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Abstract

INTRODUCTION—This study examined whether inter-arm differences in systolic blood pressure
(IDSBP) =10mmHg were associated with the risk of incident dementia and subclinical brain
injury.

METHODS—Between 1992 and 1998, 2063 participants of the Framingham Heart Study
underwent assessment of IDSBP with results related to the 10 year risk of incident dementia
including clinically characterized Alzheimer’s disease. Secondary outcomes included markers of
subclinical brain injury on MRI.

RESULTS—High IDSBP were associated with a greater risk of incident dementia (HR 1.92; 95%
Cl: 1.09, 3.40) and Alzheimer’s disease (HR 2.32; 95% ClI: 1.29, 4.18), but only in those who
carried an APOE &4 allele. IDSBP also predicted lower total brain volumes and more prevalent
silent brain infarcts in those who were APOE &4 positive.

DISCUSSION—High IDSBP were associated with an increased risk of dementia, including
clinical Alzheimer’s disease, and subclinical brain injury in those who were APOE &4 positive.

Keywords

Dementia; Alzheimer’s disease; blood pressure; interarm differences in systolic blood pressure;
cerebrovascular disease; atherosclerosis; peripheral vascular disease; ankle-brachial index; ABI;
Magnetic Resonance Imaging; Framingham Heart Study

"Corresponding Author Dr Matthew P Pase, Boston University School of Medicine & Framingham Heart Study, B603, 72 East
Concord St. Boston, 02118, MA, USA.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicts of interest: None.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pase et al. Page 2

1. Background

Dementia is a devastating illness associated with the progressive deterioration of brain
volume and cognitive ability, eventually leading to a complete loss of independence and
mortality. Exposure to vascular risk factors increases to the risk of stroke, white matter
lesions, silent brain infarcts and cortical atrophy [1-5], thereby increasing the likelihood of
dementia, including its most common form, Alzheimer’s disease [6-8]. While considerable
interest surrounds the role of vascular risk in the development of cerebrovascular disease [7,
9], numerous vascular risk factors are yet to be examined with respect to dementia or
markers of brain aging on Magnetic Resonance Imaging (MRI), such as brain volume and
white matter integrity.

Approximately 20% of adults have a difference in systolic blood pressure (BP) between the
arms of at least 10mmHg [10]; a sign of possible vascular pathology [11]. Large interarm
differences in systolic BP (IDSBP) may suggest peripheral vascular disease, including upper
limb ischemia associated with atherosclerosis and subclavian artery stenosis [11]. IDSBP
may thus be associated with poorer blood flow and perfusion to the upper extremities,
including the brain [12]. In support of this assertion, IDSBP of 15mmHg or more are
associated with pre-existing cerebrovascular disease [11]. In patients with acute ischemic
stroke, those with an IDSBP of 10mmHg or more have an increased risk of all-cause and
cardiovascular mortality [13]. However, to our knowledge, the association of IDSBP with
incident dementia has not been investigated prospectively. As IDSBP can be easily measured
in primary care, it may be a useful tool to identify those at an increased risk of dementia.

Recently, the Framingham Heart Study showed that IDSBP = 10mmHg were associated with
an increased risk of cardiovascular events over 13.3 years of surveillance [14]. Given that
cardiovascular disease is often associated with cerebrovascular disease and cerebrovascular
disease is known to increase risk for dementia, the aim of this study was to determine the
association between IDSBP and the risk of incident dementia and markers of brain injury on
MRI among participants of the Framingham Heart Study. IDSBP were calculated at baseline
and related to the 10 year risks of incident dementia and clinically apparent Alzheimer’s
disease. We also examined the association between IDSBP and total brain volume (TBV),
white matter hyperintensity volume (WMHV) and silent cerebral infarcts, biological markers
of subclinical brain vascular injury also associated with an increased risk of dementia [8].

2. Methods

2.1 Study Population

The sample included participants of the Framingham Heart Study Original [15] and
Offspring study [16] cohorts. The Original cohort was established in 1948, with follow-up
examination cycles occurring approximately every 2 years. In 1971, offspring of the Original
cohort and their spouses were invited to the study and the Offspring cohort was formed.
Follow-up examinations have occurred approximately every 4-6 years for the Offspring
cohort.
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Participants included in this study had a valid IDSBP measurement, which was completed
during examination 23 (1991-1994) for the Original cohort and examination 6 (1995-1998)
for the Offspring cohort. IDSBP measurements were related to the 10-year risk of incident
dementia and to MRI outcomes measured at examination cycle 25 (1997-1999) for the
Original Cohort and 7 (1998-2001) for the Offspring cohort, an average of 3.8 years after
IDSBP were measured. The selection of study participants, including numbers available for
analysis, can be seen in Figure 1. For the sample with available MRI, we only included
participants that were free from stroke and dementia at the time IDSBP were measured. For
the sample that were followed for incident dementia, we only examined participants who
were both aged 60 years or over and free from prevalent dementia at the time IDSBP were
measured. The study was approved by the Institutional Review Board at Boston University
Medical Centre and written informed consent was obtained from all participants.

2.2 Assessment of IDSBP and the Ankle-Brachial Index

For the original purpose of calculating the ankle-brachial index (ABI), brachial systolic BPs
were taken from each arm and ankle by trained technicians following a standardized
protocol. Prior to BP measurements, participants lay supine for 5 or more minutes. The
sequence of measurement was right arm, left arm, right ankle then left ankle. Participants
were classified as having an IDSBP < 10 mmHg or = 10mmHg, a categorization used in
previous publications [14, 17]. For the purpose of comparison, we also calculated the ABI,
which is a marker of peripheral artery disease calculated as the ratio between the BP in ankle
relative to the arm. The arm with the highest systolic BP was used to calculate the ABI
separately for the left and right ankles. A low ABI was defined as <0.9 in either leg [18].

2.3 Assessment of Incident Dementia

We calculated the 10 year risk of incident dementia beginning from the time IDSBP
measurements were assessed. Dementia was diagnosed using the Diagnostic and Statistical
Manual of Mental Disorders, fourth edition [19]. Alzheimer’s disease was diagnosed based
on the criteria of the National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related Disorders Association for definite,
probable, or possible Alzheimer’s disease [20].

Participants underwent cognitive screening (using the Mini Mental State Examination;
MMSE [21]) at each examination cycle and comprehensive neuropsychological testing at
selected exam cycles. To complement routine cognitive assessment, screening for dementia
also occurred in response to referrals from the participant, their family, primary care
provider or other health care professionals. Participants referred for suspected cognitive
impairment, based on concern from their family, primary care provider, or MMSE scores,
underwent neuropsychological testing. If flagged for suspected dementia by a
neuropsychologist, the participant was seen by a neurologist who referred suspected cases to
the dementia review committee. Dementia was diagnosed by a committee comprising at
least one neurologist and neuropsychologist. For each diagnosis, both type of dementia and
date of diagnosis were determined and recorded. The committee made an informed
diagnostic decision after reviewing neurologic and neuropsychological assessments, medical
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records, brain imaging, autopsy data (if available) and, when indicated, a telephone
interview with the family.

2.4 Assessment of brain integrity with MRI

MRI was used to compute TBV, WMHYV and silent cerebral infarcts. TBV was calculated as
the percentage of total brain parenchymal volume relative to total cranial volume, thus
correcting for differences in head size. WMHV was expressed as a percentage of total
cranial volume, before undergoing a log transformation. The presence of silent cerebral
infarcts was determined according to STRIVE criteria [22]. Full details of the MRI
procedures in the Framingham Heart Study have been published elsewhere [23]. Briefly,
scanning was undertaken using a Siemens 1T or 1.5T field strength MRI machine using a
T2-weighted double spin-echo coronal imaging sequence in contiguous slices of 4mm.
Acquisition parameters were as follows; repetition time of 2420 ms; echo time of 1 = 20ms/
echo time 2 = 90ms; echo train length of 8 ms; field of view was 22cm; acquisition matrix of
182 x 256 interpolated to a 256 x 256 with one excitation. The computation of all
volumetric MRI parameters was completed blind to subject identifying information.

2.5 Assessment of Apolipoprotein E Genotypes

Participants were classed as Apolipoprotein E (APOE) €4 positive if they carried at least one
€4 allele or €4 negative if they did not carry any €4 alleles. APOE alleles were determined
through restriction isotyping of APOE by gene amplification [24]. We examined for
interactions with the APOE genotype given that the APOE &4 allele is associated with the
risk of dementia [25, 26], and others have shown interactions between atherosclerosis and
APOE ¢4 in predicting Alzheimer’s disease [27].

2.6 Assessment of Dementia Screening Indicator

The Dementia Screening Indicator is a validated tool designed to identify patients who are
65 years or older at a high risk of dementia, who may benefit from further screening [28].
The indicator is simple to compute making it ideally suited for use in primary care. The
indicator score involves the completion of a rapid 7-item checklist involving: (1) Patient age;
(2) years of education; (3) body mass index; (4) history of type 2 diabetes; (5) history of
stroke; (6) does the patient need help from others to manage money or medications?; and (7)
does the patient currently take anti-depressant medications or report that ‘everything was an
effort” at least 3 days a week over the past week? Each response is assigned a weighted score
such that total scores = 22 indicate a patient at high risk [28]. We classified participants as
high or low risk based on this cut-off, in order to investigate whether IDSBP could predict
incident dementia over and above this dementia screening indicator.

2.7 Statistical Analysis

Statistical analyses were performed using SAS software (SAS Institute, Cary, N.C.). The
distribution of IDSBP was positively skewed and treated as a binary variable in our primary
analysis, with values = 10mmHg defined as high [14, 17]. Cox proportional-hazard
regression models were used to examine the association between IDSBP and dementia
incidence, including Alzheimer’s disease. Linear or logistic regression was used to examine
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the associations between IDSBP and the MRI outcomes. For the analysis of incident
dementia, Model 1 included adjustment for age, sex, education and systolic blood pressure
from the left arm. Model 1 for the MRI outcomes included adjustment for age, sex, age
squared and the elapsed time in years from IDSBP measurement to MRI scans. Model 2
included adjustment for the stroke risk factors included in the Framingham Stroke Risk
Profile [5]. Model 3 was computed only for the incident dementia analyses, and included
adjustment for the Dementia Screening Indicator modelled as a binary outcome according to
the cut-off [28]. We also examined for interactions with the APOE &4 positive genotypes.
Although IDSBP = 10mmHg was our primary exposure, we explored whether IDSBP were
associated with our outcome measures when modelled as a continuous variable (using a log
transformation) or according to tertiles. Lastly, we also examined the association of the ABI
with incident dementia and the MRI markers. The purpose of this analysis was to allow
comparison between IDSBP and the ABI, given that the ABI is a popular measure of
peripheral artery disease. For analysis involving the prediction of dementia, Hazard Ratios
(HR) are presented along with 95% Cls. Results were considered statistically significant at p
<0.05.

3. Results

3.1 Baseline sample characteristics

Sample demographics are displayed in Table 1. The mean + SD IDSBP was 5 + 4mmHg,
with values ranging from 0 to 56 mmHg. Among all persons included in the incident
dementia and MRI study samples, 421 (20%) and 322 (15%) individuals respectively, were
classified as having a high IDSBP. Those in the incident dementia sample had a higher mean
systolic blood pressures and a higher prevalence of cardiovascular disease; most likely
because the incident dementia sample were older, given that we restricted this cohort to
participants over the age of 60 at the time of IDSBP measurement. Those with and without a
significant IDSBP had a similar prevalence of clinical cardiovascular disease, yet those
without an IDSBP tended to have fewer vascular risk factors (Table 1).

3.2 IDSBP and Incident dementia

Over 10 years of follow-up, there were 226 new cases of dementia with 184 cases clinically
consistent with Alzheimer’s disease. Across the entire cohort, there were no associations
between IDSBP and dementia or Alzheimer’s disease (Table 2).

3.3 IDSBP and MRI outcomes

Across the whole sample, persons with a high IDSBP had a lower TBV at follow-up (Table
3). Those with a high versus normal IDSBP had a 0.5% lower adjusted TBV, which was
equivalent to approximately two years of brain aging. There were no associations between
IDSBP and WMHYV or silent cerebral infarcts.

3.4 Interactions with APOE

There were 59 cases (14%) of dementia in persons who were APOE &4 positive and 162
cases (10%) in those who were APOE &4 negative. With respect to Alzheimer’s disease,
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there were 52 cases (12%) in those who were APOE &4 positive versus 129 cases (8%) in
those who were APOE ¢4 negative.

Among those who carried an APOE ¢4 allele, higher IDSBP were associated with a near 2-
fold higher risk of dementia (HR: 1.92; 95% ClI: 1.09, 3.40) and a 2.3 fold higher risk of
clinically determined Alzheimer’s disease (95% Cl: 1.29, 4.18), over and above the effects
of age, sex, education and left arm systolic BP (Table 2). These results remained significant
after including the Dementia Screening Indicator score in the model (Table 2). In those who
were APOE ¢4 carriers, adjusting for stroke risk factors attenuated the association between
the IDSBP and all-cause dementia whilst the association with Alzheimer’s disease remained
similar to that of the basic model. Also among APOE ¢4 carriers, high IDSBP were
associated with lower TBVs and a greater number of silent cerebral infarcts. (Table 3).
These associations remained significant when adjusting for the stroke risk factors. IDSBP
was not associated with any outcome measures in those who did not carry an APOE &4
allele.

3.5 IDSBP as a continuous variable and according to tertiles

When modelling IDSBP, the cut-off of 10mmHg proved to be the most useful, in terms of
predicting the most outcomes (see Supplemental Tables A2-A4 for analyses modelling
IDSBP as a continuous variable and according to tertiles). Briefly, when modelled as a
continuous variable, higher IDSBP were associated with lower TBVs ( + SE = -0.19+0.09,
p =0.04 for model 2) and more prevalent silent cerebral infarcts (OR=1.31, 95% CI: 1.02,
1.68 for model 2) in APOE ¢4 carriers. The lowest as compared to the highest IDSBP tertile
was associated with a lower risk of Alzheimer’s disease in APOE ¢4 carriers after
adjustment for the Dementia Screening Indicator (HR: 0.47, 95% CI: 0.23, 0.97). The
middle as compared to the upper IDSBP tertile was associated with larger TBVs in both the
whole sample (B = SE = 0.48+0.15, p =0.002 for model 2) and APOE &4 carriers (p = SE =
1.12+0.33, p =0.0008 for model 2).

3.6 Comparisons with the ABI

A low ABI was associated with lower TBVs (p £ SE = 0.31+0.15, p =0.04) although this
association was not statistically significant when adjusting for stroke risk factors (§ + SE =
0.16+0.15, p =0.26). The ABI was not associated with the risk of incident dementia,
Alzheimer’s disease or any other MRI outcomes (see Supplemental Tables A5-AB).

4. Discussion

The present study examined whether IDSBP could predict the risk of dementia and MRI
markers of brain aging in a large community-based prospective cohort study. We found that
high IDSBP were associated with lower TBVs across the whole sample. In APOE ¢4
carriers, high IDSBP were associated with an increased risk of incident dementia, including
clinically characterized Alzheimer’s disease, lower TBVs and a higher prevalence of silent
cerebral infarcts. The present study thus identifies a relatively select subsample at an
increased risk of subclinical brain injury and dementia.
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The interactions between APOE &4 and IDSBP were not surprising given that the APOE 4
allele is associated with both dementia [25, 26] and atherosclerosis [29]. The Rotterdam
study showed that associations between atherosclerosis and dementia, including Alzheimer’s
disease, were particularly strong in those who carried an APOE ¢4 allele [27]. The
Framingham Heart Study previously demonstrated that midlife vascular risk burden
increased the likelihood of cognitive decline in APOE e4 carriers but not non-carriers [30].
APOE is linked with numerous mechanisms that may contribute to dementia, including
cerebrovascular function and integrity as well as Alzheimer’s disease type pathology, such
as the aggregation of amyloid-f3. In knock-out mice models, the absence of APOE was
associated with lower blood brain barrier integrity [31]. In humans, the APOE &4 allele is
associated with worse endothelial function [32], lower middle cerebral artery vasoreactivity
to inhaled carbon dioxide [33], evidence of cerebrovascular disease on MRI [34] and greater
decline in regional cerebral blood flow [35]. Most notably, the APOE &4 allele is a
susceptibility gene for Alzheimer’s disease [25, 26] and its presence increases the likelihood
of cortical amyloid-p deposition in non-demented individuals [36]. The current results may
thus reflect interactions between any number of different mechanisms, with IDSBP more
likely to be associated with dementia when concomitant with cerebrovascular or
Alzheimer’s type pathologies.

In APOE ¢4 carriers, IDSBP were associated with TBV and silent cerebral infarcts, but not
WMHVs. While a burden of WMHs is typically associated with a vascular pattern of brain
injury, WMHYV is not always sensitive to the presence of vascular risk factors in young to
middle-aged cohorts. Consistent with the present findings, previous studies involving the
Framingham Offspring Study cohort have shown that some vascular risk factors, such as
plasma homocysteine and visceral fat, are associated with smaller brain volumes [37, 38]
and silent cerebral infarcts [37], even in the absence of WMHs. Moreover, others have
shown that combined vascular risk factors only account for 2% of the variance in WMHV
[39]. These results suggest that WMHs are a common, but not universal or exclusive, feature
of vascular disease.

The present results further point towards the important role of vascular health in the
aetiology of Alzheimer’s disease. Meta-analysis suggests that large IDSBP are indicative of
peripheral vascular disease and subclavian artery stenosis [11]. This atherosclerosis of large
arteries may concomitantly cause insufficiencies in the cerebral blood supply, leading to
periods of ischemia. It has been argued that chronic cerebral hypoperfusion [40] and
microvascular abnormalities [41] precede the neurodegenerative hallmarks of Alzheimer’s
disease, and this may explain why IDSBP were associated with Alzheimer’s disease in the
present study. In support of this hypothesis, the severity of atherosclerosis has been shown to
correlate with the presence of neuritic plaques, tau neurofibrillary tangles and cerebral
amyloid angiopathy [42]. An alternative explanation is that IDSBP and Alzheimer’s disease
are linked by virtue of a shared common mechanism, such as chronic inflammation,
hyperlipidaemia or other exposures that remain elusive. Understanding why IDSBP are
associated with a higher risk of dementia and Alzheimer’s disease will ultimately require a
better understanding of how IDSBP affect brain structure and function. To shed light on this
issue, future studies could combine IDSBP with measures of cerebral perfusion and in vivo
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markers of Alzheimer’s disease type pathology, such as amyloid-f3 load on positron emission
tomography (PET).

There are numerous non-invasive methods available to examine underlying peripheral
vascular disease and atherosclerosis. Whereas measures derived from ultrasound, such as
intima-media thickness, provide information on a specific arterial segment (i.e. internal
carotid) and are predictive of worse cognitive function and dementia [27], BP based
techniques have the advantage of being faster to administer. The ABI is used commonly to
examine for peripheral artery disease yet few large prospective studies have examined the
association between the ABI and the risk of dementia. Both the Cardiovascular Health Study
[43] and the Honolulu-Asia study [44] reported that a low ABI was associated with an
increased risk of dementia, although the Rotterdam Study did not find such an association
[45]. In our sample, IDSBP better predicted the risk of dementia and clinically apparent
Alzheimer’s disease in APOE &4 carriers, as compared to the ABI. IDSBP also have the
advantage over the ABI in that only half the number of cuff inflations are required and a
simple subtraction is all that is needed to compute scores. Whereas other easily obtained
hemodynamic measures, such as pulse pressure, have been associated with dementia [46]
and the progression of atherosclerosis [47], unlike IDSBP, pulse pressure increases as a
function of usual aging - due to stiffening of the aorta — and does not necessarily reflect
peripheral vascular disease. As testing for genetic polymorphisms becomes ever cheaper and
more accessibly, IDSBP may be a useful biomarker to identify individuals at further risk of
dementia and Alzheimer’s disease.

Strengths of our study include the prospective surveillance for incident dementia, including
Alzheimer’s disease, the large community-based sample and the measurement of APOE
genotyping. Limitations of the present study include the fact that our cohort was
overwhelmingly white, limiting the generalizability of our findings to other ethnicities. A
further limitation is that BP was measured sequentially from the left and right arm, rather
than simultaneously. Simultaneous measurement of left and right arm BP may further reduce
error variability, potentially improving risk prediction. Lastly, although we investigated TBV
on MRI, we were unable to separate out region specific and grey and white matter volumes
given that this information was not available at the chosen cohort exams.

This is the first study to show that high IDSBP are associated with an increased risk of
dementia, Alzheimer’s disease and subclinical brain injury in those who are APOE &4
positive. This further underscores the importance of vascular health in the aetiology of
clinically characterized Alzheimer’s disease as well as the convergence of different
pathology in the development of dementia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Selection of study participants. IDSBP = Interarm differences in systolic blood pressure;
MRI = Magnetic resonance imaging. Note: MRI was performed an average of 3.8 years after
IDSBP were measured. The risk of incident dementia was calculated as the 10-year risk,

starting from the time of IDSBP measurement.
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Table 1

Sample characteristics stratified by interarm differences in systolic blood pressure

Incident dementia sample MRI sample
IDSBP <10mmHg =10mmHg <10mmHg =10 mmHg

N 1642 421 1842 332
Age, y 71L5(7.6)  725(73)* 593(107)  629(10.2)*
Male, % 46 43 46 46
Education, % *

No HS degree 14 18 4 6

HS degree 38 35 28 35

Some college 24 24 30 27

College graduate 25 23 38 32
Body mass index, kg/m?  27.2(45)  281(52)* 274(48)  289(59)*
Left arm SBP, mmHg 137 (20) 141 (21) * 127 (19) 134 (19)*
Left arm DBP, mmHg 73 (10) 74 (11) 75 (9) 76 (10) *
HTN, % 59 7n* 36 54%
HTN treatment, % 41 49 * 24 35 *
Total cholesterol, mg/dL  206.5 (37.6)  208.3 (40.0) 204.9 (36.1)  206.1 (38.2)
HDL cholesterol, mg/dL~ 50.3 (16.,5)  50.1(15.8)  51.5(16.4)  50.7 (15.8)
Diabetes mellitus, % 13 18% 9 14%*
Prevalent CVD, % 23 26 10 12
Current smoker, % 10 10 14 11
Apolipoprotein €4 +, % 21 19 22 21
Incident dementia, n (%) 178 (11) 48 (11) - -
Time to MRI, y - - 3.8(L.3) 3.9(1.2)
Incident AD, n (%) 145 (9) 39 (9) - -
TBV, % - - 79138 77839
WMHV7, % - - 2912 702"
Silent infarcts, n % - - 11 16%

Page 13

AD = Alzheimer’s disease, CVD = cardiovascular disease, DBP = diastolic blood pressure; HDL = high density lipoprotein, HS = high school,
HTN = hypertension, TBV= total brain volume, IDSBP = interarm difference in systolic blood pressure, MRI = magnetic resonance imaging; SBP
= systolic blood pressure; WMHYV = white matter hyperintensity volume. Means and standard deviations are reported, unless stated otherwise.

findicates that values have been log transformed,

*
indicates a significant difference between the IDSBP groups at p < 0.05.
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