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Abstract

Objective: Accurate measurement of steroid hormones remains challenging. Mass
spectrometry affords a reliable means for quantitating steroid profiles accurately. Our
objective was to establish and define (1) the extent of diurnal fluctuations in steroid
concentrations that potentially necessitate strict adherence to time of sample acquisition

and (2) time-dependent steroid reference intervals.
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Design: Nine steroid markers were examined in couplets in males and females.

Methods: Using isotope dilution high-performance liquid chromatography-tandem mass
spectrometric (LC-MS/MS) analysis, we developed a multi-steroid profile requiring only
a minimal volume of serum (0.1 mL). Couplet (AM and PM) measurements of steroid
hormones for 120 healthy females (F) and 62 healthy males (M) were obtained. Patients

were recruited from several participating centers.

Results: The following diurnal values were noted to be significantly different in both
females and males: cortisone, cortisol, corticosterone, 11 deoxycortisol (11 DOQ),
androstenedione, 17a-hydroxyprogesterone (17 OHP) and dehydroepiandrosterone
(DHEA). Testosterone was only found to have significant diurnal variance in males.
Progesterone showed no significant difference in AM and PM values for either groups

and thus may provide an internal control.

Conclusions: When diagnosing endocrine disorders, it is imperative to acknowledge the
24-h diurnal variation of the biochemical steroid markers. We highlight the importance of
standardization of collection times and appropriate implementation of reference intervals.

Precis: We identify diurnal fluctuations in steroid concentrations with time of day and
emphasize the importance of adhering to firm time of sample acquisition.

Introduction

Diurnal variations in the serum concentration of steroid
hormones and their metabolism, as assessed by urinary
excretion, have long been known for cortisol and
testosterone (1, 2, 3). Less information exists for the other
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up or downstream hormones within the steroid synthesis
pathway (4, 5, 6). A recent preliminary study comparing 8
AM and midnight samples on a small cohort of controls,
suggests that significant diurnal variation in all but
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progesterone probably does exist (7). Overall, we strongly
believe the measurement of serum steroids is particularly
important in endocrinology for an accurate evaluation of
adrenal disorders and to make the distinction between
pathologic processes and baseline adrenal, thyroid and
gonadal functions of healthy individuals.

Appropriate reference intervals are essential to
clinicians when interpreting laboratory results (8, 9). For
years, groups such as the Clinical and Laboratory Standards
Institute/International Federation of Clinical Chemistry
(CLSI/IFCC), American Association of Clinical Chemistry,
CALIPER and the Nordic Reference Interval Project have
acknowledged this importance and developed guidelines
by which researchers can ensure proper preanalytical
and analytical testing methods (10, 11, 12, 13, 14). The
technical platforms on which biochemical samples are
analyzed are immunoassay based and have been shown
to report results which differ greatly between the differing
platforms used (5).

The use of high-performance liquid chromatography
(HPLC) in conjunction with tandem mass spectrometry
(MS) is increasingly becoming the method of choice
for clinical testing of hormone levels (5, 6, 15, 16, 17).
Given its high sensitivity, specificity and precision for
the identification and detection of analytes, its use is
fundamental to disease diagnosis, management and
treatment outcomes. Most facilities use immunoassay
techniques to measure steroid hormones and prior to this,
radioimmunoassay methods were also often used (18, 19).
Though HPLC-MS/MS is often criticized for its cost, poor
access and need for trained personnel, many studies have
found that it maintains better reproducibility, greater
specificity and can be used to analyze multiple steroids
simultaneously (5, 19, 20, 21). A recent systematic review
of steroid hormones analyzed by MS highlights the
impetus toward the use of advanced technologies for
more accurate diagnosis (22). However, no consistency
of time at which specimens were collected was found
in these studies and can potentially be one of the many
reasons for the wide range in reference intervals suggested
by the various research groups (23).

Here, we demonstrate significant diurnal fluctuations
of most of these aforementioned steroids in a suitable
cohort of healthy controls to emphasize the need to
maintain strict adherence to time of blood sample draw
and requirement of time-dependent reference intervals.
Simultaneous measurement of nine steroid hormones
(cortisone, cortisol, corticosterone, 11 deoxycortisol,
androstenedione, testosterone, 17a-hydroxyprogesterone,
DHEA and progesterone) was performed using our
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previously published micro HPLC-MS/MS methods
(6, 7). Diagnostic reliability is an important advantage
gained by combining information for multiple steroids.
Multiplexing several steroids (profiling) offers the ability
to assay all of the important analytes from a single sample.
Furthermore, we used samples from healthy community
adults to establish time-dependent reference intervals for
all nine analytes.

With the above considerations in mind, the present
report provides the diurnal reference intervals for a
panel of nine steroids measured in serum samples of
healthy participants by an LC-MS/MS method primarily
developed for diagnosis and subtyping of patients with
disorders of adrenal function and steroidogenesis.

Subjects and methods
Subjects and specimens

Subjects included 182 healthy patients all providing
appropriate informed consent. Healthy participants were
determined by screening assessments and absence of
evidence of any active or chronic disease following a detailed
medical and surgical history. Healthy participants had
stable body weight prior to testing, without medication or
supplement use, and were enrolled following a history and
physical examination by a medical provider. Serum samples
were procured at the National Institutes of Health (NIH),
Georgetown University, Walter Sisulu University and Uludag
University. All samples in this study were approved by the
institutional review board at NIH (protocol 93-CC-0094),
National Institute of Diabetes and Digestive and Kidney
Diseases/National Institute of Arthritis and Musculoskeletal
and Skin Diseases Institutional Review Board (approved
protocol NCT00428987) and the Georgetown University
Institutional Review Board (Pro0000007-01).

Couplet measurements of steroid hormones were
collected at 6 AM-8 AM and again at 6 PM-8 PM with
12-h sample intervals for analysis of individual steroid
hormone profiles. Patients were informed that specimen
collections and banking were for purposes of establishment
of reference intervals for new diagnostic tests. Enrollment
of subjects was facilitated by physician recruitment with a
small financial reward to encourage involvement. Female
subjects (n=120) were aged 19-67 years (mean 38.3,
median 35). Males subjects (n=62) were aged 19-75 years
(mean 33.1, median 31). Participant demographic details
as seen in Supplementary Tables 1 and 2 (see section
on supplementary data given at the end of this article).
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Missing data for age were not incorporated in the reported
mean and median values stated above.

All blood sampling was carried out by professional
phlebotomists and collected in preservative/gel-free
10mL plastic specimen collection tubes and kept chilled
and centrifuged within 1h of collection to separate serum,
which was stored at —80°C until assayed (BD Vacutainer
Blood Collection Tubes, BD#367820).

LC-MS/MS

Samples were analyzed using the Agilent 6490 triple-
quadrupole MS coupled with an atmospheric pressure
photoionization source and Agilent 1200 Infinity series
HPLC (Agilent Technologies). We used isotope dilution
with deuterium-labeled internal standards for each
analyte. Chemicals, reagents and methods of steroid
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hormone analysis in this study were used according
to previously cited procedures (6). The tracebility and
imprecision was evaluated by assaying Bio-Liquichek Plus
Control replicates at two or three different concentration
levels (n=20) as described in our prior study (6).

The steroids in the panel included cortisone, cortisol,
corticosterone, 11-deoxycortisol, androstenedione, testos’
terone, 17a-hydroxyprogesterone, DHEA and progesterone.
Inter-laboratory quality and accuracy of sample analysis
was assessed prior to the study with the Mayo Clinic (NMS
Labs, Rochester, MN) and Children’s National Medical
Center (Washington, DC).

Statistical analysis

Statistical analyses were performed using Statistical Package
for the Social Sciences, version 23 and box-and-whisker
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Figure 1

Jitter box-and-whisker plots: AM and PM steroid hormone values for female samples (n=120). Mean is indicated by small square markers and median by

bar in box, P<0.0001 (P<0.05 is considered statistically significant).
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plots were generated using MedCalc, version 17.8.6.
The normality of distribution of variables was tested by
the Kolmogorov-Smirnov test and steroid hormone
profiles were noted to be log normally distributed
(15, 19). Reference intervals for two steroid hormones
were obtained using the percentile approach. For this
reason, data sets were analyzed with the paired Wilcoxon
signed-rank test, pairing AM and PM values. Significant
values were determined at P<0.05.

Results

The number of samples obtained from participants at
the National Institutes of Health (NIH), Georgetown
University, Walter Sisulu University and Uludag University
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were 76, 35, 47 and 24 respectively. Samples were collected
between the period of 2016 and 2018.

Figures 1 and 2 are jitter box-and-whisker plots
demonstrating the significant difference in paired
samples of female (n=120) and male (n=62) AM/PM
steroid levels respectively. Serum steroid levels between
the females and males were also compared. However,
no significant sex differences were seen for cortisone
and corticosterone but significant sex differences were
found for all the other steroids studied. Testosterone
(elevated in males compared to females) and progesterone
(elevated in females compared to males), differences
were as expected. Our findings revealed significant
diurnal fluctuations for cortisone, cortisol, corticosterone,
11-DOC, androstenedione, 17-OHP, DHEA and testosterone
(P<0.0001) showing significantly higher values in the
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Figure 2

Jitter box-and-whisker plots: AM and PM steroid hormone values for male samples (n=62). Mean is indicated by small square markers and median by bar

in box, P<0.0001 (P<0.05 is considered statistically significant).
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morning compared with evening collection times as seen
in Figs 1, 2 and Table 1.

When specifically analyzing progesterone levels as seen
in Fig. 3, women had a ten-fold higher mean progesterone
level than their male counterparts. This is consistent with
expected sex differences. No significant diurnal variation
was seen in AM and PM measurements of progesterone
in both males and female participants and thus serves as
an internal control when analyzing the results of a steroid
panel. For the women in this study, values acquired
were not specific to phases of their menstrual cycles and
therefore may be a potential reason why lack of variation
was noted. Though studies have shown that progesterone
levels do vary considerably depending on the follicular or
luteal phase of the menstrual cycle, the focus of this study
was to determine if diurnal variations were present (24). The
dot and line graph in Fig. 3 represents the respective AM
and PM progesterone level of each patient in a 24-h period.

Table 2 shows the 2.5-97.5 percentile of the steroid
hormone values grouped for females and males respectively.
Additionally, two steroid hormones were similar in values
between both female and male groups, such that they
could be combined as seen in Supplementary Fig. 1. We
thus provide recommended reference intervals for females
and preliminary reference intervals for males to be used
by laboratories routinely running this assay.

Table 3 demonstrates that regardless of the number of
female participants, varying from a minimum of 60 to a
maximum of 120, the reference intervals were essentially
found to be identical.
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Discussion

Steroid hormones are routinely measured using
automated direct This method of
measurement is generally quick, inexpensive and does
not require extensive training of personnel. Despite these
advantages, new evidence has been emerging to advocate
the improved specificity and accuracy of MS for analyzing
steroid hormone profiles. We have developed a 3rd
generation steroid profile assay utilizing an LC-APPI-MS/
MS based method for the analysis of nine steroids with a
7.0-min elution time and a two steroid ‘backdoor’ pathway
method as previously described (6). This method requires
small sample volumes and to date is the preferred way to
measure steroid hormones accurately and precisely. Our
prior study revealed similar diurnal patterns of fluctuation
in DHEA alone with a smaller number of samples (male
n=9 and female n=10) (6). Here, we see similar patterns
of variation with time when analyzing other up and
downstream steroid hormones.

Reference interval studies to date, fail to adequately
control for this diurnal fluctuation and thus should be
used with caution (2, 23, 25). The most recent systematic
review of published studies regarding reference intervals
of steroid hormones mentions the possibility of variations
in these hormones with time of day but does not suggest
an approach to achieve time of day-adjusted values (22).
Another study highlights the importance of age, sex,
ethnicity and BMI for the establishment of pediatric
steroid reference intervals, with no account of its diurnal

immunoassays.

Table 1 Median interquartile ranges (IQR) for female (n=120) and male (n=62) participants.

Steroid Median (IQR) female P value Median (IQR) male P value

Cortisone AM 21.5(17.2-26.2) <0.0001 21.1 (18.5-24.9)? <0.0001
Cortisone PM 11.6 (7.7-16.7) 11.3 (7.8-16.5)?

Cortisol AM 14.7 (10.2-20.8) <0.0001 13.4 (11.1-15.7) <0.0001
Cortisol PM 5.9 (3.8-9.2) 4.3 (3.1-6.8)

Corticosterone AM 2.29 (1.33-4.78) <0.0001 2.63 (1.53-4.63) <0.0001
Corticosterone PM 0.67 (0.42-1.20) 0.47 (0.28-0.96)

11-Deoxycortisol AM 60.7 (31.5-103.2) <0.0001 66.9 (46.0-133.9) <0.0001
11-Deoxycortisol PM 18.3 (11.0-33.4) 12.2 (7.8-28.8)

Androstenedione AM 102.1 (63.9-149.0) <0.0001 83.0 (65.3-106.3) <0.0001
Androstenedione PM 71.0 (48.3-111.6) 48.5 (36.6-60.2)

Testosterone AM 27.1(18.8-35.9) <0.0001 524.4 (393.2-637.7) <0.0001
Testosterone PM 24.8 (15.9-33.2) 329.3 (249.0-473.8)

17-OHP AM 36.6 (15.4-72.1) 0.0003 86.2 (53.5-113.1) <0.0001
17-OHP PM 20.3 (10.4-45.8) 37.5(22.5-62.8)

Progesterone AM 0.20 (0.08-1.01) 0.0068 0.09 (0.04-0.16) 0.2936
Progesterone PM 0.15 (0.06-0.64) 0.04 (0.00-0.12)

DHEA AM 270.0 (158.0-441.0) <0.0001 308.0 (175.0-456.0) <0.0001
DHEA PM 175.0 (102.0-295.0) 141.0 (99.0-233.8)

2Combined male and female data (n=182).
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Progesterone

Female

variation (26). Here, we confirm our prior findings with a
far larger cohort of patients to emphasize the importance
of this time-dependent bimodal distribution and the need
for reference intervals to acknowledge and reflect these
findings. In terms of amplitude and timing variability,
our results for all steroids tested are consistent with
those of previous investigations (2, 3, 4, 15, 16, 27). A
drawback of most other steroid reference interval studies
(15, 23, 26) is their lack of use of atmospheric pressure
photoionization (APPI) as the ionization source and this
results in increased levels of ionization inhibition thus
making their data less credible (28). The use of both AM
and PM steroid measurements from a single individual
sufficiently enables the use of paired analysis with internal
standardization.

Although the importance of reference intervals has
been highlighted here, it should be recognized that the
future of optimization of laboratory methodologies today
lies in its importance to advancing individualized care.
Steroid profile monitoring is more specifically advantageous
as many endocrine disorders affect multiple steroids and
typically abnormalities are not isolated (29). Historically,
personalized or precision medicine has been restricted to
select or optimize a patient’s preventive and therapeutic
care depending on the patients genetic evaluation or

Table 2 Recommended female reference ranges.

Progesterone
Male

Dot and Line plot: AM and PM progesterone
hormone values for female (n=120) and male
(n=62) samples.

oncologic diagnosis (30, 31). Molecular profiling in
healthy patients or patients with strong family histories
of endocrinopathies may allow for earlier detection of
abnormalities. This potentially enables physicians to offer
a more comprehensive form of personalized medicine
than is presently afforded. The detection of subtle changes
in baseline metabolic profiles may be achieved with such
technologies as the LC-APPI-MS/MS and may be used to
customize medical care to that individual’s future needs.
We openly acknowledge that the limitations of this
study include a lower than anticipated recruitment of
healthy male participants. Female participant recruitment
does meet the recommended 120 subjects per the IFCC
(32). Despite these arguments, an attempt to demonstrate
the validity of our data even with our low recruitment
of healthy male patients was made in Table 3. As shown,
whether the number of participants analyzed were n=60,
90 or 120, references ranges remained minimally changed.
Additionally, the significant difference in variation of
steroid hormones from AM to PM continued to be present.
We further acknowledge that progesterone values should
have been collected with respect to follicular or secretory
phase of the participant’s menstrual cycle; however, we
note that this was not the primary study outcome and
caution that progesterone variation may be present

Female (n=120) Male (n=62)2
AM (%) PM (%) AM (%) PM (%)

Percentile approach 2.5 97.5 2.5 97.5 2.5 97.5 2.5 97.5
Cortisone (ng/mL) 12.0 39.4 5.0 26.5 14.6° 34.6° 4.3 31.8°
Cortisol (pg/dL) 6.5 34.9 2.0 18.1 6.4 21.0 1.8 15.9
Corticosterone (ng/mL) 0.61 12.70 0.17 2.90 0.77° 10.20° 0.10° 3.340
11-DOC (ng/dL) 13.3 264.9 0.7 110.0 11.0 232.1 0.0 79.8
Androstenedione (ng/dL) 30.8 298.4 22.4 202.0 46.0 148.2 26.0 97.0
Testosterone (ng/dL) 9.0 84.8 8.2 69.0 227.0 903.4 82.0 790.0
17-OHP (ng/dL) 6.8 216.4 0.0 196.0 18.0 164.0 5.0 131.0
Progesterone (ng/mL) 0.0 14.31 0.0 15.50 0.0 0.38 0.0 0.30
DHEA (ng/dL) 59.4 1185.0 35.0 574.0 51.5 1080.0 30.8 414.0

aProposed male reference ranges; "combined male and female data (n=182).
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Table 3 Female reference ranges of n=60, n=98, n=120.

AM AM

2.5% 97.5%
Female n=60 n=98 n=120 n=60 n=98 n=120
Cortisone (ng/mL) 12.7 11.7 12.0 40.2 40.2 39.4
Cortisol (pg/dL) 7.0 6.4 6.5 31.8 35.3 34.9
Corticosterone (ng/mL) 0.74 0.58 0.61 12.84 12.70 12.70
11-DOC (ng/dL) 15.9 13.0 13.3 283.8 283.0 264.9
Androstenedione (ng/dL) 33.0 31.0 30.8 298.4 304.0 298.4
Testosterone (ng/dL) 7.0 9.0 9.0 76.5 85.0 84.8
17-OHP (ng/dL) 9.0 4.0 6.8 226.4 226.0 216.4
Progesterone (ng/mL) 0.00 0.00 0.00 16.30 11.94 14.31
DHEA (ng/dL) 50.2 50 59.4 1185.0 1470.0 1185.0

PM PM

2.5% 97.5%

n=60 n=98 n=120 n=60 n=98 n=120

Cortisone (ng/mL) 5.0 5.0 5.0 27.3 27.3 26.5
Cortisol (pg/dL) 1.9 2.0 2.0 18.1 18.6 18.1
Corticosterone (ng/mL) 0.11 0.20 0.17 2.80 2.90 2.90
11-DOC (ng/dL) 2.5 0.0 0.7 90.1 112.0 110.0
Androstenedione (ng/dL) 24.3 22.0 22.4 210.5 180.0 202.0
Testosterone (ng/dL) 6.0 8.0 8.2 69.0 69.0 69.0
17-OHP (ng/dL) 2.7 0.0 0.0 218.9 219.0 196.0
Progesterone (ng/mL) 0.00 0.00 0.00 15.50 13.40 15.50
DHEA (ng/dL) 35.0 31.0 35.0 574.0 550.0 574.0

Male reference range (n=62) should be acceptable.

from AM to PM if further subcategorization of patients
individual phase of cycle were performed.

In summary, this study emphasizes the time- and gender-
specific variations for LC-MS/MS-derived measurements of
plasma concentrations for nine steroids in a panel designed
primarily for investigation of healthy patients. Our study
emphasizes the need for time specific reference intervals
given the significant diurnal variations seen with this
study and these reference intervals were implemented at
the Clinical Center, NIH in December 2017. We urge other
institutions to strongly consider incorporating reference
intervals to reflect this diurnal variation and sex-dependent
differences.
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This is linked to the online version of the paper at https://doi.org/10.1530/
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