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Context: Although diurnal variation of testosterone and other hormones in men has been well
documented, the effect of this variation on sampling during typical clinic hours has not been
examined.

Objective: Our objective was to examine temporal variation in serum testosterone and five other
hormones in men over normal clinic hours.

Design: Blood samples were collected at six separate visits, three morning visits 1-3 d apart and
three afternoon visits 1-3 d apart.

Setting and Participants: In Boston, MA, 66 men participated, 30-80 yr of age, randomly selected
from the Boston Area Community Health Survey who completed at least five visits.

Main Outcome Measures: The age-specificratio of hormone level at times ranging from 0801-1600
h to hormone level at 0800 h was calculated. Ratios were calculated from parameter estimates
obtained from cosinor models.

Results: In men 30-40 yr old, testosterone levels were 20-25% lower at 1600 h than at 0800 h. The
difference declined with age, with a 10% difference at 70 yr. 17 men with at least one of three
measurements less than 300 ng/dl (10.4 nmol/liter) after 1200 h had normal testosterone levels at
all three visits before 1200 h (five of eight men 30-47 yr old, four of nine men 66-80 yr old). Much
lower levels of diurnal variation were found for dihydrotestosterone, SHBG, LH, FSH, and estradiol
at all ages.

Conclusions: Our results support the recommendation of restricting testosterone measurements to
morning hoursin both young and older men. Limited diurnal variation in other hormones indicates
that sampling through the day is appropriate. (J Clin Endocrinol Metab 94: 907-913, 2009)

iurnal variation of testosterone (T) has been well docu-
mented (1-14). Levels peak between 0530 and 0800 h,
depending on the study, with trough levels occurring approxi-
mately 12 h later. The amplitude of variation of total T, which
is usually estimated as the difference between peak and mean
hormone levels on a fitted cosinor model, was 6-12% of mean
hormone level in most studies (1, 6, 7, 10-13). A few reports of
amplitudes as high as 24% of the mean have been published (2,
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4, 14). Some of the variation in amplitude is attributable to re-
duced diurnal variation in older men (1, 4, 7, 13). Other sources
of variation have not been identified. The amplitude and acrophase
of the diurnal variations in free and bioavailable T levels are similar
to that of total T (2, 4, 7, 10). Diurnal variation of other sex hor-
mones has received less attention (2-4, 5, 7-10, 12-16).

The effect of diurnal variation on clinical measurement of
hormones is unclear. For example, if a clinic opens at 0800 h and

Abbreviations: CV, Coefficient of variation; DHT, dihydrotestosterone; E2, estradiol; T,
testosterone.
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closes at 1600 h, then the 8-h interval during which it is open will
represent only 67% of the 12-h interval between peak and trough
T levels. Thus, the morning-afternoon differences seen in the
clinic will likely represent only a fraction of the total amplitude
of variation over 24 h. Morning-afternoon differences should be
even smaller in older men for hormones with reduced amplitude
of variation with advancing age. Furthermore, the reported am-
plitudes of diurnal variation in hormone levels are all consider-
ably smaller than the intra-individual variation observed when
samples are collected at the same time of day over several days
(17). Still, diurnal variation in hormone levels will lead to sys-
tematic differences between values collected in the morning and
afternoon, and itis important to understand the magnitude of the
differences in evaluating hormone measurements.

We compared morning and afternoon levels of total, free, and
bioavailable T, dihydrotestosterone (DHT), SHBG, LH, FSH,
and estradiol (E2) in young, middle-age, and older men.

Subjects and Methods

Study participants and recruitment

The Hormone Variation Study took place in two phases. In phase I,
we characterized day-to-day and 3-month intra-individual variation in
levels of T and several other hormones (17). Subjects for the study were
selected from among 2301 male respondents to the Boston Area Com-
munity Health survey (18). Subjects for the Boston Area Community
Health survey were randomly selected from Boston residents who were
30-79 yr old, using a weighted sampling scheme to recruit approxi-
mately equal numbers of Hispanics, non-Hispanic Black Americans and
non-Hispanic Caucasians. Recruitment was also stratified on decade of
age to provide approximate balance over the target age range. A total of
134 subjects enrolled in phase I of the Hormone Variation Study.

Subjects enrolled in the present study, phase II, were randomly se-
lected from among the 121 men in phase I who completed all six visits,
after excluding two additional men who were determined to be ineligible
for phase I after that phase was completed. For phase II, subjects were
randomly selected within each of five age strata (30-39,40-49, 50-59,
60-69, and 70-80 yr) to provide approximate balance on age. A po-
tential subject who refused or was found to be ineligible was replaced
with another randomly selected subject from the same stratum.

Potential subjects for phase II were screened to determine whether
they still met the phase I eligibility criteria. Men were excluded if they had
medical conditions or were taking medications that altered levels of the
hormones of interest, if they had problems with blood draws, or if they
had compromised immune systems caused by HIV/AIDS, chemotherapy,
radiation, or other conditions. Details on the exclusions are provided
elsewhere (17).

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.

Sample and data collection

The usual approach to examining diurnal variation, collecting hourly
samples for 24 h, fails to reflect the intra-individual variability caused by
day-to-day and longer-term variation in hormone levels (17). We chose
a different sampling schedule that more closely reflected the latter
variations because these sources of variation also affect clinical
measurement.

Blood samples were obtained from each subject on 6 d. Samples were
collected at three consecutive visits in the morning and three consecutive
visits in the afternoon, with the two sets of visits separated by 1-2 wk.
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Within each set of three visits, blood samples were obtained 1-3 d
apart (median, 2 d). Men were randomly assigned to have the morning
or afternoon set of visits first. Specific sampling times were arranged
to accommodate each subject’s schedule; thus, sampling times varied
within each set of three visits in individual subjects and among dif-
ferent subjects. Study visits generally took place in the subject’s home.
If the subject so requested, the visits took place in other locations, such
as the subject’s place of employment or 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. The two samples were
placed in an ice-filled cooler for transport back to study headquarters,
where they were centrifuged. Equal aliquots were pooled, and the pooled
samples were stored in scintillation vials at —70 C until they were assayed
for hormone levels. Assays were performed in the Endocrine Laboratory
of the Department of Physiology at the University of Massachusetts Med-
ical School, Worcester, MA.

At visits 1 and 4, a questionnaire was administered regarding recent
changes that could affect hormone levels. In particular, 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

Total T was measured by a RIA from Diagnostic Products Corp., Los
Angeles, CA [intraassay coefficient of variation (CV) 4.3%, interassay
CV 9.8%]. E2 was measured by a RIA from Diagnostic Systems Labo-
ratories, Webster, TX (intraassay CV 2.3%, interassay CV 7.4%). DHT
was measured by a RIA that was developed at the Endocrine Laboratory
of the Department of Physiology at the University of Massachusetts (21)
(intraassay CV 2.1%; interassay CV 3.1%). LH, FSH, and SHBG were
measured by chemiluminescent immunoassays from Diagnostic Prod-
ucts (LH, intraassay CV 4.2% and interassay CV 5.5%; FSH, intraassay
CV 3.5% and interassay CV 3.7%; SHBG, intraassay CV 3.1% and
interassay CV 4.1%). Free and bioavailable T were calculated from total
T and SHBG levels using the Sodergard equation using a constant albu-
min concentration of 4.3 g/dl (19, 20).

All samples obtained from a subject were assayed in the same run for
each hormone to exclude interassay variation from changes in hormone
level within subjects.

Statistical analysis

All hormone values were transformed to base 10 logarithms for data
analysis (17). Without the logarithmic transformation, men with higher
average hormone levels also had more variable hormone levels. This
relationship violates the assumption of homogeneous intra-individual
variation underlying the statistical model used for data analysis. Diurnal
variation was examined using a cosinor model. The approach to mod-
eling differed from those used in the numerous previous studies of diurnal
variation of hormone levels in which hourly samples were collected from
each subject for 24 h. Some investigators fit the cosinor model separately
to the data from each subject and averaged the parameter estimates
across subjects, whereas others averaged the observations each hour
across subjects and fit the cosinor model to the set of 24 average values.
Neither approach is suitable given the nature of the data set in this study.
Instead, a single cosinor model was fit to a data set that included all
observations from subjects who completed at least five of six study visits.
A random effect for subject was included in the model; thus, hormone
levels for an individual were assumed to vary diurnally around that
individual’s average level. The amplitude of variation was assumed to
change linearly with age. The model took the form:

[ 27Ty
logio (Hy) = Bo + Bi + (B1 + B2 X)) SIH[T + Ba}

where H;; ishormone level at the jth time point in subject i, b; is a normally
distributed random variable with mean zero, X is the age of subject i, and
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T;; is the decimal time for the jth time point in subject i. Under this model,
By is overall mean log-transformed hormone level, B, + B; is mean hor-
mone level for subject i, (8, + B,X;) is the amplitude of diurnal variation
as a function of age and B; is a phasing parameter that determines the
time of peak hormone level.

Models with age-related change expressed as (8, + 8,X; + 8,X;?) and
[B; + B, log(X;)] were also considered, but neither of these fit the data
better than the cosinor model with a linear change in amplitude with age.
Therefore, only the results from the model with the linear expression are
presented here.

The effect of diurnal variation on clinical sampling was quantified by
computing the ratio of hormone level at times between 0800 and 1600 h
to hormone level at 0800 h using the parameter estimates from the fitted
cosinor models. Ratios were computed for ages 30, 40, 50, 60, 70, and
80 yr as:

% — 1B+ BX) [sin(%af Bx) B Sin(z:"l;.; " )]
8

where T is the time point corresponding to the hormone level in the
numerator of the ratio.

To illustrate the clinical impact of diurnal variation on T measure-
ments in the context of agated dichotomized afternoon (after 1200 h) T
levels against morning (before 1200 h) T levels.

All model fitting took place using the nonlinear mixed-model pro-
cedure of SAS/STAT software.

Results

A total of 99 men were invited to participate in the study, and 67
did so. Twelve of 99 men were excluded at screening because they
were no longer eligible, 11 could not be contacted because they
had moved or had disconnected telephones, five refused to par-
ticipate, and four did not respond or were not available until after
enrollment closed. One man who dropped out after completing
three morning visits was excluded from the analysis. Two men
who completed five visits each and 64 men who completed all six
visits were included in the analysis. Of these 66 men, two subjects
had four morning visits and two afternoon visits each, whereas
the remaining 64 men had three morning and three afternoon
visits. As a result, the data set included hormone levels from 199
morning visits and 195 afternoon visits. Eleven men were 30-39
yr old, 13 were 40-49 yr old, 15 were 50-59 yr old, 11 were
60-69 yr old, and 16 were 70—80 yr old.

The morning blood draws took place between 0505 and
1155 h (median, 0757 h; 10th and 90th percentiles, 0540 and
1035 h), whereas afternoon blood draws took place between
1300 and 1948 h (median, 1510 h; 10th and 90th percentiles,
1310 and 1810 h). Morning and afternoon sampling times were
generally consistent within subjects. The median time between
the earliest and latest of an individual’s two to four morning or
afternoon blood draws was approximately 32 min (10th and
90th percentiles, 5 and 202 min). The interval between the morn-
ing and afternoon intra-subject median sampling times ranged
from 2.4-13.2 h (median, 7.6 h; 10th and 90th percentiles, 4.1
and 10.9 h). Intervals tended to be shorter in men 60-80 yr old
than in men 30-59 yr old (median, 6.2 vs. 8.4 h) because morn-
ing visits were, on average, earlier and afternoon visits were, on
average, later in the younger group. However, the distributions
of visit times in the two groups overlapped considerably.
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Descriptive statistics for morning and afternoon hormone
levels are provided in Table 1. Results of the analysis of diurnal
variation for each hormone are described below.

Total testosterone

The amplitude of variation of T declined with age (P =
0.0174). The curves in Fig. 1 illustrate the effect of the changes
with age on the differences between T levels in the morning and
afternoon. For example, at 30 yr of age, T levels at 1600 h were,
on average, about 76 % of levels at 0800 h, whereas at 70 yr of
age, T levels at 1600 h were about 89% of levels at 0800 h. The
curves indicate a substantial decline in T levels among younger
men even if attention is restricted to morning hours. For example,
at 30 yr of age, T levels at 1200 h are about 85% of levels at
0800 h. On the other hand, at 70 yr of age, levels at 1200 h are
93% of those at 0800 h.

Bioavailable T

The amplitude of diurnal variation of bioavailable T also
declined with age (P = 0.0223). The fitted curves indicated that
the amplitude of variation of bioavailable T may be slightly
greater than the amplitude of variation of total T. For example,
parameter estimates indicate that at 30 yr of age, T levels at
1600 h were, on average, about 73% of levels at 0800 h com-

TABLE 1. Descriptive statistics for morning and afternoon
hormone levels in 66 men
Percentile
Hormone 5th 50th 95th
T (ng/dl)
Morning 229 435 754
Afternoon 204 376 605
Bioavailable T (ng/dl)
Morning 81 174 316
Afternoon 66 151 259
Free T (pg/ml)
Morning 43 92 167
Afternoon 35 80 137
DHT (hg/ml)
Morning 0.22 0.47 1.14
Afternoon 0.18 0.44 0.98
E2 (pg/ml)
Morning 10 22 37
Afternoon 11 21 32
FSH (mIU/ml)
Morning 2.40 7.12 29.70
Afternoon 2.17 7.01 29.70
LH (mIU/ml)
Morning 1.79 5.18 14.10
Afternoon 1.82 5.61 13.90
SHBG (nmol/liter)
Morning 14.6 39.8 66.9
Afternoon 13.7 39.0 68.3

The morning blood draws took place between 0505 and 1155 h (median,

0757 h; 10th and 90th percentiles, 0540 and 1035 h), whereas afternoon blood
draws took place between 1300 and 1948 h (median, 1510 h; 10th and 90th
percentiles, 1310 and 1810 h). For T and bioavailable T, to convert to nmol/liter,
multiply values by 0.0347; for free T, to convert to pmol/liter, multiply values by
3.47; for DHT, to convert to nmol/liter, multiply values by 3.44; for E2, to convert
to pmol/liter, multiply values by 3.671.
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FIG. 1. The ratio of hormone level at 1600 h to hormone level at 0800 h as a function of age and the time of day at which the later measurement is obtained.

pared with 76 % for total T. At 70 yr of age, the difference is 86
vs. 89%.

similarity makes sense given the way the values for the two frac-
tions were calculated.

DHT

A borderline result was obtained in the test for age-related
changes in amplitude (P = 0.0720). Diurnal variation was de-
tected using the model without age-related change (P = 0.0145).

Free T

The amplitude of diurnal variation declined with age (P =
0.0231). The age-related changes in the calculated ratios for free
T were essentially the same as those for bioavailable T. This
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Plots of the hormone ratios, taking account of age, indicate the
possibility of relatively low-amplitude variation in younger men
with essentially no diurnal variation in older men. In a 30-yr-old
man, DHT at 1600 h were, on average, about 83% of levels at
0800 h, whereas at 70 yr of age, levels at 1600 h were 95% of
levels at 0800 h. Both of these differences are considerably
smaller than the corresponding differences for total, free, and
bioavailable T.

E2

No diurnal variation was detected for E2 (age-related change
in amplitude: P = 0.27; diurnal variation without age-related
changes in amplitude: P = 0.1066). When age-related changes
are taken into account, the fitted model indicates that hormone
levels at 1600 h were about 90% of those at 0800 h at 30 yr of
age but 98% of levels at 0800 h at 70 yr of age. When age was
excluded from the model, values at 1600 h were 94% of values
at 0800 h.

FSH

No age-related changes in diurnal amplitude were detected
(P = 0.14). In a 30-yr-old man, FSH levels at 0800 and 1600 h
were about the same, whereas in a 70-yr-old man, levelsat 1600 h
were about 93% of levels at 0800 h. A borderline result was
obtained in the test for diurnal variation excluding age-related
changes in amplitude (P = 0.0487). Without the term for age-
related change in amplitude, FSH levels at 1600 h were about
97% of levels at 0800 h.

LH

A borderline result was obtained from the test for age-related
changes in amplitude (P = 0.0511). No diurnal variation was
detected in the model without age-related variation in amplitude
(P = 0.13). From the model with age-related changes in ampli-
tude, LH levels at 1600 h were about 18% higher than those at
0800 hina 30-yr-old man but were about 94 % of those at 0800 h
in a 70-yr-old man.
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SHBG

The model with age-related change in amplitude failed to
converge to a solution. The likely explanation for this failure is
the absence of any diurnal variation in SHBG. No diurnal vari-
ation was detected using the model without the term for age-
related change (P = 0.23). From the parameter estimates, SHBG
levels at 1600 h were, on average, 1% higher than levels at
0800 h.

Impact of diurnal variation in T levels on clinical
decision making

The effect of diurnal variation on clinical decision making can
beillustrated by comparing the number of morning vs. afternoon
T values from an individual that were less than 300 ng/dl (10.4
nmol/liter), a value used to define hypogonadism. Only men with
three morning and three afternoon samples were included in this
part of the analysis. They were divided into three roughly equal-
sized age groups to illustrate the joint effect of age and diurnal
variation. Overall, these analyses indicate a considerable effect of
diurnal variation on classification of men as abnormal/normal.
For instance, Table 2 shows that 12 of 24 (50% ) men with at least
one of three measurements less than 300 ng/dl (10.4 nmol/liter)
in the afternoon (after 1200 h) had normal T levels in all three of
their assessments in the morning (before 1200 h). Data in Table
2 further indicate that despite the stronger effect of diurnal vari-
ation on T levels in younger men, the probability of subjects
being classified as having low T was higher in samples obtained
in the afternoon, regardless of age. For instance, five of eight
younger (30—47 yr) men with at least one of three measurements
less than 300 ng/dl (10.4 nmol/liter) after 1200 h had normal T
levels in all three of their assessments before 1200 h. Similarly, in
the oldest age group (66-80 yr), four of nine men with at least
one of three measurements less than 300 ng/dl (10.4 nmol/liter)
after 1200 h had normal T levels in all three of their assessments
before 1200 h. Finally, Table 2 shows that a few subjects had low
T in the morning (before 1200 h) but normal levels in the after-
noon (after 1200 h). This occurred relatively rarely (four of 16

TABLE 2. Afternoon vs. morning T measurements stratified by age group among 62 subjects with three morning and three

afternoon measurements

Afternoon, measurements after 1200 h

At least All three
one of three measurements measurements
Morning, measurements before 1200 h <300 ng/dl =300 ng/dl Total

Men 30-47 yr old

At least one of three measurements <300 ng/dl 3 1 4

All three measurements =300 ng/dl 5 10 15

Total 8 1 19
Men 48-65 yr old

At least one of three measurements <300 ng/dl 4 3 7

All three measurements =300 ng/d| 3 15 18

Total 7 18 25
Men 66-80 yr old

At least one of three measurements <300 ng/dl 5 0 5

All 3 measurements =300 ng/dl 4 9 13

Total 9 9 18

Note that 300 ng/dl = 10.4 nmol/liter.
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men) and included some variation by age. All three of the seven
men 48-635 yr old who fit this description had one T value less
than 300 ng/dl (10.4 nmol/liter) and five values more than 300
ng/dl (10.4 nmol/liter).

Discussion

In previous investigations of diurnal variation of hormone levels
in men, investigators have typically obtained hourly samples
from each subject over a 24-h interval. This design has been used
to document diurnal changes in T and other hormones, but the
implications of the identified variation for clinical sampling dur-
ing typical daytime clinic hours have rarely been discussed in
explicit quantitative terms. For this reason, we undertook an
investigation to determine the extent to which hormone levels
vary over clinic hours. In young men (30-40 yr old), we found
that total, free, and bioavailable T levels at 0800 h were, on
average, 30-35% higher than levels measured in the mid to late
afternoon. The difference declined with age, dropping to ap-
proximately 10% at 70 yr of age. The amplitude of diurnal vari-
ation of DHT, FSH, LH, E2, and SHBG at all ages was either
considerably smaller or not detectable.

In terms of amplitude and acrophase (not shown), the results
for total, free, and bioavailable T are consistent with those of
previous investigations (1-14). The large majority of previous
studies of diurnal variation of FSH and LH in men produced
negative results, whereas borderline significant results were ob-
tained in this investigation (5, 7-9, 12-14). These discrepant
results may be explained by a combination of relatively low am-
plitude of variation, as indicated by the available estimates, and
generally much smaller sample sizes in previous investigations.
An early morning acrophase for DHT and the absence of diurnal
variation for E2 also match the results of previous studies (3, 7).
Diurnal variation of SHBG was found in three of four previous
studies but not in this one (2, 4, 7, 10). Although the variation
was not statistically significant in this study, parameter estimates
from the fitted curve indicate that acrophase, if there is one,
occurs in the early to mid afternoon, as it did in previous studies.

The results of this study support the recommendation that
clinicians limit sampling for total, free, and bioavailable T levels
to the morning to establish biochemical androgen deficiency to
limit the effects of diurnal variation. The relatively large declines
in total, free, and bioavailable T between 0800 h and the after-
noon certainly justify this practice in young and middle-aged
men. A broader time window for sampling may be justified in
older men, given the reductions in diurnal amplitude with ad-
vancing age. However, despite the blunting of circadian varia-
tion of serum total T levels observed among older men in this and
other studies, we observed that afternoon T values less than 300
ng/dl (10.4 nmol/liter) occur quite often in the absence of low
morning T values. This suggests that morning blood sampling for
T would be preferred to afternoon sampling for confirmation of
a diagnosis of biochemical androgen deficiency in both young
and old men. Furthermore, morning samples are usually used to
establish normal reference ranges for sex hormones, in particular
T concentrations. Our results do not support restricting blood
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sampling to the morning hours for other hormones in this study.
Results also indicated that half of the men with at least one of
three measurements less than 300 ng/dl (10.4 nmol/liter) in the
afternoon (after 1200 h) had normal T levels in all three of their
assessments in the morning (before 1200 h). Likewise, we ob-
served some variation in the other direction, i.e. with men having
low morning (before 1200 h) but normal afternoon (after 1200)
T levels. We believe the single low values can reasonably be
interpreted as measurement variability in men with average T
levels over 300 ng/dl (10.4 nmol/liter) (17). These findings sup-
port recommendations for performing more than one T mea-
surement to diagnose hypogonadism. The results of this study do
not necessarily apply to patients on T replacement for whom
clinicians are making dose adjustments, but they should apply to
middle-aged and older men with hypogonadal symptoms be-
cause there is no reason to believe that diurnal variation should
vary according to presence of symptoms.
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