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A B S T R A C T

Background: For optimal medical decision-making, harmonized reference intervals for estradiol for different
ages and both sexes are needed. Our aim was to establish reference intervals using a highly accurate and
traceable LC-MS/MS method and to compare these with reference intervals in literature.
Methods: Estradiol was measured in serum obtained daily during the menstrual cycle of 30 healthy pre-
menopausal women and in serum of 64 men and 33 postmenopausal women. The accuracy of our LC-MS/MS
method was demonstrated by a method comparison with the CDC reference method.
Results: Our LC-MS/MS method was traceable to the reference method. Estradiol reference interval during the
early follicular phase (days −15 to −6) was 31–771 pmol/L; during the late follicular phase (days −5 to −1)
104–1742 pmol/L; during the LH peak (day 0) 275–2864 pmol/L; during the early luteal phase (days +1 to +4)
95–1188 pmol/L; during mid luteal phase (days +5 to +9) 151–1941 pmol/L; during late luteal phase (days
+10 to +14) 39–1769 pmol/L. The reference interval for men was 12–136 pmol/L and for postmenopausal
women<26 pmol/L.
Conclusions: The established estradiol reference intervals can be used for all traceable LC-MS/MS methods for
medical-decision making.

1. Introduction

Estradiol (17-β estradiol) is the primary ovarian hormone in the
development of the female reproductive system. Estradiol also has ad-
ditional functions, such as the inhibition of bone resorption [1]. The
concentration of the hormone is relatively low in men as well as in
women before puberty and after the menopause, yet increases in
women during puberty. During the menstruation cycle estradiol con-
centration varies due to the feedback mechanism regulated by the hy-
pothalamic-pituitary-gonadal axis [2]. Estradiol concentrations can be
measured to determine production shortages in women, as well as ex-
cess in both women and men. The hormone level is frequently mea-
sured for diagnostic purposes; in women having complaints of dysre-
gulated menstrual cycles or premature menopause, in women before

starting anti-hormonal treatment used to treat breast cancer and before
starting and during an IVF treatment, in girls with early or late onset of
puberty and in men with clinical signs of gynecomastia [3,4]. For
proper diagnosis an accurate measurement of estradiol is highly im-
portant [5]. Currently, the concentration of estradiol is often measured
using direct immunoassays, despite their inaccuracy in the low con-
centration range due to cross reactivity and/or matrix interference
[3,6,7]. Moreover, inconsistent calibration presents another source of
inaccuracy in measuring estradiol concentrations [8].

Liquid chromatography tandem mass spectrometry (LC-MS/MS)
was recently introduced in clinical laboratories as a method to de-
termine steroid hormone concentrations, including estradiol [8]. The
major advantage of a well-validated and correctly operated LC-MS/MS
method is the high specificity, compared to direct immunoassays that
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often suffer from cross reactivity [5]. In recent years, the sensitivity of
the LC-MS/MS methodologies has improved so that lower concentra-
tions of estradiol in men, children and postmenopausal women can be
accurately measured [9]. For optimal medical decision-making, har-
monized reference intervals for estradiol for all ages and both sexes are
needed [5]. Reference intervals have been established in the past but
mostly using direct immunoassays. Due to the inaccuracy of these im-
munoassays, these reference intervals are of limited value in inter-
preting estradiol concentrations obtained using an LC-MS/MS method
[10].

Estradiol reference intervals using an LC-MS/MS method have been
established earlier for men and postmenopausal women [9], but com-
plete data on estradiol concentrations in women during their menstrual
cycle are lacking. The aim of this study was to establish reference in-
tervals using a highly accurate and well standardized LC-MS/MS
method in premenopausal women during the whole menstrual cycle as
well as in men and postmenopausal women and to compare these with
reference intervals in literature.

2. Materials and methods

Our study consisted of three parts. First, a method comparison was
performed to verify the accuracy and standardization of the LC-MS/MS
method used at the Amsterdam UMC, location VU University Medical
Center (VUmc). The method comparison was performed with the re-
ference LC-MS/MS method of the Centers of Disease Control and
Prevention (CDC). The measurements performed at the Centers for
Disease Control and Prevention (CDC) laboratory for method compar-
ison was determined not to constitute engagement in human subject
research. Secondly, reference intervals were established for pre-
menopausal women, postmenopausal women and men. Finally, a
comparison with estradiol reference intervals published earlier was
performed.

2.1. Part 1: comparison of LC-MS/MS method to reference method

A comparison was performed between the LC-MS/MS method of the
VUmc and the reference LC-MS/MS method of the CDC. During the
method comparison, for target concentrations> 73 pmol/L, a bias
of± 12.5% was allowed and in target concentrations ≤73 pmol/L a
maximum bias of± 9 pmol/L was allowed [8].

2.1.1. Specimens
For the method comparison, 20 specimens from the Hormone

Standardization (HoST) Program of the CDC were used (Centers for
Disease Control and Prevention (CDC), 2014). These 20 specimens had
been obtained from 20 healthy donors and processed according to the
CLSI protocol C37 [11]. The specimens were obtained from both men
and women to ensure a sufficient range in estradiol concentrations. The
specimens covered a range in estradiol concentration between 9.9 and
983 pmol/L (=2.7–268 pg/mL). The specimens were assigned a re-
ference value by the LC-MS/MS reference method of the laboratory at
the CDC.

2.1.2. LC-MS/MS method
Estradiol concentrations were measured in serum using the LC-MS/

MS method of the VUmc. In short, a stable, isotopically labelled internal
standard (13C3-labelled estradiol, obtained from IsoSciences, King of
Prussia, PA, USA) was added to every specimen (sample, control, cali-
brator).

Estradiol was extracted from 150 μL of sample using a 4:1 (volume/
volume) mixture of hexane and ether. The supernatant was subse-
quently dried under a stream of nitrogen (45 °C) and reconstituted in
75 μL of a 1:1 (volume/volume) mixture of methanol and water.
Analysis of the samples was performed using tandem mass spectrometry
with a 2D Xevo TQ-S mass spectrometer (Waters Corp., Milford, MA)

with electrospray in negative mode using an injection volume of 50 μL.
Separation was achieved on two (C4 and C18) Acquity UPLC analytical
columns (Waters Corp), 2.1× 50mm, 1.7-μm particle size, with a
methanol:water gradient elution at a flow rate of 0.6 and 0.4 mL/min
(water containing 100 μM NH4F). Total analysis time was 8.2 min. The
monitored transitions were m/z 271 to 145 and 183 and m/z 274 to 148
and 186 for estradiol and the internal standard, respectively.

The LC-MS/MS method has a lower limit of quantification of
4 pmol/L (CV% of 16%). The intra assay variation was< 5% between
20 and 1700 pmol/L and the inter assay variation was 9% at 21 pmol/L
and < 7% at 179 and 760 pmol/L. All samples were run in duplicate.

2.1.3. Statistical analysis
The method comparison was analyzed using a Passing and Bablok

regression analysis, a Bland-Altman analysis and a Pearson-correlation
coefficient. The analysis was performed using MedCalc (version
11.6.0.0, Oostende, Belgium).

2.2. Part 2: establish reference intervals

2.2.1. Specimens
To calculate reference intervals, blood was collected from healthy

premenopausal women, postmenopausal women and men. The venous
blood was drawn into 10mL glass vacutainers (no preservatives added).
The blood was allowed to clot at 2–8 °C for 1–12 h. Hereafter, the serum
was separated from clot by centrifugation (3000-3200 g for 10min),
aliquoted into polypropylene tubes and stored capped at −25 to
−35 °C. The serum specimens were transported on dry ice to the VUmc
for measurement of estradiol.

2.2.2. Reference intervals for premenopausal women during the menstrual
cycle

Serum specimens were taken from 30 healthy women every day
during one menstrual cycle. The women were recruited at the
Massachusetts General Hospital in Boston. All women provided written
informed consent and the protocol was approved by the Partners
Healthcare internal review board (IRB). Blood specimens were drawn
daily every morning starting the first day of the menses until the first
day of the next menses. Depending on the length of the menstrual cycle,
approximately 28 specimens were collected per woman.

Women were included if they had at least two previous menstrual
cycles. In addition to gender their age and smoking habits were regis-
tered. Women were excluded if they used hormonal contraceptives and
if there was an indication of an abnormal endocrine system found at
physical examination. Physical examination consisted of an examina-
tion of the ovaries using ultrasound, inspection of the thyroid size and
consistency, examination of the breasts for masses and checking for
hirsutism. Furthermore, women were screened to have no abnormal-
ities at auscultation of the chest, normal heart sounds, soft and non-
tender abdomen, no masses or visceromegaly, normal extremities and a
normal central and peripheral nervous system. After the physical ex-
amination, nine women were excluded. Of these women four were
excluded because of hirsutism, three were excluded because of acan-
thosis nigricans, one was excluded because of nodules present at head/
eyes/ears/nose/throat exam, and one was excluded because of heart
murmurs. Subjects were also questioned on use of medication. The in-
cluded subjects did not use medication other than multi-vitamins, al-
lergy medication or over the counter pain reducing medicine. Therefore
after physical examination 32 women were included. Of these 32, two
were excluded for having a non-ovulatory menstrual cycle. Non-ovu-
latory was judged by the absence of elevated progesterone concentra-
tion during the luteal phase. LH and progesterone were determined
immunochemically using AxSYM (Abbott Diagnostics) at the
Massachusetts General Hospital. An LH peak of> 9.1 IU/L was set as
day 0: the reference day. The LH peak which induces ovulation was
confirmed by progesterone levels of> 5.1 nmol/L (1.6 ng/mL) during

S.J.E. Verdonk, et al. Clinica Chimica Acta 495 (2019) 198–204

199



the subsequent luteal phase and observed by ultrasonography in 30 out
of 32 women. In all specimens estradiol was measured using the VUmc
LC-MS/MS method described under Part 1.

2.2.3. Reference interval in postmenopausal women and in men
To establish reference intervals in postmenopausal women and men,

serum specimens were collected of 97 healthy individuals of whom 64
were men and 33 were postmenopausal women. The specimens were
drawn by a group of volunteers consisting mainly of employees of the
Academic Medical Centre of the University of Amsterdam, who were
recruited with flyers. The inclusion criteria for men were age between
20 and 70 years and self-reported good health. Inclusion criteria for
women were age between 55 and 70 years old and self-reported good
health as well. Specimens were drawn between September 2014 and
October 2016. The Medical Ethics Committee of the Academic Medical
Center approved the study and informed consent was obtained from all
participants. In all specimens estradiol was measured using the VUmc
LC-MS/MS method described under Part 1.

2.2.4. Statistical analysis
The reference intervals for premenopausal women were calculated

using Linear Regression (SPSS (IBM Corp. Released 2016. IBM SPSS
Statistics for Windows, Version 24.0. Armonk, NY: IBM Corp)). The
ovulation day was used as the reference day. Because of deviation to the
right, the natural logarithm of estradiol was used to calculate the 95%
reference intervals. The values were calculated per day as well as per
phase of the menstrual cycle: follicular phase, ovulation phase and lu-
teal phase. The 95% reference intervals in postmenopausal women and
men were calculated using the Robust method (CLSI C28-A3) using
MedCalc (version 18.5, Oostende, Belgium).

2.3. Part 3: comparison with literature

To compare our calculated reference intervals, PubMed was sear-
ched for reference intervals from earlier studies. Only studies that
measured estradiol in either serum or plasma were included.
Furthermore, studies had to have at least 20 healthy donors to be able
to calculate reference intervals correctly [11]. Reference intervals had
to be calculated for one or more of the following subgroups: pre-
menopausal women, postmenopausal women or men. Studies that cal-
culated reference intervals for premenopausal women were only in-
cluded if they used the ovulation day as reference day. The data
extracted from each article were: authors, year of publication, number
of subjects, demographics of subjects, analytical method used, calcu-
lated reference interval, the statistical method used for the calculation.
Neither the analytical nor the statistical method used to establish the
reference interval was used as exclusion criteria.

3. Results

3.1. Part 1: comparison of LC-MS/MS method to reference method

Comparison between the LC-MS/MS method of the VUmc and the
reference LC-MS/MS method of the CDC 20 serum specimens with es-
tradiol concentrations between 9.9 and 983 pmol/L by Passing and
Bablok regression analysis showed a slope of 1.12 (1.10–1.16), inter-
cept of −1.13 (−4.28–1.28), and Pearson r of 0.9994 (0.9984–0.9998)
(p-value<0.0001). The Bland-Altman analysis showed that on average
the LC-MS/MS method of the VUmc measured 10.7% too high. Based
on this standardization difference, the VUmc LC-MS/MS method was
adjusted by mathematical conversion, which led to a comparison of
EstradiolVUmc= 1.01 EstradiolCDC – 0.97 pmol/L, also shown in Fig. 1.

3.2. Part 2: establish reference intervals

3.2.1. Reference intervals for premenopausal women during the menstrual
cycle

In total 30 women were included in the analysis. Of these women,
25 had specimens collected during every day of the menstrual cycle.
The other five women had an incomplete number of specimens. In total

Fig. 1. Method comparison using the Bland-Altman analysis (A). Method
comparison using a Passing and Bablok regression analysis (B). To convert to
pg/mL, the estradiol concentration should be divided by 3.67.

Table 1
Demographics of the 30 premenopausal women.

Demographics (n=30) Mean (Range), or percentage

Length menstruation cycles in days 28.13 (22–35)
Age in years 26.67 (18–39)
BMIa in kg/m2 23.47(18–28.8)
Race

Caucasian 63%
Hispanic 17%
Black 7%
Other 13%

Self-reported smoking status
Non-smokers 77%
Ex-smokers 13%
Smokers 10%

a BMI was calculated in 29 of the 30 women included in the study.
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ten specimens were missing. Demographics of the included 30 women
are shown in Table 1.

Data for normal cycling women by day of the cycle are presented in
Table 3 and Fig. 2. Shown are the mean, 2.5th and 97.5th percentiles of
estradiol concentration in pmol/L [12]. Additionally reference intervals
during different phases of the menstrual cycle are shown in Table 2.
Estradiol concentration reference intervals for every phase of the
menstrual cycle are presented as 95% of the total range. The reference
interval during the early follicular phase (days −15 to −6) was
31–771 pmol/L; during the late follicular phase (days −5 to −1)
104–1742 pmol/L; during the LH peak (day 0) 275–2864 pmol/L;
during the early luteal phase (days +1 to +4) 95–1188 pmol/L; during
the mid-luteal phase (days +5 to +9) 151–1941 pmol/L; during the
late luteal phase (days +10 to +14) 39–1769 pmol/L.

3.2.2. Reference interval in postmenopausal women and in men
In total, specimens of 64 men and 33 postmenopausal women were

used. The men had a mean age of 46 (22–63) years. The women had a
mean age of 60 (55–68) years. Reference intervals are presented as
median and 2.5th and 95th percentile values in Table 4. The percentiles
can be interpreted as the reference interval for the group presented. The
reference interval, not stratified for age, for men is 12–136 pmol/L
(90%CI lower limit −5-31; 90% CI upper limit: 117–153). Data per age
group are shown in Table 4. The reference interval for postmenopausal
women is< 26 (90% CI 20–32) pmol/L.

3.3. Part 3: comparison with literature

In total nine studies were included. Reference intervals found in
previous studies for premenopausal women, postmenopausal women
and men are presented respectively in Tables 3 and 4. The reference
intervals calculated in our study are presented in the tables as well.

4. Discussion

The aim of the current study was to establish reference intervals for
premenopausal women across the menstrual cycle and verify reference
intervals for postmenopausal women and men, using a highly accurate
LC-MS/MS method that is adjusted to a reference method.

We showed that the LC-MS/MS method for estradiol of the VUmc
was concordant with the Reference Measurement Procedure (RMP) for
estradiol developed by the Centers of Disease Control and Prevention
[13]. The RMP produces measurement results that are traceable to SI
according to ISO 17511 and meets ISO requirements for reference
methods as indicated in its listing in the Joint Committee for Trace-
ability in Laboratory Medicine (JCTLM) database. This RMP serves as a
higher-order standard for establishing measurement traceability and
provides an accuracy base against which routine methods can be
compared [13]. Although our LC-MS/MS method correlated extremely
well with the RMP our LC-MS/MS method showed a constant bias of
10.7% which can be seen as calibration bias. For this reason, we cor-
rected for the calibration bias by aligning our results to the RMP and
thus made our results traceable to the RMP. It is highly important that
all methods are standardized to make sure that the results can be
compared to one other. This is necessary in research when comparing
estradiol concentrations from literature, but also in diagnostics to be
able to use reference intervals obtained with a different method [14].
Standardization is one of the issues that needs attention, not only in
case of immunoassays but also in case of LC-MS/MS methods [15,16].
As our LC-MS/MS method was adjusted based on the comparison with
the reference method, our reference values in premenopausal women
can be used for all traceable LC-MS/MS methods for medical decision-
making.

Our study was the first to establish reference intervals for pre-
menopausal women daily during the whole menstrual cycle using an
LC-MS/MS method. The reference values found by our study suggest
that there is a large range in estradiol values between premenopausal
women. Nelson et al. used an LC-MS/MS method to establish reference
values as well [17]. However, they calculated one range for the whole
cycle, which has an upper limit that is lower than found in our study. As
this study does not describe the statistical method for the calculation of
the reference interval, we cannot draw any conclusions on this differ-
ence. Other studies used automated immunoassays of Abbott Diag-
nostics [2,6,18]. The reference intervals obtained by these three studies
differ from one another while they used a similar measurement method,
which makes it difficult to draw a conclusion about the difference be-
tween intervals established using immunoassays and LC-MS/MS. One of
the differences between these studies is the way the reference interval
was calculated. This results in the fact that comparability of reference
intervals in literature is hampered by the variability in the statistics
used to calculate the reference intervals.

The reference interval we established in the current study for
postmenopausal women (< 26 pmol/L; total range 4.1–38 pmol/L) is
highly comparable to the other studies that used LC-MS/MS methods to
obtain their reference intervals (< 37 and < 35 pmol/L) [17,19]. The
studies using immunoassays obtained a higher upper limit for the re-
ference interval, with the Architect immunoassay even leading to a 3
times higher upper limit [6,20]. These higher upper limit of the re-
ference interval is probably related to the inaccuracy and imprecision of
estradiol immunoassays at this concentration range [8–10,14,21].

The reference intervals for men established in our study are com-
parable to the reference intervals found in another study [22]. This

Fig. 2. Daily mean estradiol concentration in 30 premenopausal women. Solid
line: presents the mean concentration of Estradiol. The grey areas around the
solid line: present the reference interval (the 95% range). To convert to pg/mL,
divide the estradiol concentration by 3.67.

Table 2
Reference interval for premenopausal women per phase of the menstrual cycle.

Phase of cycle Days from LH peak Estradiol (pmol/L)

Reference intervala

Lower limit Upper limit

Early follicular −15 to −6 31 771
Late follicular −5 to −1 104 1742
LH peak 0 275 2864
Early luteal +1 to +4 95 1188
Mid-luteal +5 to +9 151 1941
Late luteal +10 to +14 39 1769

a This is a summary table of the reference intervals found per day of the
menstrual cycle (for reference intervals per day see Table 3). The lower limit
represents the lowest 2,5th percentile value found at any of the days belonging
to this phase of the menstrual cycle. Whereas the upper limit represents the
highest 97,5th percentile value found at any of the days belonging to this phase.
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latter study, also using an LC-MS/MS method, used a high sample size
and calculated reference intervals for different age categories. Cate-
gorizing in age groups does not seem necessary when looking at the
differences in reference intervals. The reference intervals in the dif-
ferent age groups do not differ much from one another. The reference
intervals calculated by the other studies, some using LC-MS/MS and
some using immunoassays [6,17,19,23], were also quite comparable.
Due to differences in presentation of the reference intervals and an
unclear description or sometimes no description at all of the statistical
analysis used to calculate these reference intervals makes it difficult to

draw hard conclusions. This shows that not only accuracy of the used
analytical method is important, but that also information about the
distribution of for instance age and a clear description of statistics are
crucial.

A limitation of our study is the relatively small sample size per
group. Although we used specimens from a total of 127 subjects to
establish reference intervals, the sample size in the different subgroups
is a much smaller. Specimens from 30 premenopausal women, 33
postmenopausal women and 64 men were included. The men and
postmenopausal women were considered healthy based on self-report.

Table 3
Reference intervals for premenopausal women found in previous research.

Author + 
year of 
publication

Estradiol reference intervals in pmol/L (in phases) Statistical 
analysis 
of 
reference 
interval

N Method

Early 
follicular 
phase 
(days -15 to 
-6)

Late 
follicular 
phase 
(days -5 to 
-1)

Ovulation 
day (day 0)

Early 
luteal 
phase 
(days +1 
to +4)

Mid luteal 
phase 
(days +5 
to +9)

Late 
luteal 
phase 
(days 
+10 to 
+14)

Nelson, 
2004 (17)

55-1285 pmol/L Not stated 92 LC-MS/MS

Dighe, 
Moy, 
Hayes, & 
Sluss, 2005
(18)

Cycle day Reference interval Cycle day Reference interval
-15 128 – 275 +1 352 – 613
-14 143 – 253 +2 334 – 532
-13 154 – 319 +3 385 – 595
-12 165 – 261 +4 463 – 697
-11 176 – 246 +5 459 – 701
-10 180 – 275 +6 474 – 716
-9 191 – 301 +7 496 – 720
-8 224 – 330 +8 444 – 650
-7 242 – 352 +9 477 – 727
-6 279 – 400 +10 474 – 683
-5 341 – 503 +11 393 – 661
-4 411 – 591 +12 338 – 554
-3 554 – 786 +13 264 – 437
-2 731 – 1013 +14 184 – 349
-1 907 – 1325 +15 132 – 422
0 778 – 1068

98% 
Confidenc
e Interval 
around the 
mean

51 Abbott AxSYM 
(immunoassay)

Stricker et 
al., 2006 (2)

78-266 195-1147 482-1425 178-566 276-762 101-787 90% range 20 Abbott Architect 
i2000 
(chemoluminiscenc
e immunoassay)

Sluss et al., 
2008 (6)

88-1042 209-2591* 95-1266 90% range 42 Abbott Architect 
i2000 
(chemoluminiscenc
e immunoassay)

Verdonk et 
al (this 
study)

Cycle day Reference interval Cycle day Reference interval
-15 56 – 224 +1 154 – 975
-14 48 – 304 +2 95 – 837
-13 49 – 305 +3 155 – 964
-12 40 – 372 +4 174 – 1188
-11 31 – 508 +5 203 – 1260
-10 42 – 512 +6 188 – 1502
-9 41 – 568 +7 152 – 1941
-8 49 – 669 +8 156 – 1755
-7 67 – 705 +9 151 – 1812
-6 67 – 771 +10 118 – 1757
-5 104 – 782 +11 84 – 1769
-4 158 – 826 +12 53 – 1732
-3 222 – 1161 +13 44 – 1148
-2 386 – 1341 +14 39 – 766
-1 488 – 1742
0 275 – 2864

95% range 30 LC-MS/MS

⁎In the study of Sluss et al. [6], the reference interval presented at the ovulation day included specimens gathered at the days −1 and+1 as well. These days were not
included in the follicular phase or luteal phase.
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Postmenopausal women were included based on the fact that there age
was above 55 years.

Our study has some important strengths, including the daily sam-
pling of premenopausal women and the LC-MS/MS method used to
measure estradiol. A total of 834 specimens were obtained from the 30
premenopausal women, resulting in a relatively large number of spe-
cimens. These specimens gathered daily during one menstrual cycle
allowed us in this study to calculate reference intervals per day as well
as per phase. Daily reference intervals are essential when assessing
dynamic changes in the hypothalamic-pituitary-ovarian axis or en-
deavoring to determine functional ovarian reserve during the early
follicular phase. The premenopausal women underwent physical and
biochemical examination to ensure that they had a normal menstrual
cycle and did not have any hormonal abnormalities. The reference in-
tervals from our study were established with an accurate, standardized
LC-MS/MS method. The calculated reference intervals can be used in
other standardized LC-MS/MS methods for medical decision-making in
the clinic.

In conclusion, we showed that we used an accurate LC-MS/MS
method to measure estradiol. In addition, using this method we estab-
lished reference intervals for estradiol for premenopausal women
during the whole menstrual cycle. Reference intervals were verified and
compared to literature for men and postmenopausal women.
Comparisons with reference intervals from literature are hampered by
the variety in statistics used in the calculation of reference intervals.

Our reference intervals can be used for all standardized LC-MS/MS
methods for medical decision-making.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2019.04.062.
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