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Systematic review and meta-
analysis of the effects of
menopause hormone therapy
on cognition
Caroline Andy1, Matilde Nerattini2, Steven Jett2,
Caroline Carlton2, Camila Zarate2, Camila Boneu2,
Francesca Fauci2, Trisha Ajila2, Michael Battista2,
Silky Pahlajani2,3, Paul Christos1, Matthew E. Fink2,
Schantel Williams2, Roberta Diaz Brinton4 and Lisa Mosconi2,3*

1Department of Population Health Sciences, Weill Cornell Medicine, New York, NY, United States,
2Department of Neurology, Weill Cornell Medicine, New York, NY, United States, 3Department of
Radiology, Weill Cornell Medicine, New York, NY, United States, 4Department of Neurology and
Pharmacology, University of Arizona, Tucson, AZ, United States
Introduction: Despite evidence from preclinical studies suggesting estrogen’s

neuroprotective effects, the use of menopausal hormone therapy (MHT) to

support cognitive function remains controversial.

Methods: We used random-effect meta-analysis and multi-level meta-

regression to derive pooled standardized mean difference (SMD) and 95%

confidence intervals (C.I.) from 34 randomized controlled trials, including

14,914 treated and 12,679 placebo participants.

Results: Associations between MHT and cognitive function in some domains and

tests of interest varied by formulation and treatment timing. While MHT had no

overall effects on cognitive domain scores, treatment for surgical menopause,

mostly estrogen-only therapy, improved global cognition (SMD=1.575, 95% CI

0.228, 2.921; P=0.043) compared to placebo. When initiated specifically in

midlife or close to menopause onset, estrogen therapy was associated with

improved verbal memory (SMD=0.394, 95% CI 0.014, 0.774; P=0.046), while

late-life initiation had no effects. Overall, estrogen-progestogen therapy for

spontaneous menopause was associated with a decline in Mini Mental State

Exam (MMSE) scores as compared to placebo, with most studies administering

treatment in a late-life population (SMD=-1.853, 95% CI -2.974, -0.733; P =

0.030). In analysis of timing of initiation, estrogen-progestogen therapy had no

significant effects in midlife but was associated with improved verbal memory in

late-life (P = 0.049). Duration of treatment >1 year was associated with

worsening in visual memory as compared to shorter duration. Analysis of

individual cognitive tests yielded more variable results of positive and negative

effects associated with MHT.
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Discussion: These findings suggest time-dependent effects of MHT on certain

aspects of cognition, with variations based on formulation and timing of initiation,

underscoring the need for further research with larger samples and more

homogeneous study designs.
KEYWORDS

HRT (hormone replacement therapy), Alzheimer disease, cognition, meta-
analysis, menopause
Introduction

Alzheimer’s disease (AD) is the most common cause of

dementia in Western societies, with twice as many women

suffering from the disorder as men (1). Postmenopausal women

account for over 60% of AD patients (2, 3), a gender disparity that is

not solely explained by longevity factors (4–9). Therefore,

development of gender-specific AD preventative strategies is vital

to combat the impending epidemic.

The discovery that the pathological process of AD may begin

decades before symptom onset indicates a substantial window of

time during which we may be able to intervene to halt or delay

disease progression (10). This prodromal phase may start as early as

midlife, thus coinciding with the menopause transition in women

(11–16). There is strong biological plausibility linking menopause

with AD, as estrogen, particularly 17b-estradiol, is known to have

neurotrophic and neuroprotective effects (17–21), and modulatory

effects on metabolic and biochemical pathways implicated in AD

(9, 19, 22–25). The onset of menopause is characterized by

decreased production and activity of estradiol in both the body

and the brain (18), with the subsequent establishment of a

hypoestrogenic state, which has been proposed as a female-

specific risk factor for AD (19, 22, 24–26).

Although primarily viewed as a reproductive event, the menopause

transition (perimenopause) is a neuroendocrine event associated with

several neurological symptoms stemming from disruptions in

estrogen-regulated thermoregulation, circadian rhythms and sensory

processing, mood and cognitive functions (19). Many of these changes

are risk factors for AD in turn (9, 19, 27). In particular, the fact that

over 60% of menopausal women report memory changes (28–30) is

concerning as memory declines, especially in verbal memory, are

among the earliest neuropsychological indicators of AD (31–34).

Several studies sought to examine where estrogen

supplementation by means of menopause hormone therapy

(MHT) is protective against cognitive decline and AD. This

hypothesis arose in large part from observational studies and

small-scale clinical trials showing that MHT users had better

cognitive function, especially verbal memory (35, 36), as well as a

lower risk of AD or dementia than non-users (37–47). However,

larger randomized controlled trials (RCTs), such as the Women’s

Health Initiative Memory Study (WHIMS), reported an increased
02
risk of all-cause dementia with estrogen-plus-progestogen therapy

(EPT), and a non-significant risk increase with estrogen-only

therapy (ET) for postmenopausal women ages 60 and older

(48, 49). Additionally, EPT worsened cognition among older

women, whereas ET had neutral effects (50).

To reconcile this discrepancy, it has been hypothesized that

there may be a critical perimenopausal and early postmenopausal

window or period during which estrogen exerts neuroprotection

(51–55), within the context of a “healthy cell bias” of estrogen action

(22). However, results from RCTs of younger menopausal women

have also reported contrasting findings. Large-scale trials, such as

the Women’s Health Initiative Memory Study of younger women

(WHIMS-Y), the Kronos Early Estrogen Prevention Cognitive and

Affective Ancillary Study (KEEPS-cog), and the Early versus Late

Intervention Trial with Estradiol-Cognitive Endpoints (ELITE-

cog), predominantly indicated neutral effects of MHT on

cognitive function (56–59). On the other hand, several smaller

studies reported positive effects of MHT on memory function (60–

66) and, to some extent, verbal fluency (67).

As most studies included different populations, treatment types,

and methodologies, meta-analytical examination of existing

literature is warranted to systematically consolidate data from

multiple sources. Herein, we conducted an updated systematic

review and meta-analysis of data linking MHT to cognitive

performance, encompassing findings from 34 randomized,

placebo-controlled trials including 14,914 treated and 12,679

placebo participants. We examined cognitive outcomes as

continuous measures; employed multi-level meta-regression

analysis to examine sources of heterogeneity; and considered

from the outset the impact of variables such as formulation,

timing of initiation, type of menopause, and treatment duration.
Methods

Search criteria

In compliance with the Systematic Reviewers and Meta-

Analysis (PRISMA) guidelines (68), we carried out a systematic

literature search in PubMed/MEDLINE, Web of Science, and

Cochrane databases from 1975 through September 2023. Key
frontiersin.org
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words included [‘hormone replacement therapy’, ‘estrogen therapy’,

‘estrogen replacement therapy’, ‘postmenopausal hormone

therapy’] and [‘cognition’, ‘cognitive performance’, ‘memory’,

‘dementia’, ‘Alzheimer’s disease’] and [‘randomized controlled

trial’, ‘clinical trial’]. This search was supplemented by a manual

search of bibliographies from selected articles, reviews, and previous

meta-analyses. Screening of studies was conducted by three

independent authors (MN, SJ, LM). Any discrepancies were

resolved by the senior author (LM).
Inclusion criteria
We selected only publications in the English language which

met the following inclusion criteria: 1) the study was published in a

peer-reviewed journal; 2) the cohort was well defined; 3)

participants included medically healthy women (no comorbidities

such as cardiovascular disease, stroke, or dementia) or patients with

a hysterectomy/oophorectomy; 4) outcomes included measures of

cognitive function; 5) studies were randomized placebo-controlled

trials with at least 2 weeks duration (clinical trials without a placebo

group, case reports, review papers, editorials, letters to the editor,

personal communications, preclinical studies and in vitro research

were excluded); 6) treatment was systemic estrogen with or without

progestogen (studies of vaginal estradiol, tibolone, progesterone/

progestin without estrogen, testosterone, and mixed preparations

were excluded); 7) the outcomes were MHT vs. placebo; 8) included

studies reported at least one estimate of association and one

corresponding measure of statistical uncertainty such as P value,

standard error, confidence interval, or data required for derivation

of these estimates.
Data extraction
For each study, we extracted the following information: year of

publication, country, study design, number of participants,

participants’ ages, cognitive endpoints, treatment characteristics

(e.g., timing of use, duration of use, route of administration,

formulation, dosage), covariates, and summary estimates, e.g.

mean or median at baseline and follow-up or change from

baseline, with associated standard error, standard deviation or

95% confidence intervals (C.I.). The fully adjusted models were

primarily used for analysis.
Statistical analysis

Statistical analyses were performed using R 4.2.2 statistical

software (R Core Team). To fully capitalize on the available data

from the included studies, we conducted a quantitative analysis of

both cognitive domains and individual cognitive tests. In sensitivity

analysis, we additionally grouped study findings on the basis of

selected characteristics included in Table 1.

Meta-analysis with Robust Variance Estimation
Only RCTs that reported mean outcome scores at baseline and

follow-up, raw or standardized mean change, and/or standardized

mean difference with corresponding standard error, standard
Frontiers in Endocrinology 03
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TABLE 1 Continued

Therapy Cognitive tests

Oral CEE, 0.625 mg/d
+/- MPA, 5 mg/d, for
13 days every
third month

WMS paired associates (immediate and delayed),
Animal Test, TMT A and B, Cancellation Random
Letter and Random Form Tests

Oral estradiol valerate,
2 mg/d +/- dienogest,
3 mg/d, or placebo

Grünberger Verbal Memory Test, BVRT (correct
reproduction and errors), Mehrfachwahl-
Wortschatz-Test

Oral CEE, 0.625 mg/d
+/-MPA, 2.5 mg/d,
or placebo

3MSE

Oral CEE, 0.625 mg/d
+ MPA, 2.5 mg/d,
or placebo

3MSE

Transdermal estradiol,
0.1 mg/d, or placebo

WAIS-R logical memory (immediate, delayed), paired
associates (immediate, delayed), visual reproduction
(immediate, delayed) DSST and digit span total, CVLT
(short and long delayed recall, recognition) Stroop test,
COWAT FAS, WCST, Rey-Osterreith figure (delayed)

Oral CEE, 0.625 mg/d
+ MPA, 2.5 mg/d,
or placebo

Digit span forward and backward, DSST, 3-Min
Reasoning Test, Paired Associate Learning Test, Logical
Memory, Free Recall of Words

Transdermal estradiol
(Femseven), 50 µg/d,
or placebo

CDR (simple and choice
reaction time, immediate and delayed word recall,
digit vigilance, visual tracking, spatial
working memory, word, picture and face recognition)

Oral estradiol valerate,
2 mg/d, +/-
progesterone, 100 mg,
or placebo

Rivermead Behavioral Memory Test paragraph recall
(immediate, delayed), Verbal paired associates, Visual
paired associates, Digit span forward and backward,
Stroop test, Verbal fluency (letter and category), Mental
Rotation Test, Timed cancellation task

(Continued)
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Study Country Design Duration N
(treated
vs.
placebo)

Menopause
type

Age,
mean
or
range,
years

Time
since
menopause

Menopausal
symptoms

(70) USA Randomized,
double-blind,
parallel
groups

9 months 52 (34
vs. 18)

Spontaneous
and surgical

75-91 Average 34 years NR

(71) Austria Randomized,
double-blind,
triple groups

2 months 49 (33
vs. 16)

Spontaneous
and surgical

46–67 Average 6 years Y (Kupperman
index > 15)

(72) USA Randomized,
double-blind,
parallel
groups

4-year
follow-up of
WHIMS
study

4381 (2145
vs. 2236)

Spontaneous 65-79
years
at
baseline

>1 year 6%
vasomotor
sympotms

(73) USA Randomized,
double-blind,
parallel
groups

5-year
follow-up of
WHIMS
study

2808 (1387
vs. 1421)

Spontaneous
and surgical

65-79 NR 10%
vasomotor
symptoms

(74) USA Randomized,
double-blind,
parallel
groups

10 weeks 17 (9 vs. 8) Spontaneous
and surgical

57(7) Average 8 years NR

(75) USA Randomized,
double-blind,
parallel
groups

3 years 373 (187
vs. 185)

Spontaneous
and surgical

65-90 NR NR

(76) UK Randomized,
double-blind,
placebo
controlled,
crossover

3 months 19 (10 vs. 9) Surgical 62-89 NR NR

(77) Germany Randomized,
double-blind,
parallel
groups

24 weeks 64 (26
vs. 38)

Spontaneous
and surgical

58-75 >10 years NR
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TABLE 1 Continued

Therapy Cognitive tests

Oral estradiol, 0.5-1-2
mg/d, or placebo

CAMCOG, FAS + Animals, Block Design test, CVLT-II
(total, delayed recall), Test Faces

Transdermal 17b-
estradiol, 0.05 mg/day,
or placebo

CVLT (short and long delayed recall), WMS-R delayed
memory and visuospatial memory, digit span total, Rey-
Osterreith Complex Figure Test (short and long term)

Oral CEE, 0.625 mg/d
+ MPA, 2.5mg,
or placebo

PMA-Vocabulary, FAS + Animals, BVRT, CVLT (short
and long delay free recall), Digit span forward and
backward, Card rotations

Ultralow-dose
transdermal 17b-
estradiol, 0.014 mg, or
placebo + calcium and
vitamin D

3MS, Logical Memory (immediate, delayed), Brief
Visuospatial Memory Test, Word List Memory, TMT-B,
Modified Boston Naming, Verbal Fluency
(Category Fluency)

Oral estradiol, 2mg/d,
or placebo

WMS paragraph recall (immediate, delayed); paired
associates (immediate, delayed); visual reproduction
(immediate, delayed); FAS

Oral CEE, 0.652 mg/d
+/- MPA, 2.5 mg/d,
or placebo

CLVT (learning, short delay recall, long delay recall,
long delay recognition), BVRT, Logical memory
(immediate, delayed), digit span forward and backward,
brief test of attention, FAS, Card rotations

Transdermal 17b-
estradiol, 0.25 mg/d
+/- micronized
progesterone, 100 mg

COWAT FAS + animals, TMT-B, Wisconsin Card
Sorting Task, Boston Naming, Digit Symbol Modalities
Test, Rey-Osterreith Complex Figure (immediate,
delayed), WMS-III Paired Associates

Oral 17b-estradiol, 2
mg/d, or placebo

MMSE, Digit span, evocation of story, Bells Test, DSST,
Stroop Test, TMT A and B, FAS
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Study Country Design Duration N
(treated
vs.
placebo)

Menopause
type

Age,
mean
or
range,
years

Time
since
menopause

Menopausal
symptoms

(78) Australia Randomized,
double-blind,
parallel
groups

24 weeks 115 (58
vs. 57)

Surgical 74(4) 29 years 12-20% with
vasomotor
symptoms

(63) USA Randomized,
double-blind,
parallel
groups

3 months 50 (26
vs. 24)

Spontaneous
and surgical

51(4) NR 62% with
symptoms (30%
mild, 14%
moderate,
18% severe)

(79) USA Randomized,
double-blind,
parallel
groups

3 years 1416 (693
vs. 723)

Spontaneous 74(4) Average 22 years 5% with moderate
to severe HF

(80) USA Randomized,
triple-blind,
parallel
groups

2 years 417 (208
vs. 209)

Spontaneous 60-80 >5 years Y (16%
with VSM)

(64) USA Randomized,
double-blind,
parallel
groups

2 months 32 (14
vs. 18)

Spontaneous
and surgical

53(1) 3-36 months Y (average 4 hot
flashes daily)

(81) USA Randomized,
double-blind,
parallel
groups

4 months 158 (77
vs. 81)

Spontaneous 44-62 1-2 years Y
(50%
symptomatic)

(82) USA Randomized,
double-blind,
parallel
groups

3 years 57 (32
vs. 27)

Spontaneous
and surgical

76(6) >5 years NR

(83) Brazil Randomized,
double-blind,
parallel
groups

3 months 65 (34
vs. 31)

Spontaneous 48-65 66(53) months Y ([ … ] decrease
in the total score
of the Greene
Climacteric Scale)
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TABLE 1 Continued

herapy Cognitive tests

ral CEE, 0.652 mg/d
/- MPA, 2.5 mg/d,
r placebo

CVLT-M, logical memory, BVRT, digit span forward
and backward, FAS, brief test of attention, Card
rotation task

ral CEE 0.625mg/d
r placebo

PMA-Vocabulary, FAS + Categories, CVLT, WAIS-R
digit span forward and backward, Card Rotations test

ral 17b-estradiol,
g/d +

orethindrone, 0.35
g, or placebo

CVLT (immediate recall, new list recall, cued recall and
recognition memory)

ral estradiol valerate,
mg/d +
orethisterone, 0.7 mg,
r placebo

CogniSpeed software, Digit span total, PASAT, WAIS-R
similarities, RAVLT immediate and delayed, DSST,
Block Design test, BVRT (immediate and
delayed), Stroop

ral CEE, 0.625 mg/d
MPA, 2.5 mg/d,
r placebo

3MSE, PMA-Vocabulary, FAS + animal naming, BVRT,
CVLT-A (long and short delayed recall), digit span
forward, backward, and total; Card Rotation Test

ral CEE, 0.625 mg/d,
r placebo

Digit span forward and backward, DSST, WMS-R
Paired associates (total), Logical Memory (immediate,
delayed), Free Recall of Words

ral estradiol valerate,
g/d, or placebo

Composite verbal memory, visual memory and verbal
fluency scores

ral estradiol, 1 mg +
rospirenone, 2mg,
r placebo

CogState visual paired associate (learning), International
Shopping list (learning and recall), Groton Maze
(learning and recall)
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Study Country Design Duration N
(treated
vs.
placebo)

Menopause
type

Age,
mean
or
range,
years

Time
since
menopause

Menopausal
symptoms

T

(67) USA Randomized,
double-blind,
parallel
groups

12 months 18 (9 vs. 9) Spontaneous 44-62 10months to
6 years

Y (≥35 hot flushes
per week)

O
+
o

(84) USA Randomized,
double-blind,
parallel
groups

3 years+3
year
follow-up

886 (434
vs. 452)

Surgical 74(4) NR 10% moderate to
severe VMS

O
o

(85) Canada Randomized,
double-blind,
parallel
groups

2 years 142 (70
vs. 72)

Spontaneous
and surgical

61-87 37-51 months Y (various) O
1
n
m

(86) Finland Randomized,
double-blind,
parallel
groups

6 months 16 (8 vs. 8) Spontaneous 63 12(5) years Y (Modified
Kupperman
Index, night
sweating and hot
flushes, scale 2–
8 points)

O
2
n
o

(50) USA Randomized,
double-blind,
parallel
groups

5-year
follow-up of
WHIMS
study

2808 (1387
vs. 1421)

Spontaneous
and surgical

65-79 NR 10%
vasomotor
symptoms

O
+
o

(65) Brazil Randomized,
double-blind,
parallel
groups

6 months 53 (26
vs. 27)

Surgical 43-56 Average 3 years Y (Blatt-
Kupperman Index
and the
Menopause
Rating Scale)

O
o

(87) Sweden Randomized,
double-blind,
parallel
groups

4 weeks 200 (134
vs. 66)

Spontaneous
and surgical

50-65 9(4) years NR O
2

(88) Germany Randomized,
double-blind,
parallel
groups

6 months 23 (12
vs. 11)

Spontaneous 53 Average 2 years NR O
d
o

m

m
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TABLE 1 Continued

enopausal
ymptoms

Therapy Cognitive tests

R Oral CEE 0.625 mg/d
+ 2.5 mg/d MPA
or placebo

TICS-m; EBMT (immediate, delayed); digit span
forward, backward, total; VF-A; TMT A and B

R Oral estradiol, 1 mg,
+/- progesterone, 200
mg, or placebo

HVLT-R (total, delayed), BVMT-R (delayed)

R Oral 17b-estradiol,
1 mg/d +/- cyclic
micronized
progesterone, 45 mg,
or placebo

Composite verbal memory, global cognition and
executive function scores

R Oral CEE, 0.625 mg/d
+ MPA, 2.5 mg/d,
or placebo

TICS-m, EBMT (immediate, delayed), OTMT, VF-A,
Digit Span forward, backward, total

(Greene
limacteric scales
ere negatively
orrelated after
he intervention)

Oral CEE, 0.625mg/d
+ MPA, 2.5mg/d, plus
500 mg calcium+200
IU vitamin D

MoCA

R Oral CEE, 0.45mg/d,
or transdermal 17b-
estradiol 50µg/d + oral
progesterone, 200mg/d
for 12 days, or placebo

Composite global cognition score

sychological Test Automated Battery; CDR, Cognitive Drug Research computerized assessment; COWAT, Controlled
ast Boston Memory Test; HVLT, Hopkins Verbal Learning test; MoCA, Montreal Cognitive Assessment; MMSE, Mini
ion test; PMA, primary mental abilities; RAVLT, Rey Auditory Verbal Learning Test; TICS-m, Telephone Interview for
ory Scale.
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Study Country Design Duration N
(treated
vs.
placebo)

Menopause
type

Age,
mean
or
range,
years

Time
since
menopause

(56) USA Randomized,
double-blind,
parallel
groups

14-year
follow-up of
WHIMS
study

1168 (609
vs. 559)

Spontaneous
and surgical

68 Average 20 years

(89) USA Randomized,
double-blind,
parallel
groups

12 week 29 (16
vs. 13)

Spontaneous
and surgical

45-55 Average
18 months

(58) USA Randomized,
double-blind,
parallel
groups

2.5 and
5-year

643 (323
vs. 320)

Spontaneous
and surgical

55(5) ¾6 or >10

(59) USA Randomized,
double-blind,
parallel
groups

5 and 7-year
follow-up of
WHIMS
study

4216 (2153
vs. 2063)

Spontaneous
and surgical

50-54 and
65-79

NR

(66) USA Randomized,
double-blind,
parallel
groups

4 months 136 (68
vs. 68)

Spontaneous 50-60 1-10

(90) USA Randomized,
double-blind,
parallel
groups

4 years 67 (38
vs. 29)

Spontaneous
and surgical

42 – 58 8

BVRT, Benton Visual Retention Test; CAMCOG, Cambridge Cognitive Examination for Mental Disorders of the Elderly; CANTAB, Cambridge Neuro
Oral Word Association Test; CVLT, California Verbal Learning Test; CEE, conjugated equine estrogen; DSST, Digit Symbol Substitution Test; EBTM, E
Mental State Examination; MPA, medroxyprogesterone acetate; NR, not reported; OTMT, Oral Trail Making Test; PASAT, Paced Auditory Serial Addi
Cognitive Status-modified; TMT, Trail Making Test; VF-A, Verbal Fluency-Animals; WAIS, Wechsler Adult Intelligence Scale; WMS, Wechsler Me
M
s
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N
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deviation, or 95% C.I, were included in analysis. Meta-analysis was

performed for cognitive domains and individual tests available

across at least four studies reporting comparable outcomes and

exposure groupings (91, 92). As several studies include multiple

effect estimates for different exposure types, as well as multiple

outcome measures, we applied Robust Variance Estimation (RVE)

to compute the pooled effect size (93). This method accounts for

intra-study dependent effect sizes while mitigating the impact of

outliers, unequal variances, and other sources of heterogeneity (93).

We evaluated the presence of heterogeneity using Cochran’s Q, I2

and tau2 statistics (94). Because different study designs and outcome

measures were used across studies, we interpreted data using

random-effect models, which use a weighting scheme that

incorporates study sample size and within- and between-study

variance to account for study heterogeneity (95–97).

Study-specific estimates were used to calculate pooled estimated

effect sizes (standardized mean difference [SMD]) with 95% C.I.

Results were considered significant at P < 0.05. When interpreting

SMDs, the magnitude is a measure of effect size: a SMD of

approximately 0.2 represents a small effect size, e.g. a small

difference between the groups. A SMD of approximately 0.5

represents a medium effect size, e.g. a moderate difference

between the groups. A SMD of 0.8 or greater indicates a large

effect size, e.g. a substantial difference between the groups.

Our primary analysis focused on cognitive categories or domains,

defined as different tests measuring the same cognitive ability which

are first standardized and then analyzed as a group. As done in

previous Cochrane and other meta-analyses (36, 98–101), we

grouped together assessments evaluating the same type of cognitive

function into separate domains: verbal memory [e.g., paragraph

recall/logical memory, paired associates, California Verbal Learning

Test (CVLT)]; working memory [e.g., digit symbol substitution

(DSST), digit span forward and backward], visuospatial memory

[e.g. Benton Visual Retention Test (BVRT), Rey Visual Learning Test

(RVLT)], verbal fluency (e.g., COWAT, animal naming, FAS),

executive function (e.g. Stroop, Trail Making Test, TMT-B],

visuospatial abilities [e.g. mental rotation, card sorting test], and

global cognition [e.g., Mini Mental State Exam (MMSE), Montreal

cognitive Assessment (MoCA), Cambridge Cognitive Examination

for Mental Disorders of the Elderly (CAMCOG)]. The full list of tests

included in each domain is found in Supplementary Table 1. For tests

exhibiting an inverse association with performance (e.g. Stroop,

TMT-B), the sign of the calculated standardized mean difference

was inverted before grouping. As different studies categorized certain

tests differently, we based our grouping on generally accepted criteria

and insights from previous meta-analyses and Cochrane reviews. The

process of grouping tests into domains was a collaborative effort

involving three authors (MN, SJ, CC).

Secondarily, we tested whether specific cognitive tests are more

sensitive to MHT effects than others, with a focus on those known

to have estrogen-sensitive effects (79, 81, 102). Our primary

outcomes of interest were as follows: short- and long-delayed

recall assessed using the CVLT; immediate and delayed recall of

paired associates; FAS; TMT-B; digit span forward and backward.

We also examined MMSE and digit span total as enough studies

reported these estimates.
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We then conducted a sensitivity analysis testing for effects of

MHT formulation (ET, EPT), initiation timing (midlife or age ¾65

years, late-life or age >65 years), menopause type (surgical,

spontaneous), and treatment duration (¾1 year, >1 year).

Analyses were repeated after excluding data from post-

intervention studies (50, 59), as only ~4% of participants reported

using hormone therapy after the trials termination (103).

Multi-level meta-regression
To further examine and account for heterogeneity in our

dataset, we employed a multi-level meta-regression analysis

incorporating potential modifier variables using the ‘metafor’

package in R4.2.2. This allowed us to obtain estimates for the

effect of each modifier on the pooled estimate and thus identify

drivers of the observed heterogeneity. The multi-level approach

allowed inclusion of multiple estimates per study, incorporating

hierarchical structuring to account for induced correlations of

estimates that may arise from any given study and for within-

and between-study dependencies across those parameters. An

unstructured variance-covariance matrix was used for random

effects variances (104). Covariates included in the model were

MHT formulation (ET, EPT), initiation timing (midlife, late-life),

menopause type (surgical, spontaneous), treatment duration (¾1

year, >1 year), and study size (<100, 100-500, >500). Changes to

effect sizes due to confounders were assessed at P < 0.05.

Examination of publication bias
For analyses including 10 or more studies, possible publication

bias was evaluated using Egger’s tests and funnel plots (105). For

subgroups with significant publication bias, the Duval and Tweedie

Trim and Fill method was applied which imputes the effects of

missing studies using a random-effect modeling framework, and

then re-computes the pooled effect size (106).
Results

Literature search and characteristics of
included studies

Our PRISMA flow diagram is shown in Figure 1. Our systematic

search initially identified 5,502 papers, of which 3,320 were found to

be duplicates. From the remaining studies, 1,987 papers failed to

meet the inclusion criteria and were excluded during title and/or

abstract screening. The remaining 204 articles were selected for full-

text inspection. Among these, a total of 34 eligible studies were

pooled together for analysis.
Demographics

Key characteristics of pooled studies are found in Table 1.

Thirty-four studies including quantitative data were examined for

associations between MHT and cognition in this meta-analysis. The

final dataset included a total of 14,914 treated and 12,679 placebo
frontiersin.org
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participants. However, the participant distribution in these studies

exhibited significant variability, with an average of 719 participants

per study, but a median of only 65.

The duration of the studies also showed a wide range. On average,

the studies spanned a period of 24 months, yet the median was

notably shorter at 6 months. Duration of treatment was ¾1 year in

58.8% of studies, while the remaining 41.2% extended beyond 1 year.

Regarding the menopausal status of the participants, 29.4% of

the studies reported data on women who had undergone

menopause spontaneously, and 20.6% focused on women who

had undergone hysterectomies. The remaining studies included

mixed groups. Additionally, 35.3% of studies included women

who were ¾6 years post-menopause, another 44.1% included

women who were >6 years post-menopause, 17.6% included

mixed groups, and 2.9% did not report this information.

About a third of the studies (35.3.5%) reported on MHT as their

primary outcome. Of those which reported on specific

formulations, 44.1% utilized ET as the only therapy, and 20.6%

utilized EPT. The mode of administration was predominantly oral

(73.5%), followed by transdermal applications in 20.6% of the cases,

while 2.9% used either oral or transdermal methods, and 2.9%

employed intramuscular bolus injections. In terms of the specific

hormones used, estradiol was the primary hormone used in 55.9%
Frontiers in Endocrinology 09
of studies. Conjugated equine estrogen (CEE) was the primary

hormone in 41.2% of the studies). Additionally, 2.9% of studies used

either estradiol (E2) or CEE. Among estradiol studies, 35.0% were in

combination with a progestogen, chiefly micronized progesterone,

as well as norethindrone/norethisterone, drospirenone, and

dienogest. Among CEE studies, 73.3% were in combination with

medroxyprogesterone acetate (MPA).

Almost half (47.1%) of the studies did not provide information

on presence of menopausal symptoms. Among those that reported

these data, menopausal symptoms were absent in 1 study and

present, at least for some women, in the remaining 17 studies

(50.0%). However, the average frequency of menopausal symptoms

was 32.5%, with a median of only 16%.

By location, the majority of RCTs were conducted in America

(58.8%), followed by Northern Europe (18%), Canada (5.9%), Brazil

(5.8%), Iran (2.9%) and Australia (2.9%) (Table 1).
Primary analysis: meta-analysis of
cognitive domains

Results are summarized in Table 2. Due to presence of

heterogeneity across most cognitive domains (P ¾ 0.031), we
FIGURE 1

PRIMSA Flow chart.
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interpreted the random effect model estimates. Pooled estimates

from random-effects meta-analysis indicated no significant effects

of MHT on cognitive domain scores compared to placebo (P ≤

0.130; Supplementary Figures 1-8). Excluding the two post-

intervention studies left results largely unchanged (Table 2).

Possible sources of heterogeneity were investigated in the

sensitivity analysis and meta-regression analysis, below.

Effects of treatment duration
Results are found in Table 3. Pooled estimates from random

effects meta-analysis indicated no changes in cognitive domain

scores with shorter duration of MHT treatment, and a worsening

in visual memory with longer treatment duration (SMD = -1.577,

95% CI -2.261, -0.892; P = 0.022).

Effects of timing
Results are found in Table 4. Pooled estimates from random

effects meta-analysis indicated no significant effects of MHT during

midlife. In contrast, MHT in late-life was associated with mild
Frontiers in Endocrinology 10
reductions in global cognition (SMD = -0.071, 95% CI -0.077,

-0.065; P = 0.004).

Effects of menopause type and formulation
Results are found in Table 5. MHT for surgical menopause,

mainly ET, was associated with moderate improvements in global

cognition (SMD = 1.575, 95% CI 0.228, 2.921; P = 0.043). MHT for

spontaneous menopause had no significant effects on cognition.

Effects of formulation and timing
There were a sufficient number of studies to perform

exploratory meta-analyses of verbal memory (overall and

delayed recall) and visual memory domains based on type of

treatment and treatment initiation. Results are summarized in

Table 6, Figure 2. In midlife, we observed specific effects related to

treatment type: ET was associated with mild improvements in

verbal memory (SMD = 0.394, 95% CI 0.014, 0.774; P = 0.046),

whereas EPT did not exhibit significant associations with verbal or

visual memory. In late-life, effects varied: ET did not show
TABLE 2 Effects of MHT on cognitive domain scores.

Standardized mean difference (95% CI) P-value Heterogeneity
p-value

Publication
bias p-value

Entire dataset

Global cognition -0.343 (-1.239, 0.553) 0.370 <0.001 0.347

Verbal memory -0.161 (-0.666, 0.344) 0.478 <0.001 0.507

Verbal memory, delayed -0.277 (-0.947, 0.393) 0.373 0.001 0.655

Visual memory -0.270 (-1.07, 0.53) 0.468 0.001 0.595

Visuospatial skills 0.364 (-1.397, 2.125) 0.615 0.031 0.541

Working memory -0.404 (-1.471, 0.662) 0.382 0.001 0.958

Fluency -0.356 (-0.881, 0.169) 0.130 0.001 0.707

Executive function -0.884 (-3.349, 1.582) 0.356 0.001 0.911

Language 0.402 (-1.764, 2.569) 0.454 0.003 NA

Excluding post-intervention studies

Global cognition -0.369 (-1.347, 0.608) 0.377 0.001 0.417

Verbal memory -0.177 (-0.767, 0.414) 0.509 0.001 0.509

Verbal memory, delayed -0.277 (-0.947, 0.393) 0.373 0.001 0.655

Visual memory -0.321 (-1.05, 0.408) 0.356 0.001 0.394

Visuospatial skills 0.414 (-1.845, 2.673) 0.646 <0.001 0.363

Working memory -0.404 (-1.471, 0.662) 0.382 0.001 0.958

Fluency -0.486 (-1.175, 0.203) 0.127 0.005 0.725

Executive function -1.144 (-4.359, 2.07) 0.351 0.002 0.919

Language 0.988 (-0.329, 2.304) 0.067 <0.001 NA
Point estimates are pooled standardized mean differences (SMD) calculated through meta-analysis. SMDs and associated 95% confidence interval, CI, are reported for each cognitive domain,
along with corresponding P-values. Positive SMDs indicate an improvement in the treated group compared to the placebo group, whereas negative SMDs indicate the opposite effect. Estimates
are reported for the entire dataset and after exclusion of post-intervention studies (50, 59). Results are considered significant at p<0.05. Analyses with fewer than 10 studies are marked as not
applicable (NA) for the publication bias p-values.
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significant effects on verbal memory or visual memory, while EPT

was associated with improvements in verbal memory (P = 0.049)

and no changes in visual memory.
Secondary analysis: meta-analysis of
individual cognitive tests

Next, we conducted a meta-analysis of individual cognitive tests

based on data from the above RCTs. Results are summarized in

Figures 3–5, Table 7. Pooled estimates from random-effects meta-

analysis indicated a small negative effect of MHT on TMT-B

compared to placebo (SMD = -0.034, 95% CI -0.041, -0.027;

P = 0.010). As in the above analysis, excluding the two post-

intervention studies had minimal impact on the results (Table 7).
Effects of treatment duration
Pooled estimates from random effects meta-analysis indicated

no changes in test scores with shorter duration of MHT treatment, and
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a mild worsening in TMT-B with longer treatment duration (SMD = -

0.018, 95% CI -0.022, -0.014; P = 0.012) (Supplementary Table 2).

Effects of timing
This analysis includes estimates for studies in which treatment

initiation was specified to occur in midlife or late-life

(Supplementary Table 3). Pooled estimates from random effects

meta-analysis indicated no significant differences between

MHT and placebo in midlife. In contrast, MHT use in late-

life was associated with small reductions in TMT-B scores

(SMD = -0.050, 95% CI -0.052, -0.048; P = 0.002).

Effects of menopause type and formulation
Results are shown in Supplementary Table 4. ET for surgical

menopause was associated with a moderate to large improvement in

Digit Span forward (SMD = 0.747, 95% CI 0.603, 0.890; P = 0.009) but

small declines in CVLT free recall (SMD = -1.142, 95% CI -1.249,

-1.036; P = 0.005) compared to placebo. EPT for spontaneous

menopause was associated with significant declines in MMSE

compared to placebo (SMD= -1.853, 95%CI -2.974, -0.733; P = 0.030).
TABLE 3 Effects of MHT on cognitive domains by duration of treatment.

Standardized mean difference
(95% CI)

P-value Heterogeneity
p-value

Publication
bias p-value

Duration ¾1 year

Global cognition 0.125 (-0.407, 0.657) 0.317 <0.001 NA

Verbal memory 0.062 (-1.897, 2.021) 0.939 0.091 0.740

Verbal memory, delayed -0.382 (-1.675, 0.91) 0.500 0.045 0.713

Visual memory 0.163 (-0.536, 0.861) 0.605 0.015 0.456

Visuospatial skills -0.469 (-3.4, 2.462) 0.580 <0.001 NA

Working memory -2.272 (-8.656, 4.111) 0.158 0.034 NA

Fluency -0.929 (-4.715, 2.857) 0.368 <0.001 NA

Executive function -0.743 (-8.121, 6.634) 0.763 0.002 NA

Language NA NA NA NA

Duration >1 year

Global cognition 0.018 (-0.343, 0.378) 0.648 <0.001 NA

Verbal memory -0.385 (-1.276, 0.506) 0.282 0.001 NA

Verbal memory, delayed -0.501 (-1.774, 0.773) 0.276 <0.001 NA

Visual memory -1.577 (-2.261, -0.892) 0.022 0.001 NA

Visuospatial skills 2.509 (-3.622, 8.639) 0.121 <0.001 NA

Working memory 0.168 (-1.031, 1.367) 0.640 <0.001 NA

Fluency -0.14 (-2.522, 2.243) 0.709 <0.001 NA

Executive function -0.022 (-0.127, 0.083) 0.231 <0.001 NA

Language 0.988 (-0.329, 2.304) 0.067 <0.001 NA
Point estimates are pooled standardized mean differences (SMD) calculated through meta-analysis. SMDs and associated 95% confidence interval, CI, are reported each cognitive domain, along
with corresponding P-values. Results are considered significant at p<0.05. Positive SMDs indicate an improvement in the treated group compared to the placebo group, whereas negative SMDs
indicate the opposite effect. Estimates are reported for studies of shorter (≤1 year) and longer duration (>1year). Analyses with fewer than 10 studies are marked as not applicable (NA) for the
publication bias p-values.
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TABLE 4 Effects of MHT on cognitive domains by initiation timing.

Standardized mean difference
(95% CI)

P-value Heterogeneity
p-value

Publication
bias p-value

Midlife or before age 65

Global cognition 0.033 (-0.246, 0.312) 0.375 NA NA

Verbal memory -0.026 (-0.638, 0.585) 0.687 0.061 0.204

Verbal memory, delayed -0.022 (-0.192, 0.147) 0.346 <0.001 0.134

Visual memory 0.248 (-0.042, 0.538) 0.06 0.105 0.336

Visuospatial skills 0.150 (-8.820, 9.120) 0.869 <0.001 NA

Working memory -0.826 (-3.214, 1.562) 0.351 <0.001 0.435

Fluency -0.053 (-1.009, 0.903) 0.609 <0.001 NA

Executive function -1.98 (-25.104, 21.143) 0.493 NA NA

Language NA NA NA NA

Late life or after age 65

Global cognition -0.071 (-0.077, -0.065) 0.004 <0.001 NA

Verbal memory -0.689 (-1.754, 0.376) 0.154 0.001 0.155

Verbal memory, delayed -0.685 (-1.66, 0.29) 0.126 <0.001 0.398

Visual memory -0.726 (-2.337, 0.885) 0.299 0.001 0.519

Visuospatial skills 0.379 (-4.505, 5.264) 0.802 <0.001 NA

Working memory 0.121 (-1.052, 1.294) 0.721 <0.001 NA

Fluency -0.175 (-1.755, 1.404) 0.597 <0.001 0.907

Executive function -0.05 (-0.412, 0.311) 0.327 <0.001 NA

Language 0.988 (-0.329, 2.304) 0.067 <0.001 NA
F
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Point estimates are pooled standardized mean differences (SMD) calculated through meta-analysis. SMDs and associated 95% confidence interval, CI, are reported each cognitive domain, along
with corresponding P-values. Results are considered significant at p<0.05. Positive SMDs indicate an improvement in the treated group compared to the placebo group, whereas negative SMDs
indicate the opposite effect. Estimates are reported for studies assessing MHT in midlife or before age 65 and for late-life or after age 65 years. Analyses with fewer than 10 studies are marked as
not applicable (NA) for the publication bias p-values.
TABLE 5 Effects of MHT on cognitive domains by menopause type and formulation.

Standardized mean difference
(95% CI)

P-value Heterogeneity
p-value

Publication
bias p-value

Estrogen-only therapy for surgical menopause

Global cognition 1.575 (0.228, 2.921) 0.043 <0.001 NA

Verbal memory -0.474 (-2.288, 1.34) 0.385 0.003 0.877

Verbal memory, delayed -0.527 (-1.808, 0.754) 0.258 <0.001 0.828

Visual memory -1.171 (-4.787, 2.445) 0.284 0.001 NA

Visuospatial skills NA NA NA NA

Working memory -0.133 (-2.678, 2.412) 0.882 0.005 0.743

Fluency -0.714 (-7.21, 5.783) 0.672 0.027 NA

Executive function 1.213 (-1.069, 3.495) 0.094 <0.001 NA

Language NA NA NA NA

(Continued)
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Effects of formulation and initiation timing
Results are reported in Supplementary Table 5. Overall, few

studies offered stratification based on formulation and timing of

treatment to perform a meta-analysis based on these parameters.

Herein, we descriptively report results based on available data.

There weren’t enough studies of midlife EPT to perform a meta-

analysis. In late-life, ET was associated with improved digit span

forward compared to placebo (P = 0.008) and had no effects on digit
Frontiers in Endocrinology 13
span backward and FAS, whereas EPT had no effects on CVLT

free recall.
Meta-regression analysis

As shown in Supplementary Table 6, none of the covariates had

significant moderating effects on the association between MHT and
TABLE 5 Continued

Standardized mean difference
(95% CI)

P-value Heterogeneity
p-value

Publication
bias p-value

Estrogen-progestogen therapy for spontaneous menopause

Global cognition -0.974 (-3.025, 1.078) 0.106 <0.001 NA

Verbal memory 0.26 (-0.423, 0.943) 0.403 0.07 NA

Verbal memory, delayed 0.265 (-1.795, 2.324) 0.727 0.001 NA

Visual memory -0.255 (-2.949, 2.439) 0.704 0.092 0.578

Visuospatial skills 0.933 (-1.736, 3.601) 0.151 <0.001 NA

Working memory -0.194 (-0.786, 0.398) 0.456 0.102 NA

Fluency 1.092 (-1.334, 3.518) 0.115 0.003 0.762

Executive function 0.633 (-9.879, 11.146) 0.850 0.003 NA

Language NA NA NA NA

Estrogen-only (any type of menopause)

Global cognition -0.178 (-2.031, 1.675) 0.802 <0.001 NA

Verbal memory -0.452 (-1.252, 0.347) 0.205 0.001 0.758

Verbal memory, delayed -0.525 (-1.329, 0.279) 0.162 <0.001 0.941

Visual memory -0.4 (-1.465, 0.664) 0.411 0.001 0.438

Visuospatial skills 0.395 (-2.515, 3.306) 0.708 <0.001 NA

Working memory -0.134 (-2.037, 1.769) 0.858 0.005 0.755

Fluency -0.871 (-2.662, 0.92) 0.267 0.021 0.606

Executive function 0.413 (-3.19, 4.016) 0.762 <0.001 0.431

Language NA NA NA NA

Estrogen-progestogen (any type of menopause)

Global cognition -1.399 (-5.569, 2.771) 0.164 <0.001 NA

Verbal memory 0.453 (-0.312, 1.219) 0.199 0.056 0.642

Verbal memory, delayed 0.065 (-2.923, 3.052) 0.944 0.001 NA

Visual memory -1.057 (-3.345, 1.231) 0.179 0.22 NA

Visuospatial skills -0.257 (-2.096, 1.582) 0.360 <0.001 NA

Working memory -0.264 (-1.301, 0.774) 0.508 0.117 0.661

Fluency 1.168 (-0.176, 2.513) 0.058 0.015 NA

Executive function -3.942 (-9.076, 1.192) 0.065 <0.001 NA

Language NA NA NA NA
Point estimates are pooled standardized mean differences (SMD) calculated through meta-analysis. SMDs and associated 95% confidence interval, CI, are reported each cognitive domain, along
with corresponding P-values. Results are considered significant at p<0.05. Positive SMDs indicate an improvement in the treated group compared to the placebo group, whereas negative SMDs
indicate the opposite effect. Estimates are reported for studies assessing estrogen therapy for surgical menopause, estrogen-progestogen therapy for spontaneous menopause, and each
formulation independent of menopause type. Analyses with fewer than 10 studies are marked as not applicable (NA) for the publication bias p-values.
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cognitive performance. This suggests that none of the hypothesized

confounders were the primary drivers of heterogeneity in the

associations of MHT with cognition. To understand whether MHT

effects on cognition were concentrated in particular cognition domains

or specific tests, meta-regression models containing domain and test

indicators were constructed.Model results found the executive function

domain was associated with worsening in SMD as compared to the

referent category of global cognition (P = 0.051). In analysis of

individual tests, none of the tests were associated with significant

changes in SMD as compared to the referent category of MMSE.
Publication bias

No significant publication bias was observed in analysis of

cognitive domains for the entire cohort or in subgroup analyses.

For individual tests, only analyses of digit span forward and

backward included enough studies to allow testing for publication

bias. As shown in Table 7, no significant publication bias was

observed for those tests. None of the subgroup analyses included a

sufficient number of studies to evaluate presence of publication bias.
Discussion

The present meta-analysis, examining data from 34

randomized, placebo-controlled trials encompassing 14,914
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treated and 12,679 placebo participants, shows differential

associations between MHT and cognitive function in some

domains and tests of interest depending on formulation and

timing of treatment. Overall, MHT had no significant effects on

cognitive domain scores. Nonetheless, in sub-group analyses,

treatment for surgical menopause, mostly using ET, improved

global cognition compared to placebo. Additionally, ET initiated

specifically in midlife or before age 65 was associated with improved

verbal memory, while no effects were observed for ET initiated in

late-life or after age 65. On the other hand, EPT was associated with

MMSE declines compared to placebo, mostly with late-life

treatment. However, while EPT had no significant effects in

midlife, it was associated with improved verbal memory in late-

life. Treatment duration >1 year was associated with worsening in

visual memory as compared to shorter duration. Analysis of

individual tests indicated more complex patterns of positive and

negative effects of MHT with variations based on factors such as

formulation and initiation timing.
Comparison with previous meta-analyses

To date, eight meta-analyses of MHT effects on cognition have

been published (35, 36, 98–101, 107, 108). Several were published

before or relatively soon after the end of the WHI (35, 36, 98–100).

Additionally, the majority of studies evaluated cognitive outcomes

as categorical measures (e.g., improvement vs. decline vs. no
TABLE 6 Effects of MHT on cognitive domains by formulation and initiation timing.

Standardized mean difference
(95% CI)

P-value Heterogeneity
p-value

Publication
bias p-value

Midlife estrogen-only treatment

Verbal memory 0.394 (0.014, 0.774) 0.046 0.429 0.705

Verbal memory, delayed 0.242 (-0.392, 0.876) 0.318 0.167 0.685

Visual memory 0.259 (-0.203, 0.721) 0.093 0.139 0.379

Midlife estrogen-progestogen treatment

Verbal memory 1.282 (-1.973, 4.538) 0.126 0.213 NA

Verbal memory, delayed NA NA NA NA

Visual memory -0.299 (-2.366, 1.769) 0.318 <0.001 NA

Late-life estrogen-only treatment

Verbal memory -1.391 (-4.034, 1.253) 0.124 0.144 0.768

Verbal memory, delayed -1.41 (-3.371, 0.552) 0.093 0.001 NA

Visual memory -0.935 (-3.635, 1.766) 0.348 0.001 NA

Late-life estrogen-progestogen treatment

Verbal memory 0.71 (0.007, 1.414) 0.049 0.198 NA

Verbal memory, delayed 0.208 (-0.798, 1.214) 0.231 <0.001 NA

Visual memory 0.068 (-0.415, 0.551) 0.325 <0.001 NA
Point estimates are pooled standardized mean differences (SMD) calculated through meta-analysis. SMDs and associated 95% confidence interval, CI, are reported each cognitive domain, along
with corresponding P-values. Results are considered significant at p<0.05. Positive SMDs indicate an improvement in the treated group compared to the placebo group, whereas negative SMDs
indicate the opposite effect. Estimates are reported for studies assessing estrogen therapy or estrogen-progestogen therapy initiated in midlife or late-life. Analyses with fewer than 10 studies are
marked as not applicable (NA) for the publication bias p-values.
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change) (35, 36, 98, 99, 101), while only three studies conducted

meta-analyses involving continuous measures (100, 107, 108).

Among the two most recent meta-analyses, (107) examined 23

RCTs and reported a small negative effect of MHT on global

cognition among postmenopausal women over 60, with no effects

on memory or attention. (108) analyzed 10 RCTs, finding no

significance differences in memory function between MHT and

placebo, except for a negative effect on the digit span forward test

among women >5 years postmenopause. No effects were observed

among women ¾5 years postmenopause (108). To note, in both

studies, subgroup analyses of early menopause included a

maximum of 4 studies, which limits statistical power and

generalizability of these findings. Possibly due to the relatively

small number of studies available for analysis, neither study

reported on differential effects of MHT formulation.

The present meta-analysis includes reports up to the year 2023,

and takes into account known sources of heterogeneity such as

formulation, timing of treatment and duration from the outset. This

enabled us to integrate data across various types of studies with a

large enough sample of >4 studies per subgroup. A main finding in

our meta-analysis was that ET for surgical menopause had

moderate positive effects on global cognition as compared to

placebo, independent of initiation timing (SMD = 1.575, 95% CI

0.228, 2.921; P = 0.043). Additionally, when initiated specifically in

midlife, ET was associated with improved verbal memory

(SMD=0.394, 95% CI 0.014, 0.774; P=0.046). Cohort studies have

reported an almost doubled long-term risk of dementia for women

undergoing surgical menopause (11, 109–111), which was highest
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following bilateral oophorectomy and lower but significant with

unilateral oophorectomy and partial hysterectomy (11, 35, 36, 98,

109, 110, 112). However, undergoing oophorectomy after

menopause did show an increased risk of AD (113), providing

supporting for the window of opportunity hypothesis. Notably,

MHT initiated within 5 years post-surgery and continued for at

least 10 years was also linked with less global cognitive decline (11).
Literature Review and Interpretation
Relative to the ‘Window of
Opportunity’ Framework

The first RCT investigating the effects of MHT on cognitive

function was the WHIMS, which evaluated CEEs and CEEs plus

MPA in postmenopausal women aged 65 years or older as

compared to placebo (48, 49). Contrary to the study hypotheses,

dementia risk was near doubled for women in the CEE/MPA group

[HR: 2.05; 95%CI: 1.21-3.48] (48), and increased by about 50% for

those in the CEE only group [HR: 1.49; 95%CI: 0.83-2.66] (49). The

absolute risk increase was however small, with about 12 additional

cases of dementia for 1,000 women using CEE/MPA for five years,

and 6 additional cases per 1,000 women using CEE for five years.

Additionally, CEE therapy, alone or with MPA, was associated with

mild reductions in global cognition during the first 3-4 years of

follow-ups and several years later (72, 73).

The ancillary WHI Study of Cognitive Aging (WHISCA)

examined whether these formulations influenced specific
FIGURE 2

MHT effects on cognitive domains cores by initiation timing and formulation. Meta-analysis of randomized placebo-controlled trials investigating
effects of systemic MHT on verbal memory, delayed verbal memory, visual memory and working memory domains. Values are standardized mean
difference (SMD) and 95% confidence intervals (C.I.). ET, estrogen-only therapy; EPT, estrogen-progestogen therapy.
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cognitive domains over a total of 6 years on average. A limitation of

this study is that the trial addressed change in cognitive

performance from an on-treatment baseline. In a sample of 2,304

postmenopausal women aged 65 and older, small changes in

cognitive test scores were found (79, 84), where the CEE/MPA

treated group exhibited trends towards declines in verbal learning as

compared to placebo, but improved performance on figural

memory testing (79), whereas no differences were observed
Frontiers in Endocrinology 16
between CEE-only and matching placebo groups (84).

Additionally, two smaller trials reported no effects on cognition

using oral CEEs and MPA (70) or transdermal estradiol and

micronized progesterone (82).

Together, these findings suggested that CEE/MPA treatment in

late-life produced an initial decrement in at least some aspects of

cognitive function during the first few years of use, whereas

unopposed therapy did not have positive or negative effects.

Several RCTs confirmed lack of negative effects of estrogen-only

therapy on memory and other cognitive outcomes in older

hysterectomized women using oral estradiol, low dose

transdermal estradiol (0.25 mg/day) and ultra low-dose

transdermal estradiol (0.014 mg/day) (69, 76, 78, 80).

It ’s important to note that RCT results from older

postmenopausal women are not necessarily applicable to younger

women for whom MHT is intended for. In fact, MHT appears to

have generally neutral or positive effects on cognitive function in

younger women, particularly improved verbal memory among

surgical menopausal cases. When the effect of CEE/MPA and

CEE-alone on cognition were evaluated in postmenopausal

women aged 50 to 55 years, there were no differences in verbal

memory, working memory, verbal fluency, and executive functions

between either treated group and placebo (56). Follow-up

examinations also indicated no significant long-term effects on

cognitive function among younger women who had been taking

hormones for up to 6 years (59). On the other hand, 65 to 79 year-

old women who had been using MHT for five years or longer

exhibited a decline in global cognition, executive function, and

working memory, which persisted for over ten years (59). In the

Cognitive Complaints in Early Menopause Trial (COGENT), with a

sample size of 180 women aged 45–55 years of age, there were no

significant effects of CEE/MPA on memory performance after 4

months of treatment, although trends were noted toward declines in

short and long-delay verbal memory compared to placebo (81).

Similar results were found in a trial of women with moderate-to-

severe hot flashes study who were randomized to 1 year treatment

with CEE/MPA, black cohosh, or red clover vs. placebo (67). The

CEE/MPA group showed some improvement in verbal fluency test

but worsening in some memory tests compared to placebo (67).

Additional studies provided similar results with different MHT

formulations. Among women aged 42–58 years, who were within 3

years of their final menstrual period, 4-year treatment with oral

CEE (0.45 mg/day) or transdermal estradiol (50 microg weekly)

with or without cyclic micronized progesterone (200 mg for 12 days

each month) showed no changes compared to placebo (57).

Likewise, after an average of 57 months of treatment, oral

estradiol with or without micronized progesterone administered

to postmenopausal women divided into early (mean age of 56 years)

and late postmenopausal (mean age of 65 years), resulted in no

effects on verbal memory, executive function, or global cognition

compared to placebo (58).

Several smaller studies have also been conducted, showing

either neutral or protective effects of MHT in younger surgically

menopausal women (114–116, 60, 65). Studies examining the

cognitive effects of opposed therapy in younger women with a

uterus are scarcer and report contrasting results. For example, EPT
FIGURE 3

MHT effects on Mini Mental State Exam (MMSE), Trail Making Test-B,
and FAS tests. Meta-analysis of randomized placebo-controlled trials
investigating effects of systemic MHT on MMSE, TMT-B and FAS
tests. Forest plots display individual and pooled estimates expressed
as standardized mean difference (SMD) and 95% confidence intervals
(C.I.). Studies are ordered by year of publication.
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was associated with improvement in some memory tests but

worsening on some executive function tests in one study (86) and

with neutral effects in another study (66). One RCT that directly

compared estradiol valerate to estradiol valerate plus dienogest and

placebo showed a benefit of opposed therapy on verbal memory

compared with both placebo and estradiol (71). This suggests that

different forms of progestogen may have different effects on

cognition, with dienogest exhibiting more positive or neutral

effects than MPA.

The notion that estrogen therapy administered to midlife

women may be beneficial to some aspects of cognition was

supported by observational evidence of positive effects of midlife

MHT use on cognition and AD risk (35–46). For instance, in the

prospective Cache County study, use of hormone therapy during

the menopausal window was protective against AD, whereas use

after age 61 was associated with 2.1-fold increased risk (41).

Additionally, women who initiated MHT within five years of

menopause exhibited better cognitive performance than those

who initiated treatment alter on (117). Similar results were found

in the Kaiser Permanente study, where women who used MHT in

midlife had a 26% reduced risk of dementia compared to never-

users, while those who used MHT in late-life experienced a 48%

higher risk of dementia (43). While observational studies are subject

to several limitations, the majority show that estrogen may help

maintain some aspects of cognition (36, 118–122), particularly
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verbal memory (52, 98, 123), when initiated early in the course

of menopause.
Limitations and implications for
future research

A limitation of this meta-analysis was the relatively small

number of studies included in each subgroup analysis. Out of the

52 RCTs initially identified, only 34 provided continuous estimates

suitable for meta-analysis. Additionally, lack of standardization and

use of several different cognitive tests across studies limited data

integration. To address this issue, we focused our primary analyses

on cognitive domains rather than individual tests, thus maximizing

available data. It is important to clarify that we use the term

‘domain’ to refer to groupings of specific cognitive tests assessing

the same cognitive function. We are thus not creating novel

cognitive constructs but rather examining standardized data from

different cognitive tests within a unified category, so as to streamline

analysis by considering related tests collectively. Our aim was to

provide a broader perspective on cognitive function, which could

have mitigated the impact of specific test-level variations, while

enhancing statistical power. This approach, which was used in some

previous meta-analyses (36, 98–101), likely allowed us to capture a

more comprehensive view of cognitive performance, potentially
FIGURE 4

MHT effects on verbal memory tests. Meta-analysis of randomized placebo-controlled trials investigating effects of systemic MHT on paired
associates immediate and delayed recall from the Wechsler memory scale, and California Verbal Learning Test (SVLT). Forest plots display individual
and pooled estimates expressed as standardized mean difference (SMD) and 95% confidence intervals (C.I.). Studies are ordered by year
of publication.
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smoothing out the fluctuations seen at the individual test level.

However, it may have conservatively reduced our power to detect

significant effects of MHT on cognition. As different studies

categorize certain tests differently, we based our grouping on

generally accepted criteria as well as insights from prior studies

(36, 98–101). Nonetheless, more research is needed to confirm the

validity of these groupings within the context of MHT

and cognition.

For completeness, meta-analysis of individual cognitive tests

was provided as a secondary analysis. This analysis was limited by

the relatively smaller number of studies reporting on the same

cognitive tests. While most of the results did not reach statistical

significance, a few negative and positive effects were observed. MHT

was associated with a worsening in TMT-B scores relative to

placebo, which was associated with studies of late-life use and
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longer duration of use. EPT was associated with MMSE declines

compared to placebo, while ET was associated with improvements

in Digit Span forward, particularly among studies of late-life

treatment. However, there were also small declines in CVLT free

recall among ET users when compared to placebo. Caution is

needed when interpreting these results, as certain large-scale

ancillary studies within the WHI (59, 84) were heavily weighted

in these sub-analyses and had a substantial impact on the pooled

estimates. Overall, these findings underscore the variable effects of

MHT on different cognitive tests, with outcomes influenced by

factors such as the type of therapy, timing of initiation, and

treatment duration.

Another limitation relates to sample size disparities within the

subgroups. The sample size for studies involving early menopause

was smaller compared to those focusing on late-life interventions.

This discrepancy may have reduced our power to detect significant

effects within the early menopause subgroup. Additionally, the

heterogeneity detected in the meta-analyses suggests the need for

a more detailed investigation into methodological variations across

studies. We addressed heterogeneity by performing both subgroup

analyses and multi-level meta-regressions assessing the impact of

type of menopause, MHT formulation, initiation timing and

treatment duration. While these analyses revealed interesting

patterns of MHT effects, the persistence of significant

heterogeneity evident in meta-regression analyses accounting for

these factors suggests the influence of additional unaccounted

factors. For instance, as with previous meta-analyses (107, 108),

the insufficient number of included studies hindered further

examinations of different types of estrogen (estradiol vs. CEE) or

progestogen (synthetic progestins vs. micronized progesterone),

and route of administration (oral, transdermal, or intramuscular),

as well as between continuous vs. cyclic use of progestogen. These

factors could yield valuable insights into the nuances of MHT effects

on cognition. Additionally, variables such as education and

socioeconomical status, which also can increase heterogeneity,

were accounted for in many the studies, and we used the fully

adjusted estimates in our meta-analysis. However, possible risks for

menopause-associated cognitive decline such as smoking status,

comorbidities like diabetes or thyroid disease, and lifestyle factors

were not consistently screened for or accounted for in the included

studies and could have contributed to the observed heterogeneity.

Overall, presence of residual heterogeneity is an indication of

limitations within the existing literature. While this does not

undermine the validity of the analysis, it does emphasize the need

for caution in interpreting the findings.

Finally, when conducting multiple meta-analyses, there is a

potential for a multiple comparisons issue. We did not apply a

correction for multiple comparisons because our study design

a priori included the main meta-analysis followed by sensitivity

analyses encompassing distinct questions, each focusing on

different aspects of the relationship between MHT and cognition,

such as timing, formulation, and type of menopause. Therefore, we

frame our analysis as exploratory and hypothesis-generating, rather

than confirmatory, with the primary aim of providing an overview

of the available evidence. Consequently, our findings do not warrant

clinical application but rather support research interest in MHT for
FIGURE 5

MHT effects on working memory tests. Meta-analysis of randomized
placebo-controlled trials investigating effects of systemic MHT on
digit span forward, backward, and total. Forest plots display
individual and pooled estimates expressed as standardized mean
difference (SMD) and 95% confidence intervals (C.I.). Studies are
ordered by year of publication.
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cognitive support and underscore the need for more comprehensive

research in this area.

While clinical trials utilizing standardized cognitive tests as

primary endpoints offer valuable insights, some limitations should

also be considered. These limitations encompass statistical,

methodological, and conceptual aspects. One notable limitation is

the small sample sizes (<1,000 participants) observed in 28 out of the

34 studies. This may constrain statistical power, thus hindering the

ability to identify statistically significant effects, particularly when

exploring cognitive tests and domains that exhibit subtle changes.

Cognitive performance can also be influenced by practice effects,

particularly when trials are relatively brief. Participants’ familiarity

with cognitive tests may lead to improvements in scores over time,

irrespective of the treatment under investigation, which can mask or

confound the true cognitive impact of MHT.

The variation in cognitive test selection and sensitivity across

different studies is another limitation. Some trials focused

exclusively on one or few specific cognitive tests or specific

components of a test. This selectivity in test choice may not fully
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capture the multifaceted nature of cognitive function, potentially

overlooking effects that may be apparent in a broader cognitive

assessment. Further, certain cognitive tests employed may not be

inherently sensitive to hormone levels. For instance, several studies

used the MMSE or similar global cognition test as their primary

(and sometimes only) endpoint, although there is no clear evidence

that these tests would be sensitive to estrogen changes. The

variability in cognitive tests employed across studies is another

possible source of heterogeneity. These discrepancies encompass

factors such as variations in test length, difficulty, word relatedness,

the use of early acquired or frequently used language, repeated

administration of the same test or parallel versions (with concerns

about reliability and comparability), as well as potential differences

among testers in multi-setting studies. Finally, it remains to be

established whether the observed changes in cognition were

primarily due to the effects of MHT or the remission of

menopausal symptoms following treatment.

The study of MHT’s impact on cognition faces some basic

challenges. Firstly, existing evidence suggests that estrogen therapy
TABLE 7 Effects of MHT on individual cognitive tests.

Standardized mean difference (95%
confidence interval)

P-value Heterogeneity
p-value

Publication bias
p-value

Entire dataset

MMSE -0.603 (-2.313, 1.107) 0.350 0.005 NA

Paired associates, immediate 1.183 (-2.585, 4.951) 0.394 0.106 NA

Paired associates, delayed -0.270 (-1.75, 1.210) 0.655 0.040 NA

CVLT, free recall -1.242 (-3.075, 0.591) 0.087 <0.001 NA

CVLT, cued recall -1.090 (-2.803, 0.623) 0.107 <0.001 NA

TMT-B -0.034 (-0.041, -0.027) 0.010 1.343 NA

Digit span total -0.919 (-2.763, 0.925) 0.212 <0.001 NA

Digit span forward -0.302 (-1.28, 0.676) 0.484 <0.001 0.710

Digit span backward 0.039 (-0.77, 0.848) 0.907 <0.001 0.641

FAS -1.507 (-3.418, 0.404) 0.067 <0.001 0.230

Excluding post-intervention studies

MMSE -1.393 (-6.282, 3.495) 0.258 0.194 NA

Paired associates, immediate 1.183 (-2.585, 4.951) 0.394 0.106 NA

Paired associates, delayed -0.270 (-1.750, 1.210) 0.655 0.040 NA

CVLT, free recall -1.131 (-2.713, 0.452) 0.070 <0.001 NA

CVLT, cued recall -0.397 (-2.981, 2.188) 0.602 <0.001 NA

TMT-B -0.034 (-0.041, -0.027) 0.010 1.343 NA

Digit span total -1.200 (-3.259, 0.858) 0.153 0.035 NA

Digit span forward 0.011 (-0.936, 0.959) 0.975 <0.001 0.727

Digit span backward 0.086 (-0.903, 1.075) 0.830 <0.001 0.642

FAS -1.324 (-2.988, 0.341) 0.064 0.001 NA
Standardized mean difference (SMD) and associated 95% confidence interval, CI, are reported each cognitive test, along with corresponding P-values. Positive SMDs indicate an improvement in
the treated group compared to the placebo group, whereas negative SMDs indicate the opposite effect. Results are reported for the entire dataset and after exclusion of post-intervention studies
(50, 59), at p<0.05. Analyses with fewer than 10 studies are marked as not applicable (NA) for the publication bias p-values. CVLT, California Verbal Learning Test; MMSE, Mini Mental State
Examination; TMT-B, Trail Making Test B.
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primarily maintains cognitive function rather than enhancing it.

For instance, in surgical menopause, estrogen suppression has been

linked to memory deficits, with subsequent treatment restoring

performance to baseline levels (60, 115, 116). This creates a

statistical hurdle, as it essentially requires the placebo group to

deteriorate to a sufficient degree for the treatment group’s benefits

to be statistically detectable. If the placebo group’s cognitive

performance remains relatively stable or does not decline

significantly, it is challenging to demonstrate improvement in the

treatment group, even if estrogen therapy is indeed preserving

cognitive function effectively. To this point, another important

consideration arises from evidence that cognitive performance

doesn’t appear to be impaired during menopause (124, 125). In

statistical terms, if there is no pre-existing cognitive deficit, it may

be impractical to expect MHT to improve cognitive function.

Additionally, ‘ceiling effects’ may come into play when cognitive

performance is already near the upper limits of measurement

sensitivity, making it challenging to detect further improvements,

even if they exist. This presents a conceptual challenge, as MHT

interventions aim to enhance or maintain cognitive abilities, which

may already be functioning at a satisfactory level. Further, although

cognitive complaints are generally more frequent in the

perimenopausal stage early postmenopausal than in the late

postmenopausal stages (124–126), no clinical trials have focused

specifically on perimenopausal women. For these reasons, it may be

challenging to detect a signal for estrogen benefits on cognition in

postmenopausal women. Overall, more studies are needed that

carefully consider the baseline cognitive status of participants, the

sensitivity of selected cognitive endpoints, and the appropriateness

of cognitive improvement as an achievable outcome.

Studies that incorporate biological markers of AD are also

warranted to overcome some limitations of existing literature. First

off, increasing research identifies increased biomarker indicators of

AD risk among perimenopausal and postmenopausal women

compared to premenopausal controls or age-controlled men,

including higher amyloid-beta (Ab) deposition (11–16) and tau

pathology (127), glucose hypometabolism (12–15, 128) and lower

gray matter volume in some AD-vulnerable regions (12–15, 128–131)

Additionally, some studies report altered mitochondrial energy

production (132, 133) and more white matter hyperintensities

(134) in postmenopausal women.

While neuroimaging studies of MHT are scarce, several indicate

a possible beneficial role of estrogen therapy on biomarkers such as

glucose metabolism (14, 135–138), cerebral blood flow (139, 140),

Ab deposition (14, 141) and tau pathology (142). Notably, a recent

prospective study reported, over a 6-month period, a smaller

reduction in Ab42/p-tau231 in MHT users compared to non-users

(143). Medical imaging examining presence of cerebrovascular and

neurodegenerative insults prior to treatment initiation can further

guide both research efforts in identifying the optimal

treatment timeline, providing important information for

individualized treatment.

Finally, the type of progestogen used in MHT formulations is

also of interest. Various progestogens have been utilized in MHT

preparations, including several synthetic progestins such as MPA,

norethindrone, norethisterone, drospirenone, and dienogest. There
Frontiers in Endocrinology 20
is laboratory evidence that certain progestins, particularly MPA,

may antagonize the effects of estrogen on brain regions involved in

memory function, such as the hippocampus (144, 145).

Additionally, MPA users exhibit a higher risk of breast cancer

and venous thromboembolism as compared to users of

dydrogesterone (146). This suggests that the progestin type may

modulate the impact of opposed therapy on some cognitive

functions. Oral MPA was the most common progestogen used in

the studies included in this meta-analysis, which may have

contributed to the declines in global cognition observed in late-life.

In the end, our findings highlight the need for further research

in this area, preferably by means of clinical trials using cognitive

tests and AD biomarkers as endpoints. Moreover, the inclusion of a

larger number of studies, especially those reporting continuous

estimates, will enhance the statistical power and generalizability of

findings. Stratified analyses based on estrogen and progestogen

types initiated in midlife, and with different treatment durations, are

warranted. For clinical practice, achieving precision hormone

therapy will likely require a priori identification of women

appropriate for MHT and the type and dose of MHT appropriate

for their individual characteristics and health risks (146).
Conclusions

This meta-analysis suggests time-dependent effects of MHT on

certain aspects of cognition, with variations based on formulation

and timing of initiation, underscoring the need for further research

with larger samples and more homogeneous study designs.

Continued research is needed to further refine our understanding

of these effects, enabling more informed clinical decisions for

menopausal women seeking cognitive benefits from MHT.
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