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The range and variation in serum estradiol concentration
in perimenopausal and postmenopausal women
treated with transdermal estradiol in a real-world

setting: a cross-sectional study
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Abstract
Objectives: The aims of the study are to explore the range and varia-
tion in serum estradiol concentration, and to estimate the prevalence of
“poor absorption” (women using licensed estradiol doses with sub-
therapeutic levels), in perimenopausal and postmenopausal women
using transdermal estradiol in the real world.
Methods: This is a cross-sectional analysis in a specialist menopause
clinic in the UK.
Results: Serum samples were obtained from 1,508 perimenopausal
and postmenopausal women. A total of 61.87% were using licensed
doses. The median estradiol concentration was 355.26 pmol/L (inter-
quartile range 198.44-646.15 pmol/L). A reference interval for the
whole cohort was defined as 54.62-2,050.55 pmol/L. There was sub-
stantial interindividual variation across the dose range. Variance was
greater in younger women (P = 0.002) and gel users (P = 0.002). There
was a trend toward greater variance in women using higher doses, but
the association failed to reach statistical significance (P = 0.074). One
in four women (24.84%) using the highest licensed dose had subther-
apeutic levels (<200 pmol/L). Older women (≥50 y) and patch users
were more likely to have low levels (odds ratio 1.77, 95% confidence
interval 1.22-2.62, P = 0.003; and odds ratio 1.51, 95% confidence in-
terval 1.18-1.95, P = 0.001, respectively).
Conclusions: The reference interval for perimenopausal and post-
menopausal women using on-label and off-label doses of transdermal
estradiol in the real world is wide, and there is considerable interindi-
vidual variation. The number of estradiol users with low estradiol
levels (<200 pmol/L) is higher than previously recognized. Measure-
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ment of serum estradiol can be helpful to identify women who may
benefit from an off-label dose. Dose customization is key to ensure
that all women can reap the benefits of HT.

Key Words: Dose customization, Hormone therapy,
Interindividual variation, Menopause, Personalized care,
Transdermal estradiol
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A round 15% of women aged 45 to 64 in England are cur-
rently prescribed hormone therapy (HT) to alleviate meno-

pausal symptoms.1 For most women, transdermal 17β-estradiol
with or without micronized progesterone is the gold standard
HT regimen with few if any proven risks.2,3

The optimal plasma estradiol concentration for relief of
menopausal symptoms and prevention of bone loss is 220-
550 pmol/L (60-150 pg/mL).4 Levels of 220 pmol/L (60 pg/mL)
relieve hot flashes in 50% of women and prevent bone resorp-
tion; 100% elimination of hot flashes and bone accretion oc-
curs when levels approximate 400 pmol/L (100 pg/mL).5,6

Early studies reported a linear, positive correlation be-
tween transdermal estradiol dose and mean plasma estradiol
concentration, with attainment of therapeutic levels using
patches delivering up to 100 mcg/d, or up to four pumps of es-
tradiol gel daily (3 mg/d).7,8 However, studies that reported a
predictable dose-response relationship were typically small,
with sample sizes ranging from just 11 to 50 postmenopausal
women.7-9 Mean estradiol levels can be misleading because
there is substantial interindividual and intraindividual variation
in estradiol pharmacokinetics, resulting in up to 10-fold differ-
ences in estradiol levels between women using the same dose
patch or gel.6,9,10 Because there is no “one size fits all” dose
that achieves therapeutic blood levels in all women, menopause
guidelines recommend that the dose is individualized to ensure
that all women can reap the short and long-term health benefits
associated with hormone replacement.11-13

Limited data suggest that up to 20% of women are “poor
absorbers” of transdermal estradiol.4,6 It is essential that ‘poor
absorbers’ with subtherapeutic levels are prescribed higher
doses to relieve symptoms and mitigate risks associated with
chronic estrogen deficiency. For some women, therapeutic
levels will only be achieved using off-label doses. However, a
recent safety alert in the UK warned against prescribing estro-
gen “in doses higher than the upper limit listed in the individual
Summary of Product Characteristics (SmPC) as these limits are
1
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informed by the results of clinical trials, to ensure patient
safety.”14 In fact, early dose finding studies were focused on es-
tablishing pharmacokinetic parameters and/or clinical efficacy
—they were not designed to assess long-term safety.5,9,15,16

There are no safety data in women using high (off-label)
estradiol doses. However, as many women using high doses
are “poor absorbers” with normal estradiol levels, it is highly
unlikely that they will be at greater risk of harm than “good ab-
sorbers” who achieve normal levels using on-label doses. In-
deed, failing to prescribe a dose sufficient to elevate serum es-
tradiol levels into the therapeutic range is more likely to cause
harm because women will continue to experience distressing
symptoms, and they will not benefit from estrogen's bone-,17

cardio-,18 neuro-,19 and breast-20 protective effects.
A recent UK guideline concerning the management of un-

scheduled bleeding in women using HT has caused further con-
fusion by recommending that women using high off-label estro-
gen doses should also receive a high off-label progestogen dose,
to reduce the risk of endometrial cancer.21 However, routinely
prescribing high progestogen doses may cause side effects that
limit adherence and is not necessary if women are “poor ab-
sorbers” and not exposed to unopposed estrogen. Indeed, increased
use of HT in recent years,22 including “increasing numbers of
women using high estrogen doses,”14 has not been associated with
an increased incidence of endometrial cancer.21

Failing to emphasize that there is a paucity of safety data
to inform dose recommendations, failing to acknowledge that
the “lowest effective dose”might be an off-label dose for many
women, and deliberately discouraging clinicians from pre-
scribing off-label doses by exaggerating the potential (theoret-
ical) risks of “overtreatment”while understating the (evidence-
based) harms of undertreatment, has resulted in considerable
anxiety and confusion for general practitioners (GPs) and
women using HT in the UK. Many GPs no longer prescribe
off-label doses, some have refused to prescribe HT altogether,
and many women are turning to private menopause specialists
because they are unable to access the care they need in the Na-
tional Health Service.

The aims of this study were three-fold: 1) to measure the
range in serum estradiol concentration in a real-world clinic co-
hort of perimenopausal and postmenopausal women treated
with transdermal estradiol; 2) to explore the association be-
tween serum estradiol concentration and estradiol dose, estra-
diol formulation, and age/menopause status; and 3) to estimate
the number (%) of perimenopausal and postmenopausal
women with subtherapeutic levels despite using the highest
licensed dose, who may require an off-label dose for clinical
effect (“poor absorbers”). It is hoped that this will lead to an
improved understanding of transdermal estradiol pharmaco-
kinetics and enable clinicians to deliver more personalized,
high quality menopause care.
METHODS

Study design and population
This was a single-center, UK-based, cross-sectional study.

The Newson Health Clinic, established in 2018, is the largest
specialist menopause clinic in the UK. In 2023, there were on
average 3,359 menopause consultations per month, including
2

1,142 new patient consultations. All patient data is recorded
in a secure, web-based clinic management system (Semble
Ltd, UK23). Consequently, Newson Health has access to a
unique, large, electronic dataset that can be used for clinical re-
search and audit purposes.

All women attending the Newson Health clinic between
1st May and 31st July 2023 were included if they had been
using transdermal estradiol (patch, gel, or spray) for≥3months
and had at least one serum estradiol level recorded in the
study period.

Data collection
Characteristics of the study population (age, menopause

status, estradiol dose, and formulation) and laboratory test re-
sults were extracted from the medical records.

Equivalent dose estimation
The BritishMenopause Society 'Women's Health Concern

HT Types, Doses and Regimens' factsheet was used to calcu-
late equivalent doses of different estradiol formulations (Sup-
plemental Table 1, http://links.lww.com/MENO/B327).24 Es-
tradiol dose was categorized using the “number of pumps
equivalent” or “PE.” For example, women using four pumps
of 0.06% gel daily (0.75 mg estradiol per actuation), or a
100-mcg patch twice weekly, were both included in the “four
pumps equivalent” (4 PE) dose category.

Serum estradiol concentration
Serum estradiol levels are not routinely monitored in

women prescribed HT. Blood tests were undertaken for the fol-
lowing reasons: to determine if estradiol levels were in the
physiological range in women with a suboptimal clinical re-
sponse; when there were menopausal symptoms that were dif-
ficult to distinguish from side effects such as bleeding or head-
aches; and/or at the patient's request for any reason.

Women consulted online or in-person. Blood tests were
accessed via Nationwide Pathology, a private pathology pro-
vider with 250 phlebotomy clinics across the UK. Sampleswere
either couriered or sent in tracked prepaid envelopes to Nation-
wide Pathology, Leicestershire, UK. Upon arrival, samples
were processed immediately using the Atelica IMEnhanced Es-
tradiol (eE2) assay as per the manufacturer's instructions.

The Atelica IM analyzer was calibrated twice daily
using standard controls and underwent monthly external
quality assurance. Detectable concentrations ranged from
40.95 to 10,410.00 pmol/L. The intra-assay coefficient of
variation was 2.7% to 7% and the uncertainty of measure-
ment was 5.58%.

Research ethics and consent
Informed consent was obtained from all participants for

their data to be used for the purpose of research and audit. Eth-
ical approval for the study was granted by the UCL Research
Ethics Committee (UCL REC ID: 9093.008).

Statistical analysis
All analyses were performed in the statistical software

package R version 4.4.1.25
© Copyright 2024 The Author(s)



TABLE 1. Participant demographics

Variable Category N %

Age <50 y 242 16.05
≥50 y 1,266 83.95

Diagnosis Perimenopause 337 22.35
Menopause
- Premature ovarian
insufficient (POI)a

16 1.06

- Early menopauseb 12 0.80
- Menopause aged 45–55 y 715 47.41
- Late menopause >55 y 8 0.53
- Surgical menopause 62 4.11

Unsure 358 23.74
Estradiol
Formulation

Gel 696 46.15
Patch 666 44.16
Patch and gel 116 7.69
Patch and spray 1 0.07
Spray 27 1.79
Spray and gel 2 0.13

Estradiol dose
equivalent (PE)c

1 29 1.92
2 187 12.40
3 250 16.58
4 467 30.97
5 162 10.74
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Descriptive statistics were used to summarize patient de-
mographics and outcome variables. Continuous variables were
summarized using mean (SD), median (interquartile range
[IQR]) and range, and categorical variables as frequency (%).
Reference ranges for serum estradiol concentration were defined
as the interval between the 2.5th and 97.5th percentile.
Bootstrapping was used to calculate the 90% confidence inter-
vals (CI) for the lower and upper limits.26 Levene's test was used
to compare the variance in different subgroups (<50 y vs >50 y,
perimenopausal vs postmenopausal, gel vs patch users).

A linear model was fitted to the log-transformed estradiol
concentration (outcome variable) to test for an association with
estradiol dose, estradiol formulation (gel and patch), and age
(<50 and >50 y). Menopause status (perimenopausal vs post-
menopausal) was not included as it was found to be associated
with age (P ≤ 0.001) and including both may have caused is-
sues with multicollinearity. Age was chosen over menopause
status as it is less subjective and likely to be more accurate
(women do not always know their menopause status, and notes
are not always updated when women transition from perimeno-
pause to postmenopause). Regarding formulation, women using
estradiol spray, or a combination of patch/spray or spray/gel were
excluded as the sample sizes were small (n = 1, n = 2, and n = 27,
respectively). Estradiol dose was treated as a categorical variable
to allow for nonlinearity, and because it was not possible to ex-
trapolate beyond the measured dose range. One and seven PE
were excluded from the model due to insufficient data points
(n = 29 and 33 women, respectively), and > 8 PE was excluded
from the model due to being a heterogeneous group. Interactions
between dose and age, and dose and formulation, were consid-
ered but found to be nonsignificant and excluded from the final
model. Women with estradiol concentrations at the lower
(n = 22) or upper (n = 1) limit of detection were excluded.

Estimated mean percentage change in estradiol concentration
and 95%CIswere reported for each estradiol dose relative to 2 PE,
for older women (≥50 y) relative toyounger women, and for patch
users relative to gel users. Pairwise comparisons were calculated
using the R package ggeffects27 and P values were adjusted for
multiple comparisons using the false discovery rate.

Logistic regressions were used to model the probability of
either a high or low serum estradiol concentration and to test
for associations between high or low estradiol concentrations
and estradiol dose, estradiol formulation (gel vs patch), and
age (<50 vs >50 y). The variables included were the same as
those included in the linear model, but dose was categorized
as on-label vs off-label because the number of women with
high and low levels in each dose category was small. The re-
sults are reported as odds ratios with 95% CI.
6 171 11.34
7 33 2.19
8 111 7.36
8+ 85 5.64
Unknownd 13 0.86

N, number; POI, premature ovarian insufficiency; PE, pump equivalents.
aPOI is menopause under the age of 40 years.
bEarly menopause is menopause between the ages of 40 and 45 years.
cDose is expressed as number of pumps equivalent (PE).
dThirteen women were using an unknown dose. Thesewomen were included

in the whole cohort analysis for reference range, but excluded from subanalyses.
RESULTS
A total of 9,941 menopause consultations were conducted

between 1st May and 31st July 2023. A total of 1,508 women
(15.17%) were eligible for inclusion in the whole study cohort.
Participant demographics are presented in Table 1; the study
Consolidated Standards of Reporting Trials (CONSORT) diagram
is provided in Supplemental Figure 1 (http://links.lww.com/
MENO/B327). The mean age was 55.03 years (SD 5.93 y). The
median age was 55 years (IQR 52-58 y). Twenty-two percent of
clinic attendeeswere perimenopausal, 54%were postmenopausal,
© Copyright 2024 The Author(s)
and 23% were unsure of their menopause status (eg, women
using a Mirena coil or posthysterectomy may not have known
their menopause status).

A total of 1,002 women (90.32%) were using estradiol in
the form of a patch or gel. One hundred sixteen women
(7.69%) were using both a patch and gel. Thirty women
(1.99%) were using the spray either alone (n = 27) or in com-
bination with the patch (n = 1) or gel (n = 2).

Almost two-thirds of women (61.87%) were using li-
censed doses of up to four pumps gel daily or equivalent (4
PE); just over a third (37.27%) were using higher off-label
doses. The median dose was four PE (IQR 3.00-6.00).

The distribution of serum estradiol concentration was posi-
tively skewed with a mean concentration of 544.59 pmol/L (SD
682.55 pmol/L) and a median concentration of 355.26 pmol/L
(IQR 198.44-646.15 pmol/L) (Supplemental Fig. 2, http://
links.lww.com/MENO/B327). The reference range (the interval
between the 2.5th and 97.5th centile) for the whole cohort was
54.62-2,050.55 pmol/L. When stratified by menopause status,
the reference range for perimenopausal transdermal estradiol users
was 88.54-3,151.62 pmol/L, and the range for postmenopausal
3
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transdermal estradiol userswas 42.47-1,817.27 pmol/L. The refer-
ence ranges in women using only licensed doses (1-4 PE) were as
follows: perimenopausal women 84.50-3,100.88 pmol/L and
postmenopausal women 40.95-1,664.54 pmol/L (Supplemental
Table 2, http://links.lww.com/MENO/B327).

Interindividual variation in serum estradiol
concentration

Median estradiol levels increased from 191.30 pmol/L
(IQR 100.62-303.37 pmol/L) in women using one PE to
334.32 pmol/L (IQR 202.12-567.85 pmol/L) in women using
four PE (the maximum licensed dose), and 505.30 pmol/L
(IQR 275.28-907.40 pmol/L) in women using eight PE (Sup-
plemental Table 3, http://links.lww.com/MENO/B327).

There was considerable interindividual variation in serum
estradiol concentration (Fig. 1). Low (<2.5th centile) and high
(>97.5th centile) levels were observed in every dose category
excluding 7 PE (n = 33). Variance was greater in younger ver-
sus older women (P = 0.002), perimenopausal versus postmen-
opausal women (P < 0.0001), and gel versus patch users
(P = 0.002). There was a trend toward greater variance in
women using higher doses, but the trend failed to reach statis-
tical significance at the 5% level (P = 0.074) (Supplemental
Table 4, http://links.lww.com/MENO/B327).

Association between serum estradiol
concentration and dose, age, and estradiol
formulation

Statistical modeling revealed a positive association be-
tween dose and estradiol concentration (Supplemental Table
FIG. 1. Relationship between log transformed serum estradiol concentration
a categorical variable to allow for nonlinearity, and because it was not possible
equivalent (PE) equates to one pump of 0.06% gel daily, or a 25-mcg patch
concentration per dose category. Blue, yellow, gray, and red dots represent le
respectively. The log transformed model approximates a normal distribution
and 99.6% within 3 SD of the mean. The data points have been jittered for

4

4, http://links.lww.com/MENO/B327). For example, compared
with women using two PE, estradiol concentration was esti-
mated to be on average 37.6% higher in women using four
PE (95% CI 19.0%-58.9%, P < 0.001) and 98.3% higher in
women using 8 PE (95% CI 60.4%-145.2%, P < 0.001).

However, the predicted differences in estradiol concentra-
tion between each dose pairwise comparison revealed that
whilst the difference in estradiol concentration between women
using on-label versus off-label doses was statistically signifi-
cant, there was no evidence of a difference between adjacent
dose categories (2 vs 3 PE, 3 vs 4 PE, 4 vs 5 PE, 5 vs 6 PE,
and 6 vs 8 PE) (Supplemental Table 5, http://links.lww.com/
MENO/B327).

Serum estradiol levels were estimated to be 27.7% lower
in older (≥50 y) versus younger women (95% CI 18.0%-
36.3%, P < 0.001), and 25.7% lower in women using patches
compared with women using gel (95% CI 18.4%-32.3%,
P < 0.001). The predicted difference in estradiol concentra-
tion between women <50 years versus women ≥50 years was
138.27 pmol/L (95% CI 77.84-198.71 pmol/L, P < 0.001),
and between gel and patch users was 126.74 pmol/L (95% CI
85.01-168.48 pmol/L, P < 0.001) (Supplemental Tables 4 and
6, http://links.lww.com/MENO/B327).

The relationship between serum estradiol concentration
and age, estradiol dose, and formulation, as predicted by the
model, is illustrated in Figure 2.
Estradiol concentration: low and high levels
Low (subtherapeutic) estradiol levels were defined clini-

cally as <200 pmol/L.4-6 In the whole cohort (N = 1,508),
and estradiol dose for the whole cohort (N = 1,508). Dose was treated as
to extrapolate beyond the licensed dose range. For example, one pump
twice weekly. Red diamonds represent the mean serum estradiol
vels within one, two, three, and four standard deviations from themean,
with 69.4% of residuals within one SD of the mean, 95.5% within 2 SD,
ease of visualization.

© Copyright 2024 The Author(s)



FIG. 2. Predicted estradiol concentration (95% confidence interval) according to estradiol dose, age and formulation using a linear model. The
predicted values (plus 95% confidence intervals) of estradiol concentration (pmol/L) according to estradiol dose (number of pump equivalents, PE),
age (<50 or ≥50 y) and estradiol formulation (patch or gel) from the linearmodel of log-transformed estradiol concentration. Gel users are shown in the
left-hand plot, patch users are represented in the right-hand plot. Predicted values for women ≥50 years are shown in blue (n = 1,266, 83.95%);
predicted values in younger women (<50 y) are shown in red (n = 242, 16.05%). The larger confidence intervals in women <50 years reflect a greater
degree of uncertainty due to the smaller sample size. The plots demonstrate that at any given dose, predicted estradiol levels are greatest for women
≥50 years using estradiol gel. Whilst the predicted values increase with dose, the confidence intervals associated with off-label doses are larger and
overlap, indicating a greater degree of uncertainty in the off-label dose range. One and seven PE were excluded from the model as there were
insufficient data points (29 and 33 women respectively). > 8 PE was excluded from the model due to being a heterogeneous group.
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378 women (25.07%) had low levels. Two hundred ninety-six
of 933 women (31.73%) using licensed doses (1-4 PE) had
estradiol levels of <200 pmol/L, including 116 of 467 women
(24.84%) using the highest licensed dose (4 PE), compared
with 82 of 562 women (14.59%) using off-label doses (Fig. 3,
Supplemental Table 7, http://links.lww.com/MENO/B327).

There is no clinical threshold abovewhich estradiol levels are
known to be harmful. Using the upper cutoff of 2,051 pmol/L,
which, by definition, includes 2.5% of the cohort (n = 37), 18
of 933women (1.93%) using on-label doses had estradiol levels
of >2,051 pmol/L, compared with 19 of 562 women using
off-label doses (3.38%) (Supplemental Table 7, http://links.
lww.com/MENO/B327). The difference was not statistically
significant (P = 0.11).

Logistic regression modeling was used to test the associa-
tions between low and high estradiol levels with age, estradiol
dose (on-label vs off-label), and estradiol formulation. Women
using on-label doses (1-4 PE) were 2.73 times more likely to
have a low level compared with women using off-label doses
FIG. 3. The percentage of women with low estradiol levels (<200 pmol/L) in
as a categorical variable. The number of women with low or subtherapeutic
women using the maximum licensed dose (4 PE) have low levels, and aroun

© Copyright 2024 The Author(s)
(≥5 PE) (odds ratio [OR] 2.73, 95% CI 2.04-3.70, P < 0.001).
Older women (≥50 y) were 1.77 times more likely to have sub-
therapeutic levels compared with younger women (OR 1.77,
95% CI 1.22-2.62, P = 0.003). Patch users were 1.51 times
more likely to have subtherapeutic levels compared with gel
users (OR 1.51, 95% CI 1.18-1.95, P = 0.001).

Conversely, younger women (<50 y) and gel users were
more likely to have high levels compared with older women
(≥50 y) and patch users, although the difference was not statis-
tically significant at the 5% level (OR 2.16, 95% CI 0.93-4.65,
P = 0.06; and OR 2.00, 95% CI 0.96-4.41, P = 0.07, respec-
tively). Therewas no evidence of an association between a high
estradiol concentration and on vs off-label dose (P = 0.14).

Supplemental Table 8 (http://links.lww.com/MENO/
B327) summarizes the characteristics of women with high
levels (n = 38). Four PEwas the dose most frequently prescribed
for women with high levels (n = 11). The medical records of
seven women with estradiol concentrations >4,000 pmol/L were
reviewed. All were clinically well at the time of blood sampling.
each dose category. Dose (number of pump equivalents, PE) was treated
levels (<200 pmol/L) decreases as the dose increases, but up to 1 in four
d 1 in 6 women using high off-label doses (5–8 PE) have low levels.

5
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The highest level was observed in a postmenopausal woman
using an estradiol spray (1.53-mg estradiol per spray), six sprays
daily (10,410 pmol/L, the upper limit of detection). This partic-
ipant did not reattend for a repeat measurement during the study
interval but was noted to have a serum level of 550.3 pmol/L
5 months earlier while using the same dose/formulation.
Three perimenopausal gel users had levels >7,000 pmol/L.
One woman with a level of 7,969.9 pmol/L was advised to re-
duce her dose from six PE to four PE. A repeat test 6 weeks later
revealed a level of 232.37 pmol/L. Two women using three
PE of gel had levels >7,000 pmol/L; the dose was unaltered
and repeat tests during the study interval revealed levels of
96.05 pmol/L and 132 pmol/L. The highest level recorded
in a patch user was 4,238.9 pmol/L in a postmenopausalwoman
using a 100-mcg patch (4 PE) twice weekly. The dose was un-
altered and a repeat test 1 week later revealed an estradiol level
of 80.68 pmol/L.
DISCUSSION
The aim of this study was to measure the range and inter-

individual variation in serum estradiol concentration in women
treated with transdermal estradiol, and to estimate the preva-
lence of “poor absorbers” (women using licensed doses with
subtherapeutic levels). To our knowledge, this is the largest
study to measure hormone levels in women using transdermal
estradiol, and the first to include both perimenopausal and
postmenopausal women, using both licensed and off-label
doses, in a real-world clinic setting.

The median estradiol level was 355.26 pmol/L (IQR
198.44-646.15 pmol/L) in keeping with data that suggest
the optimal level for symptom relief is around 400 pmol/L
for most women.4,5

The reference range for serum estradiol concentration in
perimenopausal and postmenopausal HTusers attending a pri-
vate menopause clinic was 54.62-2,050.55 pmol/L (14.88-
558.53 pg/mL). This is wider than the physiological reference
range in premenopausal women (110-1,300 pmol/L or 30-350 pg/
mL).10 In premenopausal women, preovulatory estradiol levels
typically peak at 550 to 1,300 pmol/L,10 but values of up to
2,750 pmol/L have been reported.28 Estradiol levels can be
up to 30% higher in perimenopausalwomen due to dysregulation
of the hypothalamic-pituitary-ovarian axis and/or luteal-out-of-
phase events.29,30 An additive effect will be observed in women
using exogenous estrogen (HT). This accounts for the wide
range in serum estradiol concentration in the study cohort, espe-
cially in perimenopausal women (88.54-3,151.62 pmol/L), and
illustrates the importance of not relying on blood tests to diag-
nose perimenopause or to guide HT (estradiol) dose decisions.

There was a positive association between dose and mean
estradiol concentration, with higher levels typically observed
in women using higher doses. However, there was considerable
interindividual variation across the dose range, with both low
(<2.5th centile) and high (>97.5th centile) levels observed in
every dose category. This is consistent with previous studies
that have demonstrated up to a 10-fold difference in serum estra-
diol concentration in women using the same dose patch or gel.10

Consequently, dose-adjacent ranges (eg, levels in women
using 3 PE compared with women using 2 or 4 PE) overlap-
ped and did not significantly differ. This emphasizes the im-
6

portance of tailoring estradiol dose to the individual accord-
ing to clinical symptoms, because dose does not reliably predict
serum estradiol concentration, which usually correlates with
therapeutic response.

Numerous factors affect transdermal estradiol absorption
in the real world. Different estradiol formulations and brands
have distinctive physicochemical properties that influence the
rate at which estradiol is absorbed.31-33 Biological factors such
as age, ethnicity, and differences in skin adiposity, hydration,
blood flow (capillary density), and temperature, influence ab-
sorption and bioavailability.9,34 Absorption may be increased
in individuals with inflammatory skin conditions such as ec-
zema.34 Up to 20% of patch users report local skin reac-
tions35,36 that are usually mild but may reduce adhesion (de-
creased absorption) or increase skin permeability (increased
absorption) and contribute to interindividual variability.34 The
amount of estradiol absorbed also varies according to the site
of application (eg, abdomen vs buttock)37 and the surface area
over which gel is applied.6,10 Washing the skin within an hour
of gel application has been shown to reduce mean serum es-
tradiol concentration by up to 22%.38 Timing of blood sam-
pling relative to time since application matters because there
is significant fluctuation between peak and trough levels.10 For
example, mean serum estradiol levels in postmenopausalwomen
using a 50-mcg estradiol patch have been shown to decrease by
50% over a 72-hour period.8

Interindividual differences in estradiol distribution, metab-
olism, and excretion contribute to variation in serum estradiol
concentration in HT users.35,36 Factors, such as diet, physical
activity, stress, smoking, caffeine, and alcohol consumption, in-
fluence estradiol pharmacokinetics and contribute to marked
intraindividual fluctuations in estradiol levels in women using
a constant daily dose.10,39 Circadian variation in dermal blood
flow contributes to intraindividual variation since dermal blood
flow and absorption are higher in the evening.32,40

In the study cohort, estradiol levels were estimated to be
on average 38.4% higher (95% CI 22.0%-56.9%) in younger
women (<50 y) and varied significantly more than levels in
older women. This is consistent with higher, fluctuating, en-
dogenous estrogen levels in perimenopausal women and con-
tributes to intraindividual and interindividual variation in se-
rum estradiol concentration in a real-world clinic cohort.

Serum estradiol concentration was also significantly
higher, and variance was significantly greater, in women using
gel (median estradiol concentration in women using gel:
378.47 pmol/L, IQR 203.20-691.87 pmol/L; median estradiol
concentration in women using patches: 322.64 pmol/L, IQR
181.42-551.19 pmol/L). This is consistent with previous stud-
ies demonstrating similar bioavailability but greater fluctuation
and higher peak levels in gel users.8,41,42 In a randomized,
cross-over study that compared estradiol levels in 24 postmen-
opausal women using 1.0 mg estradiol gel versus a 50-mcg
patch, peak levels varied 11-fold with the gel versus 7-fold
with the patch.42 Variance is likely to be greater in our cohort
because, unlike studies in which the surface area of gel ap-
plication has been tightly controlled, the surface area of ap-
plication is highly variable in the real world (patch users
are less susceptible because the surface area is fixed). Addi-
tionally, skin contamination may result in spuriously high
levels in gel users.43
© Copyright 2024 The Author(s)
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Almost a third of women (32%) using licensed doses (1-4
PE) had subtherapeutic serum estradiol levels (<200 pmol/L).
The odds of having a low level were significantly higher
among older women (≥50 y) and patch users. Overall, approx-
imately one in two women using one or two PE, one in three
women using three PE, and one in four women using four PE
(the highest licensed dose) had low levels. This suggests that
up to one in four women may need a higher off-label dose to
achieve therapeutic levels. This is higher than the 5%-20% prev-
alence reported previously,6 possibly because our data was col-
lected in the realworld and is therefore subject to greater variation.
Prescribing off-label doses when clinically indicated is consistent
with menopause guidelines that do not set arbitrary limits on es-
trogen dose, but recommend that the dose is individualized to
achieve treatment goals (symptom relief and/or bone protec-
tion).11-13 Notably, although the odds of having a low level were
2.73-fold higher in women using licensed doses, around one in
six women using off-label doses (≥5 PE) also had subtherapeutic
levels. Thesewomenmay bemore likely to benefit from a change
in formulation, but patient preference is key to optimize adher-
ence, and HT stock shortages may limit choice.44

We defined a high level as >2,051 pmol/L based on the
reference range observed in the whole cohort (2.5% of women
had levels >2,051 pmol/L). It should be emphasized that this is
an arbitrary threshold that has no clinical meaning and was
used purely to interrogate the relationship between dose and
high levels. There was no evidence that use of off-label versus
on-label doses increased the odds of a high level (P = 0.14).
Higher levels were more frequently observed in younger
women with higher, fluctuating endogenous estradiol levels,
and in gel users with higher peak levels versus patch users,
but the associations failed to reach significance at the 5% level.

Some women attending a specialist clinic use high doses
to achieve high levels for therapeutic effect. For example, psy-
chological symptoms in the menopause transition are common
and can be effectively treated with HT +/− additional psychiat-
ric support.11,45-47 Limited evidence suggests that some
womenwith severe depressive symptoms need higher estradiol
levels for symptom relief.48,49 Occasionally, high doses are
used to suppress ovulation in perimenopausal women with se-
vere symptoms resulting from excessive, unpredictable hor-
mone fluctuations. In younger women with distressing cyclical
symptoms, cycle suppression is usually achieved using a
combined contraceptive pill.50 Most combined oral contra-
ceptives contain 30-mcg ethinyl estradiol, which is roughly
dose-equivalent to a 300-mcg 17β-estradiol patch twice
weekly, or 12 pumps 17β-estradiol gel daily.51 If using HT
to suppress ovulation in perimenopausal women, 2x 100-mcg
estradiol patches (200 mcg) twice weekly are usually suffi-
cient,48 but higher doses may be needed in younger women
and/or poor absorbers.

Seven women (0.46%) were observed to have very high
estradiol levels (>4,000 pmol/L). All the women were clini-
cally well, and all had normal or low levels when the blood
test was repeated, suggesting that the results were erroneous.
Gel contamination due to prior application at the site of vene-
puncture may cause spuriously high levels in clinical prac-
tice.43 False elevation of estradiol may also occur when there
are analytical errors, for example, due to the presence of
cross-reacting substances that compete with estradiol for an-
© Copyright 2024 The Author(s)
tibody binding (eg, prednisolone, cortisol), or interfering
substances that impact other components of the immunoas-
say (eg, heterophile antibodies, autoantibodies, biotin).52-54

This highlights the importance of repeating a blood test be-
fore adjusting the dose in women without symptoms of estro-
gen excess (such as nausea, headaches, mastalgia, bleeding).

Strengths and limitations
The present study has several strengths. First, in contrast

to previous studies with small sample sizes, this study included
1,508 women. Second, the use of real-world data enhance the
generalizability of our results. To our knowledge, this is the
only study that has included both perimenopausal and post-
menopausal women, and the only study to include women
using both licensed and off-label doses. Use of real-world data
also accounts for factors known to influence both interindivid-
ual and intraindividual variation, including adherence and im-
perfect use, and provides a unique insight into the range of es-
tradiol levels encountered in clinical practice. Third, this study
was conducted in a single center and serum estradiol concen-
trations were measured in a single lab using the same, validated
immunoassay kit, allowing for direct comparison of serum es-
tradiol concentrations in women using different formulations
and doses. Our study also has several limitations. First, peri-
menopausal women (women <50 y) were included but the
sample sizewas small (n = 242, 16% of the study cohort). Con-
sequently, there is greater uncertainty in the results obtained for
younger women and more research is needed to accurately de-
fine the reference range for serum estradiol in younger women
using transdermal estradiol. Statistical modeling accounts for
smaller sample sizes, so this does not affect the results obtained
in subgroup comparisons. Second, 95% of Newson Health
Clinic attendees are White British and, compared with the gen-
eral population, women who access private healthcare are less
deprived and less likely to experience ill-health. Ethnicity,
healthy lifestyle behaviors (such as smoking and physical ac-
tivity), comorbidities and polypharmacy, influence estradiol
pharmacokinetics and serum levels. This limits the generaliz-
ability of our findings. Further, women attending a menopause
clinic, especially those having blood tests, are more likely to
experience difficult symptoms and/or have issues with absorp-
tion compared with women managed in primary care. As such,
their dose requirements may be different, and the prevalence of
“poor absorbers” in the background population may be lower.
Third, time of recorded dose and blood sampling may have dif-
fered by up to 3 months and it is possible that the dose recorded
may not have always been the dose used at the time of sam-
pling. Moreover, while compliance with transdermal HT is
generally good, up to 25% of women may not take their HT
as prescribed.55 Poor or suboptimal adherence may have re-
sulted in underestimation of the upper limits of the observed
reference ranges, and overestimation of the prevalence of ‘poor
absorbers.’ Fourth, estimation of dose equivalence and the use of
immunoassay to measure serum estradiol concentration limit the
accuracy of our results. Although more accurate quantification
of the relationship between estradiol dose and level would be in-
teresting, it would be of limited clinical value because, as we have
shown, interindividual variation is substantial and dose should be
clinically guided. Furthermore, gold standard mass spectrometry-
7
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based techniques are not widely available, and our immunoassay-
based results more accurately reflect real-world conditions. Fi-
nally, a one off serum estradiol level is not a reliable reflection
of total body exposure (the area under the plasma drug concentra-
tion-time curve), or local estradiol levels in target tissues, and
therefore does not predict clinical efficacy or safety. However,
our findings are clinically relevant because if HT users with per-
sistent menopausal symptoms are found to have a low estradiol
level, a higher (+/− off-label) dose can be safely tried, which is
reassuring for both women and clinicians.

CONCLUSIONS
Our study provides novel insight into the range and inter-

individual variation in serum estradiol concentration in peri-
menopausal and postmenopausalwomen using transdermal es-
tradiol in a real-world setting. Our data suggest that up to one in
four women may need off-label doses to achieve therapeutic
levels. Blood tests are not needed to diagnose menopause in
women over the age of 45, because the diagnosis is clinical;
and blood tests are not helpful to diagnose perimenopause, be-
cause estrogen levels fluctuate considerably. Blood tests cannot
be used to inform dose decisions when levels are in the thera-
peutic range, because there is substantial intraindividual varia-
tion in serum estradiol concentration and clinical effect (phar-
macodynamics). However, blood tests can be useful when the
clinical response is suboptimal, especially in women using
high licensed doses (4 PE), to determine whether a change in
formulation or an off-label dose is likely to be of benefit. A
blood test is also helpful when women with no or minimal
menopausal symptoms want HT for bone protection, to con-
firm that levels are therapeutic (>200 pmol/L).

Improved understanding of the substantial interindividual var-
iation in estradiol pharmacokinetics facilitates dose customization
based on clinical symptoms. Measurement of serum estradiol is
useful to identify and guide dose customization inwomenwho ab-
sorb transdermal estradiol poorly. Personalized care is key to pre-
vent the immediate and long-term harms of estrogen deficiency.
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