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ABSTRACT

Objective: We hypothesized that in participants with a history of hypertension, lower late-life
blood pressure (BP) will be associated with more brain pathology.

Methods: Participants are 4,057 older men and women without dementia with midlife (mean age
50 6 6 years) and late-life (mean age 76 6 5 years) vascular screening, cognitive function, and
brain structures onMRI ascertained as part of the Age, Gene/Environment Susceptibility (AGES)–
Reykjavik Study.

Results: The association of late-life BP to brain measures depended on midlife hypertension his-
tory. Higher late-life systolic and diastolic BP (DBP) was associated with an increased risk of white
matter lesions and cerebral microbleeds, and this was most pronounced in participants without a
history of midlife hypertension. In contrast, in participants with a history of midlife hypertension,
lower late-life DBP was associated with smaller total brain and gray matter volumes. This finding
was reflected back in cognitive performance; in participants with midlife hypertension, lower DBP
was associated with lower memory scores.

Conclusion: In this large population-based cohort, late-life BP differentially affects brain pathol-
ogy and cognitive performance, depending on the history of midlife hypertension. Our study sug-
gests history of hypertension is critical to understand how late-life BP affects brain structure and
function. Neurology® 2014;82:2187–2195

GLOSSARY
AGES-Reykjavik Study 5 Age, Genee/Environment Susceptibility–Reykjavik Study; ANCOVA 5 analysis of covariance;
BMI 5 body mass index; BP 5 blood pressure; CI 5 confidence interval; DBP 5 diastolic blood pressure; FLAIR 5 fluid-
attenuated inversion recovery; GM 5 gray matter; GMV 5 gray matter volume; ICD-10 5 International Classification of
Diseases-10; ICV 5 intracranial volume; PP 5 pulse pressure; SBP 5 systolic blood pressure; TBV 5 total brain volume;
WM 5 white matter; WML 5 white matter lesions; WMV 5 white matter volume.

The traditional general practice teaches us that “the lower the blood pressure (BP), the better the
prognosis of the patient.” However, evidence from both observational and randomized studies
suggests that the favorable effects of low BP in preventing cerebrovascular disease1–4 are not
reflected in consistent preservation of cognitive functioning.5–7

Whereas most studies report that higher midlife BP increases risk for late-life cognitive
impairment,6,8–10 the effects of late-life BP on brain function are less clear.6 In fact, several
studies in older individuals showed that lower BP might have detrimental effects on the
brain.6,11,12 Such findings could suggest that chronic hypertension since midlife leads to struc-
tural and functional cerebrovascular changes, disrupting vasoregulatory mechanisms.13–15 This
will leave the surviving brain tissue unprotected against the potentially harmful effects of low BP,
resulting in microvascular and neurodegenerative changes leading to brain tissue loss16 and
subsequent cognitive impairment. It is also possible that low late-life BP reflects a vascular
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system already damaged by comorbidities,
such as chronic hypertension, which subse-
quently could lead to reduced cerebral blood
flow and its sequela.16–19

Based on these factors, we hypothesized that
history of midlife hypertension would modu-
late the association of late-life BP to markers
of brain aging in an older population-based
sample of participants without dementia.

METHODS AGES-Reykjavik Study. Subjects are participants
in the Age, Gene/Environment Susceptibility (AGES)–Reykjavik

Study, which is a continuation of the Reykjavik Study. The

Reykjavik Study (1967–1996) was initiated by the Icelandic Heart

Association and included men and women born in 1907–1935 and

living in the Reykjavik area. From 2002 to 2006, new data were

collected for the AGES-Reykjavik Study. The study design and

initial assessments of the cohort were described previously.20

Standard protocol approvals, registrations, and patient
consents. The AGES-Reykjavik Study was approved by the

Icelandic National Bioethics Committee (VSN 00-063) and by

the Institutional Review Board of the US National Institute on

Aging, NIH. All participants signed an informed consent.

Brain MRI. MRI including T1-, proton density–, T2*-, and

T2-weighted and fluid-attenuated inversion recovery (FLAIR)

images was acquired on a 1.5T Signa Twinspeed Excite system

(General ElectricMedical Systems,Waukesha,WI).21 Brain volumes

(mL), including gray matter (GM), white matter (WM), CSF, and

WM lesions (WML), were segmented automatically with an AGES-

Reykjavik Study–modified algorithm based on the Montreal

Neurological Institute pipeline as described previously.21,22 Total

brain volume (TBV) was calculated as the sum of GM, WM, and

WML volumes. Total intracranial volume (ICV) was computed as

the sum of TBV and CSF volumes and TBV, GM volume (GMV),

and WM volume (WMV) were expressed relative to ICV (% ICV).

WML volume was dichotomized into severe WML (highest

quintile) and the rest. Brain infarcts were identified by trained

radiographers as defects in the brain parenchyma with associated

hyperintensity on T2 and FLAIR. Subcortical brain infarcts had a

diameter of at least 4 mm. For infarcts in the cerebellum and

brainstem or with cortical involvement, no size criterion was

required. Cerebral microbleeds were defined as focal areas of

signal void within the brain parenchyma that met the following

criteria: visible on T2* images, smaller or invisible on T2 images,

not abutting a parenchymal defect, and not showing any other

structure in the signal void area.23 Microbleeds were classified

based on their frequency in each subject as 0–1 and $2.

Cognition. A battery of 6 different cognitive tests was adminis-

tered to all participants as described earlier.23 From these tests, 3

cognitive domain composite scores were calculated: (1) memory

composite score included immediate and delayed recall of a mod-

ified version of the California Verbal Learning Test; (2) process-

ing speed composite included the Figure Comparison Test, Digit

Symbol Substitution Test, and Stroop 1 and 2; and (3) executive

function composite included a short version of the CANTAB

Spatial Working Memory test, the Digits Backward test, and

Stroop 3. Composite measures were computed by converting

raw scores to standardized Z scores and averaging them across

the tests in each composite. Interrater reliability for all tests was

excellent (Spearman correlations range 0.96–0.99).

Midlife and late-life blood pressure. BP control in Iceland

during the Reykjavik and AGES-Reykjavik Study followed the

World Health Organization and European guidelines. At

midlife and late life, systolic BP (SBP) and diastolic BP (DBP)

were measured 2 times in a sitting position to the nearest 2

mm Hg with a mercury sphygmomanometer using a standard-

sized cuff (bladder width 3 length: 15 3 22 cm). Hypertension

was defined as antihypertensive treatment or BP .140/90 mm

Hg. Late-life SBP and DBP were categorized based on the BP

distribution of the population and following clinical guidelines as

much as possible; SBP: #120, 121–140, .140 mm Hg, DBP:

#70, 71–80,.80 mm Hg. Pulse pressure (PP) was calculated as

the difference between SBP and DBP.

Other variables. Participants were asked to fill out a standard-

ized questionnaire including information on medical history,

medication use, and lifestyle factors and a fasting blood sample

was drawn.20 Education was classified into college/university, sec-

ondary school, or primary school (low). Weight and height were

measured and bodymass index (BMI) (kg/m2) was calculated. Fasting

cholesterol and glucose levels were measured and diabetes was defined

as having a history, using glucose-modifying medication, or fasting

glucose of $126 mg/dL. Smoking was defined as current/former vs

no smoking. Coronary heart disease was defined as a history of

myocardial infarction, percutaneous coronary intervention, coronary

artery bypass surgery based on hospital records, angina pectoris on the

Rose Angina Questionnaire, or evidence on ECG of possible/

probable myocardial infarction. Congestive heart failure was defined

as having one or more of the following ICD-10 codes: I50*, I11.0,

I13.2, I97.13, I09.81.

Analytical sample. Of the 5,764 participants in the AGES-

Reykjavik Study, 953 had no MRI and 112 participants had

missing brain volume data due to acquisition artifacts or

postprocessing failures. Of the remaining 4,614, we excluded

individuals with dementia (n 5 260) since BP could be

influenced by the neurodegenerative pathology.24 In addition,

we excluded those with dementia assessments where no

diagnosis could be made (n 5 48), with incomplete cognitive

testing (n 5 227), and with missing midlife data (n 5 22). This

resulted in a total of 4,057 individuals without dementia with

complete data on late-life brain volumes and cognitive function

for analysis. Compared to the total AGES-Reykjavik sample, the

individuals in the analytical sample were younger, were higher

educated, had lower BP at midlife and late life, and had larger

TBV (data not shown).

Data analysis. Subject characteristics at midlife and late life were

calculated for categories of midlife hypertension status and for com-

bined categories of midlife hypertension and late-life DBP. Linear

and logistic regression analyses, adjusted for demographics (age, sex,

education) and midlife cardiovascular risk factors (BMI, smoking,

diabetes, cholesterol), were used to assess the association of midlife

hypertension with measures of cerebrovascular lesions (severe

WML, brain infarcts $1, microbleeds $2) and measures of brain

atrophy (TBV, GMV, WMV). Next, the joint association of midlife

hypertension status and late-life BP with brain structure was

investigated. Using logistic and linear regression analysis, we

examined the association of late-life SBP or DBP (continuous and

categorical) to measures of cerebrovascular lesions and brain atrophy

stratified by midlife hypertension status. Interaction terms between

midlife hypertension and late-life BP measures were incorporated in

the regression models. Analysis of covariance (ANCOVA) was used

to calculate mean (95% confidence interval [CI]) adjusted brain

volumes across categories of late-life SBP or DBP stratified by

midlife hypertension status. Several models were investigated:
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model 1 included demographics; model 2 also included midlife and

late-life cardiovascular risk factors and cerebrovascular lesions (when

investigating measures of brain atrophy) to assess whether these

lesions mediated the relation between BP and brain atrophy. To

assess the mediating effect of cardiovascular disease, models were

additionally adjusted for coronary artery disease, heart failure, and

high PP. p Values for trend were calculated by repeating the

regression models by using BP categories as a continuous variable.

Finally, we assessed the combined effect of midlife hypertension and

late-life BP on cognitive performance (memory, processing speed,

executive functioning) using ANCOVA, adjusting for demographics

and cardiovascular risk factors, and tested the interaction (midlife

hypertension 3 late-life BP).

RESULTS Characteristics of the study population. In
the study sample of 4,057, mean (range) age at

midlife and late life was 50 years (33–75) and 76 years
(66–95) and 59% were women. The prevalence of
hypertension at midlife was 34% (n 5 1,365) and
6% (n 5 251) used antihypertensive treatment at
midlife. Mean (10th–90th percentile range) late-life
SBP and DBP levels were 142 mm Hg (119–170)
and 74 mm Hg (62–86).

Participants with a history of midlife hypertension
were significantly older at midlife and late life, were
more often male, had higher PP at midlife and late
life, used more antihypertensive drugs at late life,
and had more diabetes, more hypertension-related co-
morbidities such as coronary heart disease and heart
failure, more cerebrovascular lesions, and smaller
brain volumes on MRI (table 1).

In participants with midlife hypertension, those
with lower late-life DBP were less educated, had high-
er PP, used more antihypertensive drugs, and had the
highest prevalence of diabetes, coronary heart disease,
and heart failure. In contrast, in participants without
midlife hypertension, those with lower DBP had a
similar cardiovascular risk profile compared to those
with higher DBP (table 2).

Midlife hypertension and late-life brain structure and

function. Compared to participants without midlife
hypertension, those with midlife hypertension had
higher adjusted odds (95% CI) of having severe
WMLs 1.3 (1.1–1.6), brain infarcts 1.2 (1.1–1.4),
or multiple microbleeds 1.4 (1.0–1.9). Furthermore,
brain volumes (% ICV) were significantly lower
in those with midlife hypertension, compared to
those without midlife hypertension; mean differences
(95% CI) in TBV, GMV, and WMV were 20.5%
ICV (20.7; 20.2), 20.4% ICV (20.6; 20.2),
and 20.2% ICV (20.3; 20.1). Finally, those with
midlife hypertension had lower cognitive scores
than those without midlife hypertension, however,
only statistically significant for executive function-
ing; mean differences in (95% CI) memory, pro-
cessing speed, and executive functioning scores
were 20.032 (20.085; 0.020), 20.017 (20.060;
0.026), and 20.041 (20.082; 20.000). These results
were independent of demographics and midlife cardio-
vascular risk factors.

Joint association of midlife hypertension and late-life BP

on cerebrovascular lesions. Higher late-life SBP was
associated with an increased risk of WMLs, brain
infarcts, and microbleeds, but only in those without
a history of hypertension (table 3). Higher DBP was
associated with an increased risk for severe WMLs,
regardless of hypertension history, and with an
increased risk of multiple microbleeds in participants
without a history of midlife hypertension (table 3).
Late-life DBP was not associated with the presence
of brain infarcts. These results were independent of

Table 1 Midlife and late-life characteristics according to midlife hypertension
status

Midlife hypertensiona

No (n 5 2,692) Yes (n 5 1,365)

Midlife characteristics

Age, y, mean (SD) 50 (6) 51 (7)

Sex, % female 64 49

Education, % low 22 22

Systolic blood pressure, mm Hg, mean (SD) 123 (9) 148 (15)

Diastolic blood pressure, mm Hg, mean (SD) 78 (6) 92 (9)

Pulse pressure, mm Hg, mean (SD) 44 (7) 56 (12)

Antihypertensive medication, % — 18

BMI, kg/m2, mean (SD) 24 (3) 26 (4)

Total cholesterol, mmol/L, mean (SD) 6.3 (1.1) 6.5 (1.1)

Diabetes, % 0.6 1.1

Late-life characteristics

Age, y, mean (SD) 75 (5) 77 (5)

Systolic blood pressure, mm Hg, mean (SD) 139 (19) 149 (21)

Diastolic blood pressure, mm Hg, mean (SD) 73 (9) 76 (10)

Pulse pressure, mm Hg, mean (SD) 66 (17) 73 (20)

Antihypertensive medication, % 53 82

Smoking, % current/former 58 56

BMI, kg/m2, mean (SD) 27 (4) 28 (4)

Total cholesterol, mmol/L, mean (SD) 5.7 (1.1) 5.5 (1.2)

Diabetes, % 8 18

Coronary artery disease, % 26 34

Heart failure, % 9 16

Severe white matter lesions, % 21 27

Brain infarcts, % ‡1 27 36

Microbleeds, % ‡2 3 6

Total brain volume, mL, mean (SD) 1,084 (99) 1,081 (106)

Gray matter volume, mL, mean (SD) 678 (61) 674 (65)

White matter volume, mL, mean (SD) 387 (46) 384 (50)

Abbreviation: BMI 5 body mass index.
a Blood pressure $140/90 mm Hg or antihypertensive treatment.
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demographics and midlife and late-life cardiovascular
risk factors. Also, further adjustment for markers of
cardiovascular disease yielded similar results as
presented in table 3 (data not shown).

Joint association of midlife hypertension and late-life BP

on brain tissue volumes. Higher late-life SBP and DBP
were associated with smaller WMV, particularly in
those without a history of hypertension. However,
these results were largely explained by presence of
WMLs, brain infarcts, and microbleeds (table 4).
In contrast, lower late-life DBP (and to a lesser
extent lower late-life SBP) was associated with
smaller TBV and GMV in participants with a
history of hypertension (table 4). Participants with
both midlife hypertension and low late-life DBP
(#70 mm Hg) had the smallest TBV and GMV,
independent of demographics, cardiovascular risk
factors, and cerebrovascular lesions (figure, A);
p interactions (midlife hypertension 3 late-life DBP)
for TBV and GM were 0.01 and 0.009. Further
adjustment for cardiovascular disease only partly
explained our findings; in participants with a history of
hypertension, mean differences (95% CI) between low
and high DBP for TBV and GMV were20.59% ICV
(21.07; 20.11) and 20.55% ICV (20.96; 20.15).

Joint association of midlife hypertension and late-life

BP on cognition. The associations between higher
late-life SBP and DBP and presence of cerebrovascular
lesions in participants without midlife hypertension
were not reflected in the association of late-life BP
with cognitive performance (figure, B for DBP).
However, the effects of late-life DBP on brain
volume were reflected in the association of late-life
DBP with memory performance; in participants
with midlife hypertension, those with lower late-
life DBP had the worst memory performance;
mean difference between low and high DBP was
20.11 (95% CI 20.24; 20.00). p Interaction
(midlife hypertension 3 late-life DBP) was 0.01.
These findings were independent of demographics
and cardiovascular risk factors. Late-life BP was
not significantly associated with processing speed
or executive functioning (data not shown).

Several sensitivity analyses were performed: (1)
including participants with dementia (n 5 260) and
with incomplete cognitive testing (n 5 227), (2)
repeating analyses in the 3,806 participants without
antihypertensive treatment at midlife, (3) excluding
participants who were older than 65 at midlife (n 5

27), and (4) excluding participants with aMini-Mental

Table 2 Characteristics of the study population according to combined categories of midlife hypertension and late-life diastolic BP

Late-life diastolic BP

No midlife hypertension (n 5 2,692) Midlife hypertensiona (n 5 1,365)

£70 mm Hg,
n 5 1,097

71–80 mm Hg,
n 5 1,081

>80 mm Hg,
n 5 514

£70 mm Hg,
n 5 422

71–80 mm Hg,
n 5 543

>80 mm Hg,
n 5 400

Age, y, mean (SD) 76 (5) 75 (5) 75 (5) 78 (5) 77 (5) 76 (5)

Sex, % female 72 61 52 63 46 38

Education, % low 24 23 16 28 22 17

Midlife BP measures

Systolic BP, mm Hg, mean (SD) 122 (9) 123 (9) 124 (9) 149 (14) 148 (14) 149 (16)

Diastolic BP, mm Hg, mean (SD) 77 (6) 79 (6) 80 (6) 90 (8) 92 (8) 95 (8)

Pulse pressure, mm Hg, mean (SD) 45 (7) 44 (7) 44 (6) 60 (12) 56 (11) 54 (13)

Antihypertensive medication, % — — — 21 18 17

Late-life BP measures

Systolic BP, mm Hg, mean (SD) 132 (16) 139 (16) 154 (19) 140 (20) 148 (18) 161 (22)

Diastolic BP, mm Hg, mean (SD) 64 (5) 76 (3) 86 (5) 64 (5) 76 (2) 87 (6)

Pulse pressure, mm Hg, mean (SD) 67 (17) 64 (16) 68 (18) 76 (20) 71 (18) 74 (21)

Antihypertensive medication, % 57 50 52 86 83 75

Number antihypertensives, % ‡3 15 10 7 43 31 29

Late-life cardiovascular risk/disease

Smoking, % current/former 61 57 58 51 57 58

Diabetes, % 9 7 8 22 19 15

Coronary artery disease, % 28 26 25 40 33 30

Heart failure, % 11 8 8 19 14 14

Abbreviation: BP 5 blood pressure.
a BP $140/90 mm Hg or antihypertensive treatment.
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Table 3 Effect of late-life BP on cerebrovascular lesions in participants with no history of midlife hypertension and with a history of midlife hypertension

No midlife hypertension (n 5 2,692) Midlife hypertension (n 5 1,365)

Severe WML, OR
(95% CI)

Brain infarcts (‡1), OR
(95% CI)

Microbleeds (‡2), OR
(95% CI)

Severe WML, OR
(95% CI)

Brain infarcts (‡1), OR
(95% CI)

Microbleeds (‡2), OR
(95% CI)

Late-life systolic BP

Model 1

£120 mm Hg (ref.) 1.0 1.0 1.0 1.0 1.0 1.0

121–140 mm Hg 1.25 (0.88–1.78) 1.23 (0.93–1.62) 1.24 (0.59–1.23) 0.66 (0.39–1.14) 1.64 (0.97–2.66) 0.75 (0.31–1.84)

>140 mm Hg 1.65 (1.17–2.33)a 1.34 (1.02–1.76)a 1.74 (0.85–3.59) 0.93 (0.39–1.14) 1.36 (0.86–2.16) 0.75 (0.32–1.72)

p Trend 0.002 0.01 0.03 0.69 0.80 0.55

Model 2

£120 mm Hg (ref.) 1.0 1.0 1.0 1.0 1.0 1.0

121–140 mm Hg 1.25 (0.88–1.77) 1.22 (0.92–1.61) 1.23 (0.58–2.60) 0.70 (0.41–1.20) 1.77 (1.00–2.91)a 0.79 (0.32–1.94)

>140 mm Hg 1.65 (1.17–2.32)a 1.31 (1.01–1.73)a 1.73 (0.84–3.56) 0.96 (0.58–1.59) 1.46 (0.91–2.32) 0.77 (0.33–1.79)

p Trend 0.002 0.01 0.03 0.82 0.73 0.47

Late-life diastolic BP

Model 1

£70 mm Hg (ref.) 1.0 1.0 1.0 1.0 1.0 1.0

71–80 mm Hg 1.33 (1.05–1.69)a 0.99 (0.81–1.21) 1.27 (0.77–2.12) 1.11 (0.81–1.54) 1.19 (0.90–1.56) 0.86 (0.48–1.56)

>80 mm Hg 1.48 (1.11–1.97)a 1.05 (0.82–1.34) 2.26 (1.27–3.73)a 1.65 (1.17–2.31)a 0.96 (0.71–1.30) 1.23 (0.67–2.24)

p Trend ,0.001 0.73 ,0.001 0.007 0.93 0.49

Model 2

£70 mm Hg (ref.) 1.0 1.0 1.0 1.0 1.0 1.0

71–80 mm Hg 1.35 (1.06–1.71)a 1.02 (0.84–1.25) 1.32 (0.79–2.20) 1.14 (0.83–1.59) 1.26 (0.95–1.67) 0.94 (0.51–1.70)

>80 mm Hg 1.50 (1.12–2.01)a 1.09 (0.85–1.39) 2.26 (1.31–3.89)a 1.74 (1.23–2.46)a 1.07 (0.78–1.46) 1.39 (0.76–2.56)

p Trend ,0.001 0.46 ,0.001 0.003 0.59 0.28

Abbreviations: BP 5 blood pressure; CI 5 confidence interval; OR 5 odds ratio; ref. 5 reference; WML 5 white matter lesions.
Model 1: adjusted for age, sex, education; model 2: additionally adjusted for midlife and late-life cardiovascular risk factors (diabetes, cholesterol, body mass index, smoking) and antihypertensive treatment.
ap , 0.05 compared to reference category.
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Table 4 Effect of late-life BP on brain tissue volumes in participants with no history of midlife hypertension and with a history of midlife hypertension

No midlife hypertension (n 5 2,692) Midlife hypertension (n 5 1,365)

TBV (% ICV),
mean difference
(95% CI)a

GM volume (% ICV),
mean difference
(95% CI)a

WM volume (% ICV),
mean difference
(95% CI)a

TBV (% ICV),
mean difference
(95% CI)a

GM volume (% ICV),
mean difference
(95% CI)a

WM volume (% ICV),
mean difference
(95% CI)a

Late-life systolic BP

Model 1

£120 mm Hg (ref.) Ref. (72.4 % ICVb) Ref. (45.4 % ICVb) Ref. (26.0 % ICVb) Ref. (71.4 % ICVb) Ref. (44.6 % ICVb) Ref. (25.3 % ICVb)

121–140 mm Hg 20.08 (20.38 to 0.33) 20.17 (20.51 to 0.17) 20.01 (20.21 to 0.20) 20.15 (20.91 to 0.61) 20.24 (20.89 to 0.41) 0.22 (20.17 to 0.62)

>140 mm Hg 0.35 (20.05 to 0.75) 0.24 (20.10 to 0.58) 20.22 (20.42 to 20.01)c 0.30 (20.42 to 1.01) 0.22 (20.40 to 0.83) 0.07 (20.30 to 0.45)

p Trend 0.25 0.13 ,0.001 0.14 0.08 0.41

Model 2

£120 mm Hg (ref.) Ref. (72.3 % ICVb) Ref. (45.3 % ICVb) Ref. (25.9 % ICVb) Ref. (71.4 % ICVb) Ref. (44.6 % ICVb) Ref. (25.2 % ICVb)

121–140 mm Hg 0.01 (20.39 to 0.41) 20.05 (20.38 to 0.28) 0.06 (20.14 to 0.26) 20.17 (20.93 to 0.58) 20.25 (20.88 to 0.38) 0.24 (20.12 to 0.61)

>140 mm Hg 0.33 (20.23 to 0.88) 0.23 (20.23 to 0.68) 20.05 (20.25 to 0.14) 0.27 (20.45 to 0.98) 0.27 (20.32 to 0.87) 0.07 (20.27 to 0.42)

p Trend 0.11 0.12 0.13 0.10 0.02 0.35

Late-life diastolic BP

Model 1

£70 mm Hg (ref.) Ref. (72.5 % ICVb) Ref. (45.4% ICVb) Ref. (26.0% ICVb) Ref. (71.3 % ICVb) Ref. (44.5 % ICVb) Ref. (25.5 % ICVb)

71–80 mm Hg 0.32 (20.01 to 0.61) 0.20 (20.04 to 0.44) 20.04 (20.18 to 0.11) 0.11 (20.33 to 0.55) 0.15 (20.23 to 0.53) 20.17 (20.40 to 0.06)

>80 mm Hg 20.05 (20.40 to 0.31) 0.03 (20.27 to 0.33) 20.34 (20.52 to 20.16)c 0.60 (0.12 to 1.08)c 0.46 (0.04 to 0.89)c 20.24 (20.49 to 0.02)

p Trend 0.71 0.51 0.001 0.004 0.007 0.05

Model 2

£70 mm Hg (ref.) Ref. (72.6 % ICVb) Ref. (45.4% ICVb) Ref. (25.9 % ICVb) Ref. (71.3 % ICVb) Ref. (44.4% ICVb) Ref. (25.5 % ICVb)

71–80 mm Hg 0.27 (20.02 to 0.56) 0.22 (20.01 to 0.38) 0.03 (20.11 to 0.17) 0.07 (20.33 to 0.72) 0.22 (20.14 to 0.59) 20.17 (20.39 to 0.04)

>80 mm Hg 20.09 (20.44 to 0.27) 20.09 (20.32 to 0.28) 20.23 (20.40 to 20.06)c 0.48 (0.01 to 0.97)c 0.55 (0.15 to 0.96)c 20.19 (20.43 to 0.04)

p Trend 0.47 0.91 0.05 0.02 0.001 0.11

Abbreviations: BP 5 blood pressure; CI 5 confidence interval; GM 5 gray matter; ICV 5 intracranial volume; Ref. 5 reference; TBV 5 total brain volume; WM 5 white matter.
Model 1: adjusted for age, sex, education; model 2: additionally adjusted for midlife and late-life cardiovascular risk factors (diabetes, cholesterol, body mass index, smoking), antihypertensive treatment, and
cerebrovascular lesions on MRI (infarcts, white matter volume, microbleeds).
aMean adjusted difference compared to the reference category.
bMean adjusted brain tissue volume (% ICV) for the reference category.
cp , 0.05 compared to reference category (diastolic blood pressure #65 mm Hg).
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State Examination ,24 (n 5 303) (since lower BP
might be the result of a neurodegenerative process) did
not change the presented results.

DISCUSSION Previous research has consistently re-
ported an association between midlife hypertension
and brain lesions,8–10 but the findings on the associ-
ation of late-life BP to brain outcomes has been
inconsistent.6 Our study suggests history of midlife
hypertension is critical to understand how late-life BP
affects brain structure and function. First, higher late-
life SBP and DBP increases risk for diffuse small-
vessel disease, particularly in participants without a

history of hypertension. Second, in participants with
a history of hypertension, lower late-life DBP is
associated with more TBV and GM atrophy. These
findings were reflected back in cognitive performance;
in participants with midlife hypertension, lower DBP
was associated with lower memory scores.

Our findings bring new insight into the effects of
late-life BP on vascular architecture and brain func-
tion. Of interest, in these analyses, higher late-life
SBP and DBP has the strongest effect on small vessels,
represented by an increased risk of severe WMLs or
multiple microbleeds, which is in line with several
large-scale studies in aging populations.4,25–28

Figure Total brain volume and memory performance across combined categories of midlife hypertension and
late-life DBP

(A) Mean (SE) total brain volume (% intracranial volume [ICV]) and (B) mean (SE) memory performance (z score). Values are
adjusted for age, sex, education, midlife and late-life cardiovascular risk factors, antihypertensive treatment, and cerebro-
vascular lesions on MRI (when studying total brain volume). *p , 0.05. DBP 5 diastolic blood pressure.
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However, it is likely that large-vessel events led to death,
so that large-vessel pathology is not well-represented in
this sample.25 That this relation was less strong in par-
ticipants with a history of hypertension could be due to
fact that antihypertensive treatment, started between
midlife and late life, influenced the deteriorating effects
of high BP on the cerebrovasculature. Our finding that
the relation between higher late-life BP and risk of
small-vessel disease was not reflected back in cognitive
performance needs further investigation.

On the other hand, lower late-life DBP has a signif-
icant association with brain volume, particularly GMV.
These findings are in concordance with previous obser-
vations showing that declining BP or low late-life BP
were associated with more global brain atrophy and
cognitive impairment.11,18,29,30 Also, former studies in
cardiovascular patients showed that lower BP was
related to more brain atrophy, particularly in those with
lower cerebral perfusion levels.16,31 These and our find-
ings provide evidence of a cumulative effect of early
hypertension and late hypotension that leads to certain
subgroups in old age with increased susceptibility to
brain atrophy and cognitive impairment.

This relation between low late-life DBP and brain
pathology in participants with a long-term history of
hypertension might be explained by several mecha-
nisms. First, a causal mechanism explaining low
BP–related brain pathology should be considered.
Chronic hypertension can cause a reduction in resting
cerebral blood flow,14,15 which in combination with
impaired cerebrovascular autoregulation could lead to
insufficient cerebral tissue perfusion during lower sys-
temic BP levels, subsequently triggering the forma-
tion of brain pathology.15,16,32 Since the participants
who had the smallest brain volumes and the lowest
cognitive scores were more intensively treated for
their hypertension (see table 2), it could be that aim-
ing at less stringent BP targets through reduction of
antihypertensive drugs prevents further brain pathol-
ogy. Second, low DBP could be a risk indicator of
comorbidities, such as coronary artery disease, heart
failure, or increased arterial stiffness, and the relation
between low BP and brain pathology might be due to
an epiphenomenon that is not necessarily causal.
Since high PP was not strongly related to brain struc-
ture and function (data not shown), it is unlikely that
arterial stiffness is an important explanatory factor in
the relation between low BP and the brain. However,
adjusting for presence of heart failure explained a
large part of the relation between lower SBP and brain
atrophy, suggesting that low SBP in our study is an
indicator of reduced cardiac output.33 Future studies
includingmore detailed information on cardiac function
and arterial stiffness are required to better understand
the underlying mechanisms. Finally, low BP could be
the consequence of brain atrophy, once it is severe

enough. Although it is unlikely that in this sample with-
out dementia the atrophy is so severe that it will cause a
decline in BP, future analysis should focus on the lon-
gitudinal association of late-life BP and brain volumes.

Strengths of this study are the availability of both
midlife and late-life data, the population-based setting,
the large sample size, and the extensive range of cogni-
tive tests. Also, the use of volumetric assessment of
total and tissue-specific brain volumes allowed us to
obtain precise estimates of brain structures. As with
all studies of older participants, the results should be
interpreted in the context of survivorship. In this case
study, participants are survivors of the Reykjavik
Study, and we know that the prevalence of midlife
hypertension in our sample is lower than in the com-
plete Reykjavik Study sample (34% vs 50%). This
may lead to underrepresentation of those with hyper-
tension at midlife, but there is no reason to think those
people would have a different risk for altered brain
structure and function than what we report here. Also,
no information is available on the hypertension status
betweenmid and late life. A large part of the participants
without midlife hypertension developed hypertension
throughout their life course, since approximately 50%
use antihypertensive medication at late life. It is possible
that these participants developed hypertension shortly
after their midlife examination, and consequently had
hypertension for a long time while classified as “no mid-
life hypertension.” This possible misclassification, how-
ever, would most likely have attenuated our findings in
the “no midlife hypertension” group.

Our results indicate that older participants without
a history of hypertension but who currently have high
BP are at risk for cerebrovascular lesions, suggesting
that lowering of BP in these participants might be ben-
eficial. In contrast, older participants with a history of
hypertension but who currently have lower BP might
have more extensive target organ damage and are at risk
of brain atrophy and cognitive impairment. Future
studies should aim to better define patients who may
be at higher risk to develop cerebral complications of
lower BP and should investigate whether less stringent
BP targets than currently recommended will prevent
further brain damage in these patients so that more tai-
lored advice for BP control could be given.
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