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Abstract

Background and Objectives

The Boston Puerto Rican Health Study (BPRHS) is a longitudinal study following self-identified
Puerto Rican older adults living in the Greater Boston area. Studies have shown higher prevalence
of hypertension (HTN) and type 2 diabetes (T2D) within this ethnic group compared to age-
matched non-Hispanic White adults. In this study, we investigated the associations of HTN and
T2D comorbidity on brain structural integrity and cognitive capacity in community-dwelling
Puerto Rican adults and compared these measures with older adult participants (non-Hispanic
White and Hispanic) from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) and Na-
tional Alzheimer’s Coordinating Center (NACC) databases.

Methods

BPRHS participants who underwent brain MRI and cognitive testing were divided into 4 groups
based on their HTN and T2D status: HTN-/T2D-, HTN+/T2D-, HTN-/T2D+, and
HTN+/T2D+. We assessed microstructural integrity of white matter (WM) pathways using
diffusion MRI, brain macrostructural integrity using hippocampal volumes, and brain age using
T1-weighted MRI and cognitive test scores. BPRHS results were then compared with results from
non-Hispanic White and Hispanic participants from the ADNI and NACC databases.

Results

The prevalence of HTN was almost 2 times (66.7% vs 38.7%) and of T2D was S times (31.8% vs
6.6.%) higher in BPRHS than in ADNI non-Hispanic White participants. Diffusion MRI showed
clear deterioration patterns in major WM tracts in the HTN+/T2D+ group and, to a lesser extent,
in the HTN+/T2D- group compared to the HTN-/T2D- group. HTN+/T2D+ participants
also had the smallest hippocampal volume and larger brain aging deviations. Trends toward lower
executive function and global cognitive scores were observed in HTN+/T2D+ relative to
HTN-/T2D- individuals. MRI measures and the Mini-Mental State Examination (MMSE)
scores from the HTN+/T2D+ BPRHS group resembled those of ADNI White participants with
progressive mild cognitive impairment (MCI), while the BPRHS HTN—-/T2D- participants
resembled participants with stable MCI. The BPRHS was not significantly different from the
ADNI + NACC Hispanic cohort on imaging or MMSE measures.
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Glossary

AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; BMI = body mass index; BP = blood pressure;
BPRHS = Boston Puerto Rican Health Study; CN = cognitively normal; FA = flip angle; FOV = field of view; GCS = global
cognitive score; GM = gray matter; HTN = hypertension; IFOF = inferior fronto-occipital fasciculus; ILF = inferior longitudinal
fasciculus; MCI = mild cognitive impairment; MCIc = MCI converter; MCInc = MCI nonconverter; MMSE = Mini-Mental
State Examination; NACC = National Alzheimer’s Coordinating Center; NDI = neurite density imaging; ST = slice thickness;
TE = echo time; TI = inversion time; TL = total slices; TR = repetition time; T2D = type 2 diabetes; WM = white matter.

Discussion
The eftects of T2D and HTN comorbidity led to greater brain structural disruptions than HTN alone. The high prevalence of
HTN and T2D in the Puerto Rican population may be a key factor contributing to health disparities in cognitive impairment in

this group compared to non-Hispanic White adults in the same age range.

Trial Registration Information
ClinicalTrials.gov identifier: NCT01231958.

Hypertension (HTN) and type 2 diabetes (T2D) are the most
common chronic diseases among older adults in the United
States. Recent reports from the Centers for Disease Control
and Prevention suggest that the prevalence of HTN is relatively
equal between non-Hispanic White (43.6%) and Hispanic
(43.7%) adult Americans, while T2D is more prevalent among
Hispanic/Latino (17%) compared to non-Hispanic White
(8%) adults in the United States.;» Although Hispanic indi-
viduals constitute >18% of the US population, they are un-
derrepresented in large-scale epidemiologic studies and have
usually been treated as a whole group instead of subgroups
from different backgrounds (Puerto Rican, Cuban, Mexican,
etc).3 An ongoing longitudinal study of 1,500 self-identified
Puerto Rican older adults living in the Greater Boston area, the
Boston Puerto Rican Health Study (BPRHS), has reported
unique health profiles of this ethnic group. Notably, baseline
prevalence of several health risk factors and disease conditions
was high in this cohort (age 45-75 years at baseline). Almost
40% of BPRHS participants had T2D, 69% had HTN, and 57%
were obese, considerably higher than in the general pop-
ulation.4 Findings have consistently shown a higher burden of
adverse cardiovascular conditions in self-identified Puerto
Rican than non-Hispanic White or Hispanic adults from other
backgrounds (i.e., Mexican Americans).s

HTN, T2D, and other cardiometabolic risk factors have been
implicated in accelerated cognitive aging. Mounting evidence
supports that patients with T2D or HTN perform signifi-
cantly lower on cognitive tests and may have higher risk of
developing mild cognitive impairment (MCI) and Alzheimer
disease (AD).®® Large-scale longitudinal neuroimaging da-
tabases such as the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI) and National Alzheimer’s Coordinating
Center (NACC) have enabled the exploration of brain atro-
phy and cognitive decline in relation to health risk factors in
large samples across multiple time points. While most studies
have examined the effects of T2D and HTN separately, the
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joint effect of both conditions on cognitive aging is less well
characterized. These conditions are highly interrelated; up to
75% of adults with T2D also have HTN.” An early study
showed that participants with both conditions declined at a
faster rate (determined by Mini-Mental State Examination
[MMSE]) than those with only 1 condition.'® T2D combined
with additional cardiovascular risk factors (e.g., HTN, high
serum cholesterol, obesity, smoking) further elevates the risk
of dementia, as shown in recent large-scale population-based
studies.'"'> The relationship between T2D and HTN
comorbidity and cognitive decline can be attributed to ab-
normal structural changes of the brain commonly found in
patients with MCI and AD.'*'* However, most of these
studies were with non-Hispanic White cohorts (or with un-
specified ethnicity) and thereby do not reflect potential en-
vironmental, genetic, ethnic, or multicultural variabilities. A
recent report from the Alzheimer’s Association suggests that
the risk of AD is 1.5 times higher in Hispanic than non-
Hispanic White adults >65 years of age, largely accounted for
by nongenetic factors (e.g., health-related behaviors, socio-
economic risk factors).'> More important, there is evidence
that the prevalence of MCI and AD may differ across Hispanic
ethnic groups with different geographic backgrounds.'®'”
Therefore, more studies within this ethnic minority group may
help to explain the co-occurring high prevalence of T2D, HTN,
and cognitive impairment and ultimately reduce health dispar-
ities and improve the overall quality of life of this community.

In the current study, we used an analytical framework to
investigate the potential impact of HTN and T2D comorbid
conditions on cognitive aging within a unique community-
dwelling sample of Puerto Rican adults from the Greater
Boston area using a combination of biomarkers from different
domains. Cross-ethnic comparison was done using shared
databases containing age-matched cohorts with diverse ethnic
backgrounds, i.e., ADNI and NACC. We identified HTN and
T2D status and modeled quantitative associations with
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cognitive and MRI measures at =10-year follow-up of the
BPRHS cohort to test the hypothesis that the comorbidity of
HTN and T2D disrupts both microstructural white matter
(WM) and macrostructural gray matter (GM) integrity of the
brain, leading to greater age-related cognitive decline.

Methods

Study Cohort Description

The BPRHS is a longitudinal study initiated in 2004 with the
primary goal of studying the effect of psychosocial stress on
various health outcomes.” Eligible participants from the
BPRHS were recruited from areas of high Hispanic density in
the Boston metropolitan area. All participants self-identified
as Puerto Rican descent and were recruited through various
methods, including door-to-door enumeration, community
outreach, and referrals. Participants must self-identify as
Puerto Rican, must be able to answer questions in English or
Spanish, must be between 45 and 75 years of age, and must
live in the Boston, MA, metropolitan region at the time of the
study. The BPRHS protocol did not include collecting in-
formation on race. A total of 2,084 eligible participants were
identified. Of these, 1,500 participants were invited and
completed the baseline interviews.

After baseline, participants were interviewed again at 2 years
(n = 1,250), S years (n = 850), and =10 years (n = 550).
Exclusion criteria included inability to answer questions due
to serious health conditions, plans to move from the area, or
MMSE score <10. All of the 550 participants were invited to
have an MRI; of these, 59 refused, S were not cleared due to
missing medical information, 14 were not able to complete
MRI scanning, and 32 were ineligible due to medical condi-
tions. We are continuing to recruit the remainder. At the time
of writing, we have completed 192 MRIs. Multimodal MRI
scans were obtained during the 10-year follow-up, performed
on a 3T GE Signa HDx scanner (GE Healthcare, Chicago, IL)
in Beth Israel Deaconess Medical Center. The previous report
from BPRHS provides more details on the characteristics of
this cohort.* For the current analysis, we included n = 192
participants (age S5-87 years at 10-year visit, mean 67.4
years) with both MRI and cognitive assessment (Table 1).

Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by the University of Massachusetts
Lowell Institutional Review Board (No. 17-143). Both the
Tufts and Beth Israel Deaconess Medical Center Institutional
Review Boards ceded review to University of Massachusetts
Lowell. Boston University determined that their roles were
not considered human research. Written informed consent
was obtained from all participants in the study. Authorization
has been obtained for disclosure of any recognizable persons
in photographs, videos, or other information that may be
published in the journal, in derivative works by the American
Academy of Neurology, or on the journal’s website (when
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applicable). The clinical trials registration number for the
parent study (BPRHS) is NCT01231958.

HTN and T2D

HTN was defined as systolic blood pressure (BP) >140 mm Hg
or diastolic BP >90 mm Hg (confirmed at 2 or 3 different visit
sessions) or use of antihypertensive medication.'® BP was
measured following the International Society of Hypertension
Global HTN practice guideline. T2D was determined by use of
medication for diabetes or fasting blood glucose concentration
>126 mg/dL on at least 2 different visits. We categorized par-
ticipants into 4 groups: (1) HTN-/T2D- (n = 54), individuals
without HTN or T2D; (2) HTN+/T2D- (n = 67), those with
only HTN; (3) HTN-/T2D+ (n = 10), individuals with only
T2D; and (4) HTN+/T2D+ (n = 61), individuals with both
HTN and T2D. The HTN-/T2D+ participants were excluded
from further analyses due to small sample size.

BPRHS Cognitive Assessment

Cognitive function was assessed with a comprehensive battery
of neuropsychological tests administered in the participant’s
preferred language (98% in Spanish) by a neuropsychologist-
trained research assistant at baseline and 2 and 10 years. Tests
included those from a cognitive battery designed and normed
for a US Spanish-speaking population: a 16-word list learning
test for verbal memory; the Stroop test for mental processing
speed; the digit span forward and backward tests for attention
and working memory; and verbal fluency for executive function
with language.'” Our battery also included figure copying and
clock drawing for visuospatial function and the MMSE as a
measure of general function.”>** We calculated a global cog-
nitive score (GCS) by averaging the z scores for each of the
cognitive scores generated from the tests. In addition, cognitive
domain composite scores were derived through principal
components analysis using the PROC FACTOR procedure in
SAS (version 9.4; SAS Institute, Cary, NC). Two factors were
identified and labeled executive and memory functions. A score
for each factor was calculated by summing the test scores
weighted by the factor loading. The GCS, executive, and
memory scores from the 8-year follow-up were used in the
current analyses, as well as the MMSE score for comparison
with the ADNI cohort.

MRI and Cognitive Data From ADNI

For the ADNI-1 non-Hispanic White cohort, MRI and cog-
nitive data for 576 non-Hispanic White participants (age
60-90 years, mean 75.7) were retrieved from the ADNI-1
database as the following: (1) cognitively normal controls
(CN), n = 178; (2) those with MCI diagnosis for at least S
years (MCI nonconverter [MClInc]), n = 63; (3) those with
MCI at baseline who converted to AD during 5 years of
follow-up (MCI converter [MCIc]), n = 173; and (4) those
with AD at baseline, n = 162. Diabetes status for ADNI was
determined as described for the BPRHS cohort.

For the ADNI + NACC Hispanic cohort, MRI and cognitive
data were obtained from the ADNI-1 and NACC databases.
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Table 1 Participant Characteristics

ADNI + NACC
BPRHS ADNI non-Hispanic White  Hispanic
HTN-/T2D - HTN+/T2D— HTN+/T2D+ All? All All
Variable (n=54) (n=67) (n=61) (N=192) (n =576) (n=101)
Age, mean +SD, y 64.5+6.1 68.2+6.7 69.4+6.7 673+6.8 75.7 +6.1° 72.1 +£7.4°
Hispanic, n (%) 54 (100) 67 (100) 61 (100) 192 (100) 0 (0P 101 (100)
Female, n (%) 44 (81.5) 52 (77.6) 47 (77.0) 150 (78.1) 234 (40.6)° 64 (63.4)°
Education 29th grade, n (%) 37 (68.5) 41(61.2) 39 (63.9) 122 (63.6) 561 (97.4)° 69 (68.3)
HTN, n (%) 0(0) 67 (100)c 61 (100)° 128 (66.7) 223(38.7)° 63 (63.6)
T2D, n (%) 0(0) 0 (0) 61 (100)° 61(31.8) 18 (6.6)° 27 (30.3)
BMI, mean (SD) 309+6.7 33.4+£6.5° 34.9 £6.5° 33.2+6.8 25.9 +4.0° 28.6 + 4.6°
Center for Epidemiologic Studies 16.3+11.6 16.1£11.5 19.8+12.8 171 £11.7
Depression score, mean (SD) (1-60)
Smoking (current or past), n (%) 31(57.4) 35(52.3) 24 (39.5)° 93 (48.5)
Serum cholesterol, mean (SD), mg/dL 203+ 39 185+ 41¢ 174 + 40° 188 +42
MRI infarcts, n (%) 3(5.6) 5(7.5) 8(13.1) 17 (8.9)

Abbreviations: ADNI = Alzheimer’s Disease Neuroimaging Initiative; BMI = body mass index; BPRHS = Boston Puerto Rican Health Study; HTN = hypertension;
NACC = National Alzheimer’s Coordinating Center; T2D = type 2 diabetes.

Data are presented as number (percent) or mean + SD unless indicated otherwise. Percentages with T2D or HTN in the ADNI and NACC cohorts were
calculated from only individuals with complete information. Statistical comparisons were performed between BPRHS subgroups HTN+/T2D-and HTN-/T2D-
and between HTN+/T2D+ and HTN-/T2D-, between ADNI non-Hispanic White all vs BPRHS all, and between ADNI + NACC all vs BPRHS all, unadjusted for

covariates.

2Including n = 10 with T2D and without HTN.

® Significantly different from BPRHS all (p < 0.05).
¢Significantly different from BPRHS HTN-/T2D- (p < 0.05).

We retrieved baseline cognitive and MRI data from 101
Hispanic individuals (age 47-95 years, mean 72.1 years) from
these datasets.

Image Acquisition and Processing

T1-Weighted MRI

For BPRHS, structural imaging data were obtained with a GE
3T MRI scanner for each participant with the following imaging
parameters: repetition time (TR) 7.6 milliseconds, echo time
(TE) 3 milliseconds, flip angle (FA) 8°, inversion time (TT) 900
milliseconds, slice thickness (ST) 1.0 mm, total slices (TL) 164,
field of view (FOV) 25.6 cm, and in-plane matrix 256 x 256. For
ADNI, MRI was performed at 1.ST with a T1-weighted
3-dimensional magnetization-prepared rapid gradient echo se-
quence.”® The image parameters were TR/TE/TI 2,400/3/
1,000 milliseconds, FA 8°, FOV 24 cm, 192 x 192 in-plane
matrix, and ST 1.2 mm. Processing was performed on the
downloaded images with FreeSurfer version 6.0. This includes
(1) image reorientation, (2) cropping, (3) skull stripping, (4)
image normalization to the Montreal Neurological Institute
standard space, and (5) cortical parcellation.”* Detailed auto-
mated hippocampal segmentation was included in our pro-
cessing pipeline with FreeSurfer version 6.0.>° From the above
procedures, we extracted volumes of the left and right hippo-
campus and total intracranial volume.
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Brain Age Modeling

From each participant’s T1-weighted structural MRI scan, we
extracted 1,118 brain imaging features, including cortical
thickness, area, volume, and cerebellar-subcortical and cortical
summary statistics, which were used to estimate brain age via a
machine learning model.*® This model was previously estab-
lished with 45,615 individuals (age 3-96 years of age) from
multiple imaging databases and then tested on participants in
the current study to generate brain age. The raw brain age
deviation score (calculated as chronologic age — brain age) was
used to estimate the rate of biological brain aging relative to
chronologic age. The raw deviation values were then trans-
formed to z scores to account for variations of age and sex
between the training and testing cohorts.

Diffusion MRI

Diffusion MRI data were obtained from participants, including
49 gradient directions for b values of 1,000 and 2,000 s/ mm”
and 60 gradient directions for b value of 3,000 s/ mm? (TR
2,650 milliseconds, TE 69.2 milliseconds, FA 90°, ST 2 mm, TL
69, FOV 24.0, matrix 120 x 120, multiband acceleration factor
3, arc accerleration factor 2). Microstructural diffusion mea-
sures were reconstructed from multishell diffusion MRI images
containing 3 b value encodings using neurite density imaging
(NDI).>”*® From the NDI model, we extracted the neurite
density index that measures the fraction of tissue composed of
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Figure 1 Association of T2D and HTN With Brain WM Structure in Puerto Rican Adults
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(Left) Differences in anatomic connectivity of major WM tracts between HTN+/T2D- and HTN-/T2D- individuals. (Right) Differences in anatomic connectivity
of major WM tracts between HTN+/T2D+ and HTN-/T2D- individuals. Colors indicate the effect size of the statistical differences (Cohen d), ranging from red
(greater difference) to yellow (smaller difference). CCG = cingulum cingulate gyrus bundle; CST = corticospinal tract; Fmajor = corpus callosum forceps major;
Fminor = corpus callosum forceps minor; HTN = hypertension; IFOF = inferior fronto-occipital fasciculus; ILF = inferior longitudinal fasciculus; SLF = superior
longitudinal fasciculus; T2D = type 2 diabetes; WM = white matter. *p < 0.05, **p < 0.005.

neurites, which include axons/dendrites and tissue other than
neurites. All NDI data were projected to a common space using
the individual’s fractional anisotropy images for nonlinear
registration and skeletonization. NDI measures were extracted
from 20 WM regions of interests according to the human
diffusion tensor imaging tractography parcellation atlas.*”

Statistical Analysis

Data within the BPRHS cohort were analyzed with MATLAB
(version 2019b, MathWorks, Natick, MA). We conducted pair-
wise comparisons of imaging (hippocampal volume, brain age,
and NDI), cognitive measures (MMSE score, executive, memory,
GCS), and several demographic characteristics between the
HTN-/T2D- group and the HTN+/T2D- and HTN+/T2D+
groups. Comparisons of demographic variables were conducted
with either independent ¢ tests (for continuous variables) or x
tests (for categorical variables) unadjusted for covariates. Analyses
of neuroimaging and cognitive measures were conducted using
multiple regression models adjusted for age and sex, as well as for
total intracranial volume for hippocampal volume analyses
(model 1). Because low education is common in the BPRHS
cohort and may influence cognitive test performance, we addi-
tionally considered educational attainment (model 2). The re-
lationship between cognitive function and each imaging measure
was examined with Spearman nonparametric partial correlation
coefficients (due to the skewed distribution of the cognitive
scores) adjusted for age, sex, and education level. Significant
features from group-level comparisons and correlation analyses
are defined as p < 0.0 after correction for multiple comparisons
using the Bonferroni-Holm>® method.
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We conducted pairwise comparisons of hippocampal volume,
brain age z score, and MMSE scores to compare BPRHS results
with each ADNI-1 non-Hispanic White group (CN, MClnc,
MClIc, AD) and with ADNI + NACC Hispanic individuals,
including the same covariates and Bonferroni-Holm corrections.
We additionally included different scanner effects (3T or 1.5T
MRI) as covariates for analyses involving imaging measures.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results

Study Population Characteristics

Within the BPRHS cohort, comparison across the 3 groups
showed that those in the HTN+/T2D- and HTN+/T2D+
groups had significantly higher average body mass index
(BMI) and higher serum cholesterol compared to those in the
HTN-/T2D- (p < 0.05) (Table 1). There were no significant
differences between the 3 groups in sex ratio, education level,
Center for Epidemiologic Studies Depression score, or MRI
infarcts. Compared with the ADNI-1 non-Hispanic White
cohort, the BPRHS cohort had significantly lower mean age,
higher percentage of females, lower average education level,
higher prevalence of HTN and T2D, and higher mean BML
The prevalence of HTN was almost 2 times and that of T2D
was nearly S times higher in the BPRHS cohort compared to
the ADNI non-Hispanic White cohort. In contrast, the

Neurology.org/N

Copyright © 2022 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://neurology.org/n

Table 2 Association of HTN and T2D Status With Brain GM Structure and Cognitive Function

Model 1 Model 2
HTN+/T2D— HTN+/T2D+ HTN+/T2D—- HTN+/T2D+
Variable vs HTN-/T2D— vs HTN-/T2D— vs HTN-/T2D—- vs HTN—-/T2D -
T1-weighted MRI
Left HP volume, Cohen d, p -0.72 -2.52 -0.71 -2.49
0.07,0.48 0.24, 0.01 0.07, 0.48 0.23,0.01
Right HP volume, Cohen d, p -0.80 -2.75 -0.79 -2.70
0.07,0.43 0.26, 0.01 0.07,0.43 0.25, 0.01
Avg HP volume, Cohen d, p -0.79 -2.77 -0.78 -2.73
0.07,0.43 0.26, 0.01 0.07,0.44 0.26, 0.01
Brain age, Cohen d, p -1.07 -2.83 -1.07 -2.95
0.10,0.29 0.26, 0.01 0.10, 0.29 0.28, 0.004
Cognitive tests
MMSE score, Cohen d, p -0.48 -0.94 -0.59 -1.02
0.04, 0.64 0.09, 0.35 0.05, 0.56 0.09, 0.31
Executive score, Cohen d, p -0.96 -1.62 -1.21 -1.787
0.09, 0.34 0.15, 0.11 0.11,0.23 0.16, 0.08
Memory score, Cohen d, p 0.29 -0.95 0.27 -0.919
0.03,0.78 0.09, 0.34 0.03,0.78 0.08, 0.36
GCS, Cohend, p -0.31 -1.70 -0.44 -1.749
0.03,0.76 0.15, 0.09 0.04, 0.66 0.16, 0.08

Abbreviations: Avg = average; GCS = global cognitive score; GM = gray matter; HP = hippocampal; HTN = hypertension; MMSE = Mini-Mental State Exami-

nation; T2D = type 2 diabetes.

Data are presented as T value, Cohen d value, and p value from group comparisons using a general linear model. To correct for the effect of multiple
comparisons, we additionally performed Bonferroni-Holm correction, and all significant features (p < 0.05) remained significant based on the threshold of

corrected p < 0.05.

Model 1: adjusted for age and sex (and intracranial volume for HP volumetric measures). Model 2: adjusted for model 1 covariates and education level.

BPRHS cohort and the ADNI + NACC Hispanic cohort were
significantly different only in age, sex ratio, and BML

Associations of Comorbid T2D and HTN With
Brain WM Connectional Loss in BPRHS

When we examined brain WM integrity using NDI, significant
differences were found between BPRHS HTN-/T2D- and
HTN+/T2D+ individuals in 8 of the 20 WM tracts (Figure 1,
right). Specifically, significant structural disruptions were seen
among the HTN+/T2D+ group in bilateral inferior longitu-
dinal fasciculus (ILF) (left, Cohen d = 0.79; right, Cohen d =
0.76), bilateral inferior fronto-occipital fasciculus (IFOF)
(left, Cohen d = 0.8; right, Cohen d = 0.74), forceps major
(Cohen d = 0.77), forceps minor (Cohen d = 0.59), right
corticospinal tract (Cohen d = 0.53), and right cingulum
cingulate gyrus bundle (right, Cohen d = 0.68). Three of the
features listed above were maintained when the HTN+/
T2D- group was compared with the BPRHS HTN-/T2D—-
group, including bilateral IFOF (left, Cohen d = 0.56; right,
Cohen d = 0.58) and right corticospinal tract (Cohen d =
0.58) (Figure 1, left). In summary, T2D and HTN comor-
bidity was significantly associated with WM structural deficits,
especially in the long-range connectional fibers of the inferior
and posterior regions of the brain, including IFOF and ILF.
Detailed results of the statistical analysis performed can be
found in eTable 1 (links.Iww.com/WNL/B832).
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Associations of Comorbid T2D and HTN With
Brain GM Structure in BPRHS

Compared to BPRHS HTN-/T2D- individuals, the HTN+/
T2D+ group demonstrated significant differences in all 4 MRI
measures, including smaller left, right, and average hippocam-
pal volumes and more negative brain age z score (indicating
larger deviation of estimated brain age from the chronologic
age), with Cohen d values ranging from 0.24 to 0.26 (Table 2).
None of these features were significantly different between
HTN+/T2D- and BPRHS HTN-/T2D- individuals. The
differences between HTN+/T2D+ and HTN-/T2D- indi-
viduals on hippocampal volume and brain age remained sig-
nificant after controlling for education, as shown by models 1
and 2, with Cohen d values ranging from 0.23 to 0.28. This
result showed that T2D and HTN comorbidity was signifi-
cantly associated with bilateral hippocampal atrophy and larger
deviation between brain aging and chronologic age.

Associations of Comorbid T2D and HTN With
Cognitive Functions in BPRHS

No significant differences were found between either the
HTN+/T2D+ or HTN+/T2D- group and the HTN-/T2D—-
group for any comparisons of cognitive function when the model
was adjusted only for age and sex (model 1). When we included
education level as a covariate, differences were found between
the HTN+/T2D+ and HTN-/T2D- individuals in executive
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Figure 2 Comparisons of Imaging and Cognitive Measures Between Puerto Rican Adults (BPRHS) and Other Cohorts
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Vertical axis is the residual deviance of each measure after adjusting for covariates (i.e., age + sex for imaging, age + sex + education for MMSE) in the general
linear regression model. Blue line shows average hippocampal volume; red line, MMSE sum score; gray bar, brain age z-score for BPRHS; white bar, brain-age
z-score for ADNI-1 or non-Hispanic White/ADNI + NACC Hispanic individuals; black asterisk, significant difference in brain age; blue asterisk, significant
difference in hippocampal volume; and red asterisk, significant difference in MMSE score. Data are presented as mean (error bars show SEM). AD = Alzheimer
disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; BPRHS = Boston Puerto Rican Health Study; CN = cognitively normal control; HTN = hyper-
tension; MClc = mild cognitive impairment converter; MCInc = mild cognitive impairment nonconverter; MMSE = Mini-Mental State Examination; NACC =
National Alzheimer’s Coordinating Center; NS = not significantly different on any measures; T2D = type 2 diabetes.

function and GCS with marginal significance based on p < 0.05.
Specifically, HTN+/T2D+ participants scored lower on the
executive function test (p = 0.08) and GCS (p = 0.08).

Associations of Cognitive Functions and Brain
Imaging Measures in BPRHS

Correlation analysis between cognitive and GM imaging
measures showed that MMSE score was positively associated
with brain age (p = 0.16) and with left hippocampal volume
(p = 0.15) and that executive function score was positively
associated with left hippocampal volume (p = 0.17) on the
basis of raw p < 0.0S. Correlation analysis between cognitive
and WM imaging measures showed that MMSE score was
positively associated with neurite density index in right
cingulum-angular bundle (p = 0.19), right ILF (p = 0.16), and
right superior longitudinal fasciculus (p = 0.17); between
executive function and right ILF (p = 0.24); and between
GCS and right ILF (p = 0.16) on the basis of raw p < 0.05. All
features remained statistically significant after 10,000 per-
mutation tests. Detailed results are presented in eTable 2
(links.lww.com/WNL/B832).

Comparison of Brain Age, Hippocampal
Volume, and Cognitive Function Between
BPRHS and ADNI/NACC Cohorts

BPRHS participants were compared with the (1) ADNI-1 non-
Hispanic White and (2) ADNI + NACC Hispanic groups on the
measures of brain age z score, hippocampal volume (average), and
cognitive function (MMSE sum score) (Figure 2). For imaging
measures, compared to ADNI non-Hispanic White participant
subgroups, BPRHS HTN-/T2D- participants were not signifi-
cantly different from ADNI CN individuals in brain age and not
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significantly different from those classified as MClnc in both brain
age and hippocampal volume, but they presented with signifi-
cantly smaller hippocampal volume than ADNI CN and larger
hippocampal volume and higher brain age z score than ADNI
participants with MClIc or AD. In contrast, BPRHS HTN+/
T2D+ participants were not significantly different from ADNI
participants with MClc in brain age and hippocampal volume and
not significantly different from those with AD in brain age z score,
but they showed significantly smaller hippocampal volume and
smaller brain age z score compared to ADNI CN participants and
those with MClnc and larger hippocampal volume than the
ADNI participants with AD. The BPRHS HTN+/T2D- partic-
ipants were not significantly different from those with MClnc in
both brain age and hippocampal volume, but they showed lower
brain age z score and hippocampal volume than ADNI CN in-
dividuals and larger hippocampal volume and brain age than the
ADNI participants with MCIc and AD (not depicted in Figure 2
due to its similarly to HTN—/T2D-). For the comparison of
MMSE scores, BPRHS HTN-/T2D- individuals were not dif-
ferent from ADNI participants with MClc, but they scored lower
than CN individuals and those with MCInc and higher than
participants with AD. Both HTN+/T2D- and HTN+/T2D+
individuals scored significantly lower than CN participants and all
with MCI but higher than those with AD. We additionally
compared the HTN-/T2D—- and HTN+/T2D- groups in ADNI
with matching groups in BPRHS. The analysis highlighted pat-
terns similar to those of the whole group comparison between
ADNI and BPRHS (eTable 3, links.lww.com/WNL/B832). In
summary, the BPRHS HTN-/T2D- individuals were similar to
the ADNI participants with MClnc in overall rate of brain aging,
hippocampal volume, and cognitive decline, while BPRHS
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participants with T2D and HTN comorbidity were similar to the
ADNI-1 participants with MClc.

Discussion

Through our investigation of the BPRHS brain imaging and
cognitive data, we presented 3 main findings. (1) Compared
to the ADNI non-Hispanic White cohort of similar age range,
the BPRHS Hispanic cohort had almost double the preva-
lence of HTN and S times higher diabetes, but this preva-
lence was similar in the ADNI + NACC Hispanic cohort.
(2) Compared to the BPRHS HTN-/T2D- group, those
with comorbid T2D and HTN showed significant bilateral
hippocampal atrophy, reduced integrity of long-range con-
nectional fibers in the inferior regions of the brain, larger
deviation between predicted brain aging and chronologic age,
and a trend of declines in executive function and global cog-
nitive function, while those with HTN but without T2D did
not differ from the HTN-/T2D- individuals except in WM
NDI measures. (3) The levels of brain structural changes and
cognitive decline in individuals with T2D and HTN comor-
bidity were comparable to those observed in ADNI MClc.

Participants of the BPRHS experience high prevalence of
chronic health conditions, including T2D (40%), HTN (69%),
and obesity (57%), according to previous reports.* These esti-
mates are consistent with the 192 participants in our current
analysis who underwent MRI, with nearly twice the HTN, S
times the T2D, and significantly higher mean BMI compared
with the ADNI-1 non-Hispanic White elderly cohort. The
BPRHS cohort also showed a slightly higher prevalence of T2D
and HTN than the ADNI + NACC Hispanic cohort (Table 1).
This is consistent with previous studies showing a high preva-
lence of T2D and HTN in the Hispanic population, especially
for Puerto Ricans compared with individuals from other His-
panic backgrounds.>"** In contrast, a recent large-scale UK
Biobank study (n = 22,059, mean age 62 years) with mainly non-
Hispanic European participants showed only 11% HTN and 5%
T2D prevalence.®® Health disparities between Hispanic and
non-Hispanic populations may be associated with socioeco-
nomic and nutritional factors; previous reports from the BPRHS
showed that large proportions had education below ninth grade
(48%), fell below the poverty line (59%), and had less healthy
dietary habits compared to the general population.* Moreover,
Hispanic Americans were reported to have more poorly con-
trolled T2D and more associated medical complications.**** An
earlier investigation of BPRHS showed that lower overall dietary
quality was associated with poor longitudinal glycemic control.*®
Among participants with diabetes, investigators observed sig-
nificant interactions between low income and food insecurity
and lower intake of whole fruit and vegetables, which led to the

subsequent elevation of hemoglobin Alc.

As mentioned previously, both animal models and limited
human studies showed that comorbid T2D and HTN were
associated with lower WM and GM integrity. For instance,

Neurology.org/N

ADNI non-Hispanic White cohort demonstrated an indirect
relationship between T2D and cognitive decline, which was
mediated by the reduced cortical thickness."> Another study
using a mouse model showed that while HTN alone had
minimal effect on GM volume, both type 1 diabetes and T2D
were associated with GM atrophy. Furthermore, comorbid
diabetes and HTN led to significant hippocampal neuronal
loss."* These findings support the effect of diabetes comor-
bidity on the brain and cognition but are hampered by the lack
of large-scale, stratified sampling. Our analysis of the BPRHS
brain imaging data revealed that HTN+/T2D+ was associated
with more severe neurologic abnormalities than HTN+/
T2D-. Specifically, T2D comorbidity was most significantly
associated with reduced WM connectivity of the inferior
longitudinal tracts (ie., ILF and IFOF) of the brain. These
tracts have been shown to be correlated with cognitive im-
pairment and other neurologic diseases.’”® An early study
using the rhesus monkey model suggested that WM abnor-
mality occurs during aging as a result of degeneration of oli-
godendrocytes (demyelination), which disrupted the integrity
of neural circuits underlying cognitive performances. A re-
cent large non-Hispanic White sample-based study (UK
Biobank) showed that the cerebrovascular risk score (derived
from age, antihypertensive medication use, diabetes, and
APOE ¢4 status) was associated with disrupted WM integrity
in the frontoparietal cortical network, which has a major role
in executive function.’® The different regions highlighted by
our study compared to the UK Biobank study may be at-
tributed to different cohort characteristics, that is, age range
and ethnicity. Our results from GM structural measures
showed significant hippocampal atrophy and accelerated
brain aging only in those with comorbid T2D and HTN. This
is consistent with a previous animal study that showed that
T2D and HTN comorbidity led to hippocampal neuronal
loss, while either T2D or HTN led to synaptic loss."* Hip-
pocampal atrophy and accelerated brain aging are also well-
established diagnostic markers for MCI and AD.

The link between T2D and accelerated cognitive decline in
the aging population is well supported by a large body of
evidence.*®'° As mentioned previously, the presence of T2D
in combination with several other cardiovascular risk factors
(e.g, HTN, elevated serum cholesterol) has been associated
with increased risk of developing dementia later in life. While
our result from a within-BPRHS group comparison showed
only a trend of difference in cognitive function between
HTN+/T2D+ and HTN-/T2D-, the comparison between
BPRHS and ADNI subgroups suggested a downward shift for
MMSE scores in all BRPHS participants (Figure 2). For in-
stance, the BRPHS controls without HTN or T2D scored
significantly lower than the ADNI CN controls on the MMSE
even with adjustment for education level. Considering the
smaller hippocampal volumes shown in BPRHS HTN-/
T2D- participants compared to ADNI CN participants, a
similar pattern in MMSE performance may support the as-
sociation between cognitive decline and abnormal biological
changes in the brain. The BPRHS HTN-/T2D- individuals
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also demonstrated lower but nonsignificant brain age z score
than ADNI CN individuals, which may suggest that cultural/
ethnic influence on cognitive aging is related more to focal
change (i.e., hippocampus) than to global changes across the
whole brain. In addition, the presence of health risk factors
(ie, HTN and T2D comorbidity) contributes further to
global changes in the brain during aging. As we showed in this
study, combining biomarkers in different domains such as
neuroimaging and cognitive markers provides a more in-
tegrated model for understanding the aging process.

The disparities of cognitive function between Hispanic and
non-Hispanic White participants are in line with recent sur-
veys conducted by the Alzheimer’s Association, which showed
that the prevalence of AD varies significantly across ethnic-
ities. AD is the most common type of dementia, currently
affecting >6 million Americans and projected to affect 12.7
million by 2050.*> Compared to non-Hispanic White elders,
the rate is nearly 2 times higher among older Black individuals
and one and half times higher in older Hispanic populations."®
Previous reports also showed that AD is the fourth leading
cause of death on the island of Puerto Rico.*' Moreover, there
is a greater chance of misdiagnosis among these ethnic mi-
nority groups due to lack of awareness.

Our study examined well-established objective AD biomarkers
highlighted by the A/T/N diagnostic framework, including hip-
pocampal atrophy and impaired performance on neuro-
psychological testing,”” We showed that the decline in brain health
(measured by regional and global structural changes) and cognitive
capacity in HTN+/T2D+ BPRHS participants was comparable to
that in ADNI MCI participants who progressed to AD within §
years of follow-up. In addition, we showed significant disruption of
WM tract integrity among HTN+/T2D+ individuals, which is
consistent with recent human diffusion tensor imaging studies
suggesting that WM abnormalities correlate with memory im-
pairment and MCI-to-AD conversion.™** Our result suggests that
the high prevalence of T2D and HTN in Puerto Ricans may
contribute to the higher risk of AD within this population.

Strengths of our study include the use of robust statistical
models with adjustment for relevant covariates and multiple
comparisons and defining groups with clinical variables
(ie, HTN and T2D) collected at multiple time points. None-
theless, several limitations should be addressed in future anal-
yses. The current analysis is limited to BPRHS participants with
both cognitive and MRI data available, and due to the small
number with T2D but without HTN (n = 10), we were unable
to evaluate this group in the current study. Because BPRHS is an
ongoing study that has already enrolled 1,500 participants, more
MRI scans, including longitudinal follow-up data, will be avail-
able for follow-up analyses using larger sample sizes. In-
terpretation of our findings is also limited by the lack of clinical
diagnostic information on MCI from the BPRHS study. Al-
though BPRHS participants demonstrated overall lower per-
formances on the MMSE compared to age-matched non-
Hispanic White ADNI participants, formal clinical diagnoses
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were not performed. Because our results suggested that those
with comorbid T2D and HTN had brain and cognitive capacity
resembling MClc, tracking changes in their neurologic disease
profiles may be important. Our results highlight important
health disparities in the understudied Puerto Rican population
and call for future large-scale investigations that incorporate
ethnic and cultural diversity.
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