
DHEA S, TESTO, and DHT in plasma. The assay for ADIOL
G included organic extraction of the plasma to remove uncon-
jugated 3 ADIOL and other unconjugated steroids, followed
by incubation of the aqueous phase with 8-glucuronidase. After
enzyme hydrolysis and celite chromatography, the product of
hydrolysis, ADIOL, was measured by RIA (10, 11). ADION
was measured by extracting plasma with ethyl acetate (20%) in

hexane, celite column chromatography, and RIA (12-14).

DHEA was also determined by extraction with hexane:ethyl
acetate (80:20), celite column chromatography, and RIA (15—
17). DHEA S was measured by RIA after diluting the speci-
mens 1:2500 with assay buffer (15, 18, 19). TESTO was meas-
ured by RIA, preceded by extraction of plasma with ethyl
acetate (20%) in hexane and celite column chromatography
(20-22). DHT was also measured by RIA involving ethyl
acetate:hexane extraction and celite column chromatography
(13, 23). Lab 1 reported the sensitivity of the assays to be 3
ng/dl for ADION, 25 ng/dl for ADIOL G, 15 ng/dl for DHEA,
5 ug/dl for DHEA S, 2 ng/dl for TESTO, and 5 ng/dl for DHT.
Laboratory 2. Lab 2 measured ADIOL G, ADION, DHEA,
DHEA S, TESTO, and DHT in plasma. ADIOL G was assayed
using a method developed at lab 2. Plasma was extracted with
a polar solvent. The dried extract was subjected to complete
enzymatic hydrolysis, followed by extraction of free ADIOL
with hexane:ethyl acetate and purification by high performance
liquid chromatography. ADIOL in the purified eluate was quan-
titated by RIA. ADION was measured by extracting plasma
with hexane:ethyl acetate, followed by RIA developed at lab 2,
DHEA was also determined by extraction with hexane:ethyl
acetate and RIA developed in lab 2. The assay for DHEA S was
similar to that for DHEA, except that the initial step was the
removal of sulfate by overnight hydrolysis with sulfatase.
TESTO was measured by RIA after extraction and column
chromatography according to the method of Furuyama et al.
(24). DHT was measured by an RIA developed at lab 2. Plasma
samples were first extracted with hexane:ethyl acetate, fol-
lowed by treatment with a strong oxidizer to destroy all unsat-
urated steroids, and purification on alumina columns. Lab 2
reported the sensitivity of the assays to be 14 ng/dl for ADION,

10 ng/dl for ADIOL G, 20 ng/dl for DHEA, S ug/dl for DHEA

S, 3 ng/dl for TESTO, and 2 ng/d]l for DHT.

Laboratory 3. Lab 3 assayed DHEA, DHEAS, ADION,

TESTO, DHT, ADIOL, ADIOL G, ANDRO §, and ANDRO G.

DHEA S was quantified by direct RIA after a 1000-fold dilu-

tion of the plasma sample with assay buffer (25). DHEA,

ADION, TESTO, DHT, and ADIOL were measured by RIA

after extraction of plasma with diethyl ether and subsequent
purification by celite column chromatography (26-29). ADIOL

G was quantified directly in plasma using a validated commer-

cial kit (Diagnostic Systems Laboratories, Webster, Texas; Ref.
30). ANDRO S and ANDRO G were measured after unconju-

gated steroids were removed by extraction with diethyl ether,

and the remaining conjugated steroids were hydrolyzed using

hydrochloric acid and B-glucuronidase to cleave the sulfate and

glucuronide moieties, respectively (31). In both assays, the

product of hydrolysis, androsterone, was quantified by RIA

after extraction with ethyl acetate and purification by celite

column chromatography. Lab 3 reported the sensitivity of the

assays to be as follows: 2 ug/dl for DHEA S, 20 ng/dl for

DHEA, 10 ng/dl for ADION, 4 ng/dl for TESTO, 2 ng/dl

for DHT, 2 ng/dl for ADIOL, 5 ng/dl for ADIOL G, 3 ng/dl for

ANDRO G, and 6 ng/dl for ANDRO S.

Laboratory 4. Lab 4 performed measurements of ADION,

DHEA, DHEA S, and TESTO in plasma. ADION was meas-

ured by carbon tetrachloride extraction of plasma followed by

an RIA kit (ICN Biochemicals, Diagnostics Division). DHEA

was measured by dichloromethane extraction and an RIA kit
from Coat-A-Count. DHEA S was assayed directly in plasma
using a double antibody RIA kit from ICN Biochemicals,
Diagnostics Division. TESTO was also measured directly in
plasma using an ICN RIA kit. The sensitivity of the assays, as

reported in the kit documentation, was 0.1 ng/ml for ADION,
0.04 ng/ml for DHEA, 0.5 ng/ml for DHEA S, and 0.1 ng/ml for
TESTO. ’

Statistical Methods. Measurements were analyzed on the nat-
ural logarithmic scale. This transformation reduces the depen-
dence of the SD of the response on the mean so that variance
can be assumed to be unrelated to subject. For each of the three
groups of women (midfollicular, midluteal, and postmenopaus-
al), a nested component of variance analysis was performed.
Components were estimated for subjects (02,), month (0?,),
aliquots on the same day (o*,), and replicates from the same
aliquot (0®). Letting Zysy denote the hormone measurement for
woman i (i = 1,2,3,4,5) on analysis day j(i) (j = 1,2,3,4), using
aliquot k(i) (k = 1,2) and replicate I(ijk) (I = 1,2), the statistical
model is written (1):

log(zg) = p + a;+ byy + ey + €y )

where log, denotes the natural logarithm (base ¢). In the model,
p is the average level of the hormone, and a,, by, cxyy, and
€yxy are normal independent variates with means zero and
variances 0%,, 07, 0>, and 0%, respectively. Restricted maxi-
mum likelihood estimates of the variance components were
obtained using the SAS procedure PROC VARCOMP (32).
The procedure also provides estimates of the SE of the esti-
mated variance components. Restricted maximum likelihood
estimates cannot be less than zero, and they agree with the usual
ANOVA estimates when all estimates are greater than zero.
Knowledge of the variance components allows a careful
quantitative consideration of assay reproducibility. We use

- three measures of reproducibility derived from these compo-

nents: the CV, the ICC coefficient, and the MDRD. The three
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measures are quite different, but each measure is useful de-
pending on the application.

The common measure of reproducibility used by the labs
is the CV, namely the population SD of a measurement divided
by its mean. The components associated with day, aliquot, and
replicate are the components that are under the control of the
lab. An application of the 8 method (33) shows that the sum of
these components is a good estimate of the square of the CV
(8). Because the labs all used two replicates, the CV expressed
as a percentage is estimated by 100(c?,+ 0.+ 0/2)'?, where
hats denote estimates of corresponding parameters. This CV
incorporates the variation associated with day and may be much
larger than a CV based only on variability due to aliquots and
replicates on a single day. The validity of this approximation
depends heavily on the model and particularly on the assump-
tion that after logarithmic transformation the variance is unre-
lated to subject.

The assay would not be useful if the differences in true
values between subjects were not large compared to total assay
variability. For this to be the case, the variability associated
with subjects should be large compared to the variability under
the control of a lab. It is appropriate then to compare ¢?,, the
component associated with subjects, with the sum of all com-
ponents. The ratio is close to unity when the biological com-
ponent is large relative to the components associated with the
lab. In fact, the ICC between measurements on different days
from a given individual is exactly this ratio. If two replicates are
used for each sample, the estimated ICC between two meas-
urements on different days is ICC = ¢*/(0?, + ¢*,+ ¢+ o
2/2). We express the ICC in percent by multiplying by 100. If
02, is small, the ICC may not be near one, even when the CV
is small. The ICC is of importance to the epidemiologist be-
cause it indicates the effect of measurement error on study
results. Specifically, regression analyses relating the log rela-
tive risk of disease to the log hormone assay level will be
attenuated by the ICC. If the ICC is 0.90, there will be a
downward bias that is slight, only 10%, but an ICC of <0.80
results in bias that may be important.

Assay variability can decrease. the power of a study to
detect a difference in hormone levels between cases and con-
trols. Knowing the variance components allows one to deter-
mine the minimum difference that is reliably detected with a
given number of cases and controls. Specifically, for a two-
sided a = 0.05 level test, the minimum difference in average
log assay values (8 = u, — ) detectable with power 0.90 is
the solution to

& = (?, + 2, + > + ?2)(ln, + 1/ny)(1.96 + 1.282)>

where 1.96 is the 97.5th percentile of the standard normal
distribution, 1.282 is the 90th percentile, and n, and n, are the
case and control sample sizes. From §, one can calculate the
minimum percentage difference detectable with power 0.90 as
100{exp(w,) — exp(u,) Jexp(p,) = 100{exp(3) — 1}. We call
this quantity the MDRD. Usually an investigator has a sense of
what differences exist and what sample sizes can be used so the
MDRD is useful. If 0°, is small, the value of & and therefore the
MDRD may be small even when the CV is large.

For each hormone and laboratory, we examined graphs of
grand means, daily means, and aliquot means and examined
these quantities for stability over time. We also examined
differences in variability and agreement of results among the
lab assays. These graphs are presented for ADIOL G and for
DHT. Graphs for other androgens are available upon request.
Spearman rank correlations are used to measure concordance of

grand means among lab assays. The estimated components of
variance and SEs of the estimates are tabulated in the “Appen-
dix.” The components of variance are used to obtain estimates
of the CVs, ICCs, and MDRDs, which are compared among the
labs. To calculate ICCs and CVs in Tables 1 and 2, we assume
that the measurement used is the mean of the two logarithmic-
transformed replicates. To calculate MDRD, we assume, in
addition, that n, = 300 cases and n, = 600 controls are used;
these numbers approximate the sample sizes available in an
ongoing study of Asian-American women that motivated these
assay reliability studies.

Results
ADIOL G. Fig. 1, a, b, and ¢ displays the results for Log,-
(ADIOL G), respectively, among the five midfollicular phase
women, five midluteal phase women, and five postmenopausal
women. Each woman is represented by a different symbol. The
leftmost symbols represent the grand means of the 16 meas-
urements for each of the five women. The next symbols rep-
resent the daily means of the four measurements for each
woman on analysis day 1, and connected to each of these
symbols are symbols that represent the aliquot means of the two
replicate readings from each of the aliquots on that day. Results
for the four measurements for each woman on analysis days 2,
3, and 4 are then presented in a similar manner.

No consistent time trends were evident, although there was
a decreasing trend in measurements from lab 2 for some mid-
follicular phase women (Fig. 1a). There was overlap of the
women’s aliquot means from labs 1 and 2 in Fig. 1, a, b, and
c; thus the ranks of the subjects’ aliquot means were not
completely consistent over time. Results from lab 3 were more
consistent in that aliquot means were well separated for women
in all phases, except for minimal overlap of two for midfol-
licular and midluteal phase women.

The geometric means of all ADIOL G measurements were

. 151 ng/dl at lab 3, 74.4 at lab 1, and 64.1 ng/dl at lab 2. These
differences are not surprising because the labs do not correct for

molecular weight differences, hydrolysis, and procedural losses
in the same way. The correlations of the ranks of the subjects’
mean responses were 0.94 between labs 1 and 2, but only 0.88
between labs 1 and 3 and 0.80 between labs 2 and 3.

For midfollicular and midluteal women, the CVs ranged

from 13 to 17% at labs 1 and 3 but were somewhat higher,
about 30%, at lab 2 (Table 1). The CV was 16% for measure-
ments from postmenopausal women at lab 1 and much higher
at labs 2 and 3 (25-35%). The ICCs were all >80% and >90%
for labs 1 and 3. The estimated MDRDs were 14—18% using
measurements from lab 1 and somewhat larger for labs 2 and 3
(Table 1). Estimates of individual variance components and
their SEs are provided in Table Al of the “Appendix.”

DHEA. No definite time trends were evident (figure not
shown). There was some overlap of aliquot means for subjects
in all groups. The ranks of the subjects’ mean responses were
highly correlated for all lab pairs. Correlations ranged from
0.98 to 0.99. The geometric means of all measurements of
DHEA were 158.9, 199.5, 187.9, and 101.4 ng/dl at labs 1, 2,
3, and 4, indicating somewhat lower levels for lab 4.

The CVs were the smallest from lab 1, ranging from 8 to
9%, and somewhat larger from the other labs, ranging from 13
to 28% (Table 1). The CV was small for midluteal phase
measurements from each lab. The ICCs were largest for meas-
urements at lab 1, 97-99%, and somewhat smaller for other labs
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(87-94%). The MDRDs were smallest for midluteal phase
measurements, 9-13%, and larger for other phases, 14-21%.
DHEA S. No time trends were evident in measurements from
any lab in any phase (figure not shown). There was some
overlap in assay measurements from each lab for women in
each phase. The ranks of the subjects’ mean responses were
highly correlated (0.98-1.00) across labs. The mean levels of
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Fig. 1. A, ADIOL G measurements in midfollicular
phase women. B, ADIOL G in midluteal phase women.
C, ADIOL G postmenopausal women.
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DHEA S, 85.3, 61.1, 95.1, and 76.6 ug/dl at labs 1, 2, 3 and 4,
were statistically significantly different for all pairs of labs.
The CVs were lowest from lab 4 (7-10%), slightly higher
from lab 1 (10-12%), and still higher at the other labs (11~
19%; Table 1). The ICCs were >96% at labs 1 and 4 and

-slightly lower but still very high at labs 2 and 3 (92-95%). The

MDRD ranged from 12 to 19%.
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DHT. There were no consistent time trends (Fig. 2, a-¢). There
was some overlap of aliquot means of midfollicular women, but
there was substantial overlap of aliquot means of midluteal and
postmenopausal women. In particular, there were large differ-
ences between aliquot means of midluteal women at labs 2 and
3. For all laboratories, the ranks of the subjects’ mean responses

were highly correlated (0.97-0.99). The geometric mean levels
of DHT were similar for labs 1 and 3 (8.53 and 8.22 ng/dl) and
somewhat lower for lab 2 (6.56 ng/ml).

The CVs were smallest for midfollicular and midluteal
measurements, 11-17%, and slightly larger for postmenopausal
measurements, 18—21% (Table 1). The ICC was 93-99% for

Table I Estimated CVs, ICC cocfficients, and MDRDs (assuming 300 cases and 600 controls) for androgens assayed at multiple laboratories®

Lab 1 Lab 2 Lab 3 Lab4
cv Icc MDRD cv icc MDRD cv ICC MDRD cv 1cc MDRD

ADOL G

Midfollicular 15.0 95.8 182 320 90.3 269 16.6 97.2 25.8

Midluteal 17.1 914 14.4 28.7 85.8 19.2 13.1 95.4 14.9

Postmenopausal 16.1 92.7 14.8 347 79.1 194 253 94.9 29.6
DHEA

Midfollicular 9.3 98.0 16.3 163 91.8 139 15.5 93.8 15.4 21.3 924 19.4

Midluteal 8.6 96.6 11.3 132 86.7 8.7 13.8 90.0 10.5 183 88.3 13.0

Postmenopausal 8.0 98.9 19.2 22.6 89.5 17.3 19.6 93.3 18.9 28.1 88.2 20.7
DHEA § .

Midfollicuiar 10.9 98.0 19.1 19.1 93.8 19.2 17.1 92.8 15.8 10.1 98.1 182

Midluteal 115 975 17.9 17.8 92.4 16.0 15.9 9.9 14.6 6.9 99.0 16.7

Postmenopausal 10.3 96.7 14.0 18.1 91.9 15.7 11.3 95.1 12.2 6.8 98.6 14.1
DHT

Midfollicular 12.3 93.4 11.5 7.6 98.7 16.2 15.4 93.8 15.3

Midluteal 114 229 3.0 13.7 0.0 32 16.5 0.0 3.9

Postmenopausal 211 81.9 12.0 18.2 80.5 9.9 20.0 82.0 114
TESTO

Midfollicular 133 83.9 19 232 83.9 14.2 13.5 879 93 17.8 84.8 110

Midluteal 134 69.0 57 28 549 8.1 129 749 6.1 26.2 65.7 10.8

Postmenopausal 11.6 91.2 9.3 21.1 87.5 14.7 9.0 95.6 10.2 20.7 87.7 14.5
ADION

Midfollicular 12.8 91.2 10.4 247 n7 11.2 18.0 85.0 114 8.8 95.9 104

Midluteal 10.1 20.7 2.7 16.6 21.1 44 15.8 0.0 3.7 8.3 719 37

Postmenopausal 11.9 91.8 9.5 40.6 57.5 153 19.2 82.1 11.0 10.4 95.1 113

duce a single m: ment.

@ All estimates assume that two replicates are averaged to p
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midfollicular measurements; slightly lower for postmenopausal
measurements, 81-82%; and very low for midluteal measure-
ments, 0-23%. The ICC was zero when the observed variability
between subjects was very small compared to the variability
associated with the lab, i.e., when the variability between sub-
jects could be completely explained by the within lab variabil-
ity. The MDRDs were 10-16% for midfollicular and post-

3.0

25

2.0

1.5

1.0

t 1t 2 3 4
Grand Day
Mean Fig.2. A, DHT measurements in midfollicular
phase women. B, DHT measurements in midluteal
phase women. C, DHT m in pc >
Lab 3 pausal women.

menopausal measurements, but only 3-4% for midluteal
measurements. These very small MDRDs occurred because the
total variability was quite small.

TESTO. There were no clear time trends in the measurements
for TESTO (figure not shown). The aliquot means from lab 3
were clearly separated for postmenopausal women; there was
some overlap in the aliquot means from other labs. There was
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extensive overlap of aliquot means from all labs for midfol-
licular and midluteal women. The ranks of the subjects’ mean
responses were highly correlated (0.90-1.00) for labs 1, 2, and
3. Correlations with lab 4 were smaller, —0.10 to 0.20 for
midluteal and postmenopausal women and 0.80-0.90 for mid-
follicular women. Geometric mean levels of TESTO, 18.5,
16.0, 19.1, and 18.8 ng/dl, were significantly different at labs 1,
2, and 3.

The CVs differed by lab (Table 1). CVs for measurements

from labs 1 and 3 were 9-14%, whereas those from labs 2 and
4 were 21-26%. ICCs ranged from 0.84 to 0.88 for midfollicu-
lar women, 0.55-0.75 for midluteal women, and 0.88-0.96 for
postmenopausal women. The ICCs reflected the large variabil-
ity of measurements between postmenopausal women and
small variability of the measurements between midluteal
women. The MDRDs were smaller for the midluteal measure-
ments, 6—11%, and somewhat larger for midfollicular or post-
menopausal measurements, 8—-15%.
ADION. No time trends were evident in the data for lab 1
(figure not shown). Although there was some overlap of aliquot
means of the midfollicular and postmenopausal women, meas-
urements at the high levels were clearly separated from those at
lower levels. The grand means of the midluteal women had a
narrow range, and there was greater overlap with poor separa-
tion. There was an increasing trend with time in means for all
menstrual phases in the data from lab 2. There was also overlap
and poor separation for all phases. The daily means from lab 3
showed substantial variability because measurements on day 3
were consistently lower than comparable measurements on
other days. Measurements from lab 4 showed no time trends.
There was no overlap of aliquot means and clear separation for
midfollicular phase women. However, there was substantial
overlap for midluteal women and some overlap for postmeno-
pausal women with only the highest and lowest measurements
clearly separated.

The ranks of the subjects’ mean responses for midluteal

and postmenopausal women were highly correlated (0.90-
1.00), but not the ranks for midfollicular women (0.30-0.90).
The geometric means of ADION were 60.0, 62.9, 55.7, and
65.6 ng/dl and were significantly lower from labs 1 and 3 than
from labs 2 and 4. Labs 2 and 3 had lower ICCs and higher CVs
than labs 1 and 4 (Table 1). Estimated MDRDs were slightly
larger at lab 2 than at other labs. At all labs, ICCs and MDRDs
were much smaller for women in the midluteal menstrual phase
than for women in the midfollicular and postmenopausal
phases.

ANDRO G. One lab provided measurements for ANDRO G
levels. There were no definite time trends (figure not shown).
Although there was some overlap of aliquot means for midfol-
licular phase women, the separation was clear. There was some
overlap among the aliquot means for midluteal women, and
only those with highest and lowest measurements were clearly
separated. For postmenopausal women, there was considerable
overlap, and only the woman with the lowest measurements
were separated.

The estimated CVs were around 20% for midfollicular and

midluteal women and somewhat higher, 33%, for postmeno-
pausal women (Table 2). The ICCs were high, >85% (Table 2).
The MDRD was about 14% for midluteal samples, but >20%
for postmenopausal and midfollicular samples. Estimates of
individual variance components and their SEs are provided in
Table A2 of the “Appendix.”
ANDRO 8. There was. considerable overlap in aliquot means
for all groups (figure not shown). The estimated CVs (Table 2)
were 25-30%. The ICCs were 88-92% for midluteal and post-
menopausal measurements, but they were much lower, 64%,
for midfollicular measurements. The MDRDs for midluteal and
postmenopausal women were 22%, but only 10% for midfol-
licular women. The component of variance for subjects, @,2,
was relatively small for these midfollicular women, resulting in
small total variation and therefore a smail MDRD.
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Table 2 Estimated CVs, ICC cocfficients, and MDRDs (assuming 300 cases and 600 controls) for androgens assayed only at lab 3¢

ANDRO G ANDRO § ADIOL
cv IcC MDRD cv ICC MDRD cv IcC MDRD
Midfollicular 209 95.9 26.7 24.8 63.6 9.9 45.9 12.1 11.9
Midluteal 179 89.9 13.7 29.3 884 21.8 42.7 20 104
Postmenopausal 333 86.4 23.0 24.7 7 21.8 79.2 113 213

“ All estimates assume that two replicates are averaged to produce a single measurement.

ADIOL. Only one lab carried out assays for ADIOL. No
definite time trends were evident for any phase (figure not
shown). There was great overlap of aliquot means for all
groups. The range of aliquot means for a particular woman on
1 day can be large. The ICCs were only 12.1, 2.0, and 11.3 for
midfolicular, midluteal, and postmenopausal women, respec-
tively (Table 2). The CVs for the ADIOL assay were large,
43-79% (Table 2). Nevertheless, because the total variability in
the data were small, the MDRDs were 10-21% (Table 2).

Discussion

Epidemiological field studies that are planned to evaluate as-
sociations between serum hormone levels and risk of cancer
may require that many samples be analyzed over a period of
months or years. The degree of variability in hormone assay
results should be small enough so that the assay is likely to
detect differences between cases and controls. In this study, we
have obtained data on components of varjability in androgen
assay results. Such data allow one to assess the reproducibility
of these assays and the measurements for epidemiological stud-
ies.

ADIOL G, DHEA, DHEA S, DHT, TESTO, and ADION
were assayed in several laboratories. There was variation in the
mean assay levels among the participating labs, but the corre-
lations of rankings of subjects’ mean results among the labs
were high. The CVs were fairly high and did not vary widely
by menstrual or menopausal states. The CVs for measurements
from lab 1 were usually <15% but ranged to 20%, whereas
those from lab 2 were usually <20% but ranged as high as 40%.

The ICC was 100 times the ratio of the biological varia-
bility among women to the total variability, including sources
of variation associated with lab procedures. Values of ICC near
100 indicated that lab variability was small compared to bio-
logical variability. ICC values for ADIOL G, DHEA, and
DHEAS exceeded 90% for lab 1 and lab 3 and usually exceeded
85% for labs 2 and 4. At all labs, the ICCs usually exceeded
80% for DHT, TESTO, and ADION in postmenopausal and
midfollicular phase women. For midluteal phase women, the
biological variability among women was small, and there were
lower values of the ICC; specifically, they were <70% for
TESTO and <22% for DHT and ADION.

Another way to assess the utility of these assays is to
determine the minimal detectable relative difference in percent,
MDRD, that can be detected in a case-control study. The
comparison in this report was based on 300 cases and 600
controls, approximately the size of the study we are contem-
plating. For ADIOL G, DHEA, DHEA S, DHT, TESTO, and
ADION, the MDRD:s for this design were <20% at labs 1 and
4, and <30% at labs 2 and 3. The MDRDs were smallest for
DHT, TESTO, and ADION, the assays for which the biological
variability among women was particularly small.

Lab 3 was the only lab that volunteered to assay ANDRO
G, ANDRO S, and ADIOL. For ANDRO G and ANDRO 8, the

CVs ranged from 18% to 33%, whereas the CVs for ADIOL
were very high (43-79%). Levels of the latter hormone were
very low (usually <100 pg/ml) in both premenopausal and
postmenopausal women. The ICCs ranged from 86-97% for
ANDRO G and 64-92% for ANDRO S, but were <15% for
ADIOL. For each of these assays, the MDRDs ranged from 10
to 25% for a study with 300 cases and 600 controls.

The CV is useful for lab quality control, whereas the ICC
and MDRD are more important in determining the feasibility of
an epidemiological study. If the variation among subjects is
large, the ICC may be large even if the CV is large. If the ICC
is large, estimates of the slope of the log relative risk on log
(hormone) will suffer little attenuation from lab measurement
error, and required sample sizes will be minimally inflated from
lab measurement error. On the other hand, the MDRD depends
on all sources of variability. If variation among subjects is
small, the MDRD may be small enough to justify an epidemi-
ological study even if the CV is large, provided the ICC is not
too small. Conversely, a study can be impeded by small values
of ICC and large values of MDRD, even when the CV is small,

Estimates of the components of variance allow one to
identify the aspects of lab procedures that lead to increased
variability and to learn how to efficiently allocate resources to
improve assay reproducibility. For example, if there were more
variation among aliquots than among replicates, one might
increase the number of aliquots and decrease the number of
replicates. The total effort would not change, but the CV would
decrease, the ICC would increase, and the MDRD would de-
crease. For those interested in design issues, the estimated
components of variance and their SEs for each of the androgen
assays are given in the “Appendix.”

Our study used aliquots from a woman whose blood was
drawn on a single day, so our estimates of subject variation for
a premenopausal or postmenopausal woman include both the
between subject variation and the secular variation for a given
woman in the middle of that phase. This reliability study design
is entirely appropriate for the typical case-control study, which
uses only one sample per subject. These data do not allow us to
estimate the component of variation that corresponds to re-
peated blood samples taken over time from the same woman.

Lab 1 usually exhibited smaller CVs, higher ICCs, and
smalier MDRDs than the other labs. Lab 3 also exhibited
relatively small CVs, high ICCs, and small MDRDs while also
providing results on more hormones than the other labs.

The present study used only five women in each men
opausal or menstrual phase. Larger numbers of women would
be desirable to estimate ICCs and other parameters with greater
precision. This study provided valuable guidance, nonetheless,
for designing epidemiological studies. These data suggest that
a single sample (with two lab replicates per sample) of ADIOL
G, DHEA, DHEA 8§, and ANDRO G can be used to discrim-
inate reliably among women in a given menstrual phase or
menopausal status. The results for DHT, TESTO, ADION, and
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Table Al Estimated variance components and SEs for androgens assayed at muitiple laboratories

Midfollicular phase women

Midluteal phase women

Postmenopausal women

Lab!  Lab2  Lab3  Lab4 Labl Lab2 Lab3  Lab4  Labl Lab2  Lab3  Lab4
ADIOL G )
Subject (0,2) 0.507%6 09595  0.9657 03106 04975  0.3491 03299 04559  1.1960
(©.1571)  (0.3001) (0.2985) (0.0965) (0.1571)  (0.1084) (0.1026) (0.1462) (0.3716)
Analysis day (0,5)  0.0100 00394  0.0221 00000 00307 00144 0.0091 00403  0.0473
0.0027) (0.0121) (0.0039) 0.0097)  (0.0025) (0.0030) (0.0139)  (0.0089)
Aliquot (¢,) 00103 00441  0.0000 00268  0.0448  0.0012 00114 00566  0.0000
(0.0017)  (0.0089) (0.0031)  (0.0072)  (0.0004) (0.0024)  (0.0113)
Replicates (0% 0.0043 00384  0.0109 00051 00142  0.0029 00109 00476  0.0338
(0.0004)  (0.0037)  (0.0009) (0.0005) (0.0014)  (0.0003) (0.0011)  (0.0046)  (0.0027)
DHEA
Subject (,%) 04264 02945 03648 05542 02108 01148 01718 02507 05798 04350 05331  0.5919
(0.1313)  (0.0922) (0.1133) (0.1722) (0.0650) (0.0365) (0.0541) (0.0785) (0.1783) (0.1365) (0.1659) (0.1868)
Analysis day (0,7)  0.0001 00190 00093 00065 00000 0015 00155 00055 00000 00241 00186  0.0506
(0.0009) (0.0036) (0.0028) (0.0049)  (0)  (0.0026) (0.0027) (0.0036)  (0)  (0.0062) (0.0047) (0.0105)
Aliquot (¢.) 00070 00054 00103 0038 0005 00010 00017 00272 00047 00184 00113 00275
(0.0012) (0.0010) (0.0021) (0.0054) (0.0008) (0.0004) (0.0005) (0.0038) (0.0007) (0.0038) (0.0028) (0.0039)
Replicates (?) 00029 00042 00092 00011 00032 00030 00035 00014 00033 00167 00167 0.0021
(0.0003) (0.0004) (0.0009) (0.0001) (0.0003) (0.0003) (0.0003) (0.0001) (0.0003) (0.0016) (0.0016) (0.0002)
DHEA S
Subject (2,2) 0.5669 05516 03787 05220 05036 03873 03282 04480 03140 03718 02394 03256
(0.1746) (01717) (0.1183) (0.1608) (0.1553) (0.1212) (0.1025) (0.1378) (0.0969) (0.1161) (0.0743) (0.1002)
Analysis day (0,%)  0.0006 00226 00219 00024 00034 00261 00195 00015 00011 00174 0009  0.0021
(0.0013) (0.0048) (0.0041) (0.0011) (0.0015) (0.0046) (0.0036) (0.0005) (0.0011) (0.0041) (0.0017) (0.0006)
Aliquot (¢.2) 00089 00124 00054 00071 00064 00051 00013 00027 00065 00122 00013  0.0015
(0.0016) (0:0019) (0.0010) (0.0011) (0.0014) (0.0008) (0.0009) (0.0005) (0.0013) (0.0021) (0.0005) (0.0003)
Replicates (o?) 00048 00030 00039 00013 00066 00008 00088 00012 00058 00063 00042 00019
(0.0005) (0:.0003) (0.0004) (0.0001) (0.0006) (0.0001) (0.0009) (0.0001) (0.0006) (0.0006) (0.0004) (0.0002)
DHT
Subject (2,2) 02118 04251 03606 00039 00000  0.0000 02014  0.1369  0.0579
|(0.0656) (0.1308) (0.1121) ©0019)  (0) © (0.0642) (0.0443) (0.0579)
Analysis day (0,5) 00002  0.0009  0.0121 00048 00000  0.0088 00164 00258 00135
(0.0016)  (0:0006) (0.0029) ©0015) (@  (0.0028) (0.0052) (0.0047)  (0.0046)
Aliguot (¢.2) 00113 00025  0.0039 00069 00172  0.0157 00112 00034  0.0127
(0.0021)  (0.0007)  (0.0018) (0.0011)  (0.0019)  (0.0026) (0.0042)  (0.0011)  (0.0039)
Replicates (o2) 00070 00049  0.0153 00028  0.0034  0.0056 00337 00078  0.0277
(0.0007) (0.0005) (0.0015) (0.0003)  (0.0003)  (0.0005) (0.0033) (0.0008) (0.0027)
TESTO
Subject (a,%) 00921 02810 01326  0.763 00399 00630 00494 ° 01314 0.I383 03120 01723 03048
(0.0291) (0.0898) (0.0416) (0.0561) (0.0129) (0.0226) (0.0161) (0.0430) (0.0431) (0.0988) (0.0532) (0.0958)
Analysis day (0,) 00026 00373 00039 00197 00000 00320 00071 00000 00033 00333 00002  0.0150
(0.0019) (0.0073) (0.0020) (0.0041)  (0)  (0.0068) (0.0020)  (0)  (0.0015) (0.0062) (0.0008) (0.0050)
Aliquot (0,.2) 00125 00131 00024 00110 00150 00161 0.0039 00676 00078 00055 00059  0.0264
(0.0021) (0.0023) (0.0023) (0.0016) (0.0019) (0.0027) (0.0014) (0.0071) (0.0014) (0.0016) (0.0011) (0.0038)
Replicates (o2) 00051 00072 00238 00018 00059 00073 00110 00019 00045 00114 00039  0.0027
(0.0005) (0.0007) (0.0023) (0.0002) (0.0006) (0.0007) (0.0011) (0.0002) (0.0004) (0.0011) (0.0004) (0.0003)
ADION
Subject (a,%) 01700 01550 0189  0.769 00027 00073 00000 00178  0.1411 02229 01691 02059
(0.0531) (0.0520) (0.0605) (0.0548) (0.0013) (0.0040)  (0)  (0.0058) (0.0439) (0.0807) (0.0541) (0.0638)
Analysis day (0,%) 00067 00532 00263  0.0040 00019 00155 00149 00007 00000 0.479 00200  0.0030
(0.0020) (0.0091) (0.0047) (0.0010) (0.0011) (0.0035) (0.0029) (0.0007) (0.0000) (0.0248) (0.0046) (0.0012)
Aliguot (¢.2) 00084 00000 00030 00029 00071 00087 00071 00056 00121 00082 .0.0090  0.0066
(0.0013) (0  (0.0009) (0.0005) (0.0012) (0.0017) (0.0014) (0.0009) (0.0015) (0.0025) (0.0024) (0.0011)
Replicates (%) 00027 00158 00060 00016 00026 00066 0.0057 00014 00044 00173 00158  0.0023
(0.0003) (0.0013) (0.0006) (0.0002) (0.0002) (0.0006) (0.0006) (0.0001) (0.0004) (0.0017) (0.0015) (0.0002)
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Table A2 Estimated variance components and SEs for androgens assayed only by laboratory 3

ANDRO G ANDRO § ADIOL
Midfollicular  Midluteal Midfollicular Midluteal Midfollicular  Midluteal .
phase phase Postmenopausal phase phase Postmenopausal phase " Postmenopausal

Subject (0,2) 1.0224 0.2827 0.7073 0.1076 0.6553 0.6764 0.0290 0.0037 0.0797
(0.3162) (0.0880) (0.2215) (0.0360) (0.2048) (0.2112) (0.0222) (0.0143) (0.0604)
Analysis day (0,3 0.0142 0.0000 0.0005 0.0294 0.0000 0.0294 0.1102 0.1245 0.2430
(0.0050) (0.0116) (0.0068) (0.0075) (0.0264) (0.0247) (0.0739)
Aliquot (0,2) 0.0227 0.0192 0.1026 0.0393 0.0639 0.0248 0.0974 0.0460 0.3805
(0.0041) (0.0035) (0.0152) (0.0069) (0.0093) (0.0044) (0.0139) (0.0081) (0.0528)
Replicates (0?) 0.0138 0.0254 0.0155 0.0194 0.0439 0.0134 0.0069 0.0241 0.0082
(0.0013) (0.0025) (0.0015) (0.0019) (0.0043) (0.0013) (0.0007) (0.0023) (0.0008)

15. Buster, J. E,, and Abraham, G. E. Radioimm y of pl dehydro-

ANDRO S are more problematic and suggest that the present
measurement techniques should be used with care, especially
with midluteal women. The results for ADIOL suggest that this
assay is not yet ready for use in epidemiological studies.
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