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Abstract

Introduction: Immunoassays are the most common method in routine practice for measuring androgens in women. Study’s aim was to establish
new population specific indirect reference intervals (RI) for dehydroepiandrostenedione sulphate (DHEAS) and for new androstenedione test availa-
ble on automated Roche Cobas electrochemiluminescent immunoassay method.

Materials and methods: From extracted laboratory records, testosterone, sex hormone binding globulin and follicle-stimulating hormone were
used as reference tests to exclude possibly diseased women. After the data selection steps, the study included 3500 subjects for DHEAS and 520 for
androstenedione aged 20-45 years. To evaluate the need for age partitioning, we calculated standard deviation ratio and bias ratio. For each hormo-
ne, 90% and 95% Rls were calculated with appropriate statistical method.

Results: Total age group (20-45 years) 95% Rls were: 2.77-11.50 umol/L for DHEAS and 2.48-8.89 nmol/L for androstenedione. Age-stratified 95%
RIs for DHEAS were: 3.65-12.76 pmol/L (20-25 years); 2.97-11.50 pmol/L (25-35 years) and 2.30-9.83 pmol/L (35-45 years). Age-stratified 95% Rls for
androstenedione were: 3.02-9.43 nmol/L (20-30 years) and 2.23-7.75 nmol/L (30-45 years).

Conclusion: New Rls for DHEAS were slightly wider for age group 20-25 and 35-45, while the differences in the age group 25-35 years were more
pronounced. Androstenedione Rl showed significantly higher concentrations than the manufacturer’s. Age-related decrease of androgens should be
considered when calculating Rls. We propose population specific, age-stratified Rls for DHEAS and androstenedione on electrochemiluminescent
method, which should improve test interpretation in women of reproductive age.

Keywords: reference intervals; androgens; dehydroepiandrostenedione sulphate; androstenedione; immunoassay; women

Submitted: December 13,2022 Accepted: May 5,2023

Introduction

ry loss and loss of sexual desire. Their concentra-
tion is also changed with the use of hormone re-
placement therapy (HRT) and oral contraceptive
pills (OCP) (3). Although testosterone is the main
androgen, DHEAS and androstenedione are often
also requested as part of initial hormone assess-
ment.

Androgens have significant importance in wom-
en’s reproductive health as they play a key role in
normal ovarian function and fertility. Assessment
of androgen production in women usually in-
cludes testosterone, dehydroepiandrostenedione
sulphate (DHEAS) and androstenedione. In addi-
tion, sex hormone binding globulin (SHBG) is

measured to calculate free testosterone or freean-  Steroid measurement remains a challenge for the

drogen index (1,2). Androgens are usually meas-
ured in assessment of polycystic ovary syndrome
(PCOS), but various other conditions are linked to
altered concentration as osteoporosis, sarcopenia,
mental disorders, cardiovascular diseases, memo-
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healthcare community, especially in terms of poor
analytical sensitivity at low concentrations in fe-
males. All the direct androgen immunoassays suf-
fer from poor analytical sensitivity and lack of
specificity due to cross-reactivity and matrix inter-
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ferences. Poor standardization data is causing vari-
ability among different kits and laboratories and
consequently leading to significant variations be-
tween corresponding reference intervals (4). Since
immunoassays are still widely used, method spe-
cific reference interval (Rls) are of the utmost im-
portance. Liquid chromatography-tandem mass
spectrometry methods (LC-MS/MS) proved to be
sensitive method for measuring low female ster-
oid concentrations, but often unavailable in rou-
tine practice. Due to LC-MS/MS specificity, the ref-
erence ranges for androgens may be somewhat
lower than those by immunoassays (5,6).

As production declines from reproductive age to-
wards menopause, there is a need for age specific
Rls for more precise interpretation of androgen ex-
cess or insufficiency (7,8). Reference intervals are
the most common decision support tool used by
healthcare to interpret numerical laboratory test
results, ideally allowing distinction of healthy and
unhealthy individuals. In general, laboratories are
responsible for either verifying Rls established by
an external source or determining their own (9).
The traditional direct approach for establishing Rls
is well defined in CLSI EP28-A3c guidelines (10). It
is based on collecting samples from the preselect-
ed reference population, followed by analysis and
calculation. The main obstacle lies in selecting a
sufficient number (> 120) of healthy subjects for
reference population for each subgroup (for ex-
ample by age or sex). Alternatively, there is an in-
creased demand for indirect methods of establish-
ing RIs using routine laboratory data stored in the
laboratory information system (LIS) with appropri-
ate statistical techniques. The biggest advantages
over direct approach are that it is faster, cheaper
and more convenient. Key disadvantages of indi-
rect approach can be found in sample filtering and
method of calculation (11). When selecting sub-
jects, the main premise is not to include only
healthy subjects, rather to minimize the effect of
diseased subjects. The steps how to filter out dis-
eased subject are not standardized. Multiple sta-
tistical techniques are available for calculating the
interval, such as standard parametric and non-par-
ametric statistics, Bhattacharya method and Kol-
mogorov-Smirnov distance (i.e. kosmic algorithm)
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(12-14). The choice of method often depends on
user’s understanding of the principle and the avail-
ability of software tools for calculation.

There is lack of literature data concerning Rls for
DHEAS and androstenedione on electrochemilu-
minescent immunoassay (ECLIA). In our case, di-
rect approach would require large number of
women in whom we would have excluded at least
ovary and adrenal gland diseases. We opted for in-
direct calculation, as it did not require such exten-
sive work. This study aims to establish new indi-
rect Rls on our population of women of reproduc-
tive age and to compare our results to manufac-
turer-derived Rls.

Materials and methods
Subjects

The study was carried out on in- and out- patients
visiting the Laboratory of Endocrinology of the
Sestre Milosrdnice University Hospital Centre, Za-
greb, Croatia after approval by ethics review
board. Almost 16,000 records have been extracted
from LIS over period of 7 years (February 2014 to
October 2021) for women aged 20 to 50 years con-
taining concentration of any of the androgens: tes-
tosterone, DHEAS and androstenedione. Addition-
ally, extracted data included concentration of
SHBG and follicle-stimulating hormone (FSH) if
available.

Sample collection and assays

Samples were collected in fasting state from 7.00
to 10.00 am by venepuncture in test tubes with
clot activator (4 or 7 mL Vacuette, Greiner Bio-One
GmbH, Kremsmiinster, Austria). After clotting,
blood samples were centrifuged at 2200xg for 10
minutes and fresh serum samples were used for
analysis. All measurements, except androstenedi-
one, were performed on Roche Cobas analysers
€601 until March 2020 and e801 from April 2020
(Roche Diagnostics GmbH, Mannheim, Germany)
by ECLIA method. Two different generations of
Roche analysers (€601 and e801) were compared
in our laboratory using at least 20 patient samples
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with values covering all measuring range. The
comparison results showed no clinically significant
difference (Supplement 1). Androstenedione was
measured only with Roche Cobas e801 ECLIA
method and implemented in routine practice in
October 2020. All calibrations, internal and exter-
nal quality control assessment were carried out ac-
cording to the laboratory-defined standard oper-
ating procedures throughout all study duration.

Data selection

Data selection is shown in Figure 1. From the initial
15,951 records, we eliminated all records from pa-
tients with more than one visit in extracted time-
frame of 7 years. Rationale was that patients with
repeated testing of any androgen had higher
chance of having endocrine disorder. From this pa-
tient unique dataset, we included only records
containing all three reference tests (testosterone,
SHBG and FSH). In the last step, we applied exclu-
sion criteria based on whether concentration of
reference tests falls within manufacturer defined
RIs (Table 1). Testosterone is considered primary
and the most important androgen and patients
with normal testosterone concentration are con-
sidered to have lower probability of hyperandro-
genemia. Concentration of SHBG is altered in OCP
use or PCOS, which both influence androgen pro-
duction. FSH concentration less than 25.8 IU/L was
used to exclude menopause (manufacturer-de-
fined lower RI for postmenopause). DHEAS or an-
drostenedione was considered eligible for new RI

7-year data
for Women aged 20-50 years
=15,951

Only one visit for N=6139
N=9812

Step 2 Available data for N = 3897
Tand SHBG and FSH
N=5915

T and SHBG within current RI N=2217

Step3 and FSH < 25.8 1U/L

Step 1
T and/or DHEAS and/or A4

N 3698
DHEAS A4
N =3581 N =526

Ficure 1. Flow chart of data selection. T - testosterone. DHEAS
- dehydroepiandrostenedione sulphate. A4 - androstenedione.
SHBG - sex hormone binding globulin. FSH - follicle-stimulating
hormone. RI - reference interval.

TaBLE 1. Reference interval derived from manufacturer’s instructions for use (90%RI)

Percentile

Analyte (unit) Age, years N 5th 50th 95th
Testosterone (nmol/L) 20-50 89 0.29 0.94 1.67
SHBG (nmol/L) 20-50 166 32 68 128

20-25 36 4.02 6.46 1.0
DHEAS (umol/L) 25-35 64 2.68 4.96 9.23

35-45 85 1.65 4.38 9.15

45-55 89 0.96 3.28 6.95
Androstenedione (nmol/L) 20-50 84 1.71 2.89 4.59

SHBG - sex hormone binding globulin. DHEAS - dehydroepiandrostenedione sulphate.
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if: (i) both concentrations of testosterone and
SHBG were within current Rls and (ii) FSH concen-
tration was less than 25.8 |U/L.

Statistical analysis

Data analysis were performed according to CLSI
EP28-A3c guidelines (10). Because of large number
of samples, data for visual inspection and results
were grouped in 5-year periods. Whole purified
data was plotted as histogram to see frequency of
age and sample origin. For each hormone, data
was plotted as Box-Cox diagram against age and
visually inspected for possible stratification. Shap-
iro-Wilk test was applied to test normality. Outliers
were tested using Tukey method after Box-Cox
transformation and subsequently eliminated. For
each group, 90% and 95% Rls were calculated with
appropriate statistical method as follows: (i) para-
metric with normal distribution after Box-Cox
transformation; (i) nonparametric percentile for
non-Gaussian distribution. There is no single rec-
ommendation how to calculate indirect Rls once
reference population is defined. Different calcula-
tion methods can give different limits (15). We opt-
ed for standard CLSI based calculation after exclu-
sion of outliers by Tukey, but other approaches can
be used (12,13). To evaluate the need for age parti-
tioning, we used standard deviation ratio (SDR)
and bias ratio (BR) as explained by Omuse et al.
(16). Standard deviation ratio indicates differences

TasLE 2. Study’s reference interval defined as percentiles

between age groups at the centre of Rl distribu-
tion while BR reflects differences in upper or lower
limit of Rl between groups. If SDR was above 0.4
and bias ratio above 0.375 for lower or upper limit
of RI, we considered age partitioning appropriate
and justifiable. Results were provided through sta-
tistical software MedCalc version 19.2.1 (MedCalc
Software Ltd, Ostend, Belgium) and Minitab ver-
sion 19.2 (Minitab Statistical Software, AppOnFly
Inc., San Francisco, USA).

Results

Flow chart for establishing new RIs with the previ-
ously described three steps of data elimination
and selection is shown in Figure 1. Because of re-
peated visits and measurements of the same ana-
lytes, 12,156 patients produced 15,951 records. Fig-
ure 2 shows data after applying all three steps of
elimination as histogram of frequency of age and
sample origin. The largest group of patients is the
youngest group aged 20-25 years, while the oldest
group of women aged 45-50 included only 85 re-
cords. Histogram also shows that majority of data
is from outpatients, ranging from 86% (45-50
years) to 99% (20-25 years). On this set of 3698 re-
cords, calculated median, 25t and 75t percentiles
for reference tests were as follows: testosterone
1.0 (0.8-1.3) nmol/L, SHBG 65 (50-85) nmol/L and
FSH 6.4 (5.3-7.7) IU/L. Since the oldest group (45-50
years) included only 85 patients (81 results for

Age, years Percentile

Analyte (unit) total stratified N 2.5th 5th 50th 95th 97.5th
20-45" 3455 2.77 3.22 6.31 10.74 11.50

DHEAS (umol/L) 20-25% 842 3.65 416 74 11.79 12.76
25-35" 1627 2.97 3.32 6.37 10.64 11.50

35-45t 990 2.30 271 541 9.03 9.83

20-45F 518 248 2.83 513 8.20 8.89

Androstenedione (hmol/L) 20-30t 267 3.02 3.38 5.76 8.75 943

30-45t 250 2.23 2.54 4.51 7.16 7.75

DHEAS and androstenedione are calculated as total reference interval (RI) and with stratified age groups. Rls are defined with 5t
and 95t percentile (90%RlIs) and with 2.5t and 97.5t" percentile (95%Rls). Median is 50t percentile. "Non-parametric percentile
method. fParametric method after Box-Cox transformation. DHEAS - dehydroepiandrostenedione sulphate.

Biochem Med (Zagreb) 2023;33(2):020706

https://doi.org/10.11613/BM.2023.020706

4



Bokuli¢ A. et al.

Reference intervals for androgens in women

900

-- - =

800 = =

700 I

600

500

400

300

200

100 W H

0 [] [ = A8
sug [sug suo<g |sv< |sueg |so<
< <T < = < < = < < o < < < <C < 2 < <
QY Q¥ QY R Y Q¥ QY
[a) (=) a a (=) [a)
20-25 25-30 30-35 35-40 40-45 45-50
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separately for dehydroepiandrostenedione sulphate (DHEAS)
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Ficure 3. Box-plot diagram of each hormone plotted against
5-year age groups. Dashed lines indicate upper limit of current
reference interval defined by Roche. The box-plot shows 25,
50t (median) and 75t percentile, while whiskers show range
without outliers. DHEAS - dehydroepiandrostenedione sul-
phate.
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DHEAS and 6 for androstenedione), we additional-
ly excluded them from calculation of Rls as it was
considered too small number to represent this
age-group. Finally, number of samples for each
analyte was reduced to 3500 for DHEAS and 520
for androstenedione and upper age limit was re-
duced from 50 to 45 years. Figure 3 shows this final
data as box-plot diagram plotted against age. Ref-
erence intervals were calculated with total age
group (20-45 years) and with subgroups based on
our visual inspection. Outliers were tested for each
group separately and subsequently eliminated.
Reference intervals are shown in Table 2, both as
90% and 95% range, and both as total and age-
stratified for easier comparison of our results with
Roche (Table 1) and other studies. Calculated SDR
for DHEAS was 0.43, BRs for lower and upper limit
were 0.300 and 0.566 (95%RI 20-25 vs 95%RI 25-35
years) and 0.306 and 0.750 (95%RI 25-35 vs 95%Rl
35-45 years). For androstenedione, calculated SDR
was 0.54, BRs for lower and upper limit were 0.483
and 1.028 (95%RI 20-30 vs 95%RI 30-45 years).

Discussion

This study establishes both 90 and 95% indirect
Rls for DHEAS and androstenedione in women of
reproductive age using ECLIA method. Literature
data regarding androgens in women by ECLIA
method is scarce and our results can help andro-
gen results interpretation on population specific
to our laboratory.

Median values of our final selected data showed
good agreement with the ones declared by the
manufacturer: testosterone (1.0 vs 0.94 nmol/L)
and SHBG of (65 vs 68 nmol/L), giving us assurance
that data cleaning was successful. Similar medians
can be found in other studies establishing Rls for
testosterone and SHBG for ECLIA method (17-19).

Our study results show well-known age-related
decrease of androgens. Data stratification is not
only justified with physiological changes but also
confirmed by calculating the SDR and BR. Based
on SDR, DHEAS shows minimal difference in cen-
tre of distribution between subgroups. Bias ratio
shows significant difference only in the upper lim-
it, which is often expected in skewed distributions.

Biochem Med (Zagreb) 2023,;33(2):020706
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For androstenedione, significant difference was
found in both criteria, SDR and BR. We can con-
clude that age partitioning is justifiable for both
hormones. Other studies, regardless of method
used, also established Rls by age (20-23).

The majority of our subjects were younger than 35
years of age as androgens are more often tested in
younger women evaluating fertility. However, un-
equal age distribution can cause bias when calcu-
lating reference limits (15). Balanced age distribu-
tion for DHEAS is noted in the first two groups of
Rls (20-25 and 25-35 years group). Age group 35-
45 years consists of 990 subjects but with twice
the number of subjects within 35-40 than 40-45-
year group. The similar pattern of age distribution
can be seen in androstenedione, with the first
stratified age group (20-30 years) having equal
number of subjects while older (30-45 years)
showing decline in numbers with age. The eldest
group (45-50 years) was excluded from calculation
for both hormones due to extremely small num-
ber of participants. Merging this small dataset with
the former group is also not possible as it could
cause significant age bias.

Immunoassays usually overestimate androgen
concentration in women compared to mass spec-
trometry and Roche is no exception, as demon-
strated for DHEAS by Biittler et al. (24). Our exter-
nal quality control results for androstenedione
(supplied by The United Kingdom National Exter-
nal Quality Assessment Service) showed good cor-
relation to mass spectrometry, giving higher bias
(24.7%) at lower concentration and smaller bias
(10.3%) at normal to high concentration. Only two
studies compared ECLIA to LC-MS/MS; both Ober-
mayer-Pietsch et al. and Wei et al. showed excel-
lent agreement between these two methods
(25,26). Based on previously mentioned studies
and our external quality control results, andros-
tenedione Rls established by ECLIA method should
be in very good agreement to mass spectrometry.

Calculated 90% RIs for DHEAS show slightly posi-
tive shift in both sides of the distribution for
groups 20-25 and 35-45 years compared to age-
matched 90% RIs from the manufacturer. Al-
though overall they are in good agreement, we

Biochem Med (Zagreb) 2023;33(2):020706

have significantly higher medians. Different sam-
ple number could cause this discrepancy. Larger
difference, especially in the upper limit, is seen
only in age partition 25-35 years (10.64 vs 9.23
pmol/L). Surprisingly, there are no other method-
matched study. Few other studies are defining Rls
using LC-MS/MS, but due to different age parti-
tioning, we can only compare total Rls. As expect-
ed, our ECLIA results are significantly higher com-
pared to LC-MS/MS studies (20,21).

Median for our androstenedione total Rl was high-
er than the manufacturer-declared upper refer-
ence limit (5.13 vs 4.59 nmol/L), meaning that more
than half of our subjects had high androstenedi-
one concentration (Figure 3). Our calculated upper
reference limit was almost twice as high (8.20 vs
4.59 nmol/L). Differences in the lower limit are less
pronounced, calculated 2.83 vs declared 1.71
nmol/L, but still present. This is highly surprising as
both Rls are defined on similar European popula-
tion. Even though our number of samples for indi-
rect method is not large, differences between me-
dians and upper reference limits are too big to be
ignored. Wei et al. published the only other meth-
od-matched study on American patients, giving
97.5th percentile significantly lower than ours (5.6
vs 8.89 nmol/L) (26). Possible reason for this is pop-
ulation differences and study design. There are
several publications defining Rls using mass spec-
trometry. Our total and age-stratified results are
expectedly, slightly higher than LC-MS/MS, but still
in good agreement (21-23). In contrast, Fanelli et al.
showed results more similar to manufacturer-stat-
ed Rl than ours (95%RI 1.0-5.7 nmol/L) (27). Consid-
ering well-known positive bias of immunoassays
and population similarities, we cannot explain ob-
served discrepancy of Roche-declared Rls to both
ours and most LC-MS/MS studies. Direct Rl for an-
drostenedione by Roche ECLIA method on our
population should be calculated in additional
study to confirm this major discordance.

Several limitations of this study should be noted.
Our exclusion criteria removed only part of possi-
bly diseased subjects. We did not take into ac-
count OCP or menstrual cycle irregularities which
could influence androgen concentration (20,21,28).
We did not record phase of menstrual cycle. Ac-
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cording to some studies, phase of menstrual cycle
influences androgen concentration, while other
studies found no such difference (18,24,26). Our
data showed uneven age distribution in the oldest
groups (35-45 years for DHEAS and 30-45 years for
androstenedione), which can influence calculated
Rls. There is option to randomly delete data in
oversized age group in order to reduce between
year variations (15). We decided not to delete data
assuming that influence of the skewed age distri-
bution is preferable to downsizing amount of data.
This decision could possibly lead to slightly higher
calculated RIs for those age groups. For indirect
Rls, the rule for the number of data can be summa-
rized as the bigger, the better. Recommended
number of samples (>400) was not reached for
age-stratified androstenedione Rls (12).
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