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Abstract

Study Objectives: In young men, sleep restriction decreases testosterone (Te) and increases afternoon cortisol (F), leading to anabolic-catabolic
imbalance, insulin resistance, and other andrological health consequences. Age-related differences in the hypothalamo-pituitary-testicular/adrenal
response to sleep restriction could expose older individuals to greater or lesser risk. We aimed to evaluate and compare the 24-h and time-of-day effect
of sleep restriction on F, luteinizing hormone (LH), and Te in young and older men.

Methods: Thirty-five healthy men, aged 18-30 (n = 17) and 60-80 (n =18) years, underwent overnight sleep deprivation (complete nighttime wakefulness)
or nighttime sleep (10 pm to 6 am) with concurrent 10-min blood sampling in a prospectively randomized crossover study. F, LH, and Te secretion were
calculated by deconvolution analysis.

Results: Sleep deprivation had multiple effects on 24-h Te secretion with significant reductions in mean concentrations, basal, total and pulsatile secretion,
and pulse frequency (each p < 0.05), in the absence of detectable changes in LH. These effects were most apparent in older men and differed according to
age for some parameters: pulsatile Te secretion (p = 0.03) and Te pulse frequency (p = 0.02). Time-of-day analyses revealed that sleep restriction significantly
reduced Te in the morning and afternoon, reduced LH in the morning in both age groups, and increased F in the afternoon in older men.

Conclusions: These data suggest a time-of-day dependent uncoupling of the regulatory control of the testicular axis and of F secretion. Future studies
will need to directly verify these regulatory possibilities specifically and separately in young and older men.

Clinical Trial: Not applicable.

Statement of Significance

We show for the first time in a single cohort of men that sleep loss both decreases testosterone, the main anabolic hormone, and increases afternoon
cortisol, the main catabolic hormone. This combination of findings has also never been previously shown in a population that includes older men
and could plausibly cause metabolic and reproductive ill-health when accumulated over decades of life. Accordingly, these findings may explain how
chronic sleep loss may contribute to the metabolic and reproductive diseases that are more prevalent in older men. Age and time-of-day related dif-
ferences in the network regulation of hypothalamo-pituitary-testicular, and adrenal response, to sleep loss were also unveiled, but these preliminary
findings still require direct verification by interventions that manipulate hormones during the morning and late afternoon in appropriately matched
cohorts of young and older men.
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Introduction

The adverse cardiometabolic consequences of insufficient
sleep are becoming increasingly recognized [1]. Therefore,
developing countermeasures to prevent or mitigate adverse ef-
fects without requiring more sleep is needed since sleep loss
is sometimes unavoidable. Understanding the mechanisms by
which insufficient sleep leads to adverse cardiometabolic and/
or other health outcomes would allow such targeted methods
to be developed.

An emerging thesis is that hormonal imbalances of testos-
terone (Te) and cortisol (F) underpin some of the adverse health
consequences of insufficient sleep, particularly illnesses that
are considered important by men [2]. The concept is appealing
because Te and F are, respectively, the main anabolic and cata-
bolic signals in men, regulation of the hypothalamo-pituitary
testicular and hypothalamo-pituitary adrenal axes are inter-
twined, and anabolic—catabolic imbalance is likely to impair the
precise physiological processes required for metabolism and re-
production [2]. Despite this, the exact impact of sleep loss on F
and Te regulation is poorly understood, particularly across the
entire adult male lifespan.

Current studies utilizing repetitive blood sampling show that
experimentally restricting sleep in young men under controlled
laboratory conditions probably causes an overall reduction in
systemic Te exposure [3-6]. An important limitation is that only
two of these studies have assessed the effect of sleep restriction
on systemic Te exposure across the day and night period by as-
sessing blood Te every 15-30 min [3], or every other hour [6], for
24 h. Two other studies sampled blood every hour from 7 am to
11 pm [5], or every other hour but only for 11 h during the bio-
logical day [4]. Of these four frequently sampled studies [3-6],
only one showed that sleep loss decreased overall Te concen-
trations [3]. Further investigation utilizing frequent blood sam-
pling for an entire 24-h period are needed to adjudicate these
discrepant findings.

Recently, it was proposed that sleep loss must occur during
the second half of the biological night to cause Te to fall [5].
A major limitation is that all studies were performed in men aged
<45 years and the majority of all these studies sampled blood or
saliva once in the morning [7-12]. This distinction is important
because age-related hypoandrogenemia is well-established and
occurs as an ensemble outcome of deteriorated network regula-
tion [13] and sleep and sleep architecture changes with age [14].
Furthermore, healthy older adults are able to better preserve
attention and neuropsychological performance during sleep
restriction compared with their healthy younger counterparts
[15] suggesting that age, or factors associated with aging, may
modulate the effect of sleep restriction. Accordingly, the effects
of sleep restriction on Te and on the regulation of the testicular
axis could plausibly be modulated by aging but this has not pre-
viously been studied.

In contrast to the two studies assessing the effects of sleep
restriction on 24 h Te, seven studies have examined the effect of
sleep restriction on systemic F exposure across the entire 24-h
day by frequent blood sampling that occurred at least once every
30-60 min [3, 16-21], and two other studies where blood was
sampled less frequently every other hour [6, 22]. The timing of
sleep loss has again been postulated to modulate the F response
to sleep restriction [23]. Findings from the seven studies with
frequent sampling are consistent with the hypothesis that sleep

loss during the first half of the biological night increases F the
following late afternoon/early evening [3, 16-21]. Five of these
studies directly demonstrated a late afternoon/early evening [3,
16-18] or early morning [21] rise in F, one did not specifically
examine for it [20], and in the other, sleep loss did not occur
in the first half of the biological night [19]. Another important
caveat is that only two of these studies enforced total overnight
sleep deprivation [6, 21].

The increase in the late afternoon/early evening F with
sleep loss has important health consequences because inter-
ventional studies directly show that increased afternoon/
evening F worsens insulin resistance in humans [24, 25] and
rodents [26]. Increased afternoon/early evening F also under-
lies the increased insulin resistance of aging [25, 27], as well
as impaired physical performance [28], and neurocognitive
deficits [29]. Hence a secondary exploratory aim of this ana-
lysis was to examine hormone changes during a time window
in the late afternoon. Additionally, age itself is associated with
increased late afternoon/early evening F [30]. Accordingly,
it is plausible that the effect of sleep restriction on F and F
dynamics may be modulated by age. Only one study so far
has examined both young and older adults, and reported
that sleep deprivation increased 4 pm salivary F [31]. Age did
not modulate the effect of sleep deprivation on F response,
but this study was limited by the examination of F during a
narrow late afternoon time window.

The present investigation was undertaken to assess the
effect of sleep loss on actual pulsatile Te, luteinizing hormone
(LH) and F secretion assessed in young and older men over 24
h, in the early morning and in the late afternoon. Prior studies
have directly confirmed the importance of quantifying actual
pulsatile hormone secretion, and the motivations and methods
to do so have been extensively reviewed [32]. For example, inter-
ventional studies in humans have now directly verified that spe-
cific pulsatile delivery of F, rather than nonpulsatile delivery of
the same total dose, affects cognitive and other neurological re-
sponses differentially [33]. These data culminate prior studies
in rodents and in cell culture systems which show that pulsatile
delivery of glucocorticoids modulate receptor and other physio-
logical responses [34, 35]. We have provided similar evidence
highlighting the importance of the pulsatile characteristics of
LH and Te for the testicular axis [36, 37].

Methods
Overview

This was an investigator-initiated prospectively randomized,
controlled crossover study where participants were randomized
to sleep restriction (complete nighttime wakefulness) or 8 h of
sleep (nighttime sleep, with sleep opportunity from 10 pm to
6 am). The two inpatient Clinical Research Unit sessions were
scheduled at least 3 weeks, but not more than 2 months, apart.
Participant number was powered at 90 per cent to detect a 30 per
cent effect of sleep restriction on Te concentrations. Volunteers
were recruited by newspaper advertisements, local posters, the
Clinical Trials Center webpage, and community (general and mi-
nority) bulletin boards. The protocol was approved by the Mayo
Institutional Review Board. Witnessed voluntary written con-
sent was obtained before study enrollment.



Criteria for inclusion

Inclusion criteria were: healthy men ages 18-30 and 60-80 who
provided written informed consent. A medical history, physical
examination, and screening tests of hematological, renal, hep-
atic, metabolic, and endocrine function were normal.

Criteria for exclusion

Exclusion criteria were the recent use of any systemic medi-
cations (medically prescribed or over the counter) with the ex-
ception of replacement thyroid hormone, laxatives, antacids,
thiazide diuretics, ophthalmic solutions, or skin preparations;
anabolic steroid or glucocorticoid use (last 3 months); drug or
alcohol abuse, psychosis, depression, mania, or severe anxiety;
acute or chronic organ-system disease including cardiovascular
disease, cancer (excluding localized basal cell carcinoma re-
moved or surgically treated with no recurrence), sleep apnea,
chronic obstructive pulmonary disease, hematological dys-
crasias, acute or chronic inflammatory conditions, renal in-
sufficiency, hepatic failure, and chronic infections including
hepatitis and HIV; self-reported history of sexual dysfunction
or sleep disorder; morbid obesity; abnormal laboratory test re-
sults, including those suggestive of hypogonadism (serum total
Te < 240 ng/dL or bioavailable Te < 100 ng/mL, LH > 10 IU/L or
follicle-stimulating hormone [FSH] > 20 IU/L); nightshift work
or recent (10 d) >3 time-zones transmeridian travel; acute
weight change (loss or gain of >2 kg in 8 weeks); unwillingness
or inability to provide written informed consent due to cogni-
tive decline, institutionalization, or imprisonment; or history
or suspicion of prostatic disease (elevated prostate-specific
antigen > 4.0 ng/mlL, indeterminate nodule or mass, or ob-
structive uropathy).

Detailed protocol

Volunteers were required to maintain their usual dietary, ac-
tivity, and sleeping patterns at home, and arrived at the Unit
at 4 pm for admission and placement of two intravenous cath-
eters in (contralateral) antecubital veins to allow uninterrupted
blood sampling. Blood samples (2.7 mL) were withdrawn every
10 min for 24 h (145 samples per session) beginning at 6 pm on
day 1, 2 h after admission, to measure LH, Te, and F. Identical
meals were served under controlled feeding conditions during
both conditions and were standardized in composition (8
kcal/kg of 50 per cent carbohydrate, 20 per cent protein, and
30 per cent fat) and time (5 pm, and on the following day at
8 am, 12 pm, and 6 pm). Food was not self-selected and not
ad libitum. Participants were discharged approximately 26 h
later, after the last blood draw and the 6 pm dinner. Due to
the frequent blood sampling, participants remained reclined
throughout and at least one nurse was always present in the
room under standard bright light (600 lux) during all periods
of wakefulness, including wakefulness at night during the
nighttime wakefulness condition. Napping was avoided during
all periods of wakefulness through interactive conversation.
During the nighttime sleep condition, lights were switched off
at 10 pm and switched back on at 6 am. For this time period,
a nurse was present for blood sampling and other staff would
also variously check the condition of the participant and the
sampling line. Based on this visual inspection, participants
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slept within 20 min of lights out and remained asleep until 6
am. Apneas were not reported.

Analytical methods

Assays, LH, Te, and F, were determined in duplicate and batch-
wise in each participant. LH was measured using an automated
two-site monoclonal immunochemiluminescence assay with a
sensitivity of 0.20 IU/L (First International Reference Preparation)
and median inter- and intra-assay coefficients of variation of
5.5 per cent and 8.5 per cent, respectively [38]. Cross-reactivity
with FSH, thyroid-stimulating hormone (TSH), a-subunits, or
free LH B-subunits is less than 0.1 per cent. Total Te concentra-
tions were assessed in duplicate by robotics-automated chemi-
luminescence assay. Sensitivity was 20 ng/dL (0.69 nmol/L), and
median intra- and inter-assay coefficients of variation were 5.2
per cent and 8.3 per cent, respectively. This assay correlated at
R =0.975 with a slope 1.12 with Te measured by mass spectrom-
etry. F was also measured in duplicate by robotics-automated
chemiluminescence assay. Sensitivity was 0.2 pg/dL (5.5 nmol/L),
and intra- and inter-assay coefficients of variation were 7.2-9.4
per cent and 6.3-9.4 per cent, respectively [30]. No samples were
undetectable in any assay. Other screening measures were per-
formed as previously described [38].

Deconvolution analysis

LH concentration time series were analyzed using a recently de-
veloped automated deconvolution method. Pulse detection was
empirically validated using hypothalamo-pituitary sampling
and simulated pulsatile time series [39]. Sensitivity and specifi-
city both exceed 93 per cent. The MATLAB-based algorithm first
detrends the data and normalizes concentrations to the unit
interval (0, 1) and then the program creates multiple successively
decremental potential pulse-onset time sets, each containing
one fewer pulse by a smoothing process (a nonlinear adaptation
of the heat-diffusion equation). A maximum-likelihood expect-
ation (MLE) estimation method calculates all secretion and elim-
ination parameters simultaneously conditional on each of the
candidate pulse-time sets. Deconvolution parameters comprise
basal secretion, secretory-burst mass (concentration units),
mode (time delay in minimum to maximum value), and fre-
quency (number of bursts per sampling duration and lambda of
Weibull distribution). Pulsatile secretion is the sum of secretory-
burst mass and total secretion of the sum of basal and pulsa-
tile secretion. Basal secretion and lambda (pulse frequency) are
assumed to be constant for the entire sampling duration. The
fast half-life of LH was represented as 18 min, constituting 63
per cent of the decay amplitude and the slow half-life as 90 min
[40]. Statistical model selection was performed using the Akaike
information criterion.

Te concentration time series were analyzed similarly using
fast (1.4) and slow (27) Te half-lives, with the fast half-life con-
stituting 34 per cent of the decay amplitude, determined previ-
ously by pulsatile Te injections [41]. F concentration time series
utilized a fast (2.4) and slow (56) cortisol half-lives, with the fast
half-life constituting 37 per cent of the decay amplitude, previ-
ously determined by bolus cortisol infusion [42].

The above analyses were performed on the entire 24 h time
series (145 data points).
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Assessment of joint synchrony

Cross approximate entropy (XApEn) was applied to the time
series, as a sensitive (>90 per cent) and specific (>95 per cent)
measure of feedforward or feedback-conferred pattern of LH-Te
and Te-LH orderliness, respectively [43, 44].

Table 1. Demographic variables before randomization

Young Oold

n=17 n=18

mean + SD or mean + SD or

median (IQR) median (IQR) P-value
Age (yr1) 24.1+29 63.9 £4.0 <0.001
Height (m) 180 + 7 175+ 6 0.04
BMI (kg/m?) 25.0 (22.9-27.5)  29.5 (26.4-31.7)t 0.002
Albumin (g/dL) 47+02 42403 <0.001
LH (U/L) 41£20 4930 0.36
FSH (U/L) 34+16 10.3 +£2.98 0.002
SHBG (nmol/L) 28.6+£9.8 38.4+10.1 0.006
T (nmol/L) 18.9+4.7 14.9 + 3.6 0.008
Cortisol (nmol/L) 202 + 139 196 + 122 0.9
TSH (mU/L) 23+1.0 29+13 0.14
IGF-1 (ug/dL) 195 + 32 123 + 37 <0.001

No young men and seven older men with BMI > 30 kg/m?.

Sleep P=0.005

Statistical assessment

The primary hypotheses were that the effects of sleep restric-
tion would differ according to age on parameters of hormone
(Te, F, and LH) secretion. The secondary exploratory hypotheses
were that these effects could differ in the morning versus the
late afternoon/early evening. Accordingly, the analyses were
primarily on deconvolution parameters of the entire 24 h time
series, after which data were binned into consecutive 3 h win-
dows. The secondary exploratory analyses examined the 3 h
time windows separately in the morning from 6 am to 9 am (the
first wake time period) and also in the late afternoon from 3 pm
to 6 pm (the latest afternoon time period). These time windows
were chosen a priori due to the 6 pm to 6 pm duration of blood
sampling, and because 3 h time windows are still sufficiently
long to allow assessment of hormone pulses and joint synchrony
as previously described [30]. An early morning time window
was examined because Te measurement for the assessment of
hypogonadism should be performed in the early morning [2, 45].
The afternoon time window was examined because elevated F
during this time causes insulin resistance which leads to type
2 diabetes and metabolic ill-health [24-26]. Hormones at both
time periods were examined to allow time-of-day inferences.
Analyses were by repeated measures mixed model of sleep
restriction, age group, and the interaction. A priori contrasts of
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Figure 1. Data are the mean + SEM of parameters of Te secretion during rested sleep (black column) or restricted sleep (gray column) in young (left) and older (right)
men within each panel. The mean concentration (left), basal secretion (middle), and total secretion (right) are shown in the upper panels; and pulse number (left),
pulsatile secretion (middle), and mass per pulse (right) are illustrated in the lower panels. Statistically significant Sleep, Age, and SleepxAge effects are shown by the
p-value. Statistically significant contrasts between the rested sleep and restricted sleep conditions in young or older men are shown by *p < 0.05 (Bonferroni adjusted)
or **p < 0.0167 (Bonferroni adjusted). The absence of asterisks indicates that a significant contrast was not observed.



the effect of sleep restriction in young and older individuals sep-
arately were directly obtained from each and every mixed model
analysis. The Bonferroni-adjusted threshold, therefore, corres-
ponds to an unadjusted p value of 0.025 for each of these two
contrasts. p values of 0.05 and less were considered significant.
Statistical power was 90 per cent to detect a 30 per cent differ-
ence in Te concentrations between sleep-restricted and rested
conditions. Calculations were performed using proc mixed
with the contrast statement to simultaneously assess the two
preplanned contrasts with SAS 9.3 (SAS Institute Inc, Cary, NC).

Results
Participants

Seventeen young (aged 18-30) and 18 older (aged 60-80) men par-
ticipated in two overnight Clinical Research Unit-based studies
each. Demographic characteristics showed that older men were
significantly shorter and obese (Table 1). As expected, total Te
and insulinlike growth factor-1 (IGF-1) were lower, whereas FSH
and sex hormone-binding globulin (SHGB) were higher in older
men. LH and F did not differ by age. Serum levels of estradiol
(E,), SHBG, LH, FSH, and Te were all within age-appropriate ref-
erence ranges. There were no dropouts; however, serum was
insufficient to measure F in two older men (one during the con-
trol week, 103 samples; and another during the sleep restriction
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week, 24 samples). The entire time series for both were excluded
from the analysis.

Twenty-four-hour analyses

Sleep restriction reduced most components of Te secretion aver-
aged across an entire 24 h period because there were statistic-
ally significant main effects for sleep or its interaction for mean
concentration (p = 0.02), basal (p = 0.02), pulsatile (p = 0.03, inter-
action), and total secretion (p = 0.02) as well as pulse number
(p = 0.02, interaction) (Figure 1). Furthermore, the effect of sleep
restriction differed according to age for pulsatile secretion and
pulse number (Figure 1). Examination of the specific contrasts,
shown by asterisks, revealed that sleep restriction significantly
decreased pulsatile secretion and pulse number in older indi-
viduals, as well as mean Te concentration and total secretion.
Significant contrasts were not observed in younger men, as indi-
cated by the lack of asterisks.

Despite many changes in Te secretion with sleep restriction,
no effect on any parameter of overall 24-h LH secretion was ob-
served (Figure 2). In older men, sleep restriction significantly in-
creased the total secretion of F as indicated by the asterisk, but
no other effects were observed (Figure 3).

Older, compared with younger men, showed higher basal
F (p = 0.03) and LH (p = 0.005) secretion, but lower F (p = 0.03)
and Te (p = 0.0006) mass per pulse (see Figures 1-3). Older men
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Figure 2. Data are the mean + SEM of parameters of LH secretion during rested sleep (black column) or restricted sleep (gray column) in young (left) and older (right)
men within each panel. The mean concentration (left), basal secretion (middle), and total secretion (right) are shown in the upper panels; and pulse number (left),
pulsatile secretion (middle), and mass per pulse (right) are illustrated in the lower panels. Statistically significant Sleep, Age, and SleepxAge effects are shown by the
p-value. Statistically significant contrasts between the rested sleep and restricted sleep conditions in young or older men are shown by *p < 0.05 (Bonferroni adjusted)
or **p < 0.0167 (Bonferroni adjusted). The absence of asterisks indicates that a significant contrast was not observed.
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also exhibited lower mean Te concentrations (p = 0.02), pulsatile
(p =0.002), and total (p = 0.02) secretion, compared with younger
men (Figure 1). These age-related findings are expected.

Morning and late afternoon analyses

These analyses show that sleep restriction, as indicated by the p
value for the sleep main effect, decreased LH mean concentra-
tion (p = 0.01, Figure 4), pulsatile secretion (p = 0.01, Figure 5), and
mass per pulse (p = 0.004, Figure 6) in the morning across both
young and older men, but not the late afternoon, as indicated by
lack of p values for the sleep main effect in the corresponding
figures since only statistically significant p values are shown in
figures. Sleep restriction also decreased morning mean Te con-
centrations (p = 0.01, Figure 4) and pulsatile secretion (p = 0.007,
Figure 5) across both young and older men, and mass per pulse
(p = 0.05, interaction Figure 6) in the older men. In the late after-
noon, sleep restriction significantly decreased mean concentra-
tions of Te (p = 0.0008, Figure 4) across both young and older men,
but increased mean concentrations of F (p = 0.05, interaction
Figure 4), and pulsatile F secretion (p = 0.04, interaction Figure 5)
in older men. Examination of the specific contrasts, shown by
asterisks, confirm the latter findings in older men (see Figures 4
and 5). Significant effects of sleep restriction solely in younger
men were not observed in the secretory dynamics of cortisol,
LH, or Te, as indicated by the lack of asterisks (see Figures 4-6).

Expected morning and late afternoon age contrasts in F, LH,
and Te mean concentrations, pulsatile secretion, and mass per
pulse were observed (Figures 4-6) and mirror those observed
from 24 h analyses (Figures 1-3).

XApEn was utilized to quantify the effect of sleep restriction
on feedforward (LH-Te, left) and feedback (Te-LH, right) linkages
during the morning (top) and late afternoon (bottom) in young
and older men (Figure 7). Sleep restriction significantly de-
creased both feedforward and feedback LH-Te XApEn during the
morning in older men, as indicated by the asterisks. Significant
effects in the late afternoon, or solely in young men, were not
observed, as indicated by the lack of asterisks. Also, significant
LH-Te and Te-LH linkages across the entire 24 h time period
were not observed (data not shown).

Other analyses

In order to allow comparison with other published studies, we
analyzed mean hormone concentrations from 10 pm to 6 am
and from 9 am to 3 pm. There were no significant sleep depriv-
ation effects on F, LH, and Te from 10 pm to 6 am, nor on F and
LH from 9 am to 3 pm. However, sleep deprivation significantly
reduced Te from 9 am to 3 pm across both young and older men
(sleep main effect, p = 0.0005). The latter finding is consistent
with the prior analyses showing sleep deprivation reduces 24 h
Te, as well as Te measured 6 am-9 am, and 3 pm-6 pm.
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Figure 3. Data are the mean + SEM of parameters of F secretion during rested sleep (black column) or restricted sleep (gray column) in young (left) and older (right)
men within each panel. The mean concentration (left), basal secretion (middle), and total secretion (right) are shown in the upper panels; and pulse number (left),
pulsatile secretion (middle), and mass per pulse (right) are illustrated in the lower panels. Statistically significant Sleep, Age, and SleepxAge effects are shown by the
p-value. Statistically significant contrasts between the rested sleep and restricted sleep conditions in young or older men are shown by *p < 0.05 (Bonferroni adjusted)
or **p < 0.0167 (Bonferroni adjusted). The absence of asterisks indicates that a significant contrast was not observed.
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Figure 4. Data are the mean + SEM of mean concentrations of F (left), LH (middle), and Te (right) during the morning (top) and in the late afternoon (bottom). Within
each panel, data are grouped by rested sleep (black column) or restricted sleep (gray column) in young (left) and older (right) men. Statistically significant Sleep, Age,
and SleepxAge effects are shown by the p-value. Statistically significant contrasts between the rested sleep and restricted sleep conditions in young or older men are
shown by *p < 0.05 (Bonferroni adjusted) or **p < 0.0167 (Bonferroni adjusted). The absence of asterisks indicates that a significant contrast was not observed.

Discussion

Our study helps resolve past discrepancies on the effect of sleep
restriction on 24 h blood Te concentrations, since our study
which sampled blood every 10 min, and the other study which
sampled blood every 15-30 min [3], both show that sleep restric-
tion decreases overall 24 h blood Te concentrations, in contrast
with the other three studies that sampled blood much less fre-
quently [4-6]. To our knowledge, our study is the first to assess
actual pulsatile secretory events in LH or Te since this requires
ultra high-intensity sampling (ideally at least every 10 min) to
allow accurate mathematical deconvolution of serial hormone
concentrations. Using this methodology, we found that sleep re-
striction reduced many 24 h parameters of Te secretion, in the
absence of any detectable changes in LH concentration or any
parameter of LH secretion. These effects were most apparent in
older men and differed from younger men only for Te pulsatile
secretion and Te total pulse number where a significant sleep by
age interaction was detected.

Another novel finding is that the effect of sleep restriction
on LH, and therefore on LH-Te feedforward and Te-LH feed-
back network regulation, appears to be dependent on time-
of-day. Since assessment of parameters calculated over 24 h
averages, and thereby blurs, potential time-of-day effects,
we assessed discrete morning and late afternoon windows to
sharpen specific preplanned contrasts. In this context, sleep re-
striction not only decreased morning mean LH concentrations,

but also decreased morning pulsatile LH secretion and LH mass
per pulse. This effect was specific to the morning and not ob-
served in the late afternoon. In contrast, sleep restriction altered
Te concentrations at both times of day. Changes in Te pulsa-
tile secretion and mass per pulse with sleep restriction were
most evident in older men and present at both times of the day.
Furthermore, sleep restriction decreased a specific and sensitive
marker of network regulation, XApEn. Both LH-Te and Te-LH
XApEn decreased with sleep restriction in the morning. This in-
dicates that sleep restriction enforced greater LH-Te and Te-LH
joint synchrony in the morning, but had no such effect by the
late afternoon. A parsimonious explanation of these LH secre-
tory, Te secretory, and XApEn findings is that sleep restriction
decreases LH secretion in the early morning which led to a re-
duction in Te secretion. By the late afternoon, LH secretion has
recovered, but the Te response became uncoupled and remained
low. Future studies will need to verify these regulatory possi-
bilities by performing interventional experiments that directly
assess testicular responsiveness to LH, pituitary responsiveness
to gonadotropin-releasing hormone, and hypothalamo-pitu-
itary feedback inhibition by Te at specific times during the day.
At present only one study has addressed this issue and found
that the early morning hypothalamo-pituitary-testicular axis
response to insulin-induced hypoglycemia was not altered by
complete sleep loss [9]. Although conceptually ground-breaking,
the use of insulin-induced hypoglycemia in this balanced order,
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Figure 5. Data are the mean + SEM of pulsatile secretion of F (left), LH (middle), and Te (right) during the morning (top) and in the late afternoon (bottom). Within each
panel, data are grouped by rested sleep (black column) or restricted sleep (gray column) in young (left) and older (right) men. Statistically significant Sleep, Age, and
SleepxAge effects are shown by the p-value. Statistically significant contrasts between the rested sleep and restricted sleep conditions in young or older men are shown
by *p < 0.05 (Bonferroni adjusted) or **p < 0.0167 (Bonferroni adjusted). The absence of asterisks indicates that a significant contrast was not observed.

but non-randomized, crossover study, of 10 young men is a
nonphysiological stimulus to assess gonadal axis function.

Examination of the adrenal axis revealed an increase in late
afternoon F concentrations—an effect that was apparent in the
older population—without affecting 24 h or morning F secre-
tion. This finding extends prior studies in young men which
support the developing hypothesis that sleep loss during the
first half of the biological night specifically increases late
afternoon/early evening F assessed by frequent (at least every
30-60 min) blood sampling for 24 h [3, 16-21]. Furthermore,
the majority of these studies [3, 16-20], except one [21], also
show no change in mean 24 h F supporting our contention that
examining time-of-day specific windows is required to prop-
erly assess adrenal function. In fact, sleep loss during the first
half of the biological night has been shown to increase late
afternoon/early evening blood F in two other less intensively
sampled studies which have sampled blood every 1-3 [46] or
2-3 [47] h for different parts of the 24 h period, as well as an-
other two studies examining blood F collected every 20 min [48]
or every other hour [4] for up to 15 h from 9 am. Other studies
measuring salivary F in the late afternoon/early evening also
show that sleep loss during the first half of the biological night
increases afternoon/evening F [16, 31, 49-51], with only a few
exceptions [11].

Since our purpose was primarily to examine the effects of
sleep, we controlled for the effect of age either by examining the

effect of sleep in each age group separately or by including age as
a factor in a full factorial mixed model. Nevertheless, our study
provides an opportunity to examine the effect of age on LH, Te,
and F. In this regard, older men exhibited lower pulsatile, pulse
mass, and total Te secretion that culminated in lower mean Te
concentrations. Older men also displayed significantly higher
basal LH secretion, but this only resulted in a trend toward
higher mean LH concentration. These findings are concordant
with prior studies of male gonadal aging which have consist-
ently shown an age-associated decline in testosterone with vari-
able changes in LH [13]. Older men also exhibited a higher basal
F secretion, but a reduced mass per pulse, and ultimately no dif-
ference in mean F concentrations. However, in a much larger
study of 143 adults (including 79 men) spanning seven decades
of life, regression analyses were able to show a small reduction
in mean 24-h F concentrations, of only 10 nmol/L per decade of
life [30].

The present report joins the minority of prior studies that did
not demonstrate an increase in the late afternoon/early evening
F with sleep restriction in young men. However, only two of
these prior studies utilized complete overnight sleep deprivation
[6, 21], and neither of these studies reported a late afternoon
or early evening increase in F concentrations. Hence our find-
ings in young men are consistent with the two most compar-
able studies. Potential reasons for these discrepancies amongst
all studies include differences in sleep restriction conditions
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Figure 6. Data are the mean + SEM of mass per pulse of F (left), LH (middle), and Te (right) during the morning (top) and in the late afternoon (bottom). Within each
panel, data are grouped by rested sleep (black column) or restricted sleep (gray column) in young (left) and older (right) men. Statistically significant Sleep, Age, and
SleepxAge effects are shown by the p-value. Statistically significant contrasts between the rested sleep and restricted sleep conditions in young or older men are shown
by *p < 0.05 (Bonferroni adjusted) or **p < 0.0167 (Bonferroni adjusted). The absence of asterisks indicates that a significant contrast was not observed.

such as the exact timing that sleep restriction occurred or the
number of days of sleep restriction, different sample size among
studies, as well as how and exactly when cortisol was assessed.
For these reasons, it may be premature to conclude that sleep
restriction has no effect on young men, only that effects were
more apparent in older men.

In addition to changes to mean F concentrations, we also
found that sleep restriction increased 24 h total F secretion
and also increased late afternoon, but not morning, pulsatile F
secretion and mass per pulse in older men. These findings ex-
tend prior work in 13 young men that reported no change in
the overall F secretory dynamics with sleep restriction that
included sleep loss in the first half of the biological night [48].
However, this earlier study sampled blood every 20 min for a
15-h period from 9 am to midnight and assessed pulsatile secre-
tion of cortisol using an algorithm dependent on the precision
of the hormone assay rather than mathematical deconvolution.
Time-of-day contrasts were also not reported.

One limitation of our study is that we did not measure
adrenocorticotropic hormone so we cannot address the detailed
analysis of hypothalamo-pituitary-adrenal axis regulation.
However, our assessment of actual pulsatile events in F, LH, and
Te provides a more refined assessment of the effects of sleep
restriction than prior studies. Our study also did not optimize
sleep (e.g. through the use of an adaptation night or separate-
room blood drawing) and did not quantify the amount of sleep

by EEG. Although it is possible that participants were not always
sleeping during periods of perceived sleep by study personnel,
we did utilize a dramatic intervention—a night of total sleep
loss—as the comparison group. Therefore, the effects of sleep
restriction may have been greater if we had utilized sleep opti-
mization strategies during the control night so null findings may
be compromised, but significant differences are real and may be
of a larger magnitude than observed.

In conclusion, our study supports the hypotheses gener-
ated by the literature that sleep restriction decreases Te and
increases late afternoon F. These hormonal changes, although
seemingly minor, could plausibly lead to clinically relevant ill-
health when accumulated over decades of life. Our study now
extends these hypotheses to older men and reports physiolo-
gically relevant pulse characteristics obtained by mathematical
deconvolution. Using such an approach, in conjunction with a
sensitive and specific parameter of joint hormone synchrony,
we suggest that the effects of sleep restriction on the gonadal
axis, and on F secretion, may also be time-of-day dependent.
Future studies will need to establish any interdependencies be-
tween these gonadal and adrenal findings, directly interrogate
these putative time of day and possible age-related differences
in the gonadal and adrenal response to sleep restriction, and
also establish consistent findings with multiple paradigms of
sleep restriction that could vary by degree, duration, and pattern
of sleep loss. Future studies will also need to establish whether
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Figure 7. Data are the mean + SEM of cross approximate entropy (XApEn) values
quantified for feedforward luteinizing hormone-testosterone (LH-Te, left) and
feedback testosterone-luteinizing hormone (Te-LH, right) linkages during the
morning (top) and late afternoon (bottom). Within each panel, data are grouped
by rested sleep (black column) or restricted sleep (gray column) in young (left)
and older (right) men. Statistically significant Sleep, Age, and SleepxAge ef-
fects are shown by the p-value. Statistically significant contrasts between the
rested sleep and restricted sleep conditions in young or older men are shown by
*p < 0.05 (Bonferroni adjusted) or *p < 0.0167 (Bonferroni adjusted). The absence
of asterisks indicates that a significant contrast was not observed.

these age-related differences are due to age or factors associ-
ated with age, such as differences in hormones, sleep patterns,
body mass index, or other unknown factors.
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