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WA - Health Technology Assessment February 6, 2015

Response to Public Comments, Draft Report

Testosterone Testing

Hayes, Inc. is an independent vendor contracted to produce evidence assessment reports for the WA
HTA program. For transparency, all comments received during the comments process are included in
this response document.

Comments related to program decisions, processes, or other matters not pertaining to the evidence
report are acknowledged through inclusion only. When comments cite evidence, the information is
forwarded to the vendor for consideration in the evidence report.

This document responds to comments from the following parties:
e G. Steven Hammond, PhD, MD; Chief Medical Officer, Washington State Department of Corrections;

comments presented on behalf of the Washington Agency Medical Directors

e Alvin M. Matsumoto, MD; Acting Head, Division of Gerontology and Geriatric Medicine, and
Professor, Department of Medicine, University of Washington School of Medicine; Associate
Director, Geriatric Research, Education and Clinical Center, and Director, Clinical Research Unit, VA
Puget Sound Health Care System

Table 1 provides a summary of the comments with corresponding responses.
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Table 1. Public Comments on Draft Report, Testosterone Testing

Comment and Source Response

January 16, 2015 Letter — Dr. Hammond, WA Agency Medical Directors

The commenter highlights some of the issues surrounding testosterone |Thank you for your comments.
testing and testosterone supplementation: No changes needed in the report.
o “whether serum testosterone levels below the laboratory
‘reference range’ in adult men indicate a clinicopathological

state that requires treatment.”

e “whether an adult man with non-specific symptoms that could
be associated with hypogonadism, who also has a serum
testosterone level measured below a laboratory reference
range, but without an otherwise well-defined hypogonadal
condition, is likely to have improved health outcomes as a
result of testosterone testing and consequent testosterone
supplementation.”

e Application of reference ranges derived from populations of
young men to middle-aged and older men, who are “known to
have continual declines in testosterone levels with increasing
age.”

e Mass media publicizing of the “low T” phenomenon.

The commenter expressed concern about equating the term androgen |Thank you for this comment.

deficiency, which implies a pathological state, with low serum Any text suggesting that low testosterone level is equivalent to
testosterone and suggested that this statement be included in the androgen deficiency as a pathological condition has been revised.
report:

Low serum testosterone may indicate androgen deficiency.
While low serum testosterone may suggest putative androgen
deficiency, it must be correlated with additional
clinicopathological signs to be diagnostic of hypogonadism.

The commenter further advised that the report not equate low serum
testosterone with hypogonadism in the absence of “clear signs of
primary or secondary hypogonadism of known etiology.”
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Comment and Source Response

“The Hayes, Inc. technology assessment on testosterone testing
includes a valuable review of the literature on current conceptions and
medical practice around testosterone testing and testosterone
supplementation in the setting of ‘low’ serum testosterone levels, but
there is insufficient evidence to equate ‘low serum testosterone,” even
in the presence of non-specific symptoms characteristic of advancing
age, with a clinicopathological condition of ‘androgen deficiency.””

Thank you for your comment.
No changes needed in the report.

January 19, 2015 Email - Dr. Alvin Matsumoto, University of Washingto

n Medical School and VA Puget Sound Health Care System

“In the “Testosterone Testing — Draft Evidence Report,” | am most
concerned about the conclusion that testosterone therapy may be
useful in improving blood sugar control (glucose and hemoglobin Alc)
in men with type 2 diabetes mellitus and hypogonadism. The main
evidence cited for this is the meta-analysis by Cai, et al. (2014). A more
recent meta-analysis did not find improvement in glycemic control with
testosterone treatment (Grossmann M, et al., Clin Endocrinol 2014
ePub, attached). The difficulty with interpreting studies that seek to
determine the effect of testosterone therapy on glycemic control is the
lack [of] control of changes in diabetes therapy independent of
testosterone (oral hypoglycemic agents, insulin and insulin analogs,
diet, exercise, weight loss). | am afraid that a conclusion that
testosterone therapy improves glycemic control will lead to over-
testing (screening without regard to clinical manifestations of androgen
deficiency), misinterpretation of testing and over-diagnosis of
hypogonadism (obese diabetics often have low total testosterone but
normal free testosterone), and over-treatment with testosterone. In
the absence of better data, | would eliminate this conclusion or at the
very least temper it.”

Thank you for calling the new systematic review by Grossman and
colleagues to our attention. This review was published after the draft
report was released. The findings of the meta-analysis by Grossman et
al. (2014) have been added to the report and conclusions have been
modified accordingly. The issue of bias due to changes in antidiabetic
medications has also been addressed.

“I think that the variability reported testosterone measurements in
various testosterone assays needs to be mentioned. As shown in Table
1 of the report by Wang C, et al., JCEM 89:534-543, 2004 (attached),
the same quality control sample measured in different assays gave

Thank you for these comments and for the reference.

The results from the study by Wang et al. have been added to the
section on Analytic Validity under CLINICAL BACKGROUND in the
TECHNICAL REPORT and corresponding edits have been made in the
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Comment and Source Response

median testosterone levels that ranged from 215 ng/dL to 348 ng/dL.
This situation has occurred because the emphasis in quality control
programs has been on reproducibility within the same assay rather
than accuracy of the measurement. The CDC program was initiated to
provide an accuracy-based quality control for harmonization of assays
(i.e., so that assay readings are more comparable); a similar program
was needed to deal with the initially marked variability in cholesterol
and hemoglobin Alc measurements.”

Analytic Validity section of the EVIDENCE SUMMARY. Further
clarification of the quality control programs offered by the CDC and the
Clinical Association of Pathologists (CAP), including their voluntary
nature, has been added.

Additionally, a paragraph on threats to analytic validity has been added
to the OVERALL SUMMARY AND DISCUSSION.

“l also think that more emphasis is needed regarding substantial
variability in testosterone levels within an individual from day-to-day,
up to 35%. Within individual variability was found in a study by
Swerdloff RS, et al., JCEM 85:4500-4510, 2000 (page 4509, paragraph 4,
attached); 30-35% of men who were found on screening to have a low
testosterone < 300 ng/dL had normal average testosterone levels over
a 24-hr pharmacokinetic blood sampling. Subsequently, Brambilla DJ, et
al. (Clin Endocrinol 67:853-862, 2007, attached) quantified intra-
individual variation in testosterone levels more formally. The bottom
line is that one sample is not sufficient to assess testosterone status.”

Thank you for these comments and for these references.

Statistics regarding the intraindividual variability of test results within
the day and between days were included in the Analytic Validity
section of the TECHNICAL REPORT. These data have been added to the
corresponding section in the EVIDENCE REVIEW. The references cited
in the comments will be brought to the Health Technology Clinical
Committee (HTCC) meeting.
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January 16, 2015
Comments of the WA Agency Medical Directors

Testosterone Testing Draft Technology Assessment Report

Presented by G. Steven Hammond, PhD, MD, Washington State Department of Corrections Chief Medical
Officer

The Hayes, Inc. technology assessment highlights some of the quandaries surrounding appropriate
clinical use of serum testosterone testing in adult men, as well as questions about the risks and benefits
of treating men having “low” serum testosterone levels with testosterone supplementation.

The primary question raised is whether serum testosterone levels below the laboratory “reference
range” in adult men indicate a clinicopathological state that requires treatment. As is noted in the
report, there are a number of well-defined clinical conditions that cause hypogonadism, either primary
or secondary, around which there is little controversy concerning testosterone testing or treatment with
testosterone supplementation. The major question is whether an adult man with non-specific symptoms
that could be associated with hypogonadism, who also has a serum testosterone level measured below
a laboratory reference range, but without an otherwise well-defined hypogonadal condition, is likely to
have improved health outcomes as a result of testosterone testing and consequent testosterone
supplementation.

Defining a clinical condition principally on the basis of a laboratory test result, with no further etiologic
diagnosis, is of questionable validity. Such practice is even more dubious when reference ranges for the
lab test are statistically defined (mean + two standard deviations) in a population of young men, and are
applied to middle-aged and older populations, who are known to have continual declines in
testosterone levels with increasing age.

As noted in the report, there has been much publicizing of so-called “low T” in mass media, with
suggestions for men to consult with their physicians about this. Such “public health” messaging often
suggests, more or less overtly, that expected changes related to aging, such as decreased vigor and
virility, may be related to a medical condition, i.e., “low T”, with the implication that medical treatment
(with testosterone) may be appropriate or even necessary.

As the report indicates, the health benefits, and safety and more so the necessity, of treating “low T”
remain very much in doubt. “Low T” is not an accepted clinical diagnosis. There is not a clear case
definition of “hypogonadism” associated with “below normal” serum testosterone levels and some array
of symptomatology, in the absence of other findings supporting an etiologic diagnosis.

It is not warranted to equate a “low serum testosterone” with “androgen deficiency”, as is done in the
opening sentences of the technology assessment:

“Low serum testosterone is a form of androgen deficiency. In the present report, the term
androgen deficiency can be interpreted to be equivalent to low serum testosterone.”
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Comments of the WA Agency Medical Directors
January 16, 2015

As noted subsequently in the report, a definition of the term “low serum testosterone” is problematic,
given age-related declines seen in male populations, and the many factors that affect serum
testosterone and sex hormone binging globulin levels. The term androgen deficiency connotes a
pathological state, whereas there is no clearly defined pathological state associated with “low
testosterone” levels in aging men. It is mistaken and potentially misleading to state “the term androgen
deficiency can be interpreted to be equivalent to low serum testosterone.”

Under the circumstances it would be more accurate to say:

“Low serum testosterone may indicate androgen deficiency. While low serum testosterone may
suggest putative androgen deficiency, it must be correlated with additional clinicopathological
signs to be diagnostic of hypogonadism.”

The report should eschew any equation of “low serum testosterone” with “androgen deficiency” or
“hypogonadism” in clinical settings which do not include clear signs of primary or secondary
hypogonadism of known etiology. Without such signs, any putative clinicopathological hypogonadal
condition is hypothetical.

The Hayes, Inc. technology assessment on testosterone testing includes a valuable review of the
literature on current conceptions and medical practice around testosterone testing and testosterone
supplementation in the setting of “low” serum testosterone levels, but there is insufficient evidence to
equate “low serum testosterone”, even in the presence of non-specific symptoms characteristic of
advancing age, with a clinicopathological condition of “androgen deficiency.”




From: Matsumoto, Alvin M [mailto:Alvin.Matsumoto@va.gov]
Sent: Monday, January 19, 2015 6:44 PM

To: Teresa Rogstad

Cc: josh.morse@hca.wa.gov; Karen Crotty

Subject: RE: [EXTERNAL] Draft Report, WA HTA Program

Teresa, et al:

My specific comments:

1.

| had few minor wording changes in the “Final Key Questions and Background — Testosterone
Testing” sheet (attached). | think that it is important to emphasize that most men male factor
infertility have normal serum testosterone levels.

In the “Testosterone Testing — Draft Evidence Report”, | am most concerned about the
conclusion that testosterone therapy may be useful in improving blood sugar control (glucose
and hemoglobin Alc) in men with type 2 diabetes mellitus and hypogonadism. The main
evidence cited for this is the meta-analysis by Cai, et al (2014). A more recent meta-analysis did
not find improvement in glycemic control with testosterone treatment (Grossmann M, et al, Clin
Endocrinol 2014 ePub, attached). The difficulty with interpreting studies that seek to determine
the effect of testosterone therapy on glycemic control is the lack control of changes in diabetes
therapy independent of testosterone (oral hypoglycemic agents, insulin and insulin analogs,
diet, exercise, weight loss). | am afraid that a conclusion that testosterone therapy improves
glycemic control will lead to over-testing (screening without regard to clinical manifestations of
androgen deficiency), misinterpretation of testing and over-diagnosis of hypogonadism (obese
diabetics often have low total testosterone but normal free testosterone), and over-treatment
with testosterone. In the absence of better data, | would eliminate this conclusion or at the very
least temper it.

| think that the variability reported testosterone measurements in various testosterone assays
needs to be mentioned. As shown in Table 1 of the report by Wang C et al, JCEM 89:534-543,
2004 (attached), the same quality control sample measured in different assays gave median
testosterone levels that ranged from 215 ng/dL to 348 ng/dL. This situation has occurred
because the emphasis in quality control programs has been on reproducibility within the same
assay rather than accuracy of the measurement. The CDC program was initiated to provide an
accuracy-based quality control for harmonization of assays (i.e. so that assay readings are more
comparable); a similar program was needed to deal with the initially marked variability in
cholesterol and hemoglobin Alc measurements.

| also think that more emphasis is needed regarding substantial variability in testosterone levels
within an individual from day-to-day, up to 35%. Within individual variability was found in a
study by Swerdloff RS, et al, JCEM 85:4500-4510, 2000 (page 4509, paragraph 4, attached); 30-
35% of men who were found on screening to have a low testosterone < 300 ng/dL had normal
average testosterone levels over a 24-hr pharmacokinetic blood sampling. Subsequently,
Brambilla DJ, et al (Clin Endocrinol 67:853-862, 2007, attached) quantified intra-individual
variation in testosterone levels more formally. The bottom line is that one sample is not
sufficient to assess testosterone status.


mailto:Alvin.Matsumoto@va.gov
mailto:josh.morse@hca.wa.gov

My only general comment is that the “Testosterone Testing — Draft Evidence Report” was somewhat
redundant and long, but was quite detailed and provided a good summary of most of the evidence-base
on clinical testosterone testing.

| found the Washington State Agency Utilization and Costs interesting and found myself asking whether
guidelines (such as Endocrine Society guidelines) for testosterone testing and treatment were followed
in Washington, i.e. the appropriateness of utilization and costs.

| do not have the confirmed date, location and time of the public meeting in March (initially said to be
on March 20" at the SeaTac Conference Center, unclear what time) or information regarding what is
expected of me at the meeting. My calendar is pretty full already in March and is dynamically changing
with time. So, | would appreciate more specific details as soon as possible.

Thanks,
Al

Alvin M. Matsumoto, M.D.

Acting Head, Division of Gerontology and Geriatric Medicine
Professor, Department of Medicine

University of Washington School of Medicine

Associate Director, Geriatric Research, Education and Clinical Center
Director, Clinical Research Unit

V.A. Puget Sound Health Care System

1660 S. Columbian Way (S-182-GRECC)

Seattle, WA 98108-1597

Phone: 206-764-2308
FAX: 206-764-2569
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ORIGINAL ARTICLE

doi: 10.1111/j.1365-2265.2007.02976.x

Intraindividual variation in levels of serum testosterone and
other reproductive and adrenal hormones in men

Donald J. Brambilla*, Amy B. O’'Donnell*, Alvin M. Matsumotot and John B. McKinlay*

*New England Research Institutes, Watertown, Massachusetts, TDepartment of Medicine, University of Washington School of
Medicine, and Geriatric Research, Education and Clinical Center, VA Puget Sound Health Care System, Seattle, USA

Summary

Background Estimates of intraindividual variation in hormone
levels provide the basis for interpreting hormone measurements
clinically and for developing eligibility criteria for trials of hormone
replacement therapy. However, reliable systematic estimates of such
variation are lacking.

Objective To estimate intraindividual variation of serum total,
free and bioavailable testosterone (T), dihydrotestosterone (DHT),
SHBG, LH, dehydroepiandrosterone (DHEA), dehydroepiandrosterone
sulphate (DHEAS), oestrone, oestradiol and cortisol, and the
contributions of biological and assay variation to the total.
Design Paired blood samples were obtained 1-3 days apartat entry
and again 3 months and 6 months later (maximum six samples per
subject). Each sample consisted of a pool of equal aliquots of two
blood draws 20 min apart.

Study participants Menaged 30—79 years were randomly selected
from the respondents to the Boston Area Community Health Survey,
a study of the health of the general population of Boston, MA, USA.
Analysis was based on 132 men, including 121 who completed all
six visits, 8 who completed the first two visits and 3 who completed
the first four visits.

Measurements Day-to-day and 3-month (long-term) intra-
individual standard deviations, after transforming measurements
to logarithms to eliminate the contribution of hormone level to
intraindividual variation.

Results Biological variation generally accounted for more of
total intraindividual variation than did assay variation. Day-to-day
biological variation accounted for more of the total than did long-term
biological variation. Short-term variability was greater in hormones
with pulsatile secretion (e.g. LH) than those that exhibit less
ultradian variation. Depending on the hormone, the intraindividual
standard deviations imply that a clinician can expect to see a difference
exceeding 18—28% about half the time when two measurements are
made on a subject. The difference will exceed 27-54% about a
quarter of the time.

Correspondence: Donald J. Brambilla, New England Research Institutes,
9 Galen Street, Watertown, Massachusetts, MA 02472, USA. Tel: +1 617-923-
7747; Fax: +1 617-926-8246; E-mail: dbrambilla@neriscience.com

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

Conclusions Given the level of intraindividual variability in
hormone levels found in this study, one sample is generally not
sufficient to characterize an individual’s hormone levels but collecting
more than three is probably not warranted. This is true for clinical
measurements and for hormone measurements used to determine
eligibility for a clinical trial of hormone replacement therapy.

(Received 22 December 2006; returned for revision 11 February
2007; finally revised 7 June 2007; accepted 7 June 2007)

Introduction

Estimates of intraindividual variation in hormone levels provide
the foundation for interpreting hormone measurements, such as
the reliability of one or two values as estimates of an individual’s
average hormone concentration, for both the clinician and the
researcher. For present purposes, intraindividual variation is defined
as variation around an individual’s steady-state mean hormone level
rather than changes in the mean itself. The steady-state mean is that
individual’s current average state. Systematic variation, such as the
well-known changes in testosterone and other hormones with age
or the relatively rapid changes that are associated with onset of certain
diseases or initiation of certain medications, constitutes changes in
the steady state mean.

The number of blood samples required to adequately characterize
an individual’s steady state hormone level increases as intraindividual
variation increases. In the absence of information on this variation,
itis also difficult to determine whether a difference between hormone
levels on two occasions constitutes simply a fluctuation around the
steady state mean or a change in the mean. The researcher has
difficulty performing sample size calculations for trials in which
change in hormone level is the outcome because intraindividual
variation is usually the denominator of the test statistic used to
compare average changes in hormone levels between treatment
groups. Moreover, the number of samples required to determine
eligibility, when eligibility depends on hormone level, is unknown.

Interindividual variation in the levels of testosterone and other
hormones in men has received considerable attention.'™ Intra-
individual variation has also been examined,””" but sample sizes
in previous studies were generally small and none of the studies
provided estimates of intraindividual variation that would form the
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quantitative basis for interpreting hormone measurements. There-
fore, a prospective study of variation in the levels of total, free and
bioavailable testosterone (T), dihydrotestosterone (DHT), SHBG, LH,
dehydroepiandrosterone (DHEA), dehydroepiandrosterone sulphate
(DHEAS), oestrone, oestradiol and cortisol in men was initiated
in Boston, Massachusetts, USA in May 2004. In this paper, we present
estimates of day-to-day and 3-month variation in these hormones.

Methods

Subjects

Subjects for the study were selected from among the 2301 male
respondents to the Boston Area Community Health (BACH)
Survey."® Subjects for the BACH survey were randomly selected from
among the residents of Boston, MA, USA who were aged 30—79 years,
using a weighted sampling scheme to recruit approximately equal
numbers of Hispanic Americans, non-Hispanic African Americans
and non-Hispanic Caucasians, and approximately equal numbers by
decade of age.

For the present study, BACH Survey respondents were stratified
into three categories of race/ethnicity and decade of age (30-39,
40-49,50-59,60-69, 70+ years) to produce 15 strata. Subjects were
randomly selected from the male respondents in each stratum with the
goal of obtaining approximately the same number of subjects in every
stratum. A potential subject who refused or was found to be ineligible
was replaced with another randomly selected from the same stratum.

Men were excluded if they (1) had a history of hypogonadism of
known cause, such as treatment for prostate cancer, Klinefelter
syndrome, Kallmann syndrome and orchidectomy; (2) were using
any medications that alter hormone levels, either as the intended
effect or as a side effect; (3) had cirrhosis, liver cancer, other severe
liver disease, or kidney disease requiring dialysis; or (4) had a problem
with blood draws, such as haemophilia, or a compromised immune
system caused by HIV/AIDS, chemotherapy, radiation or other
conditions. Excluded medications included anabolic steroids,
androstenedione, bicalutamide (Casodex®, AstraZeneca, Wilmington,
DE), cimetidine, DHEA, diethylstilbestrol, other oestrogens, dutas-
teride (Avodart®, GlaxoSmithKline, Research Triangle Park, NC),
finasteride (Proscar®, Merck, Whitehouse Station, NJ), glucocorticoids
(prednisone, cortisone, hydrocortisone and decadron), ketocona-
zole, megestrol acetate (Megace®, Bristol-Myers Squibb, Princeton,
NJ), opiates (morphine, codeine, oxycodone, hydrocodone, etc.),
spironolactone, testosterone or any androgen, flutamide (Eulexin®,
Schering-Plough, Kenilworth, NJ) and other medications for pros-
tate cancer. Eligibility was determined from responses to the BACH
survey and responses to questions at screening for this study.

Subjects were enrolled after written informed consent was
obtained. The consent form, protocol, telephone scripts and contact
documents were approved by the Institutional Review Board of the
New England Research Institutes.

Sampling methods

Paired blood samples were obtained 1-3 days apart (median 2 days)
at study entry and again 3 months and 6 months later, producing a

maximum of six blood samples per subject. With this nested design,
the study provided estimates of both day-to-day and 3-month
variation in hormone levels. Most study visits took place in the
subject’s home but, if the subject so requested, they took place
elsewhere, usually at his place of employment or at study headquarters
at the New England Research Institutes.

At each visit, two blood samples were drawn 20 min apart to
reduce the effects of pulsatile secretion on hormone levels. Blood was
drawn within 4 h of the subject’s awakening to control for diurnal
variation." ™! Sampling was postponed to another day if the time
of awakening on a given day departed substantially from a subject’s
normal pattern. The two samples were placed in an ice-filled cooler
for transport back to study headquarters, where they were centrifuged,
equal aliquots were pooled using a calibrated automatic pipette, and
the pooled samples were stored in scintillation vials at —70 °C.
Samples were transferred to the endocrine laboratory of the Depart-
ment of Physiology at the University of Massachusetts (UMASS)
Medical School, Worcester, MA, where the assays were performed.

At the first, third and fifth study visits, a brief questionnaire was
administered to identify changes in health or behaviour that might
affect variation in hormone levels. Subjects who had started taking
medications or had developed conditions that would have made
them ineligible at the start were excluded from further participation.

Hormone assays

The methods that were used for the various assays are listed in
Table 1. Free T and bioavailable T were calculated from the Sodergard
equation using both a constant albumin concentration of 4-3 g/dl

. .0
and measured albumin concentration.

All samples obtained from
a subject were assayed in the same run for each hormone. Differences
among measurements within subjects are thus free of interassay

variation. Interassay variation was estimated as described below.

Statistical methods

Descriptive statistics for interindividual differences in hormone
levels were based on hormone levels at the first study visit.
Intraindividual variation was characterized using intraindividual
standard deviations. Prior to analysis, hormone measurements were
transformed to base 10 logarithms to eliminate a positive correlation
between the standard deviation and mean hormone level that
rendered application of estimates of intraindividual variation to
clinical data extremely difficult. The standard deviations of the
transformed data are applicable to a broad range of hormone levels.
Interpretation of the estimates of intraindividual variation for
untransformed hormone measurements is provided.
Intrasubject standard deviations were calculated under four
sampling schemes:
1 Samples collected 1-3 days apart and assayed in the same run:
G, =+C) + G5
2 Samples collected 1-3 days apart, with each one assayed in a

separate run: ¢, =, /o‘% + cé n O'i.

3 Samples collected 3 months apart and assayed in the same run:
0,=0,+0, +0,

© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Ltd, Clinical Endocrinology, 67, 853—862



Table 1. Methods used to measure hormone levels

Intraindividual variation of hormones in men 855

Hormone Method Kit or reference Intra-assay CV Interassay CV

T RIA Coat-A-Count, 4-3 9-8
Diagnostic Product
Corporation,
Los Angeles, CA

Free T Calculated 223

Bioavailable T Calculated 1718

DHT RIA In-house assay 2-1 31

SHBG CLIA Immulite, Diagnostic 31 4-1
Product Corporation,
Los Angeles, CA

LH CLIA Immulite, Diagnostic 42 55
Product Corporation,
Los Angeles, CA

DHEA RIA Diagnostic Systems 2-6 56
Laboratories, Webster, TX

DHEAS RIA Coat-A-Count, Diagnostic 25 52
Product Corporation,
Los Angeles, CA

Oestrone (E1) RIA Diagnostic Systems 1-0 42
Laboratories, Webster, TX

Oestradiol (E2) RIA Diagnostic Systems 2:3 74
Laboratories, Webster, TX

Cortisol RIA Coat-A-Count, Diagnostic 34 64
Product Corporation,
Los Angeles, CA

Albumin Colourimetric determination Beckman Coulter, Brea, CA N/A

with Bromcresol Purple

T, testosterone; DHT, dihydrotestosterone; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulphate; RIA, radioimmunoassay;

CLIA, chemiluminescent immunoassay; N/A, not available.

4 Samples collected 3 months apart, with each one assayed in a
separate run: G, = \/G; +0, +0, +0,

In these equations, G; is the variance component attributable to
day-to-day variation, o’ is the component attributable to 3-month
variation, Gi is the intra-assay, or within-run, component of
variance and (TZE is the interassay, or between-run, component of
variance. The so-called batch testing in Schemes 1 and 3 is often used
in clinical trials because interassay variation is excluded, which
improves statistical power to detect changes in hormone levels.
Schemes 2 and 4 are more relevant to clinical testing.

The day-to-day and 3-month intraindividual components of
variance were estimated using a nested linear model for each
hormone with subject and month within subject (baseline,
3 months, 6 months) as the preclictors.24 Month within subject was
treated as a random effect. The error mean square provided an
estimate of the sum of the day-to-day and intra-assay com-
ponents, (5; + Gi. The 3-month component, Gi,was estimated using
the equation for the expected mean square for month within subject.

Intra- and interassay variation, (Si and GZE, were estimated from
results from the assay controls in the nine runs per hormone in which
samples were assayed in this study, using a linear model with run
treated as a random effect and control (e.g. high, medium and low)
treated as a fixed effect.”” Each assay of cortisol, DHEAS, DHT, free T,

© 2007 The Authors

LH and T included three controls (high, medium, low) in duplicate,
while each assay of DHEA, oestrone, oestradiol and SHBG included
two controls (high and low) in triplicate. The intra-assay component
was estimated from the error mean square, while the interassay
component was estimated from the expected mean square for the
predictor run. Components of assay variation for calculated free T and
calculated bioavailable T, using an albumin concentration of
4-3 g/dl, were estimated by Monte Carlo simulation using the
components of assay variation of T and SHBG. Similar calculations
using measured albumin concentration were not performed
because data from the albumin controls were not obtained.
Estimates of the intraindividual standard deviations of calculated
free and bioavailable T under Schemes 2 and 4, with albumin fixed
at 4-3 g/dl, were obtained by Monte Carlo simulation. Random
variates, sampled from two normal distributions, with means of zero
and variances equal to the interassay components of variance for T
and SHBG, respectively, were added to the observed T and SHBG
values. Free T and bioavailable T were then calculated from the
Sodergard™>” equations as usual and the variances of log-transformed
values were obtained from the nested linear model described above.
The intraindividual standard deviations were estimated from the
medians of the frequency distributions of the variances under
Schemes 2 and 4. Estimates of the intraindividual standard deviations

Journal compilation © 2007 Blackwell Publishing Ltd, Clinical Endocrinology, 67, 853—862
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of free T and bioavailable T under Schemes 2 and 4, using measured
albumin concentration, were not obtained in the absence of data
from the albumin controls.

Approximate 95% confidence limits for the standard deviation of
each hormone under each sampling scheme were derived from the
frequency distribution of 10 000 bootstrap” estimates of the standard
deviation. For Schemes 2 and 4, which included interassay variation,
a separate random variate, sampled from a normal distribution with
mean zero and variance equal to the estimated interassay component
of variance for that hormone, was added to each observed hormone
measurement before bootstrapping took place.

To provide an interpretation of the standard deviations with some
clinical relevance, the percentage difference between hormone levels
in two samples from the same subject that would be exceeded 50%
of the time was calculated under sampling Schemes 2 and 4. If hor-
mone levels are normally distributed around an individual’s steady
state mean, then the percentage difference between two hormone
measurements from a subject, calculated as 100 X (x, — x,)/x,, where
x, is the larger and x, the smaller measurement, should be
>100 x (10772
standard deviation and Z,, is the standard normal deviate for a
cumulative probability of 0-75. The difference that would be
exceeded 25% of the time was calculated similarly using Z .

—1) 50% of the time, where s is the intraindividual

The extent to which repeated sampling improves the precision of
estimated mean hormone level for an individual is another important
aspect of intraindividual variation. Therefore, 95% confidence limits
for the steady state mean were calculated for one measurement, the
average of two and the average of three measurements. The standard
deviations under sampling Scheme 4 were used for the calculations.
If log,,-transformed measurements are normally distributed, then
the 95% confidence limits around the mean, M, of n measurements,
after transforming the confidence limits back to the raw scale, are
M/10¥5/¥" and M x 10\, Each confidence limit in the raw scale
can thus be expressed as a percentage or proportion of the average
measurement. Barring extreme fluctuations in hormone level, the
bias induced by averaging n measurements, rather than averaging the
log-transformed values and transforming the mean of the logs back
to the raw scale, is small enough to be ignored for present purposes.

Systematic differences in the intraindividual standard deviation
among categories of age or race/ethnicity would compromise the
generalizability of the results of this study. Statistical tests for such
differences were performed by calculating intraindividual standard
deviations under sampling Schemes 1 and 3 for each hormone in
each subject who completed all six visits and treating the standard
deviations as outcome variables in an analysis of variance with age
category and race/ethnicity as predictors.

In order to determine if intraindividual variation measured over
6 months might be contaminated with systematic changes, such as
those associated with ageing, log-transformed hormone level was
modelled as a linear function of time on study using a mixed linear
model with subject treated as a random effect.”

Results

Letters inviting participation were sent to 230 men: 22 refused to
participate; 43 were ineligible or too ill for screening; 31 could not

Table 2. Baseline characteristics of the entire cohort

Mean + SD
Height 1747 £ 7-4 cm
Weight 85:5+17-8 kg
BMI 280 + 5-4 mg/m’
Waist to hip ratio 0-94 + 0-07
Smokers 30-0%
Recreational drug use 6-0%
Depressive symptoms 11-9%
Alcohol use (average drinks per day):
None 36-4%
>0,<1 35:3%
>1,<3 21-6%
>3 6:7%

BMI, body mass index.

be contacted; and 134 agreed to participate. Eight men completed
only the first two visits and three men completed only the first four
visits. Of the 11 men with incomplete data, 6 men were dropped
from the study after they began taking medications or developed
medical conditions that altered hormone levels, 4 men withdrew
voluntarily or were lost to follow-up and 1 man died. Two subjects,
who were determined to be ineligible for the study after completing
all six visits, were excluded from the analysis. All available hormone
measurements from the remaining 132 subjects were used to obtain
the standard deviations reported here.

The cohort included 43 Caucasians, 46 African Americans and 45
Hispanic Americans. There were 20 respondents in the first age
category (30—39 years) and 28 or 29 respondents in each of the other
four age categories. Other baseline characteristics of the participants
are provided in Table 2. The hormone levels in the participants in
the study span broad ranges of values (Table 3). Some of the extreme
values in the table, such as the minimum for total T and the maxima
for LH and SHBG, may indicate various disease states. As health
status and medication use were obtained by self-report, the possibility
that some subjects were taking unreported medications or had
unreported conditions affecting hormone levels cannot be ruled out.
However, the majority of values are within normal ranges, so under-
reporting of diseases or medications was uncommon.

Median time from awakening to first blood draw was 1-67 h (5th
and 95th percentiles: 0-42 h and 3-12 h). Most (92:5%) of the 760
blood draws took place between 06:00 h and noon but 37 samples
were drawn between 16-30 h and 18-00 h, and the remaining 20
samples were drawn between 12-00 h and 16-25 h. Draw times were
fairly tightly clustered within subjects, although they varied considerably
among subjects because of work schedules, among other factors.

Tests for systematic changes in hormone levels during the study
indicated that mean 6-month change was < 4% for all hormones and
< 2% for half of the hormones. Total T had the smallest mean change
at 0-8%. All of these changes were quite small compared to the
intraindividual standard deviations described below. For more than
half of the hormones, the direction of the change indicated by the
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Table 3. Descriptive statistics for hormone levels at the first study visit

Intraindividual variation of hormones in men 857

Percentile
Hormone Minutes 5th 25th 50th 75th 95th Maximum
Total T (nmol/l) 35 67 11-4 15-2 189 269 38-8
Free T (pmol/1)* 48-5 152-6 228-8 305-1 377-9 5235 755-8
Free T (pmol/l)t 48-5 159-5 228-8 301-6 391-8 530-5 8286
Bioavailable T (nmol/1)* 1-1 3-6 5-4 7-1 8-8 122 17-8
Bioavailable T (nmol/l)t 1-1 3.7 5-4 7 9:2 124 194
Albumin (g/dl) 3 34 39 41 44 48 52
Cortisol (nmol/l) 1655 202 292-4 358-7 458 579-4 847
DHEA (nmol/l) 4-3 7 11-6 167 232 44 64-5
DHEAS (umol/l) 0-35 0-89 176 3-08 5-16 11-23 15-61
DHT (nmol/l) 0-34 0-55 0-76 0-96 1-24 1-:65 203
Oestrone (pmol/l) 37 77-7 103-6 129:5 1553 210-8 3107
Oestradiol (pmol/l) 37 629 96-2 122 151-6 196 2737
LH (mIU/ml) (76 subjects, 30—59 years) 1-26 2-52 377 4-96 653 11-1 170
LH (mIU/ml) (56 subjects, 60—79 years) 1-04 1-81 426 613 823 11-8 24-9
SHBG (nmol/l) 7-59 16-8 25-8 369 51 79:6 118

*From the Sodergard equations assuming albumin at 4-3 g/dl.
tFrom the Sodergard equations using measured albumin.

T, testosterone; DHT, dihydrotestosterone; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulphate.

fitted parameter disagreed with the age-related changes reported
previously.”*® Thus, the differences over time were more likely noise
than systematic variation.

Using a critical P-value of 0-05, only 7 of 56 tests for variation of
the short-term and long-term intraindividual standard deviations
with age category and race/ethnicity produced statistically significant
results. All but two of the other 49 tests had P > 0-20. Linear models
that included both predictors accounted for no more than 10% of
the variation (* <0-10) in the standard deviation for all hormones
considered. The short-term and long-term standard deviations for
oestradiol varied with race/ethnicity (short-term: P = 0-0178; long-
term: P = 0-0139). Non-Hispanic African Americans had the highest
average standard deviations, while Hispanic Americans had the
lowest. However, the differences between mean standard deviations
were small enough that a single estimate was reasonably representative
of all three groups. The short-term intraindividual standard deviations
of cortisol (P = 0-0366), DHEA (P = 0-0380) and LH (P = 0-0097)
varied with age, as did the long-term standard deviations of DHT
(P=0-0381) and LH (P =0-0320). For cortisol, DHEA and DHT,
plots of intraindividual standard deviations against age failed to
demonstrate any coherent pattern that could be interpreted as
systematic changes in the level of variation with age. In all three cases,
the highest mean standard deviation was found in the middle age
category (50-59 years) and in each case, the elevated mean was
attributable to a small number of subjects with elevated variation,
rather than an overall difference between age groups. A single estimate
of the short-term and long-term standard deviation for each hormone
was deemed reasonably representative of the group as a whole.

On the other hand, the mean short-term and long-term
standard deviations of LH were higher in the first three age
groups (30—59 years) than in the last two age groups (60—79 years).

© 2007 The Authors

There was no clear evidence of an age-related trend within either the
first three or the last two age groups. Therefore, standard deviations
for LH were calculated separately for men <59 years and those
2 60 years.

Estimates of G}, G}, 0}, +0, and G, are provided in Table 4
and intraindividual standard deviations based on these estimates are
provided in Table 5 with bootstrap 95% confidence limits. Units are
not specified in these tables because the variance and standard
deviation of log-transformed values do not depend on the units in
which a concentration is expressed. The 3-month standard deviations
were only 12—60% (median 26%) larger than the day-to-day standard
deviations, indicating that intraindividual variation measured over
a relatively short interval of, for instance, a few days, would capture
more than half the total variation that would be seen over a few
months. This follows from the relatively small size of the 3-month
component, Gi, in Table 4.

Setting aside albumin and SHBG, cortisol, DHEA and LH had the
largest intraindividual standard deviations in the study, whereas
oestradiol, DHT, total T and oestrone had the smallest. The
differences in intraindividual variation between these two groups
of hormones were caused mainly by differences in biological variation,
not assay variation, as is clear from the components of variance in
Table 4. The intraindividual standard deviations for free T and
bioavailable T by the Sodergard equation were expected to be larger
than the standard deviations for total T because the variation for the
two fractions includes variation attributable to both total T and
SHBG. The differences, however, are rather small, reflecting the small
standard deviations for SHBG.

The percentage difference between two hormone measurements
on the same subject that would be exceeded 25% or 50% of the time,
when the measurements were made a few days or a few months apart,
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2

2

2

Hormone O O G%) + 53& &7

Total T 1.767 x 107 2:507 %107 4313x 107 1976 X 10~
Free T* 3.730x 107 2:630x 107 5.433%x 107 1774 % 107
Free Tt - - 5.600 % 10~ 1-894 x 10~
Bioavailable T* 3.730% 10 2:630x 107 5.433%x 107 1.774x 107
Bioavailable T+ - - 5.600 % 10~ 1-894 % 107
Albumin - - 5777 x 107 1361 x 10°*
Cortisol 1-122x 107 1069 % 10~ 8578 x 10~ 3-451 % 10
DHEA 3-438x 107" 3.249% 107 8-766x 10~ 3-568 X 10~
DHEAS 7-226x 107" 2:996x 107" 6253%10° 1-564 X 10~
DHT 1238 x 10~ 2:842x 107 3.711% 107 1917 x 10~
Estrone 3.723% 107 8:911x 10 3-605% 107 1543 107
Estradiol 1431 x 107 3-342x 107 4715% 107 1-588 % 10~
LH (76 subjects, 30-59 years) 8-833x 107" 7-488 x 107 1212x 107 5-447 x 107
LH (56 subjects, 6079 years) 8-833x 107" 7-488 % 10~ 6-105% 107 2:095x 107
SHBG 5.117x 107" 3101x 107" 1306 X 10~ 2:049%x 107

*From the Sodergard equations assuming albumin at 4-3 g/dl.

tFrom the Sodergard equations using measured albumin.

o7%: Intra-assay variance

o7 Interassay variance

2 2 . . .
Op + O Day-to-day variance + intra-assay variance

0‘%: Long-term or 3-month variance

T, testosterone; DHT, dihydrotestosterone; DHEA, dehydroepiandrosterone;
DHEAS, dehydroepiandrosterone sulphate.

Table 4. Estimates of the variance components for
log-transformed hormone measurements

Table 5. Estimates of the interindividual standard deviaton at Visit 1 and the intraindividual standard deviation of log,-transformed hormone concentration
for four study designs, using data from all visits, with 95% bootstrap confidence limits in parentheses

Interindividual
standard deviation

Sampling design

Total T

Free T*

Free Tt

Bioavailable T*
Bioavailable T+

Albumin

Cortisol

DHEA

DHEAS

DHT

Oestrone

Oestradiol

LH (subjects 30—59 years)
LH (subjects 60—79 years)
SHBG

0-182
0-170
0-171
0-170
0-171
0-048
0-141
0-236
0-335
0-145
0-157
0-138
0-200
0-236
0-211

0-066 (0-057, 0-076)
0-074 (0-065, 0-084)
0-075(0-066, 0-085)
0-074 (0-065, 0-084)
0-075 (0-066, 0-085)
0-024 (0-021, 0-027)
0-093 (0-082, 0-103)
0-094 (0-083, 0-101)
0-079 (0-064, 0-095)
0-061 (0-054, 0-069)
0-060 (0-055, 0-066)
0-069 (0-063, 0-075)
0-110 (0-095, 0-125)
0-078 (0-068, 0-089)
0-036 (0-028, 0-045)

0-083 (0-076, 0-093)
0-094 (0-084, 0-101)
0-094 (0-079, 0-097)
0-098 (0-089, 0-110)
0-095 (0-084, 0-101)
0-081 (0-066, 0-096)
0-063 (0-056, 0-071)
0-067 (0-066, 0-096)
0-071 (0-066, 0-078)
0-111 (0-096, 0-126)
0-079 (0-069, 0-090)
0-040 (0-034, 0-047)

0-079 (0-070, 0-090)
0-085 (0-076, 0-096)
0-087 (0-078, 0-098)
0-085 (0-076, 0-096)
0-087 (0-078, 0-098)
0-027 (0-024, 0-030)
0-110 (0-098, 0-124)
0-111 (0-101, 0-120)
0-088 (0-077, 0-101)
0-075 (0-065, 0-086)
0-072 (0-065, 0-080)
0-079 (0-072, 0-088)
0-112 (0-100, 0-126)
0-090 (0-080, 0-101)
0-058 (0-051, 0-065)

0-094 (0-086, 0-104)
0-104 (0-093, 0-111)
0-104 (0-092, 0-111)
0-114 (0-101, 0-127)
0-113 (0-102, 0-121)
0-090 (0-079, 0-102)
0-077 (0-067, 0-090)
0-078 (0-079, 0-102)
0-082 (0-074, 0-090)
0-113 (0-100, 0-126)
0-091 (0-081, 0-102)
0-061 (0-054, 0-067)

*From the Sodergard equations assuming albumin at 4-3 g/dl.
tFrom the Sodergard equations using measured albumin.

Design 1: a short-term study with batch testing.
Design 2: a short-term study with samples tested when collected.
Design 3: a six-month study with batch testing.
Design 4: a six-month study with samples tested when collected.
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Table 6. 95% confidence limits for steady state mean hormone level,
expressed as multipliers of the result of 1 measurement or the average of 2
or 3 measurements

1 Mean of 2 Mean of 3
Hormone measurement measurements measurements
Total T 0-65, 1-53 0-74, 1-35 0-78, 1-:28
Free T* 063, 1-:60 0-72,1:39 0-76, 1-31
Bioavailable T* 0-63, 1-60 0-72, 139 0-76, 1-31
Cortisol 0-60, 1-68 0-69, 1-44 0-74, 1-35
DHEA 0-60, 1-66 0-70, 1-43 0-75,1-34
DHEAS 0-67, 1-50 0-75,1-:33 0-79, 1-:26
DHT 0-71, 1-41 0-78, 1-28 0-82, 1-:22
Oestrone 0-70, 1-42 0-78,1:28 0-82, 1-:22
Qestradiol 069, 1-44 0-77, 1:30 0-81, 1-24
LH 063, 1-60 0-72, 1-:39 0-76, 1-31
SHBG 0-76, 1-:31 0-82, 1-:21 0-85, 1-17

*From the Sodergard equations assuming albumin at 4-3 g/dl.
T, testosterone; DHT, dihydrotestosterone; DHEA, dehydroepiandrosterone;
DHEAS, dehydroepiandrosterone sulphate.

were calculated to aid in interpreting the standard deviations. For
DHT, oestrone and oestradiol, the difference between two hormone
measurements should exceed 15—17% or 18—20% half the time,
when the measurements are made a few days or a few months apart,
respectively. At the larger standard deviations that characterize free
T, bioavailable T, cortisol and DHEA, differences should exceed
22-24% or 25-28% half the time, for measurements made a few
days or a few months apart, respectively. Percentage differences that
would be exceeded 25% of the time ranged from 27% to 31%, for
DHT, oestrone and oestradiol measured a few days apart, to 46—54%
for free T, bioavailable T, cortisol and DHEA measured a few
months apart.

To clarify these calculations, consider two measurements of free T
made a few months apart and suppose that one of the two values was
175 pmol/l. The probability that the other value was < 140 pmol/l
or > 220 pmol/l is 0-50 and the probability that it was < 120 pmol/l
or > 238 pmol/lis 0-25. If one of the two values was 300 pmol/l, then
the probability that the other measurement was < 240 pmol/l or
> 380 pmol/l is 0-50 and the probability that it was < 205 pmol/l or
> 440 pmol/l is 0-25.

Another way to assess the results is to consider the impact of
intraindividual variation on a diagnosis of abnormally high or low
hormone levels. Consider, for example, total T and suppose that
values < 8:67 nmol/l (250 ng/dl) are considered possibly indicative
of hypogonadism. Of 121 subjects who completed all six visits, 15
had total T < 8-:67 nmol/l at the first visit but only 6 of these 15 had
average values < 8-67 nmol/l over all six visits. This outcome probably
reflects the regression to the mean that can occur when subjects are
selected on the basis of values that are on one side of a specified
threshold. Of the 15 subjects, 3 had average values > 10-40 nmol/l
(300 ng/dl) which many clinicians would consider to be within the
normal range for young men. Reducing the threshold to 6:93 nmol/l
(200 ng/dl) does not eliminate the problem. Of 7 men with total
T < 6-93 nmol/l at Visit 1, 3 had average values over six visits that
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were > 6-93 nmol/l. One average was between 6-93 nmol/l and
8-67 nmol/l, one was between 8-67 nmol/l and 10-40 nmol/l and the
third was > 10-40 nmol/l. These counts do not include the two men
who were excluded after it was determined that they were not eligible
for the study. In both cases, T on Visit land average T were
< 6:93 nmol/l. On the other hand, 5 of 10 subjects with average values
< 867 nmol/l over the first two visits had average values > 8-67 nmol/l
over all six visits but none had average values > 10-40 nmol/l.
Thus, some improvement in diagnostic accuracy can be obtained by
averaging values from two blood samples.

The 95% confidence limits for the steady state mean, based on one
measurement, the average of two and the average of three, are
provided in Table 6. The values in the table are the multipliers,

104190/ ‘/", that were defined earlier for the measured value or average
of two or three measured values. For example, if total T is measured
once, then the confidence limits are 65% and 153% of the measured
value. The values in the table demonstrate the gain in precision that
results from collecting more than one sample from a subject. The
confidence interval based on the average of two measurements of
total T is approximately 30% narrower than the width of the interval
around a single measurement, while the interval around the average
of three measurements is 43% narrower than the width around
a single measurement.

As an example of the gain in precision with repeated testing,
suppose that total T from a subject, based on one measurement or
the average of two or three measurements, is at the 5th percentile in
Table 3 (6-7 nmol/l). Using the multipliers in Table 6, the 95%
confidence interval for the steady state mean is 4-39—10-23 nmol/l,
based on one measurement, 4-97—9-04 nmol/l, based on the average
of two measurements, and 5-25—8-55 nmol/l, based on the average
of three measurements.

The extent to which batch testing reduces intraindividual variation
by eliminating interassay variation can be determined by comparing
the standard deviations for Schemes 1 and 2 or those for Schemes 3
and 4 in Table 5. For LH, DHEA, DHEAS, cortisol and DHT, batch
testing reduced the intraindividual standard deviation by < 5%,
indicating that interassay variation makes only a small contribution
to total variation when samples from a subject are assayed separately.
For total T and the fractions, batch testing produced reductions of
16—21% in the intraindividual standard deviations. Thus, batch
testing would lead to a fairly substantial increase in statistical power
or reduction in sample size in studies in which the end-point is
change in total T or a T fraction over time.

Discussion

This study provided estimates of day-to-day and 3-month intra-
individual variation in total T, free T and bioavailable T, seven other
adrenal and reproductive hormones and SHBG in a large cohort of
generally healthy, community-dwelling, middle-aged to older men
of diverse ethnicity. We expect the results to be broadly generalizable
because the subjects were randomly sampled from the community.

The relatively narrow bootstrap confidence limits in Table 5
indicate that the differences between the standard deviations for LH,
DHEA and cortisol on the one hand and total T, DHT, oestrone and
oestradiol on the other are not the result of chance but reflect real
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differences in intraindividual variation. As noted earlier, differences
in assay variation do not explain the differences in total variation
between these two sets of hormones. Differences in ultradian variation
brought on by pulsatile release could account for some of the
differences in total variation. Pooling equal aliquots of two samples,
as was done in this study, reduces but does not eliminate the effect
of pulsatile release. Thus, all other sources of variation being equal,
the hormone with a greater degree of ultradian variation will display
greater intraindividual variation even with the sampling strategy
used in this study. For example, LH displays greater ultradian
variation and had larger intraindividual standard deviations than
total T.**

The standard deviations presented here are based on a specific
protocol for blood draws and a specific set of assays. It is important
to consider the effects of departures from the procedures used in this
study on estimates of intraindividual variation in hormone levels.
Sampling times were fairly tightly clustered within men to reduce
the effects of diurnal variation on intraindividual variation. The
amplitude of diurnal variation for total T, free T and bioavailable T,
SHBG, LH, FSH and DHEAS may actually exceed the intraindividual

standard deviations obtained in this study.'****

Relaxing the
restrictions on intrasubject variation of time of collection would
likely increase the intraindividual standard deviations considerably,
whereas further restricting the time of collection would probably
reduce the standard deviations. The amplitude of diurnal fluctuation,
at least for total T, may be reduced in elderly men'** although
possibly not in middle-aged men.” The extent to which time of day
must be controlled in sample collection may therefore depend on a
subject’s age.

Measurements of hormone levels are often based on a single blood
draw, rather than on a pool of equal aliquots from two draws.
Hormone levels based on a single draw will be more variable than
levels based on a pool of equal aliquots of two draws but the difference
in variation is likely to be small. Pooling equal aliquots of two
samples drawn 20 min apart will reduce the day-to-day component
of variation, Gf), but it will not alter the long-term component, Gi,
or the assay components, 6 or ;. The extent to which total
intraindividual variation, o2, is reduced will depend on the relative
contribution of the day-to-day component to the total. It will also
depend on the relative contribution of variation over the short interval
between blood draws to the day-to-day component because
variation over the interval between draws is the only part of day-to-day
variation that will be affected by the pooling. Given the other sources
of variation that contribute to the total, the effect of pooling on the
intraindividual standard deviation is likely very small, especially if
one focuses on intraindividual variation over 6 months without
batch testing (Scheme 4). It is difficult to be more specific than this
without information on the effect of pooling two aliquots on intra-
individual variation. This issue is currently under investigation.

Although differences in assay variation among methods will affect
intraindividual variation, the effect will be diluted when assay variation
is combined with biological variation (G; or g2 +c> inthe models
described earlier). Consider, for example, a study of total T in which
an assay is used for which both the intra- and interassay component
of variance is two-thirds the component in the assay used in this
study. Assuming no change in the biological components, reductions

of only 11% and 8-5%, respectively, for the day-to-day and 3-month
intraindividual standard deviations, can be calculated from the
variance components in Table 4.

New assays for steroid hormones are being used by commercial
laboratories and developed by investigators, such as approaches
based on liquid chromatography tandem mass spectrometry
(LC-MS/SM) and gas chromatography mass spectrometry (GC-MS).
The new and existing methods may not measure exactly the same
molecular species or isoforms. For example, the antibodies in a
method based on radioimmunoassay (RIA) may measure immuno-
reactive molecules that are not detected by LC-MS/MS or GC-MS.
Furthermore, protein hormones, such as LH, FSH and SHBG
circulate in various glycosylated isoforms that are differentially
recognized by the antibodies used in different RIAs. If the various
species or isoforms of a given hormone exhibit different levels
of biological variation, then switching to a different method may
alter both the assay and biological components of intraindividual
variation. Therefore, it may be necessary to repeat the measurements
made here using the newer assays in order to determine if the estimates
of biological variation are affected by the assay used.

With these caveats in mind, the standard deviations presented here
have a number of uses in clinical monitoring of hormone levels and
in trials of hormone replacement therapy and in other investigations
in which hormones are of interest. As shown in Table 6, confidence
limits for steady state mean hormone level for an individual can be
calculated from the results of one, two or several measurements. One
important application of the confidence limits arises when a threshold
of concern has been defined, such as a threshold for total T level
below which hypogonadism might be suspected or diagnosed. The
standard deviations provide a basis for determining how far a measured
T level or the average of a series of measurements of T must be from
the threshold to conclude that an individual’s steady state mean is
reliably above or below the threshold. They also provide a basis for
deciding whether the difference between two measurements is
large enough to represent a change in hormone level rather than a
fluctuation around the steady state mean, for developing eligibility
criteria for a clinical trial of hormone replacement therapy in hypo-
gonadal men and for doing sample size calculations for a trial in
which change in hormone level is the outcome of interest. The
calculations for these uses of the intraindividual standard deviations
are straightforward for a statistician; for the sake of brevity, we forego
detailed exposition of the methods.

The calculations summarized in Table 6 show that averaging the
results from repeated hormone measurements on the same individual
reduces the width of the confidence interval for the steady state
mean. However, the increment by which the confidence interval is
narrowed and precision is improved declines with each additional
sample. Reasonably large gains can be made by averaging the results
of two or three measurements but, in many cases, the precision
gained with further measurements is likely to be too small to be
meaningful.

While repeated sampling may improve the precision with which
mean hormone level is estimated, there are some circumstances
under which such repetition may not be necessary. For example,
repeated sampling may not be required if there is a consistent pattern
to the results, such as low total T coupled with abnormally high LH
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and perhaps physical symptoms of hypogonadism. The clinician
may find such a cluster of signs and symptoms to be sufficient for a
diagnosis without obtaining follow-up blood samples.

In addition to averaging the results of two or more samples from
the same subject, intraindividual variation can also be reduced by
averaging the results of repeated assays of the same sample. While
repeated assays of a sample will reduce assay variation, however,
they will not reduce biological variation. Averaging the results
from repeated samples reduces both assay and biological variation.
Therefore, repeated assays are less effective than repeated samples at
reducing total variation. Moreover, the assay components of variance
in Table 4 are generally smaller than the biological components,
further limiting the gain from repeated assays.

Many clinicians are aware of the problems created by intra-
individual variation in hormone levels when interpreting clinical
measurements of hormone levels. Researchers are all too aware of
the difficulties encountered in designing studies involving hormone
levels as eligibility criteria or end-points when information on
intraindividual variation is not available. The measurements of
intraindividual variation provided here should have broad application
clinically and in research in endocrinology.
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Summary

Context The effects of testosterone treatment on glucose
metabolism and other outcomes in men with type 2 diabetes
(T2D) and/or the metabolic syndrome are controversial.
Objective To perform a systematic review and meta-analysis of
placebo-controlled double-blind randomized controlled clinical
trials (RCT) of testosterone treatment in men with T2D and/or
the metabolic syndrome.

Data sources A systematic search of RCTs was conducted
using Medline, Embase and the Cochrane Register of controlled
trials from inception to July 2014 followed by a manual review
of the literature.

Study selection Eligible studies were published placebo-con-
trolled double-blind RCTs published in English.

Data extraction Two reviewers independently selected studies,
determined study quality and extracted outcome and descriptive
data.

Data synthesis Of the 112 identified studies, seven RCTs
including 833 men were eligible for the meta-analysis. In studies
using a simple linear equation to calculate the homeostatic
model assessment of insulin resistance (HOMA1), testosterone
treatment modestly improved insulin resistance, compared to
placebo, pooled mean difference (MD) —1-58 [—2-25, —0-91],
P < 0-001. The treatment effect was nonsignificant for RCTs
using a more stringent computer-based equation (HOMA2),
MD —0-19 [—0-86, 0-49], P = 0-58). Testosterone treatment did
not improve glycaemic (HbAlc) control, MD —0-15 [—0-39,
0-10], P =0-25, or constitutional symptoms, Aging Male
Symptom score, MD —2-49 [—5-81, 0-83], P = 0-14).
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Conclusions This meta-analysis does not support the routine
use of testosterone treatment in men with T2D and/or the meta-
bolic syndrome without classical hypogonadism. Additional
studies are needed to determine whether hormonal interventions
are warranted in selected men with T2D and/or the metabolic
syndrome.

(Received 11 August 2014; returned for revision 17 September
2014; finally revised 9 October 2014; accepted 4 November 2014)

Introduction

A large body of epidemiological evidence shows that, in men,
low serum testosterone is associated with insulin resistance and
the associated conditions metabolic syndrome and type 2 diabe-
tes (T2D). In meta-analyses of case-control studies, total testos-
terone levels are consistently lower in men with T2D or with the
metabolic syndrome compared to controls, although the degree
of the reduction is modest, ranging from —1-61 nm (95%CI
—2:56 to —0-65) to —2-99 nm (95%CI —3-59 to —2-40)." In
addition, low testosterone levels predict incident T2D or the
metabolic syndrome in some* but not all’ longitudinal studies.

From a mechanistic perspective, this relationship between low
testosterone and dysglycaemia is complex, and at least in part,
mediated by changes in body composition, in particular visceral
fat mass.® It is also bidirectional: On the one hand, androgen
deprivation increases fat mass and insulin resistance,” and, on
the other hand, weight loss increases both insulin sensitivity and
testosterone levels® Preclinical evidence reviewed elsewhere®’
suggests that testosterone regulates stem cells and differentiated
adipocytes and myocytes to promote metabolically favourable
changes in body composition and glucose metabolism.

The hypothesis that testosterone treatment improves measures
of glucose metabolism has been tested in a number of interven-
tional studies, which collectively have yielded inconclusive
results. In this study, therefore we sought to conduct a systematic
review and meta-analysis of the effects of testosterone therapy
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on glucose metabolism in men with T2D or the metabolic syn-
drome. In contrast to previous meta-analyses in this area,>>1?
we limited our analysis to placebo-controlled double-blind ran-
domized controlled clinical trials (RCT) and include two recent

11,12

such studies that have not been considered previously.

Materials and methods

In this study, we followed the reporting recommendations made
in the PRISMA (Preferred reporting items for systematic reviews
and meta-analyses) statement.'”> The PRISMA statement was
designed to improve the quality of systematic reviews or meta-
analyses. The statement lists 27 items to include when conduct-
ing and reporting such a study. In this study, all 27 items were
included.

Eligibility criteria

Eligible studies were defined in a protocol as fully published
(English language) double-blind randomized controlled clinical
trials that assessed the effects of testosterone therapy in men
with diagnosed metabolic syndrome and/or T2D on measures of
glucose metabolism.

Search strategy

We conducted a comprehensive search of the literature using
the electronic databases Medline, Embase and the Cochrane reg-
ister of controlled trials from inception to July 2014. The search
strategy was developed in consultation with an experienced med-
ical research librarian using a broad range of relevant search
terms (full research strategies are available in the supplementary
information). In addition, reference lists of potentially eligible
articles and relevant reviews were searched by hand. Study selec-
tion was conducted by two independent reviewers (M.G. and
B.B.Y). Studies included by both reviewers were compared and
disagreement resolved by consensus and third party adjudica-
tion. Only placebo-controlled double-blind RCT's were eligible.

Data extraction

Two investigators (M.G and B.B.Y) independently extracted the
relevant data using a standardized form. Data extracted from
each eligible RCT included demographic information, diagnosis
of T2D and/or the metabolic syndrome, number of participants,
baseline and on treatment testosterone levels, type and duration
of treatment. Disagreements were resolved by consensus and
third party adjudication.

Quality assessment

Two reviewers (M.G and B.B.Y), working in duplicate, assessed
the methodological quality of each eligible RCT using the full
25-item CONSORT checklist of information to be included
when reporting a RCT."* The CONSORT checklist was designed
to improve the quality of RCT reporting. Therefore, the quality

of a published RCT can be assessed by quantifying how many of
the 25 recommended criteria are reported. A high quality RCT
will report all 25 items, and the quality of a RCT correlates
inversely with the number of reported items.

Primary outcomes

The primary outcomes of interest were the mean differences
(MD) in insulin resistance (assessed by homeostatic model
assessment of insulin resistance, HOMA-IR) and in glycaemic
control (assessed by HbAlc) between treatment and control
groups. In addition, standardized mean differences (SMD) were
derived. For each eligible RCT, MD =+ Standard Deviation (SD)
from baseline to end of trial in each group, treated and controls
were retrieved for HOMA-IR and HbAlc. Where SD was not
given, it was estimated from SEM or from the 95% confidence
interval of the MD. For obtaining SMD, mean differences of
individual trials were standardized prior to meta-analysing. In
RCTs reporting an open-label extension phase, only the initial
double-blind placebo-controlled phase was considered.

Secondary outcomes

The secondary outcomes were effects of testosterone on symp-
toms, cardiovascular risk markers and adverse effects. We meta-
analysed constitutional symptoms reported by Aging Male Symp-
tom score. Due to between-trial heterogeneity and inconsistent
reporting, effects of testosterone on sexual symptoms, cardiovas-
cular risk markers and adverse effects could not be meta-analy-
sed, but were instead reported in a descriptive fashion.

Data synthesis and statistical analysis

Three investigators (M.G., B.B.Y and G.W.) independently veri-
fied and collated the extracted data to provide a descriptive syn-
thesis of key characteristics and a quantitative synthesis of effect
size estimates for each RCT.

The consistency or heterogeneity of the results among various
trials in a meta-analysis is an important statistical measure.
Hence, the variation in effect beyond chance was tested by using
both the Cochran’s Q chi-squared test and the I? test, which
describes the percentage of the variability in effect estimates that
is due to heterogeneity rather than sampling error, therefore
providing a quantitative measure of nonrandom differences
observed across studies. An I* > 30% indicates a moderate inter-
trial heterogeneity. Given the fact that considerable inconsistency
existed among the trials, we used a random effects model to
estimate the average true difference (MD) in HOMA-IR or
HBAlc in the treatment group, compared to placebo. The
choice of differing HOMA-IR modelling employed in the trials,
HOMALIL or HOMA2, was assessed in the meta-analysis by add-
ing this information as a moderator variable. SMD are based on
Hedges’ g with appropriate correction for a negative bias. The
Hedges g’ with appropriate correction for negative bias was used
to calculate the SMD, as recommended by the Cochrane Library,
which in contrast to the MD relates the size of the intervention

© 2014 John Wiley & Sons Ltd
Clinical Endocrinology (2014), 0, 1-8



effect to the variability in each study. In a moderator analysis,
we examined the impact of a covariate (moderator variable) on
the effect. In addition, we used a weighted restricted maximum-
likelihood estimator for fitting the models, and the model was
implemented by the metafor package (version 1.9.4) in the R
statistical program (R for Mac version 3.1.1).">'°

Graphical data presentation included Forest plots and Funnel
plots. A Funnel plot is a scatterplot of treatment effect against a
measure of study size-related imprecision (such as the standard
error used here) on the vertical axis and serves as a visual aid
for detecting bias. In addition to this graphical method, a regres-
sion test (regtest) was employed to formally test for the presence
of asymmetry in the Funnel plot.

The study is an analysis of published data that does not
require specific approval by an ethics committee.

Results

Study identification and descriptive data synthesis

Figure 1 shows the flow chart summarizing the identification of
eligible RCTs. Seven RCTs were eligible for analysis, randomiz-
ing between 22 and 220 men for a total of 833 men (449 treated
with testosterone and 384 receiving placebo) (Table 1). 1217721
Major inclusion criteria in all studies were T2D and/or the
metabolic syndrome, and low or low-normal serum testosterone
levels. Presence of symptoms suggestive of androgen deficiency
was an inclusion criterion in five studies.'*!”2° Major exclusion
criteria were contraindications to testosterone treatment (e.g.
prostate disease, uncontrolled sleep apnoea, increased haemato-
crit), previous testosterone or anabolic treatment within the
last 6-12 months, and uncontrolled T2D (variously defined
HbAlc > 9-10%). 531 men had T2D either with or without the
metabolic syndrome, and 302 men had the metabolic syndrome,
but no diagnosis of T2D. Mean age of participants ranged from

PubMed search

N=112
PubMed (unindexed)
Embase search
N =28 N=83
Cochrane register
N =64
First cut
N =53
Studies identified R RCTs eligible
N=16 N=7

Fig. 1 Flow chart summarizing the identification of studies included for
the meta-analysis.

© 2014 John Wiley & Sons Ltd
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44 to 64 years, BMI from 24-35 kg/m® and baseline total
testosterone levels from 6-7 to 10-1 nm. Durations of the dou-
ble-blind treatment phase ranged from 3 to 12 months, and six
RCTs used intramuscular and one RCT transdermal testosterone
(Table 1). The studies were conducted in Italy,"” India,'® United
Kingdom,'>'® Russia®’ and one was a multinational RCT con-
Median CONSORT
scores ranged from 16 to 24, where 0 denotes the lowest and 25

ducted in eight European Countries.”’

the highest quality.

Effects of testosterone therapy on insulin resistance
(HOMA-IR)

HOMA-IR estimates were derived by different methods in the tri-
als. While five studies'’ ' were using the original HOMA1 equa-
tion (fasting insulin in mUI/L x fasting glucose in mm)/22-5), two
1112 employed the computer-based HOMA2 model.”* Com-
bining all seven trials resulted in a large intertrial heterogeneity
(Cochrane Q-test <0-0001, I> = 76%). The heterogeneity was
markedly reduced when accounting for the choice of the HOMA-
IR model in the analysis (Qg test P = 0-21, P = 36-4%).

Figure 2a shows the MDs in HOMA-IR after testosterone
therapy between treatment and control groups. While testoster-
one treatment significantly improved insulin resistance, com-
pared to placebo, in the HOMAI-based studies (pooled MD
—1-58 [—2-25, —0-91], P < 0-001), the treatment effect was non-
significant for the HOMA2 trials (—0-19, [—0-86, 0-49],
P =0-58). In the moderator analysis, the HOMA-IR-model-
related shift was 1-39, [0-44, 2-34], P = 0-004. When excluding
the study ranking lowest in the quality score,'” the treatment
effect for HOMAI models decreased slightly to —1-22, [—1-92,
—0-53], P = 0-0006. The SMD (Hedges’ g) for HOMA-IR across
all trials was —0-34 [—0-51, —0-16], P < 0-001, suggesting a
small to moderate treatment effect (Fig. 2b). A Funnel plot

trials

including a regtest for funnel plot asymmetry (z = 0-20,
P = 0-84) revealed no significant publication bias (Figure SI).

Effects of testosterone therapy on glycaemic control
(HbATc)

The intertrial heterogeneity for the testosterone effect on HbAlc
was significant among the trials (Cochrane Q-test P < 0-001,
I* = 77-3%). The pooled difference was minor and did not reach
statistical significance (—0-15, [—0-39, 0-10], P = 0-25), as shown
in Fig. 3. The funnel plot showed no indication for a publica-
tion bias or significant asymmetry (Figure S2, regtest z = 0-82,
P =0-41). Excluding the qualitatively weakest trial'” proved
(—=0-10, [—0-34, 0-42],
P = 0-42). Omitting individual trials in leave-one-out scenarios

again statistically inconsequential
proved statistically inconsequential for all individual RCTs with
the exception of the trial by Gianatti et al.'' When omitting this
trial,'! the reduction in HbAlc was significant (—0-24 [—0-43,
—0-06], P = 0-02), but failed to retain significance when applying
a more robust Knapp Hartung test (P = 0-16). The pooled dif-
ference expressed in terms of SMD was nonsignificant, —0-50
[~1-37, 0-36], P = 0-25.



4 M. Grossmann et al.

"Pasn d1om $3ZIS 103JJ0 PazIpIepuels (parnbal a1oym) PalIdAtu0d-JS ‘SISA[eue-elowW oY)

10 ‘sanseawr palrodar are d[qe) Y} UI UMOYS BIB(] “JBI) 0} UONUIUT ‘1] Pa3todal 10U “Y'N JBAIIUT RDUIPYUOD 094G ‘[ UBW ) JO I0IId PIEPURIS ‘JNFS 20UdIIp paisn(pe ueaw ‘qyA ‘0qaderd
Pm vub&ES QOUIPIP UedW ‘(JIN 1932 oawuﬁm ‘Odd ¥3J2 9U012)$01$3) “J, ‘IR[NOSNUIRIIUI “WI 9}BOURIIPUN JUO0I)S0ISI) ‘N ], .qu::&w JI[0QEIAW ‘GIJA ‘QUOIIIS0ISI) 391J ‘I, 9U0I)$01$3) [BI0) “I,1,

4 [PPOIN PaXIN S0-0 = d “(£:0 0-0 ID)9€-0 AVIN €00 =d ‘(LF0 ‘1€:0— 1D)80:0— AVIN ez 1P 42 HyeURID
(€1:0 ¥€0— ID)¥8:0 F 11-:0— (TT'1 T6:0— 1D)61°T F S1-0 AVINTTT
AVINPTT F 5L 01 ¥C-1 F L¥ L 04d9T T F ¥6:€ 01 ¥9°C F £9°¢ 0dd8ST
1C [PPOIN PaXIN F89LOVICT F ¥LL L F 91¥ 01 20T F 907 L yezr [0 39 NPEH
L1 [020101d 13 €0°0 = d (AIS) L1:0 F ££0— AN 20°0 = d (WAS) £9°0 F €4 1— L AN g 17 12 100dey]
¥0-0 = d (INIS) ¥8:0 F 020
61 [PPOIN PIXIN V/N Odd(NES) 95T F 6¥1— L 110 42 oquayduIEey]
65T F L0-0—
1z LLI SS¥ F v0-7— OddL8'T F 90-0— L 04dI18-¢ F 89:0— L o 1P 42 sauo(
(ST-01 ‘16:9— ID)6TF
(S6-8 9F-T1— 1D)S€-S F SL-T ANSS ¥ F L9T— AW6YE F TLT
91 LLI F 07— 04dL81 F 90-0— L 04d19-¢ F 8€0 L 10 12 TedoD
10:0 > d9'T F 60 100°0 > €0 F S0
il [PPOIN PaXIN 04d¥0 ¥ 0— L 04ds€ F 01'c— L L1 1P 12 BSIAY
(5T 30 mo) ugisop Apnig (%) >TVqQH MI-VINOH DU
9100s ANpend)
SPIM 0€ pue 81 ‘9
9-€l SoIM OF ‘918 [ wrny 9-8 1L 1€ 79 97 7/o8eraAe Wu 71 > L dCL 1V 12 THRURID
7/a8e12AR (WU QT-0> 10
(aseyd 10¥) SYoom g1 pue 9 SZ-:0—81-0 1d) Wu g> Io
Tl $YOIM ¢ 918 [ wrny, 16 9L €€ 79 L6 wu z1-1-8 LL dZL yezr [P 39 NPEH
(pafonuod
(inoysem -oqaoed purq
syuowt ) Syeam 7 A19A3 -3[qnop pazrwropuer
8Tl sypuowr ¢ Bw 00z wr [, 9-8 ¢L €€ ¥9 €I9A0SS012) $T 7 X Wu g1> L1dZlL gr 1P 12 100deY]
SPam g pue 9 nd ¢zz> 14 10
1€l SPIM 0€ 91 s [ wrng L9 AN g¢ s |92 It Wu 71> LLSPIN 11V 12 ouayduIEy
(azy) 7 x wd 667> 14 10 wu
661 syuour 9 Aep/3ur 9 198, 76 %L (4 09 481 801 11> LIS®IN 10 ZlL oz IV 12 sd3UO(
(pafronuoa-oqgaoerd
9 x skep ¢ papul[q paziwopuer
AN sqpuowr ¢ Arond i , 1-01 0L i a4 €I9A0SS012) 7T wd ¢zz> 11dzL o 10 32 [edon
syoam 7T AI0Ad 7 x wd g6z = 1 10
(&4l sypuowr 71 8w L8 9:9-LS 1€ LS 01 oy Wu T > LISPIN L1 1P 12 BSI2AY
(wu) (sseyd 1DY) juduIneaL], (wu) (%) ANWM\EV (s1e2A) (ogqooerd) (parean) BLIDILID OUIYNY
passrypPy uonein(g aurpseq STVQH 1IN UeaN age N N uorsnpour
1L IL uedy Toley

Papn{oUl S[eLI) PI[[OTUOD PIZIWOPULI Y} JO SOSLINIBIRYD) T J[qQR],

© 2014 John Wiley & Sons Ltd
Clinical Endocrinology (2014), 0, 1-8



Effects of testosterone treatment on other
cardiovascular risk markers

Three'"'*!® of the seven studies reported modest (—0-21 to
0-40 mmol) reductions in total cholesterol with testosterone
treatment relative to placebo, with the largest decrease in the
smallest study.'® LDL cholesterol was reduced (by - 0-26 mwm) in
one s'[udy,11 and modest decreases in HDL cholesterol were

()
Aversa et al. 2010 —.— -2-:60[-3-70,-1-50]
Kapoor et al. 2006 — -1-73[-2-91,-0-55]

Gopal et al. 2010
Jones et al. 2011
Kalinchenko et al. 2011 —s——

Gianatti et al. 2014 -
Hackett et al. 2013

———— -1:34[-3-16, 048]

-0-61[-1-61, 0-39]

-1-69[-3-34,-0:04]

-0-15[-0-50, 0-20]
—a— —0:26[-1-09, 0-57]

I T T T l 1
—-4-00 -2-00 0-00
Mean difference

—

(b)
Aversa et al. 2010
Kapoor et al. 2006

-0-81[-1-52,-0-10]
~1-05[-1-84,-0-26 ]

Gopal et al. 2010 —a—  -043[-1-02, 0-17]
Jones et al. 2011 —a— —-0-22[-0-59, 0-15
Kalinchenko et al. 2011 ——

Gianatti et al. 2014
Hackett et al. 2013

— = —0-21[-0-69, 0-27

1
—0-32[-0-64, 0-00]
1
— = —0-15[-063, 0-33]

RE Model D -0-34[-0-51,-0-16]

I T T T T 1
-2:00 -1-00 0-00
Standardized mean difference

Fig. 2 Mean difference (MD) (with 95%CI) in HOMA-IR across
randomized controlled trials between testosterone- and placebo-treated
groups. (a) MDs were stratified in a moderator analysis by the HOMA-
IR model used, as indicated by the grey diamonds. (b) Random effects
model of the standardized mean difference (SMD) in HOMA-IR across
trials with different HOMA models. SMD is based on Hedges’ g (see
Materials and methods). The studies by Gianatti'' and Hackett'? used
HOMA?2, all others HOMALI to estimate insulin resistance.
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Fig. 3 Mean difference (with 95%CI) in HbAlc across randomized
controlled trials between testosterone- and placebo-treated groups.
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found in two studies.'"*° None of the studies showed effects on
triglyceride or blood pressure levels. One study reported a signif-
icant decrease in Lipoprotein a.*° The three RCTs'“'”?! that
assessed C-reactive protein (CRP) levels all showed that testos-
terone treatment reduced CRP levels, although this was just
short of statistical significance (P = 0-05) in one study.""

Effects of testosterone treatment on symptoms

Effects of testosterone treatment on symptoms consistent with

androgen deficiency were reported as secondary outcome mea-

18-20

sures either within the same publication or in a separate

manuscript.B’25 Constitutional symptoms using the Aging Male
Symptom score were reported by 4 RCTs,*®** %
total of 691 men.

The trials showed considerable heterogeneity with respect to

including a

their mean differences in Aging Male Symptom scores between
groups (Q-test P < 0-001,
I* = 92%). Overall, the pooled treatment effect of testosterone

the testosterone and control
administration on the symptom score was nonsignificant, MD
—2-49 [—5-81, 0-83], P = 0-14) (Fig. 4). The funnel plot (Figure
S3) and regtest (z = —0-23, P = 0-82) were sufficiently balanced
with a wide variation. The SMD missed significance, —0-35
[—0-76, 0-06], P = 0-09.

Effects on sexual function could not be meta-analysed due to
the use of different instruments to assess sexual function across
RCTs. Of the four trials that reported effects on sexual function,
one study reported a modest improvement erectile function**
whereas three studies did not find significant effects. Two studies

20,24

reported an increase in sexual desire, whereas overall sexual

function improved in only one of the four studies.”

Adverse events

Adverse event reporting was inconsistent among trials. The
reported incidences of serious adverse events were none (in
three studies)'®'>?! 2.0%,'7 2:0%'* 7-7%%° and 9-1%'! with no
differences between testosterone and placebo groups. A total of
24 cardiovascular related events were reported in three studies
(testosterone group vs placebo group: 0 vs 1,'” 3 vs 3'' and 5 vs
12%°), whereas the other four studies did not report any cardio-
vascular related events. The overall incidence was 2-9%, with

Jones et al. 2011 —a— 0:30[-1-50, 2:10]

Giltay et al. 2010 —. —7-40[-9-37 , -5-43 ]
Gianatti et al. 2014 — . -0-90[-3-06, 1-26]
Hackett et al. 2014 —m—  —2:00[-3-65,-0-35]
RE Model — 2:49[-581, 0-83]

[ I I 1
-10-00 -5-:00 0-00 5-00

Mean difference

Fig. 4 Mean difference (with 95%CI) in Aging Male symptom score
across randomized controlled trials between testosterone- and placebo-
treated groups.
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eight events occurring in testosterone treated, and 16 in pla-
cebo-treated patients, including one fatal cardiovascular event
occurring in a man receiving placebo. Significant increases in

11,17,20,21

haematocrit were reported in four, and significant

increases in PSA in one!! of the seven RCTs.

Discussion

In this systematic review and meta-analysis, using rigorous
inclusion criteria, we have identified seven double-blind pla-
cebo-controlled RCTs that assess the effects of testosterone treat-
ment on glucose metabolism in men with T2D and/or the
metabolic syndrome and low to low-normal testosterone levels.
Although the RCTs were of moderate to high quality, there was
a large between trial heterogeneity. Differences in the choice of
HOMA-IR-based methodology to estimate insulin resistance was
identified as a major contributor as accounting for HOMA-IR
methodology eliminated significant between trial heterogeneity.
Collectively, the results indicate that testosterone treatment
modestly improved insulin resistance in RCTs that estimated
insulin resistance by using the HOMAL1 equation. In contrast, in
RCTs that used a computer-based model to determine insulin
resistance (HOMA2),%? insulin resistance was not improved.
While HOMAL gives a good approximation of beta cell function
relative to gold standard insulin clamp studies, the HOMA2
model attempts to account for variations in hepatic and periph-
eral glucose resistance, for increases in the insulin secretion
curve for plasma glucose concentrations above 10 mm, and for
the contribution of circulating proinsulin [https://www.dtu.ox.
ac.uk/ homacalculator/]. HOMA2 may thus provide a more pre-
cise physiological basis for estimation of insulin resistance.*”
Therefore, testosterone therapy results in improved glucose-insu-
lin profiles as assessed in the fasting state using HOMAI1, which
would be consistent with a beneficial effect to ameliorate insulin
resistance. However, this may be modulated indirectly via factors
which are captured by HOMA2, possibly explaining the disparity
in trial results when the newer model is used.

Testosterone treatment had no significant effect on glycaemic
control, assessed by HbAlc. Although we did not identify evi-
dence of publication bias, we are aware of one unpublished RCT
in 180 men with T2D with baseline HbAlc of 7-0-9-5% and
total testosterone < 10-4 nm.>® In this RCT, testosterone treat-
ment had no significant effect on HbAlc or on HOMA-IR, com-
pared to placebo. Insufficient information precluded inclusion of
this RCT into the meta-analysis, although it is expected that
inclusion of this relatively large negative study would have fur-
ther reduced the difference in glycaemic outcomes between tes-
tosterone and placebo groups. Similarly to the trial by
Gianatti,'" this unpublished RCT recruited exclusively patients
with established T2D. Reductions in insulin resistance with tes-
tosterone treatment were predominantly reported in RCTs that
included men with the metabolic syndrome but without estab-
lished T2D.*>*' This raises the possibility that testosterone
treatment may be more effective in improving glycaemic out-
comes in men with the metabolic syndrome compared to men
with established T2D.

Our results differ from previous meta-analyses in this area,
which have generally shown more favourable effects of testoster-
one treatment on glucose metabolism.>>'* These previous meta-
analyses were smaller, including between 228 and 483 partici-
pants, showed larger between trial heterogeneity (I* 38-82%),
and were not restricted to placebo-controlled double-blind
RCTs, but instead included nonblinded, open-label trials. In
addition, the two more recent studies using more stringent
HOMA2'"'? modelling were not included.

Given that men in all the studies included had relatively well
controlled T2D at baseline, the effects of testosterone treatment in
men with poorly controlled T2D are unknown. Of note, RCTs in
such populations would be more difficult to conduct, given the
efficacy of standard antidiabetic medications. In addition, baseline
testosterone levels in RCT participants were only modestly
reduced, and whether testosterone treatment improves glucose
metabolism in men with more marked reductions in testosterone
levels remains unknown. Experimental studies of induced hypog-
onadism have not identified a serum testosterone threshold below
which insulin resistance increases.”’ Consistent with this, the
inverse relationship of insulin resistance with testosterone levels in
men with T2D does not have a clear breakpoint and remains pres-
ent even in men with testosterone levels extending into the normal
range.”® Marked reductions in testosterone are relatively uncom-
mon in men with T2D and require careful assessment for underly-
ing classical hypogonadism.® Such men may well require
testosterone treatment irrespective of glycaemic considerations.

While there is evidence that testosterone treatment can improve
glucose metabolism in preclinical studies by a variety of cellular
mechanisms,®” the degree of which they are operative in men is
unknown. Testosterone treatment modestly increases muscle mass
and decreases fat mass,”” changes expected to be metabolically
favourable. Of the meta-analysed RCTs, only one study'" reported
changes in body composition assessed by rigorous methodology.
Despite the expected decrease in fat mass and increase in muscle
mass, in that study insulin resistance was not improved. Similarly,
in the unpublished RCT, insulin resistance was not improved
despite a significant increase in lean body mass.”® In a recent study
of 57 obese men, testosterone treatment did not improve insulin
sensitivity assessed by euglycaemic clamps, despite significant
decreases in fat mass and increases in total fat mass,’® and in a
chemical castration study of healthy young men, no changes in
insulin resistance were observed despite significant increases in fat
mass.”" One explanation for this apparent paradox is the observa-
tion that in men with T2D testosterone treatment preferentially
reduced the amount of subcutaneous, but not of the metabolically
more active visceral fat.! Similarly, testosterone treatment had no
significant effect on visceral adipose tissue in most but not all
RCTs conducted in overweight or obese men not specifically
selected for the presence of T2D and/or the metabolic syndrome.®
Additional studies are needed to clarify whether testosterone acts
selectively on subcutaneous compared to visceral fat, or whether
specific circumstances exist which lead to one or other reservoir
being affected.

Given that the metabolic syndrome and T2D are slowly pro-
gressive conditions, it remains possible that longer duration of

© 2014 John Wiley & Sons Ltd
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testosterone treatment, beyond the maximum duration of
12 months in current RCTs (Table 1) may have more marked
effect on glucose metabolism. While uncontrolled registry stud-
ies have demonstrated progressive improvements in glucose
metabolism in men treated with testosterone up to 6 years,>
these observations have yet to be confirmed in controlled trials.

With respect to the effects of testosterone treatment on other
cardiovascular risk factors, effects in the different RCTs were rel-
atively modest and consistent with findings from RCTs in of tes-
tosterone therapy in men from the general population.®® Effects
on lipids were modest and may be neutral from a cardiovascular
perspective as both decreases in pro-atherogenic lipid fractions
(total cholesterol, LDL cholesterol, lipoprotein a) and in the the-
oretically cardioprotective HDL cholesterol were reported. Tri-
glyceride levels did not change, consistent with the absence of
documented changes in visceral fat. While none of the RCTs
found an effect on blood pressure, modest decreases in CRP
were seen, although whether this is independent of changes in
body composition is not known.

Testosterone treatment did not have a significant effect on
constitutional symptoms suggestive of androgen deficiency, as
assessed by the relatively nonspecific Aging Male Symptoms
score. Heterogeneity in the instruments used to assess sexual
function precluded a meta-analysis of sexual function.
Some?>?>** but not all*> RCTs reported improvements in sexual
parameters although these were variable between the studies,

20.23:24 and overall sex-

including erectile function,** sexual desire
ual function. In one RCT,* sexual and constitutional symptoms
were worse in men with depression and microvascular complica-
tions, but did not correlate with testosterone levels, suggesting
that these nonspecific symptoms are confounded by comorbidi-
ties. This provides a potential explanation for the relatively mod-
est and inconsistent symptomatic benefit of testosterone
treatment in this population, which is distinct from the marked
symptomatic benefits in men with classical, pathologically based
hypogonadism who have unequivocally low testosterone levels
and objective evidence of androgen deficiency.”*

In these relatively short term RCTs as expected, serious
adverse events were few. Consistent with men in the general
population,® an increase in haematocrit was the most com-
monly reported adverse event, occurring in four of the seven
RCTs. Cardiovascular events were numerically lower in men
receiving testosterone a difference largely driven by the TIMES2
study.”® Although the number of events was very low, this may
provide some assurance given the uncertainties surrounding the
cardiovascular safety of testosterone treatment.”>

Strengths of the present meta-analysis include, in contrast to

2310 the strict selection of double-blind
11,12

previous meta-analyses,
placebo-controlled RCTs including two recent RCTs using
more rigorous HOMA2 methodology to estimate insulin resis-
tance, which allowed identification of sources of heterogeneity
and the quantification of summary estimates across all published
RCTs. We wused the PRISMA statement to conduct our
research,”” and carefully evaluated study quality using the full
25-item CONSORT checklist.'* Limitations include the limited

number and relative modest size of included studies, lack of
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access to individual patient level data and the fact that included
studies not always fully complied with CONSORT reporting cri-
teria, which may weaken the precision of some of our estimates.
Moreover, while none of the RCTs used ‘gold standard’ mea-
surements of insulin resistance, HOMA-IR measurements have
shown to correlate well with clamp-based technologies.

In conclusion, the results of this meta-analysis do not support
the routine use of testosterone treatment to improve glucose
metabolism or constitutional symptoms in men with relatively
well controlled T2D and/or the metabolic syndrome and modest
reductions in testosterone levels. This reinforces recommenda-
tions that, at the current state of evidence, lifestyle measures and
use of standard therapy to optimize glycaemic control and com-
orbidities should remain the first line approach.®
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The diagnosis of male hypogonadism requires the demonstra-
tion of a low serum testosterone (T) level. We examined serum
T levels in pedigreed samples taken from 62 eugonadal and 60
hypogonadal males by four commonly used automated immu-
noassay instruments (Roche Elecsys, Bayer Centaur, Ortho
Vitros ECi and DPC Immulite 2000) and two manual immu-
noassay methods (DPC-RIA, a coated tube commercial kit, and
HUMC-RIA, a research laboratory assay) and compared re-
sults with measurements performed by liquid chromatogra-
phy-tandem mass spectrometry (LC-MSMS). Deming’s regres-
sion analyses comparing each of the test results with LC-
MSMS showed slopes that were between 0.881 and 1.217. The
interclass correlation coefficients were between 0.92 and 0.97
for all methods. Compared with the serum T concentrations
measured by LC-MSMS, the DPC Immulite results were biased
toward lower values (mean difference, —90 + 9 ng/dl) whereas
the Bayer Centaur data were biased toward higher values

(mean difference, +99 = 11 ng/dl) over a wide range of serum
T levels. At low serum T concentrations (<100 ng/dl or 3.47
nmol/liter), HUMC-RIA overestimated serum T, Ortho Vitros
ECi underestimated the serum T concentration, whereas the
other two methods (DPC-RIA and Roche Elecsys) showed dif-
ferences in both directions compared with LC-MSMS. Over
60% of the samples (with T levels within the adult male range)
measured by most automated and manual methods were
within + 20% of those reported by LC-MSMS. These immuno-
assays are capable of distinguishing eugonadal from hypogo-
nadal males if adult male reference ranges have been estab-
lished in each individual laboratory. The lack of precision and
accuracy, together with bias of the immunoassay methods at
low serum T concentrations, suggests that the current meth-
ods cannot be used to accurately measure T in females or
serum from prepubertal subjects. (J Clin Endocrinol Metab 89:
534-543, 2004)

HE DIAGNOSIS OF androgen deficiency in men is usu-
ally based on clinical features of hypogonadism and
the demonstration of a morning serum total testosterone (T)
level below the reference range for young male adults. In the
past 30 yr, serum T levels have been measured in both re-
search and clinical laboratories using established RIAs that
initially employed an extraction and column chromatogra-
phy purification step before performing the RIA (1-4). Sub-
sequently with the availability of more specific antibodies,
the chromatography step and then the extraction step were
eliminated in most laboratories. Ready-made commercial
kits for RIAs were then introduced and routinely used in
most clinical and research laboratories.

More recently, assays for serum T in male and female
serum have been performed in many hospital and reference
laboratories using rapid automated immunoassay instru-
ments that employ chemiluminescence detection. These as-
says are performed with proprietary reagents that include

Abbreviations: CV, Coefficient of variation; GC, gas chromatograph;
HRP, horseradish peroxidase; HUMC, Harbor-UCLA Research and Ed-
ucation Institute Endocrine Research Laboratory; LC-MSMS, liquid
chromatography-tandem mass spectrometry; LOQ, limit of quantifica-
tion; MS, mass spectrometry; T, testosterone.
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analogs of T as standards and reference ranges provided by
the instrument manufacturer. While economical and rapid,
many of these assays have had limited published validation
data, raising questions about the accuracy and/or specificity
of these automated immunoassay methods. Furthermore, the
approval of these methods by regulatory agencies for clinical
use is primarily based on noninferiority comparison against
previously approved assays frequently using pooled sam-
ples and mostly not from T-free serum spiked with gravi-
metrically determined standards of authentic T or from in-
dividual serum samples independently assayed by other
methods such as mass spectrometry methods. A major prob-
lem exists when the standard reference texts for physicians
(5) describe an adult male reference range that does not
correspond to values quoted by many clinical laboratories.
Clinicians are being presented with normal male reference
ranges for serum T from these automated platforms that have
low end clinical limits down to 170-200 ng/dl (5.9-6.9
nmol/liter) and upper range limits of 700-800 ng/dl (24.3—
27.7 nmol/liter). These stated reference ranges provided by
the manufacturer are significantly lower than the 300-1000
ng/dl (10.4-34.7 nmol/liter) reference range referred to in
numerous publications over the past 30 yr based on tradi-
tional RIA methods with or without the chromatography
step as well as some research techniques employed by in-
ternal recovery standards to correct for procedural losses (5).
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External quality control programs such as that provided
by the College of American Pathologists allow laboratories to
compare results with other laboratories using the same
method or kit reagents. As shown in Table 1, the median
value of a quality control sample (Y-04, 2002) varied between
215 and 348 ng/dl (7.5 and 12.0 nmol/liter) among methods
with coefficients of variation among laboratories using the
same method or instrument ranging between 5.1% and
22.7%. The median average for this sample from all methods
was 297 ng/dl (10.3 nmol/liter) and results were as low as
160 or as high as 508 ng/dl (5.5 to 17.6 nmol/liter). These
results span the hypogonadal to eugonadal range.

A previous study evaluated and compared steroid mea-
surements by RIA and gas chromatography-mass spectrom-
etry using pooled female and male serum samples. They
used linear regression analysis and demonstrated that sim-
ilar results could be obtained for most steroids in serum
either by RIA or mass spectrometry (6). This report, however,
only tested pooled samples that covered the high, medium,
and low range of each steroid standard curve and not ped-
igreed samples from normal subjects and patients. Moreover
the use of least-squares linear regression analysis is not an
optimal measure because it does not take into consideration
the fact that both the reference and the test methods contain
error. In this study, we compared serum T measurements
from eugonadal and hypogonadal adult men using liquid
chromatography-tandem mass spectrometry (LC-MSMS)
(UCLA Olympic Analytical Laboratory) vs. two RIAs run in
a research laboratory (Harbor-UCLA Research and Educa-
tion Institute Endocrine Research Laboratory, HUMC-RIA)
and a hospital based reference laboratory using a commer-
cially available RIA kit (DPC-RIA, Core Endocrine Labora-
tory, Penn State University-Hershey Medical Center, Her-
shey, PA), and compared results with the same specimens
run on the most common automated immunoassay instru-
ments used in hospital based laboratories (Penn State Uni-
versity-Hershey Medical Center; University of Pennsylvania,
Philadelphia, PA; Mercy Health Laboratories, Philadelphia,
PA; and Henry Ford Hospital, Detroit, MI).

Subjects and Methods
Subjects

Serum samples were collected from normal (n = 62) and hypogonadal
men (n = 60) from June 1995 to September 1999. The 62 normal healthy
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volunteers were 18-60 yr of age. Serum was collected between 0800 and
1000 h from healthy volunteers in the basal state without any research
protocol interventions. These subjects were recruited at Harbor-UCLA
Center of Men’s Health for other research studies on androgen metab-
olism. They had no significant medical history and were not taking
medications. They had a normal physical examination, normal clinical
chemistry values, normal semen analyses, and normal serum gonado-
tropin levels. Sera were also obtained from 25 hypogonadal men (age
range from 19-68 yr) who had serum T levels less than 300 ng/dl (10.4
nmol/liter, as previously determined by RIA at HUMC) before T ther-
apy. In addition, sera were collected from 35 hypogonadal men after
transdermal T replacement therapy. Of the samples from T-replaced
hypogonadal men, 20 were within the normal range and 15 were above
the normal range as previously determined by an RIA at HUMC.

Samples

The serum was stored at —20 C at HUMC. Since their original col-
lection and aliquoting, the samples were thawed only once before the
current study. Aliquots from each serum sample were pooled and mixed
thoroughly by the laboratory supervisor before being aliquoted into
portions for each of the laboratories participating in the study. Samples
were bar-coded at HUMC and sent to the UCLA Olympic Analytical
Laboratory for LC-MSMS assay and to the Penn State-Hershey Medical
Center Core Endocrine Laboratory for RIA and for assay on four dif-
ferent automated instruments. The bar codes were linked to a database
that contained demographics including the origin of the sample, the date
of the sample collection, and the original T concentration assayed at the
HUMC. This database was maintained by the laboratory supervisor at
HUMC and was not made available to the investigators or the different
technicians performing the assays. To maintain blinding of the samples
at the HUMC, an aliquot of each sample was sent to the Penn State-
Hershey Medical Center Core Endocrine Laboratory where each sample
was recoded and sent back to the HUMC for assay. The listing of the
recoded samples were not made available to the HUMC until all T assays
were performed and entered into a database by an independent data
manager. Thus, all samples were assayed in the different laboratories
without prior knowledge of the serum T concentrations of the samples.

Methods

All assays used appropriate quality control material and standards
either as steroid-free serum samples spiked with T or samples provided,
by the manufacturer as defined by the standard operating procedures
established and validated in each laboratory. Steroid-free sera were
charcoal stripped sera prepared in the laboratory, newborn bovine se-
rum, or steroid free sera obtained commercially. These steroid-free sera
were tested in each individual laboratory to ensure that they did not
show any T at the limit of detection of the assay used in each laboratory.
All samples were measured similarly to other test samples run in each
laboratory. For LC-MSMS, each sample was extracted and injected into
the LC-MSMS once because of inadequate serum volume for replicates
for most test samples. As routinely done at the laboratories performing
the RIAs, the serum T result for each sample was determined from the

TABLE 1. Examples of serum total testosterone (ng/dl) external quality control program (College of American Pathologists, sample Y-04)

Instrument/assay 1\110. of Mean SD Cv Median Range

abs (ng/dl) Low High
Abbott Architect 11 243.5 13.8 5.7 243 219 262
Bayer ACS:180 83 317.6 39.0 12.3 314 227 410
Bayer Centaur 231 324.0 41.5 12.8 319 234 454
Bayer Immuno-1 43 300.6 16.7 5.6 300 254 335
Beckman Access/2 98 297.8 15.3 5.1 298 239 330
Diagnostic Systems solid 10 352.7 80.1 22.7 375 177 440
DPC Coat-a-Count 76 277.8 34.2 12.3 281 196 363
DPC Immulite 86 232.0 32.9 14.2 228 160 330
DPC Immulite 2000 83 210.8 33.5 15.9 215 130 299
Roche Elecsys/E170 87 349.9 23.0 6.6 348 299 408
Ortho Vitros ECi 54 282.3 15.8 5.6 280 254 324
All instruments 891 293.6 56.2 19.1 297 160 508
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average of two duplicates. Samples were run in singlicate on all four
automated immunoassay instruments as specified by the procedure
manuals of each laboratory. Data from all laboratories were sent to the
HUMC and data entry validated before statistical analyses. The char-
acteristics of the various methods are listed in Table 2 and detailed
below.

LC-MSMS

The UCLA Olympic Analytical Laboratory used LC-MSMS to quan-
titate serum T levels. Advantages of the LC-MSMS method include easy
and simple sample preparation (nonderivatized steroids can be ana-
lyzed directly), high recovery with improved signal to noise ratio, en-
hanced specificity, and low interference due to MSMS technology (7-9).
A 2.0-ml sample was used for analyses and trideuterated T was used as
the internal standard to monitor recovery. A LC-10A Shimadzu binary
pump LC equipped with a PE-Applied Biosystem (Foster City, CA) PE
Series 200 autosampler was used for LC and an Applied Biosystem-Sciex
API-300 triple quadruple mass spectrometer equipped with an API
interface was used to perform the T analysis.

The LC-MSMS method was validated using protocols specified by the
Federal Drug Administration. This included determining the limit of
detection (10), the limit of quantitation (LOQ), the characteristics of the
calibration curve, and the within- and between-day reproducibility at
three different concentrations of serum T. The standard curve for T was
linear between 0 and 2000 ng/dl (0—69 nmol/liter) and the calibration
plots over four days showed a slope 0.752-0.787, intercept 0.068—-0.139,
regression coefficient 0.997 to 0.999. The LOQ was 20 ng/dl (0.69 nmol/
liter) and the accuracy for that level was 84.6% of the nominal value with
%CV (coefficient of variation) of 9.4%. The between-day %CV was 7.4,
6.1, and 6.5 at 50, 750, and 1500 ng/dl, respectively. The dynamic range
of the assay is 20 to 2000 ng/dl or 0.7-69.4 nmol/liter. Bovine newborn
serum (determined by LC-MSMS to contain less than 20 ng/dl of T, LOQ
of assay) was spiked with T (Sigma, St. Louis, MO) determined to be
99.8% pure by LC-MSMS and gas chromatograph (GC)-MS. The accu-
racy was 100.7, 93.6, 100.4, 100.3,103.5, and 97.8 for samples known to
contain 20, 50, 250, 100, 500, 1000, and 2000 ng/dl, respectively. The
corresponding precision values were: 10.5, 10.4, 7.2, 4.8, 1.7, and 5.9%.
Recovery (% recovery of the analyte during analysis) was 77.0% at 50
ng/dl, 76.9% at 750 ng/dl, and 71.4% at 1500 ng/dl. Only a single
extraction and injection were performed for each sample due to inad-
equate serum volume for replicate assays for most samples.

During the study, the standard curve was linear between 0 and 2000
ng/dl (0-69 nmol/liter) of T concentrations and the calibration lines for
4 d showed a slope 0.789-0.833, intercept 0.072-0.301, regression co-
efficient 0.997-0.999. The LOQ was 20 ng/dl (0.69 nmol/liter) and the
accuracy for that level was 85.2% of the nominal value with %CV of
17.9%. The interday %CV was 10.5, 8.6, and 8.4 at 50, 750, and 1500 ng /dl.
The accuracy was 110.4, 98.1, 98.5, 98.3, 96.6, and 102.4% for samples
known to contain 20, 50, 250, 100, 500, 1000, and 2000 ng/dl, respectively.
The corresponding values for precision were: 10.4, 8.3, 5.7, 9.5, 6.5, and
3.2%.

TABLE 2. Characteristics of the methods
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RIAs

RIA at HUMC. Serum T was measured by a T RIA using reagents
including the iodinated tracer obtained from ICN (Costa Mesa, CA). The
cross reactivity of the ICN antibody used in the T RIA were 2.0% for
5a-dihydrotestosterone, 2.3% for androstenedione, 0.8% for 3a-andro-
stanediol, 0.6% for etiocholanolone, and less than 0.01% for all other
steroids tested (from 0.1-1000 ng/ml, up to 200-fold of the highest T
standard). Before analysis, the samples (0.1 ml) were extracted with 2.0
ml of ethyl acetate:hexane, 3:2 (vol:vol). Initially tritiated T was used as
an internal standard for each sample. The average recovery of the in-
ternal standard was 102 = 1% (range 99.6-105.1%). Because of the
proven minimal procedural loss, subsequently no internal standard was
used to correct for the extraction. The extract was then dissolved in the
assay buffer and two aliquots were assayed in sequence in the RIA. The
average of the T levels in each of the two aliquots were reported. This
RIA was validated using the guidelines published by Shah et al. (11). The
following were data from the validation studies. The lower limit of
quantitation of serum T measured by this assay was 0.87 nmol/liter (25
ng/dl). This was the lowest concentration of T measured in serum that
can be accurately distinguished from steroid-free serum with a 12% CV.
The accuracy of the T assay, determined by spiking steroid-free serum
(ICN) with 25, 50, 100, 500, 1000, and 1500 ng/dl of T was 114, 118, 109,
94, 92, and 92%, respectively (mean 104%). The T was obtained from
Sigma and was 99.8% as determined by celite column chromatography.
The within-run precision (CV) at a serum T concentration of 646 ng/ml
(22.4 nmol/liter) was 5.9%. The between-run precision (CV) for low,
medium, and high serum T concentrations of 136, 531, and 1477 ng/dl
(4.7,18.4, and 51.2 nmol/liter) was 12.4, 9.3, and 12.5%, respectively. The
adult male reference range in this laboratory was 298-1043 ng/dl (10.33
to 36.17 nmol/liter) determined from samples in young men (18-50 yr)
with normal physical examination, serum gonadotropin and semen
analyses (12, 13). This RIA was developed and validated primarily for
research studies in men. Although not used in this study, a separate
protocol was available using more serum for extraction of samples
suspected of containing very low T levels such as that seen in women
and children. All the samples for this study were done in three assays
on three different days where two sets of quality control samples were
run with each assay. The interassay CV for serum T levels of 101, 518,
and 1201 ng/dl were 15.4, 14.0, and 9.1%, respectively. The HUMC-RIA
protocol required repeating the analyses if the CV for the duplicate
counts exceeds 10%; however, in this study all CV were less than 10%.

RIA at Penn State-Hershey Medical Center. Serum T was measured using
the DPC coat-a-tube RIA method (Diagnostic Products Corp., Los An-
geles, CA). This method used an iodinated tracer and a T-specific an-
tibody immobilized to the wall of a polypropylene tube. Duplicates
samples were run in sequence in the assay and the average serum T
levels were reported. Antibody cross-reactivity against androstenedi-
one, 3B-androstanediol, dehydroepiandrosterone, and other possible
interfering steroids was less than 1%. Cross-reactivity with 5a-dihy-
drotestosterone was 2.8%. Accuracy studies averaged 101% with steroid-
stripped serum samples spiked with T (purity ascertained by celite

Reference” range

LLOQ Interassay Precision
Assay (ng/dl) Accuracy (%) (CV%) for Z(};/l(h;nen

LC-MSMS 20 84.6-110.4 8.0 at 750 ng/dl

HUMC-RIA 25 92-118% 9.3 at 530 ng/dl 298-1043
DPC-RIA 14 101% 5.3 at 602 ng/dl 250-900
Roche Elecsys 11.5 NA 4.3 at 271 ng/dl 210-810
Bayer Centaur 34.6 NA 7.3 at 671 ng/dl 241-827
Ortho Vitros ECi 14 NA 2.8 at 271 ng/dl 132-813
DPC Immulite 2000 49 NA 13.7 at 427 ng/dl 286-1510

LLOQ, Lower limit of quantitation.

¢ Reference ranges for HUMC-RIA and DPC-RIA were determined from serum obtained in healthy men between the ages of 18 and 50 yr
with normal physical examination, serum gonadotropins, and normal gonadal semen analyses. The ranges for automatic immunoassays were
based on reference ranges quoted by manufacturer. Each individual laboratory then verified the reference range with samples from normal men

with normal gonadotropin levels and normal physical examination.
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column chromatography) at a concentration of 250 ng/dl (8.7 nmol/
liter). The within-run precision (CV) at a serum T concentration of 545
ng/dl (18.9 nmol/liter) was 3.9%. The between-run precision (CV) for
samples with low, medium and high serum T concentrations of 83.6, 602,
and 1229 ng/dl (2.9, 20.9, and 42.6 nmol/liter) was 11.4, 5.3, and 4.5%,
respectively. The assay reportable range extends from 14-1600 ng/dl
(0.5-55.5 nmol/liter). The adult male reference range for this assay was
250-900 ng/dl (8.7-31.2 nmol/liter). During the study the between run
CV averaged 4.8%.

Automated platform assays

The measurement of T on the different automated immunoassay
systems was carried out at four institutions including The Penn State-
Hershey Medical Center, Hershey, PA; The University of Pennsylvania;
Mercy Health Laboratories; and Henry Ford Hospital. The automated
systems included the Roche Elecsys, the Bayer Centaur, the Ortho Vitros
ECi, and the DPC-Immulite 2000. The references range quoted in Table
2 are based on those provided by the manufacturer. These reference
ranges were verified by the individual laboratories using serum samples
obtained from men with normal physical examination and normal
gonadotropins.

Roche Elecsys. The Elecsys 2010 automated analyzer (Roche Diagnostics
GmbH, Mannheim, Germany) measures T in serum using electrochemi-
luminescence. This assay uses a highly specific antibody to measure T.
Briefly, 50 ul of serum and a biotinylated antibody against T are incu-
bated together. A second antibody labeled with a ruthenium complex is
then added together with streptavidin-coated microparticles. A sand-
wich complex is formed that is bound to the solid phase (the micro-
particles) via biotin-streptavidin interaction. The microparticles are then
magnetically captured onto the surface of an electrode. Application of
voltage on this electrode induces a chemiluminescence emission, which
is detected by a photomultiplier and the signal compared with a T
calibration curve, which is instrument-specific. This instrument uses a
two-point calibration curve for day-to-day analysis, and a master curve
provided by the manufacturer for each lot of reagents. A three-level
assay control provided by the manufacturer was used with each assay
run. The LOQ of the Elecsys T assay is 11.5 ng/dl (0.4 nmol/liter) and
between-run precision averaged 4.3% at a concentration of 271 ng/dl
(9.4 nmol/liter). The reference range for adult males for this method was
210-810 ng/dl (7.3-28.1 nmol/liter). During the study the between run
CV averaged 4.6%.

Bayer (Centaur). The Bayer ACS Centaur (Bayer Diagnostics, Tarrytown,
NY) is a fully automated random access immunoassay analyzer that
used paramagnetic solid-phase particles and an acridinium ester-based
direct chemiluminescence tracer that is coupled to T antibodies in a
second reagent. After magnetic separation and washing of the particles,
luminescence is initiated by the addition of an acid and base reagent.
Individual assays are calibrated using a two-point calibration curve and
a three level assay control is used with each run. A master curve is
provided for each lot of reagents. The functional sensitivity of the Cen-
taur T assay was 34.6 ng/dl (1.2 nmol/liter) and between run precision
at a concentration of 671 ng/dl (23.3 nmol/liter) averaged 7.3%. The
reference range for adult males was 241-827 ng/dl (8.36-28.7 nmol/
liter). During the study, the between run CV averaged 6.8%.

Ortho Vitros Eci. The Vitros T assay is performed using the Vitros T
Reagent Pack and Vitros Immunodiagnostic Product T calibrators on a
fully automated random access immunoassay system that used en-
hanced chemiluminescence technology with horseradish peroxidase
(HRP) as a label and a luminol substrate for signal detection (Ortho
Clinical Diagnostics, Rochester, NY). The assay depends on competition
between T present in a serum sample with an HRP-labeled T conjugate
for binding sites on a biotinylated mouse anti-T antibody. The antigen-
antibody complex is then captured by streptavidin in the incubation
wells. Following a wash step, the bound HRP conjugate is determined
by a luminescence reaction with a luminol derivative and a peracid salt.
The HRP in the bound conjugate catalyzes the oxidation of the luminal
derivative, producing a flash of light. An electron transfer reagent is
present to enhance the level of light produced prolonging its emission
spectra. The amount of HRP conjugate bound is in direct proportion to
the concentration of T present in the sample. Calibration is lot specific,
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and the T calibrators are supplied by the manufacturer ready for use. On
board calibration stability is 28 d. A three-level control was run with each
assay run. The calibration range of the Vitros T assay is 0-2163 ng/dl
(0-75 nmol/liter) (calibrated against samples measured by isotope di-
lution-gas chromatography /mass spectrometry, ID-GC/MS). The func-
tional sensitivity of the Vitros T assay was 14 ng/dl (0.5 nmol/liter) with
a between run precision of 2.8% at a concentration of 271 ng/dl (9.4
nmol/liter). The reported adult male range was 132-813 ng/dl (4.6-28.2
nmol/liter). During the study, the between run CV averaged 3.6%.

DPC Immulite 2000. The Immulite 2000 is an automated, random-access
immunoassay analyzer with a solid-phase washing process and a chemi-
luminescence detection system. The solid phase is made up of a poly-
styrene bead enclosed within the Immulite test unit that is coated with
a polyclonal rabbit antibody specific for T. The patient’s serum sample
and an alkaline phosphatase-conjugated T reagent are simultaneously
introduced into the test unit. During a 60-min incubation period at 37
C with intermittent shaking, the T in the serum sample competes with
the enzyme-labeled T for a limited number of antibody binding sites on
the bead. Unbound enzyme conjugate is then removed by a patented
five-spin-wash technique. The chemiluminescence substrate, a phos-
phate ester of adamantyl dioxetane, is added and the test unit incubated
for 10 min. The substrate is hydrolyzed by the alkaline phosphatase to
an unstable anion. The decomposition of the anion yields a sustained
emission of light. The bound complex, corresponding to the photon
output, is inversely proportional to the concentration of T in the sample.
A single determination uses 25 ul of serum, and the dynamic range of
the Immulite T assay is 14 to 1586 ng/dl (0.5-55 nmol/liter). The func-
tional sensitivity for the T assay on this system is 49 ng/dl (1.7 nmol/
liter) and the average between run imprecision was 13.7% at a concen-
tration of 427 ng/dl (14.8 nmol/liter). The normal range for adult male
between 20 and 49 yr is reported to be 286-1510 ng/dl (9.9-52.4 nmol/
liter). During the study, the between run CV averaged 11.5%.

Data analyses

Because serum T concentrations were not normally distributed, we
estimated the median and the 10th, 25th, 75th, and 90th percentiles of
the values obtained from the different methods. The serum T results
obtained from the four automated immunoassay systems and the two
RIAs (test methods) were compared with values obtained with the
LC-MSMS method to determine the extent of agreement among methods
(14). Deming regression was used to estimate the slope and intercept
(15). We computed the interclass correlation coefficient (16). Plots of the
percent differences of the values between two methods (test vs. LC-
MSMS) vs. the mean of the values generated by the two methods as
initially described by Bland and Altman were used (17-20) to identify
other types of systematic bias.

Of the 122 samples that were distributed, seven were below the LOQ
in one or more assays, 13 were not analyzed in all assays (inadequate
volume of serum) and one sample was excluded from the analysis
because the result from one method were one third that of the others
(outlier). The data analyses were based on 101 samples. Because the
serum T values spanned a large range (<50-1500 ng/dl), our sample
size of 101 samples should provide stable estimates for the measures of
agreement, should not be influenced by individual variables, and should
be reproducible in other studies (21). The use of samples from hypogo-
nadal men as well as normal men assured that our results would cover
the widest range of possible T values seen in clinical practice in ado-
lescent and adult men.

Results
Comparison of median and range

Figure 1 shows the median and the 10th, 25th, 75th, and
90th percentiles of the serum T levels measured by the seven
different methods. Compared with the median serum T
value obtained by LC-MSMS (462 ng/dl), the median value
determined by the DPC Immulite was lower (318 ng/dl),
whereas the median T result obtained from the Bayer Cen-
taur was higher (514 ng/ml). The median serum T levels
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Fic. 1. Median levels of serum T measured by the seven different
methods. Line within the box represents the median, lower boundary
of box indicates the 25th percentile, and the upper boundary of box
indicates the 75th percentile. Whiskers above and below indicate the
90th and 10th percentiles. x, Outlying points.

determined by DPC-RIA, HUMC-RIA, Roche Elecsys, and
OrthoVitros ECi were similar to LC-MSMS at 490, 473, 431,
and 431 ng/dl, respectively.

Comparison using regression analyses and
correlation coefficient

Figure 2 shows the Deming regression analyses for the
RIAs and platform analog assays vs. LC-MSMS. Table 3 gives
the slope and intercept of the Deming regression the inter-
class correlation coefficient and the 95% confidence interval
for all parameters. The slope was closest to one between the
DPC-RIA and LC-MSMS (1.098), whereas the other assays
ranged from 0.881 (DPC Immulite) to 1.217 (Ortho Vitros
ECi). The intercepts for DPC-RIA and Beyer Centaur are not
significantly different from zero. The Vitros ECi intercept
was the largest. The interclass correlation coefficient for all
methods was between 0.92 and 0.97. The 95% confidence
intervals for this correlation were 0.63—0.97 and 0.71-0.96 for
DPC Immulite and Bayer Centaur, respectively, and ex-
ceeded 0.92 for the other four assays.

Assessment of agreement and bias between methods

Figure 3 shows the plots of the percent difference between
each method and LC-MSMS against the means of serum T
concentrations obtained by LC-MSMS and the values ob-
tained by each immunoassay. The plots also showed percent
difference * 2 sp (95% limits of agreement). In the quoted
adult male range (between 300-1000 ng/dl or 10.4-34.7
nmol/liter), agreement of serum T concentrations among the
two RIAs, Roche Elecsys, Ortho Vitros ECi were within *
20% in over 60% of the samples of that measured by LC-
MSMS (Fig. 3, A-D, and Table 4). As shown in Fig. 3, the
average percent difference in serum T levels between DPC-
RIA, HUMC-RIA, Roche Elecsys, Ortho Vitros ECi, DPC
Immulite and Bayer Centaur and LC-MSMS were +9.7, +9.7,
—3.4, —11.2, —18.7, and +15.9%, respectively. The mean
differences in measured serum T levels between DPC-RIA,
HUMC-RIA, Roche Elecsys, Ortho Vitros ECi and LC-MSMS
were +48.1 = 7.5, +33.8 = 11.1,10.8 = 9.6, and —3.5 += 11.2
ng/dl, respectively. At serum T levels above the adult ref-
erence range, the values obtained by LC-MSMS were lower
than all the other methods except the results obtained with
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the DPC Immulite. It is evident from Fig. 3 that compared
with LC-MSMS in the adult male reference range, the DPC
Immulite assay generally underestimates the serum T values
(mean difference —90 * 8.7 ng/dl; Fig. 3E). In contrast, the
Bayer Centaur overestimates serum T levels (mean differ-
ence +99 * 11 ng/dl; Fig. 3F).

The left side of each graph shows more clearly the differ-
ences between the methods when serum T levels were con-
siderably below the adult male reference range. At values
less than 100 ng/dl (3.47 nmol/liter), the percent difference
between DPC-RIA and LC-MSMS varied between —40% and
+40% (Fig. 3A). Similarly, the percent difference between T
values estimated by Roche Elecsys and LC-MSMS ranged
from —80 to +40% (Fig. 3C). At low serum T concentrations
(<100 ng/dl), the HUMC-RIA was biased in the high direc-
tion (+20 to 80%; Fig. 3B) and the Ortho Vitros ECi in the low
direction (0 to —100%; Fig. 3D). Figure 3E shows that the
serum T values at low serum T levels obtained by the DPC
Immulite is again systematically biased in the low direction
for serum T values and those measured by the Bayer Centaur
is systematically biased in the high direction for samples at
all T concentrations (Fig. 3F).

For the 102 samples analyzed by all seven methods, Table
4 shows the percent of the T values obtained by the various
test methods that fell outside * 20% of the LC-MSMS values.
It can be seen from Table 4 that 19.8,25.7, 39.6, 39.6, 48.5, and
50.4% of the samples fell outside the * 20% range of the
LC-MSMS generated serum T value by DPC-RIA, Roche-
Elecsys, Ortho Vitros-Eci, HUMC-RIA, Immulite and Bayer,
respectively. This difference was especially noted in the sam-
ples with T values less than 100 ng/dl (3.47 nmol/liter)
obtained by the six different immunoassays, the majority
(55.5-90.0% of the samples) fell outside the * 20% range of
those obtained by LC-MSMS.

Lower limit of quantitation

The LOQ of each assay is listed in Table 2. Seven samples
were excluded because the serum T values measured by one
or more of the assays were below the LOQ. One sample was
below the LOQ of LC-MSMS, HUMC-RIA, Ortho Vitros ECi,
and Immulite. Another sample was below the LOQ of all the
platform methods. All seven samples were below the LOQ
of DPC Immulite, whereas none were below the LOQ by
DPC-RIA.

Discussion

In this study, we have compared serum total T levels using
two RIAs and four automated analog platform assays against
LC-MSMS as the reference method using the standard op-
erating procedures for measuring clinical samples particular
to each laboratory. The results indicate that despite an ap-
parent good correlation as evidenced by the slope (between
0.88 and 1.23) and the interclass correlation coefficients (0.92—
0.97) between the immunoassays and LC-MSMS method,
there were systematic biases detected in some of the meth-
ods. Using Deming’s regression, the DPC-RIA has a slope
that was closest to one as well as a small intercept that was
not significantly different from zero when compared with
LC-MSMS. Others like the DPC-Immulite and the Bayer Cen-
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Fic. 2. Deming regression plots of serum T concentrations measured by the six different immunoassays (y-axis) against LC-MSMS (x-axis).

taur methods showed lower agreement with LC-MSMS with
alower 95% confidence interval of the correlation coefficient
of 0.63 and 0.71, respectively. Our results corroborate those
recently reported by Taieb et al. (22) who demonstrated that
the serum T measured by GC-MS and 10 immunoassays
showed correlation coefficients between 0.92 and 0.97 in male
sera. They also indicated that only DPC-RIA and three other
platform immunoassays not examined in our present study
gave serum T levels that were not significantly different from
GS-MS. It should be noted that the GC-MS method reported
required extraction purification by ethylene-glycol impreg-
nated celite chromatography and derivatization of the ste-
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roid before quantitation of T from the sample, which is more
time consuming and complicated than our LC-MSMS assay.

Using the method described by Bland and Altman (17-20),
which shows the relationship between the mean of LC-
MSMS and various values of serum T on the x-axis and the
percent difference the various assays from LC-MSMS value
on the y-axis, the DPC-RIA, HUMC-RIA, Roche Elecsys and
Bayer Centaur showed that all these methods gave T values
higher than LC-MSMS, whereas the DPC Immulite and Or-
tho Vitros ECi gave lower values. When the individual
graphs were examined, it was shown that values obtained by
the Bayer Centaur showed a bias in the high direction. In
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TABLE 3. The slope and intercept of Deming regression and interclass correlation coefficient for LC-MSMS vs. immunoassays

Intercept

Interclass correlation
coefficient

Slope
DPC-RIA 1.098 (1.032-1.165)
HUMC-RIA 1.141 (1.076-1.206)
Roche Elecsys 1.167 (1.112-1.222)
Vitros ECi 1.233 (1.136-1.330)

DCP Immulite
Bayer Centaur

0.881 (0.838-0.924)
1.195 (1.112-1.277)

—2.9 (—30.9 t0 25.2)
—39.2 (—73.7 to —4.2%)
—75.5(—102 to —49.1%)

—118.4 (—160.5 to —76.4%)
—28.6 (—49.8 to —7.4%)
—1.4(—36.8 to 33.9)

0.968 (0.918—0.984)
0.948 (0.910—0.967)
0.965 (0.939-0.978)
0.954 (0.921-0.971)
0.925 (0.628—0.969°)
0.919 (0.711-0.963%)

Numbers in parentheses are 95% confidence intervals.

¢ Significantly different from zero.

® Data not exchangeable with LC-MSMS (see Ref. 16).
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contrast, serum T values obtained by the DPC-Immulite were
biased in the low direction. For both the DPC-RIA and
HUMC-RIA the mean serum T was higher by 48 and 34
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Fic. 3. Plots of percentage differences in serum T levels (test minus LC-MSMS) against the average of the two methods. The bold solid line
represents 0%, the light solid line the mean percentage difference between the methods, and the dashed lines 2 SD of the mean percentage difference.

ng/dl, respectively, when compared with LC-MSMS. The
comparison of mean serum T results obtained by Roche-
Elecsys (+10.8 ng/dl) and Ortho Vitros ECi (—3.5 ng/dl)
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TABLE 4. Samples with serum T values determined by the six assays outside of =20% range of LC-MSMS values

DPC-RIA HUMC-RIA Roche Elecsys Ortho-Vitros ECi DPC-Immulite Bayer Centaur

Number of samples

< —20% of LC-MSMS 3 12 19 25 45 5

> +20% of LC-MSMS 17 28 7 6 4 46
Samples outside = 20% of

LC MSMS values (%)
All T values 20/101 (19.8%) 40/101 (39.6%) 26/101 (25.7%) 40/101 (39.7%) 49/101 (48.5%) 51/101 (50.4%)
T value <100 ng/dl 7/11 (63.6) 10/11 (90.9%) 6/11 (55.5%) 10/11 (90.9%) 7/11 (63.6%) 6/11 (55.5%)

were less different from those obtained by LC-MSMS. These
differences in serum T levels are not clinically relevant in the
adult male reference range. Using GC-MS as the standard
method and the Bland-Altman analyses, Taieb et al. (22) also
reported that Roche Elecsys underestimated serum T levels
that was not demonstrated in our study, whereas their results
demonstrating that Bayer Centaur displayed a positive and
DPC-Immulite a negative bias for male sera concurred with
our data. They also reported the DPC-RIA displayed no bias
in male range but overestimated serum T in the female range
which was quite similar with our findings. When the percent
differences were plotted against the means, using LC-MSMS
as the reference method, the largest difference was observed
in the serum T concentrations less than 100 ng /dl (3.47 nmol/
liter). Again, the values of serum T obtained by DPC Im-
mulite were systematically lower and those by the Bayer
Centaur higher than LC-MSMS. At very low serum T values
compared with the LC-MSMS method, the HUMC-RIA was
biased toward the high direction, whereas the Ortho Vitros
ECiwas biased in the low direction. The DPC-RIA and Roche
Elecsys showed large percent difference both in the high and
low directions. The results indicate that none of the assays as
performed are of sufficient accuracy at low serum T levels
using LC-MSMS as the gold standard. Our data are similar
to the previous findings comparing immunoassays with
GC-MS demonstrating that none of the immunoassays tested
was sufficiently reliable for investigation from children and
women (22). However, from a clinical use perspective, the
RIA and some automated methods would be acceptable for
use in adult males even at the very low range (<100 ng/dl,
3.47 nmol/liter) as these males would be diagnosed to be
hypogonadal who would be investigated and treated with T.
The RIAs and some of the automated methods may also be
acceptable for discerning abnormal elevations in T (above
100 ng/ml, 3.47 nmol/liter) in females and prepubertal chil-
dren. The dose-response curve of RIAs, immunoradiometric
assays, and enzyme-linked immunosorbent assay are non-
linear and various curve-fitting methods have been used. The
most common data reduction method in use is the four-
parameter logistics model (23-25). Despite use of these
curve-fitting techniques, only a segment of the standard
curve is linear with relatively low variance. For many im-
munoassays, low concentrations of the hormone are mea-
sured at a portion of the calibration (standard) curve where
the variance is larger than that at the more linear portion of
the calibration (standard) curve. This is not the case for
LC-MSMS where the calibration curve is linear. The RIAs
designed for serum T assays are standardized for use in male
serum and optimized for lower variance in the adult male

range (e.g. HUMC-RIA and DPC-RIA). Because of the high
variance of the immunoassays at low concentrations as il-
lustrated by the data from this study, a high proportion of
samples with serum T values less than 100 ng/dl when
measured by various immunoassays were outside of = 20%
range of the LC-MSMS values (55.5% for Roche Elecsys and
Bayer Centaur, 63.6% for DPC-RIA and DPC Immulite, and
90.9% for HUMC-RIA and Ortho Vitros ECi). Based on these
data, we conclude that these assays should be modified to
increase their sensitivity and accuracy at low serum T levels
less than 100 ng/dl (3.47 nmol/liter) to improve their ap-
plicability to serum T measurements in prepubertal children
and female serum. For the RIAs, increased sensitivity can be
achieved by adjusting the antibody titer, selecting more spe-
cific antibodies, preincubation of the antibodies with the test
serum (nonequilibrium), and changing methods for the sep-
aration of bound from free hormone. For the automated
platform assays, the reagents, the time of reaction, and the
capture antibody may be adjusted by the manufacturer to
produce more accurate and precise results in ranges capable
of measuring low serum T levels expected for normal women
and children.

From our results, all assays without a relatively large sys-
tematic bias for the adult male range (i.e. DPC-RIA, HUMC-
RIA, Roche Elecsys and Ortho Vitros ECi) would be accept-
able assays for measuring adult male sera. These assays
could also be used for the diagnosis for male hypogonadism
usually defined as serum T values less than 300 ng/dl (10.4
nmol/liter). For a serum sample in a male with a T concen-
tration at or less than 200 ng/dl (6.9 nmol/liter), a method
that measures serum T above +40% of LC-MSMS values,
would give a T value of 280 ng/dl (9.7 nmol/liter) that would
be below the normal adult male range of 300 ng/dl. It is
however essential that each laboratory using their own
method establish a reference range specific for subjects of
interest, for example young adult males, women, prepuber-
tal children.

The lower LOQ was 0.69 nmol/liter (20 ng/dl) for the
LC-MSMS method when 2 ml of sera was used. This LOQ
was similar to a prior report using LC-MSMS in bovine sera
(26) and could be lowered by using more sera and revali-
dated for female samples. For the DPC Immulite, seven of 122
samples were below the LOQ. DPC-RIA gave readings above
the LOQ for all these seven samples and LC-MSMS and
HUMC-RIA each reported one sample below the LOQ. It
should be noted that in this comparison study a standard
volume of serum was used as routinely performed for each
assay. In laboratory practice, more serum could be used in
some of these assays to bring the LOQ to a lower threshold.
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If more serum were used in the assays, validation studies
would need to be done to ensure that increasing the amount
of serum would not affect the characteristics of the assay.

Because of the limitation of the volume of serum available
for this study, the values obtained by LC-MSMS were based
on a single sample that was taken through extraction, LC
followed by mass spectroscopy. Despite this limitation, the
LC-MSMS assay underwent vigorous validation with a lin-
ear calibration curve spanning 20-2000 ng/dl, accuracy be-
tween 96.6 and 110.4% and precision of less than 10% at all
points except for the LOQ results (8). The range of serum T
values obtained in 17 normal men ages 18-50 yr in this study
was 302-905 ng/dl by the LC-MSMS T method.

As shown in the College of American Pathologists quality
control program, the four instrument-based assays we eval-
uated were some of the commonest used by laboratories
participating in this program. The DPC-RIA (DPC-Coat-a-
Count) is the most common RIA used in hospital or reference
laboratories and appears to show the best agreement with
serum T values measured in male serum by LC-MSMS. The
RIAs used by the Penn State-Hershey Medical Center (DPC-
RIA) and the HUMC-RIA were both fully validated accord-
ing to standard procedures recommended (11). The HUMC-
RIA uses an extraction step. An internal standard was not
used to monitor procedural losses because during initial
validation this was found not to improve assay performance.
Possibly because of this reason, the HUMC-RIA had a higher
LOQ and higher interassay and intraassay variability than
the DPC-RIA. The medians for all the evaluable serum T
values were 490 and 473 ng/dl for DPC-RIA and HUMC-
RIA, respectively. The correlation coefficient between the
two RIAs was 0.964 and Deming’s regression with T values
measured by HUMC-RIA on the vertical axis showed a slope
of 1.05 and an intercept of —85.6 ng/ml (data not shown).
There was no systematic bias between the two RIAs, and
these two assays also gave similar adult male range.

The automated assay instruments are widely used in clin-
ical and reference laboratories. Our comparison results in-
dicate that the DPC Immulite gives T values that are biased
in the low direction. This assay also had a high LOQ (49
ng/dl). The normal range given by the manufacturer (286-
1510 ng/dl) had a similar low male reference range as other
methods but with an extremely high upper limit. This sug-
gests that the adult male range might not have been gener-
ated by each laboratory and both the lower and the upper
limit of the reference range might have to be adjusted. The
Bayer Centaur assay on the other hand showed a systematic
bias toward higher serum T levels when compared with
LC-MSMS. Despite this bias toward higher values, the ref-
erence range for adult men with this instrument is reported
as 241-827 ng/dl. This range obtained from the manufac-
turer should be validated in each laboratory that uses this
instrument with an adequate number of adult healthy male
samples as suggested by Shah et al. (11). Our study suggests
that the reference range quoted by the manufacturer may be
inappropriate for individual laboratories and the determi-
nation of reference ranges for male, female, and children’s
serum should be determined by each laboratory using this
method.

We conclude that using LC-MSMS as our gold standard for
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estimating serum T levels in male serum, the DPC-RIA, the
Roche Elecsys, the Ortho Vitros ECi, and HUMC-RIA gave
results that are within the clinically acceptable limits of *
20% of the reference method in over 60% of the samples. At
low T concentrations (=100 ng/dl), HUMC-RIA is biased
toward higher values, whereas the Ortho Vitros ECi results
are biased toward lower values. The DPC Immulite method
showed a systematic bias in the low direction, whereas the
Bayer Centaur was biased in the high direction for serum T
levels at all concentrations. In this study, the DPC-RIA and
Roche Elecsys methods for determining serum T levels show
the closest correlation with values determined by LC-MSMS.
Without modification, none of the automated methods are
currently acceptable for the measurement of T in the serum
of normal females or children. These methods lack adequate
precision, accuracy, and have a sufficiently low limit of quan-
titation to preclude their use in these populations. Because
free T measurements either directly by equilibrium dialysis,
from bioavailable T calculations or from a total T to sex
hormone binding globulin ratio are dependent on an accu-
rate T measurement, the results of this study has significant
implications on free T determinations as well (27).
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ABSTRACT

Transdermal delivery of testosterone (T) represents an effective
alternative to injectable androgens. Transdermal T patches normal-
ize serum T levels and reverse the symptoms of androgen deficiency
in hypogonadal men. However, the acceptance of the closed system T
patches has been limited by skin irritation and/or lack of adherence.
T gels have been proposed as delivery modes that minimize these
problems. In this study we examined the pharmacokinetic profiles
after 1, 30, 90, and 180 days of daily application of 2 doses of T gel (50
and 100 mg T in 5 and 10 g gel, delivering 5 and 10 mg T/day,
respectively) and a permeation-enhanced T patch (2 patches deliv-
ering 5 mg T/day) in 227 hypogonadal men. This new 1% hydroalco-
holic T gel formulation when applied to the upper arms, shoulders,
and abdomen dried within a few minutes, and about 9-14% of the T
applied was bioavailable. After 90 days of T gel treatment, the dose
was titrated up (50 mg to 75 mg) or down (100 mg to 75 mg) if the
preapplication serum T levels were outside the normal adult male
range. Serum T rose rapidly into the normal adult male range on day
1 with the first T gel or patch application. Our previous study showed
that steady state T levels were achieved 4872 h after first application
of the gel. The pharmacokinetic parameters for serum total and free
T were very similar on days 30, 90, and 180 in all treatment groups.
After repeated daily application of the T formulations for 180 days, the

average serum T level over the 24-h sampling period (C,,,) was high-
est in the 100 mg T gel group (1.4- and 1.9-fold higher than the C,,,
in the 50 mg T gel and T patch groups, respectively). Mean serum
steady state T levels remained stable over the 180 days of T gel
application. Upward dose adjustment from T gel 50 to 75 mg/day did
not significantly increase the C,,,, whereas downward dose adjust-
ment from 100 to 75 mg/day reduced serum T levels to the normal
range for most patients. Serum free T levels paralleled those of serum
total T, and the percent free T was not changed with transdermal T
preparations. The serum dihydrotestosterone C,,, rose 1.3-fold above
baseline after T patch application, but was more significantly in-
creased by 3.6- and 4.6-fold with T gel 50 and 100 mg/day, respec-
tively, resulting in a small, but significant, increase in the serum
dihydrotestosterone/T ratios in the two T gel groups. Serum estradiol
rose, and serum LH and FSH levels were suppressed proportionately
with serum T in all study groups; serum sex hormone-binding globulin
showed small decreases that were significant only in the 100 mg T gel
group. We conclude that transdermal T gel application can efficiently
and rapidly increase serum T and free T levels in hypogonadal men
to within the normal range. Transdermal T gel provided flexibility in
dosing with little skin irritation and a low discontinuation rate.
(J Clin Endocrinol Metab 85: 4500—-4510, 2000)

HE SKIN IS an attractive route for systemic delivery of
steroids. Transdermal preparations of testosterone (T)
provide a useful delivery system for normalizing serum T
levels in hypogonadal men and preventing the clinical symp-
toms and long-term effects of androgen deficiency (1-5).
Currently available transdermal patches are applied to the
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scrotal skin (Testosderm) or to other parts of the body (An-
droderm and Testoderm TTS). The former requires prepa-
ration of the scrotal skin with hair clipping or shaving to
optimize adherence of the patches. The permeation-
enhanced T patch (Androderm) is associated with skin irri-
tation in about a third of the patients, and 10-15% of subjects
have been reported to discontinue the treatment because of

t The Testosterone Gel Study Group includes: S. Berger, The Chicago
Center for Clinical Research (Chicago, IL); E. Dula, West Coast Clinical
Research (Van Nuys, CA); J. Kaufman, Urology Research Options (Au-
rora, CO); G. P. Redmond, Center for Health Studies (Cleveland, OH);
S. Scheinman and H. W. Hutman, South Florida Bioavailability Clinic
(Miami, FL); S. L. Schwartz, Diabetes and Glandular Disease Clinic, P.A.
(San Antonio, TX); C. Steidle, Northeast Indiana Research (Fort Wayne,
IN); J. Susset, MultiMed Research (Providence, RI); G. Wells, Alabama
Research Center, L.L.C. (Birmingham, AL); and R. E. Dudley, S.
Faulkner, N. Rehousky, G. Ringham, W. Singleton, and K. Zunich,
Unimed Pharmaceuticals, Inc. (Deerfield, IL).
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chronic skin irritation (6, 7). Preapplication of corticosteroid
cream at the site of application of the Androderm patch has
been reported to decrease the incidence and severity of the
skin irritation (8). The most recently approved nonscrotal T
patch (Testoderm TTS) causes less skin irritation (itching in
about 12% and erythema in 3% of the subjects), but adherence
of the patch to the skin poses a problem in some subjects (9,
10). Despite these limitations of local irritation and adherence
to skin, the various T patches provide a steady state delivery
of T to the circulation that mimics the normal diurnal rhythm
of serum T at the low to mid normal adult male range (11-17).
The long-term use of these transdermal androgen delivery
patches has been shown to be efficacious in maintaining
sexual function, secondary sexual characteristics, and bone
and muscle mass in hypogonadal young and elderly men (5,
18-21).

T and other steroids can also be applied to the skin in open
systems. When T is applied to the skin surface as a hydroal-
coholic gel, the gel dries rapidly, and the steroid is absorbed
into the stratum corneum, which serves as a reservoir. The
reservoir in the skin releases T into the circulation slowly
over several hours, resulting in steady state serum levels of
the hormones (22). Our previous short-term (7-14 days)
pharmacokinetic studies of both T and 5a-dihydrotestoster-
one (DHT) transdermal hydroalcoholic gels showed that the
androgens were absorbed, and peak levels of the applied
androgens occurred 18-24 h after initial application. With
continued application of the gel for 7-14 days, steady serum
levels of androgens were maintained (23, 24). About 9-14%
of the T in the gel applied to the skin is bioavailable (24). We
also demonstrated that application of the T gel (100 mg/day)
at a single site or four separate sites resulted in serum T levels
at the upper limit of the normal range, with about 23% higher
serum levels when the gel was applied at four sites. In the 7-
to 14-day studies, neither T nor DHT gel produced skin
irritation in the small number of subjects studied (23, 24). In
the present study we investigated the detailed pharmacoki-
netics and tolerability of T gel (AndroGel) at two dosages (50
and 100 mg/day) and T patch after repeated daily dosing for
180 days in a large number of hypogonadal men (n = 227)
recruited from 16 centers across the United States.

TABLE 1. Baseline characteristics of the hypogonadal men
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Subjects and Methods
Subjects

Two hundred and twenty-seven hypogonadal men were recruited,
randomized, and studied in 16 centers in the United States. About one
third of the subjects were randomized into each treatment group (Table
1). The patients were between 19-68 yr of age and had single morning
serum T levels at screening of 10.4 nmol/L (300 ng/dL) or less. The
screening serum T concentrations were measured at each center’s clin-
ical laboratory. Previously treated hypogonadal men were withdrawn
from T ester injection for at least 6 weeks and from oral or transdermal
androgens for 4 weeks before the screening visit. Aside from the hy-
pogonadism, the subjects were in good health, as evidenced by medical
history, physical examination, complete blood count, urinalysis, and
serum biochemistry. If the subjects were taking lipid- lowering agents
or tranquilizers, the doses were stabilized for at least 3 months before
enrollment. The subjects had no history of chronic medical illness or
alcohol or drug abuse. The subjects had a normal rectal examination, a
prostate-specific antigen level of less than 4 ng/mL, and a urine flow rate
of more than 12 mL/s before enrollment to the study. They were ex-
cluded if they had a generalized skin disease that might affect T ab-
sorption or a prior history of skin irritability with the nonscrotal T patch
(Androderm). Subjects with body weight of less than 80 or more than
140% of ideal body weight and subjects taking medications known to
alter the cytochrome P450 enzyme systems were also excluded from this
study.

T gel and patch

T gel (AndroGel) was manufactured by Besins Iscovesco (Paris,
France) and supplied by Unimed Pharmaceuticals, Inc. (Deerfield, IL).
The formulation is a hydroalcoholic gel containing 1% T (10 mg/g). We
have previously shown that about 9-14% of the steroid in the gel applied
is available to the body. Thus, 10 g gel applied to the skin contain 100
mg T and delivers approximately 10 mg T to the body (23, 24). Ap-
proximately 250 g gel were packaged in multidose glass bottles that
delivered 2.27 g gel for each actuation of the pump. Patients assigned to
the 50 mg T'in 5 g gel group were given one bottle of T gel and one bottle
of placebo gel (vehicle only); those assigned to the 100 mg T in 10 g gel
were dispensed two bottles of the active T gel. All patients applied T gel
or placebo gel at four separate sites each day (right and left upper
arms/shoulders and right and left abdomen). On day 1 of the study, the
patients were instructed to depress the pump of one of the bottles once,
and the gel was applied to the right upper arm/shoulder. Then, using
the same bottle, a second dose of gel was delivered and applied to the
left upper arm/shoulder. The second bottle was then used with the
actuation of the pump for gel to be applied to the right abdomen and
the second actuation to the left abdomen. On the following day, the
application sites were reversed. Alternate application sites continued
throughout the study. After application of the gel to the skin, the gel

T patch T gel T gel
Treatment group 5 nll)g/day) (50 mi/day) (100 rr?g/day)
No. of subjects enrolled 76 73 78
Age (yr) 51.1 51.3 51.0
Range (yr) 28-67 23-67 19-68
Ht (cm) 179.3 £ 0.9 175.8 £ 0.8 178.6 = 0.8
Wt (kg) 92.7+ 1.6 90.5 1.8 916 + 1.5
Serum T (nmol/L) at screening® 6.40 £ 0.41 6.44 + 0.39 6.49 + 0.37
Causes of hypogonadism
Primary hypogonadism 34 26 34
Secondary hypogonadism 15 17 12
Aging 6 13 6
Normogonadotropic hypogonadism 21 17 26
Yr diagnosed 58+ 1.1 44+0.9 5.7+ 1.24
No. previously treated with T (%) 50 (65.8) 38 (52.1) 46 (59.0)
Duration of treatment (yr) 5.8+ 1.0 54+0.8 4.6 = 0.7

¢ Screening serum T concentrations were measured before enrollment in each study center’s clinical laboratory and not at the central
laboratory.
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dried within a few minutes. The patients washed their hands with soap
and water thoroughly after gel application. After 90 days the subjects
titrated to the 75 mg/day T gel dose were supplied with three bottles,
one containing placebo and two containing T gel. The subjects were
instructed to apply one actuation from the placebo bottle and three
actuations from the T gel bottle to four different sites of the body as
described above.

T patches (Androderm) were provided, each delivering 2.5 mg/day
T, which is the recommended replacement dose for androgen replace-
ment therapy. The patients were instructed to apply two T patches to a
clean dry area of skin on the back, abdomen, upper arms, or thighs once
per day. Application sites were rotated, with an approximately 7-day
interval between applications to the same site. T gel or patches were
applied at approximately 0800 h each morning for 180 days.

In the T gel group, treatment compliance was estimated as the per-
centage of T gel actually used compared with the theoretical amount of
T gel that could have been used. The actual amount of T gel used was
measured as the difference in weight of the dispensed and returned T
gel bottles. The theoretical weight of T gel that could have been used was
calculated as 2.27 g/actuation X days in study X 2, 3, or 4 actuations
depending on whether the dose of T gel was 50, 75, or 100 mg, respec-
tively. In the T patch group, the actual number of patches used was
compared with the theoretical number that could have been used cal-
culated as days in study X 2 patches/day.

Study design

The study is a randomized, multicenter (16 centers), parallel study
including 2 doses of T gel and a single dose of T patches. A placebo group
was not included because 6-month placebo treatment of hypogonadal
men was not believed to be justifiable, as untreated hypogonadism will
result in impaired libido, decreased strength, bone mineral loss, and
other clinical defects. The study was double blinded until day 90 with
respect to the T gel groups and open label for the T patch group. For the
first 3 months of the study (days 1-90), the subjects were randomized
to receive 50 mg/day T gel (in 5 g gel delivering about 5 mg T/day), 100
mg/day T gel (in 10 g gel delivering about 10 mg T/day), or 2 patches
delivering 5 mg T/day (T patch). In the following 3 months (days
91-180), the subjects were administered 1 of the following treatments:
50 mg/day T gel, 100 mg/day T gel, 75 mg/day T gel, or 5.0 mg/day
T patch. Patients who were applying T gel had a single, preapplication
serum T measurement made on day 60; if the levels were within the
normal range (10.4-34.7 nmol/L; 300-1000 ng/dL), they remained on
their original dose. Men with T levels at 60 days of treatment less than
10.4 nmol/L and who were applying 50 mg T gel and those with T levels
more than 34.7 nmol/L who had received 100 mg T gel were then
assigned to the 75 mg/day T gel group for days 91-180. No changes in
dose were made to subjects randomized to T patch.

On days 0, 1, 30, 90, and 180 subjects had multiple blood samples for
T and free T measurements at 30, 15, and 0 min before and 2, 4, 8, 12,
16, and 24 h after T gel or patch application. Brief history and physical
examinations were performed, and any complaints or adverse events
were documented in the subject’s records. In addition, subjects returned
to each study center on days 60, 120, and 150 for a single blood sampling
before application of the gel or patch. Serum DHT, estradiol (E,), FSH,
LH, and sex hormone-binding globulin (SHBG) were measured in sam-
ples collected before gel or patch application on days 0, 30, 60, 90, 120,
150, and 180. Sera for hormones were stored frozen at —20 C until assay.
All samples for a patient for each hormone were measured in the same
assay whenever possible. In addition, the subjects were examined for
any adverse effects and skin irritation.

Hormone assays

Except for the screening serum T concentration, which was measured
at each center’s clinical laboratory, all hormone assays were performed
at the Endocrine Research Laboratory of the Harbor-University of Cal-
ifornia-Los Angeles Medical Center. Serum T levels were measured after
extraction with ethyl acetate and hexane by a specific RIA using reagents
from ICN Biomedicals, Inc. (Costa Mesa, CA). The cross-reactivities of
the antiserum used in the T RIA were 2.0% for DHT, 2.3% for andro-
stenedione, 0.8% for 3B-androstanediol, 0.6% for etiocholanolone, and
less than 0.01% for all other steroids tested. The lower limit of quanti-
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tation of serum T measured by this assay was 0.87 nmol/L (25 ng/dL).
The mean accuracy (recovery) of the T assay, determined by spiking
steroid free serum with varying amounts of T (0.9-52 nmol/L), was
104% (range, 92-117%). The intra- and interassay coefficients of the T
assay were 7.3% and 11.1% at the normal adult male range, which in our
laboratory was 10.33-36.17 nmol/L (2981043 ng/dL). Serum free T was
measured by RIA of the dialysate after an overnight equilibrium dialysis,
using the same RIA reagents as in the T assay. The lower limit of
quantitation of serum free T using this equilibrium dialysis method was
estimated to be 22 pmol/L. When steroid-free serum was spiked with
increasing doses of T in the adult male range, increasing amounts of free
T were recovered, with a coefficient of variation that ranged from 11—
18.5%. The intra- and interassay precisions of free T were 15% and 16.8%,
respectively, for adult normal male values (121-620 pmol/L, 3.48-17.9
ng/dL).

Serum DHT was measured by RIA after potassium permanganate
treatment of the sample followed by extraction. The methods and re-
agents of the DHT assay were provided by Diagnostic Systems Labo-
ratories, Inc. (Webster, TX). The cross-reactivities of the antiserum used
in the RIA for DHT were 6.5% for 3B-androstanediol, 1.2% for 3a-
androstanediol, 0.4% for 3a-androstanediol glucuronide, 0.4% for T
(after potassium permanganate treatment and extraction), and less than
0.01 for other steroids tested. This low cross-reactivity against T was
further confirmed by spiking steroid free serum with T (35 nmol /L, 1000
ng/dL) and taking the samples through the DHT assay. The results even
on spiking with over 35 nmol/L T were less than 0.1 nmol/L DHT. The
lower limit of quantitation of serum DHT in this assay was 0.43 nmol /L.
All values below this value were reported as less than 0.43 nmol/L. The
mean accuracy (recovery) of the DHT assay, determined by spiking
steroid free serum with varying amounts of DHT from 0.43-9 nmol/L,
was 101% (range, 83-114%). The intra- and interassay coefficients of
variation for the DHT assay were 7.8% and 16.6%, respectively, for the
adult male range, which in our laboratory was 1.06—6.66 nmol/L (30.7—-
193.2 ng/dL).

Serum E, levels were measured by a direct assay without extraction
with reagents from ICN Biomedicals, Inc. The intra- and interassay
coefficients of variation of E, were 6.5% and 7.1%, respectively, for
normal adult male range (E,, 63-169 pmol/L, 17.1-46.1 pg/mL). The
lower limit of quantitation of the E, was 18 pmol/L. All values below
this value were reported as 18 pmol/L. The cross-reactivities of the E,
antibody were 6.9% for estrone, 0.4% for equilenin, and less than 0.01%
for all other steroids tested. The accuracy of the E, assay was assessed
by spiking steroid free serum with an increasing amount of E, (18-275
pmol/L). The mean recovery of E, compared with the amount added
was 99.1% (range, 95-101%).

Serum SHBG levels were measured by assay kits obtained from Delfia
(Wallac, Inc., Gaithersburg, MD). The intra- and interassay precisions
were 5% and 12%, respectively, for the adult normal male range (10.8—
46.6 nmol/L). Serum FSH and LH were measured by highly sensitive
and specific fluoroimmunometric assays with reagents provided by
Delfia (Wallac, Inc., Gaithersburg, MD). The intraassay coefficient of
variations for LH and FSH fluoroimmunometric assays were 4.3% and
5.2%, respectively, and the interassay variations for LH and FSH were
11.0% and 12.0%, respectively (adult normal male range: LH, 1.0-8.1
U/L; FSH, 1.0-6.9 U/L). For both LH and FSH assays, the lower limit
of quantitation was 0.2 IU /L. All samples obtained from the same subject
were measured in the same assay.

Statistical analyses

Descriptive statistics for each of the hormone levels were calculated.
Before analysis, each variable was examined for its distributional char-
acteristics and, if necessary, transformed to meet the requirements of a
normal distribution. There were no significant differences between the
study sites on any of the parameters; therefore, the data presented were
pooled for all of the centers. The pharmacokinetic parameters for each
full sampling day were determined by noncompartmental methods. The
pharmacokinetics of T gel were assessed using the area under the curve
from 0-24 h (AUC, _,,) generated by the 24 h of multiple blood sampling
for T on days 1, 30, 90, and 180. The AUC was computed using the linear
trapezoid method. The average T concentration over the 24 h after gel
application (C,,,) was calculated as the AUC,_,, divided by 24 h.

All data in the figures and tables show the treatment mean (*sem)
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by time and/or day for each of the three groups of subjects based on the
treatment from days 0-90 and for each of the five groups from days
91-180. However, because the final treatment groups (five groups) for
the subjects receiving T gel were no longer randomized, statistical com-
parisons between groups were only performed until day 90 using the
original treatment assignments (50 or 100 mg T gel or patch) as the
independent groups. Comparisons between groups were performed
using one-way ANOVA or the Kruskal-Wallace test (accumulation ratio,
fluctuation index) followed by posttest contrasts. Analysis of the effects
was performed using repeated measures ANOVA. The x* test was used
to compare rates. Analyses of change from day 0 to day 180 within
treatment groups were performed within each of the five groups based
on pattern using paired t tests. Comparisons resulting in P = 0.05 were
considered statistically significant. SAS version 6.12 was used for all
analyses (SAS Institute, Inc., Chicago, IL).

Results
Subjects

A total of 227 patients were enrolled: 73, 78, and 76 were
randomized to the 50 mg/day T gel (T gel 50), 100 mg/day
T gel (T gel 100), and T patch groups, respectively (Table 1).
There were no significant differences in the patients’ char-
acteristics at baseline (height, weight, and previous T treat-
ment). Thirty-five to 45% of the patients in each treatment
group had primary hypogonadism (Klinefelter’s syndrome,
anorchia, testicular failure); 15-25% had well defined sec-
ondary hypogonadism (Kallman’s syndrome, hypothalamic
pituitary disease, pituitary tumor). The other patients had
low serum T and normal or low normal LH levels. These
were ascribed to aging (based on age >60 yr), or normogo-
nadotropic hypogonadism. These patients did not have brain
imaging to exclude hypothalamic-pituitary disease. Their
primary physician did not deem that brain scans were in-
dicated. After completion of day 90, 55 of the subjects in the
T patch, 67 in the T gel 50, and 73 in the T gel 100 groups
agreed to continue for another 3 months (days 91-180). The
discontinuation rate (21 of 76, 27.6%) in the T patch group
was higher (P = 0.0002) than those in the T gel groups (50 mg:
6 of 73, 8.2%; 100 mg: 5 of 78, 6.4%). Most of the discontin-
uation in the T patch group was due to adverse skin reaction
based on the subjects” complaints and records. After 90 days
of treatment, patients randomized initially to the T gel
groups had dose adjustment if their preapplication serum T
level was below 10.4 or above 34.7 nmol/L on day 60. Twenty
subjects who had received 50 mg/day T gel had their dose
increased to 75 mg/day; 20 who had received 100 mg/day
T gel decreased their dose to 75 mg/day. The exceptions
were 1100 mg T gel patient who was adjusted to 50 mg/day
and 1 50 mg T gel patient who decreased the dose to 25
mg/day. Before approval of the long-term follow-up study,
3 patients who were receiving T patch until day 90 were
switched to T gel 50 from days 91-180 because of skin irri-
tation from the patches. The data for these 3 patients as well
as for the single subject who was changed from 100 to 50
mg/day were analyzed as the T gel 50 group from days
91-180. The number of subjects enrolled in the study from
days 91-180 was 195, with 51 receiving T gel 50, 40 receiving
T gel 75, 52 receiving T gel 100, and 52 continuing on the
patch.
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Treatment compliance

From days 1-90, the mean treatment compliance rates
were 89.8%, 93.1%, and 96.0% for the T patch, T gel 50, and
T gel 100 groups, respectively. During days 1-180 (the
6-month study period), the mean compliance rate was 86.3%
for the T patch and 93.3%, 111.4%, and 96.5% for the 50, 75,
and 100 mg/day T gel groups, respectively.

Pharmacokinetics of serum T concentrations (Table 2 and
Fig. 1)

At baseline (day 0) average serum T concentrations over
24 h (C,,,) were similar in the three groups and were below
the normal adult range (Fig. 1). In all three groups, during the
24-h baseline period the mean maximum T levels (C,,,)
occurred between 0800-1000 h (0-2 h in Fig. 1), and the
minimum (C,;,) T levels occurred 8-12 h later, demonstrat-
ing the expected diurnal variation of serum T.

About 35% of the patients in each group (24 of 73 subjects
for the T gel 50, 26 of 78 subjects for the T gel 100, and 25 of
76 subjects for T patch) had C,,, within the lower normal
adult male range on day 0. (The C,,, of serum T levels at
baseline in the subjects with normal serum T on day 0 were
13.3 £ 0.4, 13.3 = 0.5, and 13.0 = 0.5 nmol/L in the T patch,
T gel 50, and T gel 100 groups, respectively.) However, over
55% of these subjects had one or more serum T measure-
ments below 10.4 nmol/L during the course of day 0. All
except three of the subjects met the enrollment criterion of
serum T less than 10.4 nmol/L at screening (measured at
each center’s laboratory). These three subjects were enrolled
during a brief period when the admission serum T level was
raised to 12.1 nmol/L (350 ng/dL) or less by the sponsor. The
C,vg of serum T in the three treatment groups on day 90 after
transdermal T application was different between those with
low (T patch, 11.8 = 0.8; T gel 50, 17.2 = 1.2, T gel 100, 25.9
1.4 nmol/L) or normal (T patch, 14.5 = 0.7; T gel 50, 25.1 *
2.4; T gel 100, 29.5 * 1.9 nmol/L) baseline serum T levels.
This was anticipated; however, statistical analyses with two-
way ANOVA showed that the status (C,,,) of serum T at
baseline of more than or less than 10.4 nmol/L had no sig-
nificant interaction with treatment. Thus, the differential re-
sponse to transdermal T treatment was not confounded by
the pretreatment serum T concentrations. Inclusion of these
subjects did not influence the pharmacokinetic results of the
treatment groups. Thus, in all subsequent pharmacokinetic
analyses, all subjects in a treatment group were analyzed
together regardless of whether their C,,, of serum T on day
0 was more than or less than 10.4 nmol/L.

On day 1 after the first application of transdermal T, serum
T rose most rapidly in the T patch group, reaching a C,,.,
between 8-12 h (T,,,,), plateaued for another 8 h, then de-
clined to the baseline. Serum T rose steadily to the normal
range after T gel application, with C,,,, achieved by 22 and
16 h in the T gel 50 and T gel 100 groups, respectively.

On days 30 and 90, serum T followed a similar pattern as
on day 1 in the T patch group. In the T gel groups, serum T
levels were at steady state, showing small and variable in-
creases after treatment. After gel application on both days 30
and 90, the C,,,, in the T gel 100 group was 1.4-fold higher
than that in the T gel 50 group and was 1.9-fold higher than
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TABLE 2. Serum T pharmacokinetic parameters after transdermal application of T gel or patch
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T gel T gel
Parameters T patch (50 mgg/day) (100 n;gg/day)
Day 0
C,yg (nmol/L) 8.22 + 0.55 8.22 + 0.53 8.60 + 0.55
Chax (mmol/L) 10.89 + 0.71 11.37 = 0.72 11.55 + 0.76
Cnin (nmol/L) 6.07 = 0.42 6.07 = 0.42 6.52 + 0.44
Day 1
C,yg (nmol/L) 16.71 + 0.82 13.80 + 0.63 17.82 = 0.90
Chax (mmol/L) 22.36 = 1.13 19.42 + 1.09 25.86 = 1.39
Cnin (nmol/L) 8.04 = 0.53 7.90 + 0.50 8.67 + 0.57
Tax (h) 11.8 22.1 16.0
Day 30
Cye (mmol/L) 14.62 + 0.17 19.62 + 1.12 27.46 = 1.18
Chax (nmol/L) 19.96 + 0.92 30.37 = 1.99 41.60 = 1.94
Cnin (mmol/L) 8.15 + 0.50 12.52 + 6.36 17.51 = 0.94
Tax (h) 11.3 7.9 7.8
Day 90
C,yg (nmol/L) 14.46 + 0.68 19.17 + 1.06 27.46 + 1.12
Chax (mmol/L) 20.70 = 1.05 29.33 = 1.91 41.74 = 2.31
Cnin (nmol/L) 7.38 = 0.46 12.27 + 0.63 17.37 = 0.78
T hax 8.1 4.0 7.9
T gel T gel T gel T gel
Day 180 T patch (50 mgg/day) (50 to 75gmg/day) (100 to 7 mg/day) (100 mgg/day)
C,vg (nmol/L) 14.14 + 0.88 19.24 + 1.18 15.60 + 3.68 25.79 = 2.55 24.72 + 1.05
Chax (mmol/L) 20.04 = 1.31 28.78 = 1.81 23.58 *= 3.72 38.48 = 3.72 37.55 = 2.17
Cnin (nmol/L) 7.69 + 0.62 12.86 + 0.86 10.47 + 2.47 17.51 + 1.85 16.82 + 0.78
Thax () 10.6 5.8 2.0 7.8 7.7

C,ye (mmol/L), Time-averaged concentration over 24-h dosing interval determined by AUC,, ,,/24; C,,, (nmol/L), maximum concentration

during 24-h dosing interval; C,;,
thatin the T patch group (P = 0.0001). The variation in serum
concentration over the day [fluctuation index = (C,., —
Chin)/ Cavgl was similar in the three groups. On days 30 and
90, the accumulation ratio, which is defined as the increase
in daily exposure to T with continued transdermal applica-
tion (calculated as AUC, 50 or 90/ AUCq,y 1) was 0.94 = 0.04
for the T patch group showing no accumulation, whereas the
accumulation ratios at 1.53 = 0.09 and 1.9 = 0.18 were sig-
nificantly higher (P = 0.0001) in the T gel 50 and 100 groups,
respectively. This indicates that the T gel preparations had a
longer effective half-life than the T patch (Table 2 and Fig. 2).

On day 180, the serum T concentrations achieved and the
pharmacokinetic parameters were similar to those on days 30
and 90 in those patients who continued in their initial ran-
domized treatment groups (Fig. 1 and Table 2). For the pa-
tients who switched from T gel 50 or 100 to T gel 75, their C,,
on day 180 was 20.84 * 1.76 nmol/L, midway between the
Cavg in the T gel 50 (19.24 = 1.18 nmol/L) and T gel 100
(24.72 = 6.08 nmol/L) groups. Examination of Table 2 and
Fig. 1 shows that the patients titrated to this T gel 75 group
were not homogeneous. On day 180, the C,,, in the patients
in the T gel 100 group who converted to 75 mg/day on day
90 was 1.7-fold higher than the C,,, in the patients titrated
to T gel 75 from 50 mg/day. Despite adjusting the dose up
by 25 mg/day in the T gel 50 to 75 group, the C,,,, remained
lower than for those remaining in the 50 mg group. In the T
gel 100 to 75 group, the C,,, became similar to those achieved
by patients remaining in the T gel 100 group without dose
titration.

The increase in AUC,_y, 1, on days 30, 90, and 180 from the
pretreatment baseline (net AUC,_,, ,) showed dose propor-
tionality. The mean for the net AUC,_,, 1, from day 0 to day

(nmol/L), minimum concentration during 24-h dosing interval; T,

time at which C occurred.

max> ‘max

30 or 90 was about 1.7-fold higher for T gel 100 than for T gel
50 patients (T gel 50: day 30, 268 = 28; day 90, 263 + 29
nmol/Lh; T gel 100: day 30, 446 + 30; day 90, 461 = 27
nmol/L-h). A 4.3 nmol/L (125 ng/dL) mean increase in the
serum T C,,, level was produced by each 25 mg/day of T gel.
The increases in AUC,_y, 1, from the pretreatment baseline
achieved by the T gel 100 and T gel 50 groups were approx-
imately 2.9- and 1.7-fold higher than those resulting from
application of the T patch (day 30, 154 *+ 18; day 90, 157 *
20 nmol/L-h).

The preapplication serum T levels in the T patch group
remained at the lower limit of the normal range throughout
the entire treatment period. Serum T levels after T gel ap-
plication reached steady state at about 1-2 days after the
initial application (24). Thereafter, the mean serum T levels
remained at about 17-20 nmol/L in the T gel 50 group and
about 22-30 nmol/L in the T gel 100 group (Fig. 2, upper
panel).

Pharmacokinetics of serum free T concentration

At baseline (day 0), serum free T C,,, was similar in all
three groups (T patch, 167 + 14; T gel 50, 154 + 14; T gel 100,
150 * 13 pmol/L) and was at the lower limit of the adult male
range (121-620 pmol/L). The detailed pharmacokinetic pa-
rameters of serum free T on days 1, 30, 90, and 180 mirrored
those of serum total T as described above (data not shown).
Similar to the total T results, the free T C,,, achieved by the
T gel 100 group was 1.4- and 1.7-fold higher than those in the
T gel 50 and T patch groups, respectively (P = 0.001).

The preapplication mean free T levels throughout the
treatment period in all three groups were within the normal
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Fic. 1. Serum T concentrations (mean * SE) before (day 0) and after transdermal T applications on days 1, 30, 90, and 180. Time 0 h was 0800 h,
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serum T levels were below or above the normal adult male range, respectively. In this and subsequent figures the dotted lines denote the adult
male normal range, and the dashed lines and open symbols represent subjects whose T gel dose were adjusted.

range, with the T gel 100 group maintaining higher free T
levels than both the T gel 50 and T patch groups (Fig. 2, middle
panel). The calculated percent free T (free T/T X 100) re-
mained between 1.6-2.2% before and throughout the trans-
dermal T treatment period. Exogenous T replacement did not
significantly alter the percent free T in any of the treatment
groups (Fig. 2, lower panel).

Serum DHT concentrations

The pretreatment mean serum DHT concentrations were
between 1.24-1.45 nmol/L, which were near the lower limit
of the normal range (1.06—6.66 nmol/L) and were not dif-
ferent among the three groups (Fig. 3, upper panel). After T
patch application mean serum DHT levels rose to about
1.3-fold above the baseline, whereas serum DHT increased to
3.6-fold (within the normal range) and 4.8-fold (at the upper
limit of the normal range) above the baseline after application
of T gel 50 and 100 (P = 0.0001), respectively, throughout the
180 days. Examination of the DHT to T ratio (Fig. 3, middle
panel) showed that this ratio was not significantly altered in
the T patch group (P = 0.078), whereas in the T gel 50 and
100 groups, the DHT to T ratio increased significantly from
a baseline of 0.2 to between 0.23-0.29 and 0.29-0.33, respec-
tively, during the treatment period (P = 0.0001 for both
groups). The mean serum total androgen levels (calculated as
the sum of serum T + DHT levels for each time point)
achieved by T gel 100 throughout the treatment period were

1.4- and 2.5-fold higher than those in the T gel 50 (~20
nmol/L) and T patch (~10 nmol/L) groups, respectively
(P = 0.0001; Fig. 3, lower panel). Adjustment of the T gel dose
on day 90 did not significantly affect the serum DHT levels,
DHT/T ratios, or total androgen levels.

Serum E, concentrations

The baseline mean serum E, levels were at the lower nor-
mal range and were not different in the three treatment
groups. After transdermal T application, mean serum estra-
diol increased to stable levels by an average of 9.2% in the T
patch during the treatment period, 30.9% in the T gel 50
group, and 45.5% in the T gel 100 group (P = 0.001; Fig. 4).

Serum SHBG concentrations

The serum SHBG levels were similar and within the adult
male range in the three treatment groups at baseline. After
T replacement, serum SHBG levels showed a small decrease
in all three groups (P = 0.0046; data not shown), which was
most marked in the T gel 100 group (baseline, 26.6 = 2.0; day
90, 23.6 = 2.7; day 180, 24.0 = 1.7 nmol/L; P = 0.0095).

Suppression of serum gonadotropin levels

Because of the wide variability in the baseline serum LH
and FSH levels, these were expressed as the percent change
from baseline in response to T replacement (Fig. 5). The mean
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percent suppression of serum LH levels was least in the T
patch group (between ~30-40%), intermediate in the T gel
50 group (between ~55-60%), and most marked in the T gel
100 group (between ~80-85%; P < 0.01). The suppression of
serum FSH paralleled that of serum LH levels. In the subjects
with primary hypogonadism, mean serum LH and FSH lev-
els were suppressed to within the normal range after both
doses of T gel administration, but remained above the normal
range after T patch application. The suppression of serum
gonadotropins occurred in all hypogonadal subjects regard-
less of the classification of hypogonadism.

Discussion

We have shown in this study that transdermal application
of this new hydroalcoholic T gel formulation (AndroGel) to
alarge area of skin (arms, shoulders, and abdomen) at 50 and
100 mg/day (in 5 and 10 g gel, delivering approximately 5
and 10 mg T/ day, respectively) resulted in dose proportional

increases in serum T in a large number of hypogonadal men.
After the first application of T gel, serum T levels gradually
climbed to reach a maximum level after 48-72 h, as shown
in our previous report (24). On repeated application, as il-
lustrated by the pharmacokinetics, parameters on days 30,
90, and 180 remained remarkably similar and steady serum
T levels were maintained, with small and variable peaks of
serum T after each application. The T levels achieved with the
T patch showed little evidence of accumulation (accumula-
tion ratio, ~1) with repeated application. The accumulation
ratios were higher in both T gel groups (1.5-1.9) on day 30,
consistent with the longer lasting elevations of serum T. With
continued application of T gel, the accumulation rates
showed no further increases, suggesting no further accumu-
lation on days 90 and 180.

Dose titration of T gel to 75 mg was initiated after day 90
in the hypogonadal men who had serum T levels above or
below the normal range. Because of study design there was
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no dose adjustment within the T patch group. Increasing the
number of T patches to three or four a day could have
resulted in increases in the mean serum T concentrations (16),
but might have led to an even higher dropout rate because
of skin irritation in some subjects. The patients who were
converted from the T gel 50 to 75 mg/day, despite increasing
the dose by 50%, had average serum T levels lower than those
remaining in the T gel 50 group. It is uncertain whether these
lower responders to T gel might be less compliant or are
biologically different. The former may be possible in some
individuals, as about one third of the subjects had a lower
mean compliance rate of 80%, and the average serum T levels

30 60

attained were related to the mean compliance rate. Alterna-
tively, some patients might have low absorption and high
clearance of T either in the basal state or after induction by
exogenous T. Downward titration of the T gel dose from 100
to 75 mg/day was effective in decreasing the mean serum T
level in the group by 15% and lowering the serum T con-
centration to the normal range in 16 of 19 of these hypogo-
nadal men.

The present study examined a new transdermal open sys-
tem, T gel, together with the available standard closed T
patch system. A placebo group was not included because of
ethical problems associated with withdrawing or delaying T
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replacement in hypogonadal men for a prolonged 6-month ~ nadal men treated with this T patch were similar to those
study period. Despite a relatively higher dropout rate, phar-  previously reported (14, 15).
macokinetic data obtained from this large group of hypogo- Serum free T levels rose after transdermal T gel or T patch
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application, paralleling those of serum T. The percent free T
did not change significantly with T treatment. The results
were corroborated by the small decreases, probably not clin-
ically significant, in serum SHBG observed after transdermal
T replacement in all three groups. The results indicated that
when T is administered by the transdermal route, the lack of
the first pass effect of the liver resulted in minor, if any,
decreases in SHBG.

T gel application resulted in mean serum DHT that tripled
after application of 50 mg T gel and rose nearly 5-fold with
100 mg T gel treatment. As 5a-reductase is present in non-
genital skin (25), the increase in DHT/T ratios in the 100 and
50 mg gel groups could be explained by the higher conver-
sion in the skin of T to DHT as a result of the large area of
skin surface exposed to T in the gel groups compared with
the very small area of skin exposed to the T patch. Increased
DHT /T ratios have been observed with the transdermal scro-
tal patch, where even greater DHT /T ratios were noted (11—
13). DHT is a potent androgen that is not back-convertible to
T or aromatizable to E,. Serum levels of T and DHT are not
equivalent in all aspects of biological action, but certainly
both have major actions on multiple androgen-dependent
target organs. The biological impact of the moderately
greater increase in DHT after T gel application is unclear
other than its additive effect on total androgen action. Serum
E, levels showed small and proportionate increases after
transdermal T application that may be important for the
known beneficial effects of estrogens on serum lipid levels,
vascular endothelium reactivity, and bone resorption.

The biological activity of the T replacement in the hy-
pogonadal men was evidenced by the consistent suppression
of serum gonadotropin levels in the patients after transder-
mal T applications. The suppression of gonadotropins was
proportional to the serum T levels achieved by the T patch
or T gel. The marked and consistent suppression of gonad-
otropins observed after T gel 100 treatment suggested that
such a modality of T delivery could be used in a male con-
traceptive regimen.

All patients were diagnosed to have male hypogonadism
by their primary physician. In each of the three treatment
groups, the same proportion (~30-35%) of subjects had sub-
normal serum T levels at screening (assayed at each center’s
clinical laboratory), but their average serum T levels over 24 h
were within the normal range when studied at baseline (on
another day and assayed at the central laboratory). Serum T
in a population of men is to a great extent a continuum. The
selection of men that had serum T levels below 10.4 nmol/L
at screening would inevitably allow some subjects to have
serum T above this arbitrarily defined threshold (approxi-
mately <2 SD below the mean for young adult men) on
subsequent measurements. The admission criterion requir-
ing aserum T concentration of 10.4 nmol/L or less is arbitrary
and necessary for the design of a clinical study; however,
there is no definite evidence that there is a threshold level of
T at which biological response changes. The well known
intrasubject variability from day to day and the differences
between T assays using different reagents and methods
might account for this discrepancy between screening and
baseline levels. It is also not uncommon in clinical practice
that on repeat serum T measurements, some hypogonadal

4509

patients would have serum T levels that fluctuate in and out
of the statistical normal range. In practice, if symptomatic,
many if not most of these men received androgen replace-
ment therapy. The situation for assessment of pharmacoki-
netic parameters after administration of naturally occurring
substances (e.g. T) poses different problems from those after
administration of non-naturally occurring substances in the
body. Ultimate serum levels attained in dynamic closed loop
endocrine systems are complex and include integration of T
levels (with endogenous serum T decreasing while serum T
rises from exogenous administration), the characteristics of
the formulation, the generic and individualized metabolic
factors, and the duration of treatment. Although serum T
levels attained in the groups with low or normal baseline
levels were different, statistical analyses showed that the
relative response to T transdermal treatment was not affected
by the initial value. Thus, inclusion of these subjects did not
influence the treatment comparison.

We conclude that transdermal T gel application can effi-
ciently elevate serum T and free T levels in hypogonadal men
into the mid to upper normal range within the first day of
application, achieve steady state within a few days, and
maintain serum T levels with once daily repeated applica-
tions. Although serum DHT/T ratios were raised after T gel
applications, these ratios remained within the normal range.
Serum E, levels were increased, and gonadotropin levels
were suppressed in proportion to serum T levels. The phar-
macokinetic profile and the dose proportionality observed
after T gel application indicate that this transdermal delivery
system may provide dose flexibility and serum T levels from
the low to the high normal adult male range.
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