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Change in brain and lesion volumes after
CEE therapies
The WHIMS-MRI studies

ABSTRACT

Objectives: To determine whether smaller brain volumes in older women who had completedWom-
en’s Health Initiative (WHI)-assigned conjugated equine estrogen–based hormone therapy (HT),
reported by WHI Memory Study (WHIMS)-MRI, correspond to a continuing increased rate of atro-
phy an average of 6.1 to 7.7 years later in WHIMS-MRI2.

Methods: A total of 1,230 WHI participants were contacted: 797 (64.8%) consented, and 729
(59%) were rescanned an average of 4.7 years after the initial MRI scan. Mean annual rates of
change in total brain volume, the primary outcome, and rates of change in ischemic lesion
volumes, the secondary outcome, were compared between treatment groups using mixed-
effect models with adjustment for trial, clinical site, age, intracranial volumes, and time between
MRI measures.

Results: Total brain volume decreased an average of 3.22 cm3/y in the active arm and 3.07 cm3/y
in the placebo arm (p 5 0.53). Total ischemic lesion volumes increased in both arms at a rate of
0.12 cm3/y (p 5 0.88).

Conclusions: Conjugated equine estrogen–based postmenopausal HT, previously assigned atWHI
baseline, did not affect rates of decline in brain volumes or increases in brain lesion volumes
during the 4.7 years between the initial and follow-up WHIMS-MRI studies. Smaller frontal lobe
volumes were observed as persistent group differences among women assigned to active HT
compared with placebo. Women with a history of cardiovascular disease treated with active HT,
compared with placebo, had higher rates of accumulation in white matter lesion volume and total
brain lesion volume. Further study may elucidate mechanisms that explain these findings.
Neurology® 2014;82:427–434

GLOSSARY
CEE 5 conjugated equine estrogen; HT 5 hormone therapy; MCI 5mild cognitive impairment; MPA 5medroxyprogesterone
acetate; 3MSE 5 modified Mini-Mental State Examination; ROI 5 region of interest; WHI 5 Women’s Health Initiative;
WHIMS 5 Women’s Health Initiative Memory Study.

Numerous cross-sectional and observational studies on humans and animal models have exam-
ined whether postmenopausal hormone therapy (HT) affects brain structure, with inconsistent
results.1 This relationship was examined in the context of the MRI substudy of a large randomized
placebo-controlled clinical trial: the Women’s Health Initiative Memory Study (WHIMS)-MRI.
Women aged 65 to 79 years treated for an average of 4.0 years with conjugated equine estrogen
(CEE) with medroxyprogesterone acetate (MPA) or 5.6 years with CEE alone, compared with
placebo, had smaller frontal lobe and hippocampal volumes on posttrial brainMRI.2 Because these
findings were based on a single cross-sectional brain scan, it is unknown when the increased rate of
atrophy occurred and whether it continued to increase, thereby signaling growing concerns about
risks of cognitive impairment.
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WHIMS-MRI2 conducted a second brain
MRI in this cohort of women an average of
4.7 years after the initial scan. We report the
principal findings from this longitudinal
study: whether mean annual rates of change
in total brain volume vary by prior random
assignment to CEE-based HT. Secondarily,
we examine whether rates of change in ische-
mic lesion volumes increase over time relative
to prior treatment. The WHIMS-MRI2 pro-
tocol prespecified analyses to examine associa-
tions between on-trial HT exposure and 5
subgroup comparisons based on baseline age,
global cognitive function, prior use of HT,
history of cardiovascular disease, and CEE reg-
imen. We report these findings and discuss
their implications for identifying mechanisms

by which HTmay adversely affect brain health
in older women.

METHODS Design of the WHI HT trials and WHIMS.
TheWHIHT trials evaluated postmenopausal HT and prevention

of disease, with coronary heart disease as the primary outcome.3

Approximately 27,000 women aged 50 to 79 years enrolled into

parallel randomized placebo-controlled trials of CEE 0.625 mg1

MPA 2.5 mg/d for women with intact uteri (n 5 16,608), or

CEE alone (n 5 10,739) for women with prior hysterectomy.

Ancillary to the WHI HT trials, WHIMS examined the risk of

all-cause dementia and global cognitive decline in 7,479 women

without dementia aged 65 to 79 years at baseline and randomized

to CEE 1 MPA (n 5 16,608) or CEE alone (n 5 10,739).

WHIMS-MRI studies. The initial WHIMS-MRI study was

conducted approximately 8 years after WHI randomization and

an average of 3 years after termination of the WHIMS CEE 1

MPA trial or 1.4 years after the CEE alone trial.2,4,5 WHIMS-

MRI2 was conducted 12.7 years post–WHI randomization and

an average of 7.7 years after termination of the CEE1MPA trial

or 6.1 years after the CEE alone trial. WHIMS-MRI2 scanning

Figure 1 WHIMS-MRI2 CONSORT diagram

CEE 5 conjugated equine estrogen; CONSORT 5 Consolidated Standards of Reporting Trials; HT 5 hormone therapy; MPA 5 medroxyprogesterone
acetate; WHIMS 5 Women’s Health Initiative Memory Study.
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occurred an average of 4.7 years after the WHIMS-MRI initiation.

Women in the WHIMS-MRI study who continued WHI follow-

up were invited to join WHIMS-MRI2. WHIMS-MRI2 exclusion

criteria included absolute contraindications and health-related

factors and were identical to those previously reported for

WHIMS-MRI.4,5

Standard protocol approvals, registrations, and patient
consents. ClinicalTrials.gov identifiers: NCT00000611 (WHIMS).

Study protocols were approved by Institutional Review Boards at the

WHIMS-MRI Coordinating Center, 14 WHIMS clinical centers,

and the NIH. Written informed consent was obtained from every

participant.

WHIMS-MRI studies scanning protocol. WHIMS-MRI

completed brain scans on 1,403 women, of whom 674 had a single

scan and 729 participated in bothWHIMS-MRI studies, serving as

the primary cohort for the current analyses. The WHIMS-MRI

Quality Control Center2,5,6 developed scan acquisition and

processing protocols for both WHIMS-MRI studies. Briefly,2

standard T1-weighted, T2-weighted, proton density–weighted,

and fluid-attenuated inversion recovery scans were acquired. T1-

weighted volumetric MRI scans were preprocessed to a

standardized protocol for alignment, removal of extracranial

material, and segmentation of brain into gray and white

parenchyma and CSF. Regional volumetric measurements were

obtained using an automated computer-based template warping

method that summed the number of respective voxels within

each anatomical region of interest (ROI). Intracranial volume was

estimated as total cerebral hemispheric volumes plus the ventricular

CSF. After histogram standardization and coregistration, ischemic

lesion segmentation components of the algorithm were applied. A

support vector machine classifier trained on expert-defined small-

vessel ischemic disease lesions in 45 cases7 was used to classify small-

vessel ischemic disease. The computer-assisted methodology was

validated against manual segmentation by an experienced expert6

and used by other cohorts.7–10

Supratentorial brain tissue was classified as normal or abnor-

mal (ischemic) gray or white matter and assigned to 1 of 92 ana-

tomical ROIs of the cerebrum.6,7 ROIs were organized in an

anatomically hierarchical system with 8 ROIs used for this anal-

ysis: total brain, frontal lobe, and hippocampus volumes; total

lesion, white matter lesion, gray matter lesion, and basal ganglia

lesion volumes; and ventricular CSF volumes.

MRI2 primary outcome measure. Mean annual rates

of change in total brain volume between the initial and

second MRI scans were the primary outcome measure of

WHIMS-MRI2. Total brain volume was chosen for the primary

comparison because it was expected to provide the most stable

estimate of change over time and to accumulate any effects of

regional atrophy. Secondary measures included rates of change

in regional brain volumes, total ischemic brain lesion volumes,

and its constituents; ventricular volume was a tertiary outcome.

Brain, lesion, and ventricular volumes were measured in cubic

centimeters (cm3).

Statistical analysis. Demographic and risk factor characteristics

at WHI baseline were compared between 674 women who fur-

nished one measure in the WHIMS-MRI study vs the 729

who were assessed at both time periods using x2 tests. Likewise,

similar comparisons were performed between those assigned to

active drug vs placebo by trial and overall.

Longitudinal mixed-effects models were fitted for all 1,403

women who participated in the MRI studies to assess differences

between treatment groups in brain volumes as well as changes

over time, with adjustment for trial, visit, clinical site, age,

Table 1 Demographic and risk factor characteristics at the time of WHI
enrollment by participation in WHIMS-MRI and WHIMS-MRI2 studies
(N 5 1,403)

Variable

Participated in initial
WHIMS-MRI study only
(n 5 674)

Participated in both
WHIMS-MRI and
WHIMS-MRI2 studies
(n 5 729) p Value

Age, y, n (%) 0.0001

65–69 300 (45) 415 (57)

70–74 264 (39) 228 (31)

751 110 (16) 86 (12)

Education, n (%) 0.21

<High school 33 (5) 30 (4)

High school/GED 140 (21) 185 (25)

Some college 277 (41) 280 (39)

College graduate 224 (33) 231 (32)

Ethnicity, n (%) ,0.01a

American Indian 2 (0) 2 (0)

Asian/Pacific Islander 13 (2) 10 (1)

Black/African American 46 (7) 18 (2)

Hispanic/Latina 12 (2) 9 (1)

White, non-Hispanic 593 (89) 683 (94)

Other 4 (1) 7 (1)

Smoking status, n (%) 0.99

Never 387 (58) 419 (58)

Former 253 (38) 273 (38)

Current 29 (4) 30 (4)

Body mass index, kg/m2, n (%) 0.12

<25 206 (31) 212 (29)

25–29 232 (35) 294 (40)

30–34 157 (23) 143 (20)

351 76 (11) 78 (11)

Hypertension status, n (%) 0.02

None 329 (49) 406 (56)

Current/controlledb 114 (17) 95 (13)

Current/uncontrolled 231 (34) 228 (31)

Prior cardiovascular disease,
n (%)

0.08

No 621 (92) 692 (95)

History of stroke 7 (1) 7 (1)

History of other cardiovascular
diseasec

46 (7) 30 (4)

Diabetes, n (%) ,0.01

No 626 (93) 702 (96)

Yes 48 (7) 27 (4)

Prior use of hormone therapy,
n (%)

0.23

No 464 (69) 480 (66)

Yes 210 (31) 249 (34)

Baseline 3MSE, n (%) ,0.0001

Continued
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intracranial volume, and time from randomization to MRI scan.

A compound symmetry model was used for intrasubject correla-

tions. The advantage of this model is that it used all available data

at the time of the first MRI to incorporate within-person variation

for estimation of mean differences in volumes. An interaction term

for time between scans and treatment assignment was used to com-

pare study arms. Formal tests of interactions were used to assess the

consistency of treatment effects across subgroups of women defined

by age, baseline modified Mini-Mental State Examination (3MSE)

scores, prior HT, and history of cardiovascular disease.

Because the distributions of the ventricular and ischemic

lesion volumes were highly skewed, a logarithmic transformation

was used. A (2-tailed) critical value of 0.05 was used for the pri-

mary analysis. To examine potential bias resulting from loss to

follow-up from the original MRI cohort, a propensity scores anal-

ysis was conducted.11

RESULTS Of 1,403 WHIMS-MRI participants,
1,345 remained active in WHI and 1,230 (91.4%)
were screened. Of these, 32 (2.6%) were ineligible,
401 (32.6%) refused to participate, 797 (64.8%)
provided consent, and 729 (59%) had scans that
met requirements for analysis (figure 1).

Table 1 shows baseline demographic and risk factor
characteristics for women enrolled in the WHIMS-
MRI and WHIMS-MRI2 studies. WHIMS-MRI2
women tended to be younger, were more likely to
be white and have higher scores on the baseline
3MSE, but were less likely to have diabetes (all p
, 0.01) or hypertension (p5 0.02) compared with
WHIMS-MRI women.

There were no differences among WHIMS-MRI2
women by WHI treatment assignment within or
across the 2 WHIMS HT trials by age, education,
ethnicity, smoking, body mass index, hypertension,
cardiovascular disease, diabetes, prior use of HT, or
3MSE scores. Age at scanning ranged from 76 to
92 years (mean 82.8, SD 3.5).

Among 729 MRI2 women, 15 had incident mild
cognitive impairment (MCI) or probable dementia
before the second scan (10 MCI and 5 probable
dementia). Of these, 3 MCI cases were identified dur-
ing the time between the 2 scans. Eighteen incident
strokes occurred before the second scan, and 6 of
these occurred between the 2 MRI scans.

Primary and secondary outcome analyses. Total brain vol-
ume decreased 3.22 cm3 per year in the active arms and
3.07 cm3 in the placebo arms (p 5 0.53). In contrast,
the secondary outcome, total ischemic lesion volumes,
increased in both arms at an annual rate of 0.12 cm3

(p5 0.88). We observed no differences in annual rates
of change of any of the brain or lesion volumes by
treatment arm (all p . 0.31) between the 2
WHIMS-MRI scans (table 2). Figure 2 shows fitted
means for scans 1 and 2 for total brain, hippocampal,
and frontal lobe volumes.

Table 2 also presents adjusted mean total and
regional brain and ischemic lesion volumes for the
first and second WHIMS-MRI scans. We observed
longitudinal declines in all measures of brain volumes.
Mean total brain volumes declined within arms (both
,0.01), but there were no differences by treatment
assignment overall (p 5 0.23).

Marked differences in brain volumes by treatment
occurred only in the frontal lobes. Women assigned
to HT had smaller frontal lobe volumes overall com-
pared with those assigned to placebo (p 5 0.02).
Similarly, women assigned to HT, compared with
placebo, showed a trend toward smaller hippocampal
brain volumes (p 5 0.08).

Ventricular volumes were larger at the second scan
within the HT (p 5 0.04) and placebo (p 5 0.02)
groups, but there was no difference overall by treat-
ment assignment (p 5 0.82). Increases in ventricular
volumes were significant overall (p 5 0.03) with no
differences by treatment (p 5 0.27).

Similarly, lesion volumes increased significantly
across scans within treatment arms, except those in
the basal ganglia, but there were no treatment-
related differences in overall lesion volumes. Likewise,
increases in lesion volumes over time were significant,
except those in the basal ganglia, but did not differ by
treatment assignment.

Subgroup analyses. Treatment-related effects on rates of
change did not differ across subgroups of women
defined by age, 3MSE scores, prior HT, and CEE reg-
imen. However, table 3 shows that women with a
history of cardiovascular disease treated with active
HT had greater increases in white matter lesion volume
(p , 0.01) and total brain lesion volume (p 5 0.02).

There was also an interaction between 3MSE by
HT on brain volumes. Decrements in 2 measures of
brain volumes were associated with active HT in

Table 1 Continued

Variable

Participated in initial
WHIMS-MRI study only
(n 5 674)

Participated in both
WHIMS-MRI and
WHIMS-MRI2 studies
(n 5 729) p Value

<90 56 (8) 24 (3)

90–94 132 (20) 122 (17)

95–100 481 (72) 576 (80)

Brain volume at baseline, cm3,
mean (SD)

Total brain volume 794.48 (79.55) 852.56 (72.32) ,0.0001

Hippocampal volume 5.51 (1.10) 5.67 (0.82) ,0.01

Frontal lobe volume 282.53 (30.49) 300.66 (28.80) ,0.0001

Abbreviations: GED 5 General Educational Development; 3MSE 5 modified Mini-Mental
State Examination; WHI 5 Women’s Health Initiative; WHIMS 5 Women’s Health Initiative
Memory Study.
a Based on collapsing to 3 categories (Black/African American, white, and other).
bMeasured to be ,140/90 mm Hg.
cOther cardiovascular disease defined as myocardial infarction, angina, percutaneous
transluminal angioplasty, or coronary artery bypass grafting.
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women with the lowest baseline 3MSE scores. For hip-
pocampal volume, the fitted mean differences (standard
error) by 3MSE were as follows: ,90 5 20.48
(0.17) cm3; 90–94 5 20.16 (0.10) cm3; and 95–
100 5 20.03 (0.05) cm3; p 5 0.02 for arm by
3MSE interaction. Similarly, for total brain volume,
the fitted mean differences (standard error) by 3MSE
were as follows:,905 214.23 (6.81) cm3; 90–945
7.66 (3.80) cm3; and 95–100 5 20.14 (1.85) cm3;
p 5 0.05 for arm by 3MSE interaction.

DISCUSSION As our principal finding, WHIMS-
MRI2 found no HT-associated acceleration in brain
atrophy during the 4.7 years between the WHIMS-
MRI scans. As expected in a cohort in which ages
ranged from 76 to 92 years, we observed
longitudinal declines in brain volumes, but they were
not related to treatment. Secondarily, we found
increased total brain ischemic lesion load that was
unrelated to treatment, a finding that is consistent
with previous reports from the WHIMS-MRI study.5

We also observed smaller frontal lobe volumes
(p 5 0.02) and a trend toward smaller hippocampal
volumes (p5 0.08) in women assigned to HT overall
compared with placebo. These findings represent
persistent and somewhat attenuated group effects
of active HT relative to those observed in the initial
WHIMS-MRI study in 2009.2 Although previous
studies demonstrate that there are clinically significant
effects in the women most vulnerable to the adverse
effects of HT, i.e., those with lower cognitive function
at baseline,2 the clinical significance of the persistent
changes in frontal lobe volume has yet to be determined.

The literature is mixed regarding the effects of post-
menopausal HT on brain volumes. Two studies of
neuroprotective effects of HT (CEE or estradiol) on
aging brain regions reported that HT current-users
(mean age 58.9 years [SD 6.4] treated for 10.5 years
[SD 9.3]) had larger mean hippocampal volumes com-
pared with similar-age never-users and significantly
older past-users.12,13 Within the current-users, how-
ever, a negative correlation between treatment duration
and hippocampal volumes led the authors to conclude
that the neuroprotective role of HT on hippocampal
volume is duration-dependent in aging women.12,13

This suggests that at some point, HT may be toxic
rather than protective to the aging brain. These
findings are consistent with the bioenergetic mech-
anism,14 which we discuss below, and support the
WHIMS-MRI finding that women 65 years and
older treated with active CEE-based HT had smaller
hippocampal and frontal lobe volumes.2

We reported that women with prior cardiovascular
disease who were assigned to active HT had higher
rates of accumulated white matter lesion volume
and total brain lesion volume during the interval
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between the first and second MRI scan (table 3.)
These findings relate to earlier WHI reports that
women assigned to CEE 1 MPA, compared with
placebo, had a 41% increase in stroke over 5.2 years,15

and CEE with and without MPA was associated with
an increased risk of clinical stroke.16,17

In addition, WHIMS-MRI2 women with the
lowest 3MSE scores at WHI enrollment who were
treated with active HT had the largest decrements
in hippocampal (p 5 0.02) and total brain volumes
(p5 0.05) between the 2 MRI measures. These find-
ings are interesting, not only because they corroborate
the prior WHIMS-MRI report,2 but they also show
that despite the relatively younger and healthier
WHIMS-MRI2 cohort, a subset of women who were
most vulnerable cognitively had the smallest hippo-
campal and total brain volumes on longitudinal MRI.

The findings we report and prior results from the
WHIMS trials shed light on potential mechanisms

underlying the adverse effects of CEE-based therapies
in older women. First, these therapies result in deficits
in cognitive function, increases in incident cognitive
impairment, and decrements in brain volumes that
occur during the first few years of therapy and persist
long after therapy ends, without triggering additional
posttreatment acceleration of declines.18 Second, the
increased risk of cognitive impairment appears to be
mediated by increased atrophy.19 Third, effects on
brain structure appear to be diffuse, not targeting
circumscribed brain regions.20 Fourth, while ischemic
lesion volumes within WHIMS women are linked to
cognitive deficits,21 small-vessel disease does not
appear to be the mechanism through which CEE-
based therapies exert their predominant effect.5 The
lack of an effect on ischemic lesions is consistent with
the absence of an effect on the nearby retinal micro-
vasculature,22 but inconsistent with the increased rate
of stroke associated with CEE therapy.16 Fifth,

Figure 2 WHIMS-MRI2 adjusted mean brain volumes with 95% CI by treatment arm

CI 5 confidence interval; WHIMS 5 Women’s Health Initiative Memory Study.

Table 3 Estimated annual rates of changea for lesion volumes by treatment assignment and prior CVDb (based
on mixed-model repeated-measures analyses of covariance)

Brain volumes

No prior CVD Prior CVD
Interaction between
treatment and prior CVD,
p valueHT Placebo p Value HT Placebo p Value

Total lesion volumec 0.12 0.12 0.66 0.17 0.11 0.04 0.02

White matter lesion volumec 0.10 0.10 0.97 0.16 0.09 ,0.01 ,0.01

Gray matter lesion volumec 0.08 0.08 0.77 0.11 0.10 0.64 0.58

Basal ganglia lesion volumec 0.04 0.05 0.58 0.06 0.04 0.30 0.18

Abbreviations: CVD 5 cardiovascular disease; HT 5 hormone therapy.
aWith adjustment for trial, clinical site, age, and intracranial volume.
bCVD is defined as history of stroke and history of other CVD including myocardial infarction, angina, percutaneous
transluminal angioplasty, or coronary artery bypass grafting.
c Because the distributions of the lesion volumes were skewed, a logarithmic transformation was used. Rates were
converted back to original units.
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extensive analyses have found no subgroups among
older WHIMS women for whom benefits are
observed; however, relatively greater adverse effects
appear to be present for women with lower levels of
cognitive function at baseline. Finally, the overall
effects of CEE alone vs CEE 1 MPA therapy on
the brain are much more similar than different,
despite the marked differences in risk factors between
the cohorts in these 2 parallel trials, suggesting that the
primary agent in the effects we observe is CEE.

How does CEE adversely affect older women’s cog-
nitive health? We discuss a single mechanism that is
consistent with our findings above, and relates to the
role that estrogen may have in regulating mitochon-
drial function and bioenergetics. Proponents of this
approach argue that as the brain ages, it shifts from
“glucose-driven” bioenergetics, which are enhanced by
estrogen, toward less-efficient ketone-based pathways,
which may be downregulated by estrogen ther-
apy.14,23,24 This results in a state of energy deprivation
in the brain that may lead to diffuse degeneration and
atrophy. This mechanism is consistent with an acute,
but persistent, decrement in brain volume that may be
larger among older women who have existing energy
dysregulation. If this is the case, the WHIMS findings
may not generalize to younger, healthier women.
Results from the KEEPS (Kronos Early Estrogen Preven-
tion Study) trial conducted in younger women will soon
be available to assess the impact of HT on cognition in
women treated closer to the menopausal transition.

We note recently published findings on cognitive
function from women who enrolled in the WHI at
ages 50 to 54 years.25 For these women, there was
no long-term effect of HT on cognition, either positive
or negative. Another area of work is related to estrogen
receptor binding that may explain how neuroprotective
effects of estrogen may erode with aging26,27; however,
these do not explain why CEE therapy may adversely
affect brain volumes in older women.

Advantages of this study include random assign-
ment to treatment, a large sample of older women,
detailed demographic and risk factor data, and longitu-
dinal standardized brain MRI scans with strict quality
assurance. It addresses whether CEE-based HT affects
longitudinal structural brain changes in the context of
the randomized placebo-controlled WHI HT trials
and the WHIMS trials of incident probable dementia.

Our sample may have underrepresented partici-
pants most at risk for MRI pathology because of selec-
tive attrition over a 12-year period, and somewhat
attenuated HT-associated brain volume decrements
may reflect the healthier follow-up cohort. Also,
approximately one-third of the WHIMS participants
who were eligible for WHIMS-MRI2 refused to par-
ticipate. Other MRI studies have reported similar pat-
terns of differential enrollment such that resulting

cohorts are at relatively lower risk of neuropathology
compared with the targeted population.4,28,29
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