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Abstract

Background—Estimates of hippocampal volume by magnetic resonance imaging (MRI) have 

clinical and cognitive correlations and can assist in early Alzheimer’s disease (AD) diagnosis. 

However, little is known about the relationship between global or regional brain volumes and 

cognitive test performance in American Indians.

Methods—American Indian participants (n=698; median age 72 years) recruited for the 

Cerebrovascular Disease and its Consequences in American Indians study, an ancillary study of 

the Strong Heart Study cohort, were enrolled. Linear regression models assessed the relationship 

between MRI brain volumes (total brain and hippocampi) and cognitive measures of verbal 

learning and recall, processing speed, verbal fluency, and global cognition.

Results—After controlling for demographic and clinical factors, all volumetric measurements 

were positively associated with processing speed. Total brain volume was also positively 
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associated with verbal learning, but not with verbal recall. Conversely, left hippocampal volume 

was associated with both verbal learning and recall. The relationship between hippocampal 

volume and recall performance was more pronounced among those with lower scores on a global 

cognitive measure. Controlling for APOE ε4 did not substantively affect the associations.

Conclusions—These results support further investigation into the relationship between 

structural AD biomarkers, cognition, genetics, and vascular risk factors in aging American 

Indians.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common of the primary neurodegenerative illnesses. 

Its rapidly increasing prevalence represents a substantial socioeconomic burden in the U.S. 

Growing evidence suggests that the neurochemical, molecular, and structural changes 

associated with AD likely begin many years before the development of mild symptoms of 

dementia.1 Current clinical diagnostic criteria from the National Institute on Aging and the 

Alzheimer’s Association recognize AD as a continuum of progressive neuropathologic 

processes that ultimately result in clinically important cognitive and functional 

impairments.2 These criteria support research on biomarkers that reflect such underlying 

processes for use in early differential diagnosis, along with supporting clinical information. 

Among potential biomarkers, measures of neuronal injury and the resulting global and 

regional brain atrophy – especially of the hippocampus – might provide the best sensitivity 

and specificity to detect subsequent cognitive decline associated with AD.3 The 

hippocampus tends to shrink several years before clinical diagnosis of AD dementia, and 

this reduction in size predicts impending conversion to AD dementia in patients with mild 

cognitive impairment.4,5

Established risk factors for AD, independent of vascular dementia, include cardiovascular 

disease, obesity, and diabetes. All these chronic conditions are rapidly rising in prevalence in 

the general U.S. population and, along with early-onset AD, they are also highly prevalent in 

American Indian populations.6,7 Comorbid vascular conditions might lead to more rapid 

progression of AD-related processes, and appropriate treatment could substantially reduce 

AD prevalence and risk.8 Despite the mounting disease burden, however, little is known 

about diagnosed AD in American Indians. In recent years, biomarkers such as hippocampal 

volume have been extensively examined in the general U.S. population through studies such 

as the Alzheimer’s Disease Neuroimaging Initiative,9 but these studies included very few 

American Indian participants. As a result, potential associations between AD-related 

biomarkers and cognition remain unexplored in American Indians.

This article describes an association linking total brain volume and hippocampal volume, as 

measured by magnetic resonance imaging (MRI), with cognitive performance in American 

Indian elders, as measured by standard assessment instruments. Analyses were performed 
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with data from “Cerebrovascular Disease and its Consequences in American Indians” 

(CDCAI), a recently completed study.

MATERIALS AND METHODS

Participants

Between 1989 and 1991, the Strong Heart Study enrolled 4,549 American Indian 

participants aged 45–74 years in communities located in Arizona, Oklahoma, and North and 

South Dakota.10 In 2010–2013, eligible surviving members of the Strong Heart cohort were 

recruited to participate in CDCAI, a study that used cranial MRI to quantify vascular brain 

injury and brain volume. This project was designated the “Strong Heart Stroke Study” by 

participating communities and field centers. CDCAI, part of the Strong Heart Study, the 

largest ongoing cohort of aging American Indians, collected extensive cognitive, 

neuroimaging, medical, and cultural data. Enrollment criteria and data collection are detailed 

elsewhere.11 Participants had to: speak English fluently; be able to complete questionnaires 

on demographics, medical history, and health behaviors; and be willing to undergo cranial 

MRI, physical assessments, blood draws, and cognitive testing. DNA had been extracted 

from whole plasma during a previous study (the Strong Heart Family Study), and APOE 
genotype was assayed as previously described.12 A total of 1,033 elderly American Indians 

were enrolled in CDCAI. Among them, 215 participants completed examinations but were 

removed from analyses because their community withdrew consent to use community 

members’ data, leaving a preliminary analytic sample of 818. Institutional review boards, 

local units of the Indian Health Service, and individual tribal councils approved all study 

procedures, and all participants provided written informed consent.

Within the preliminary sample, 47 participants were excluded for missing cranial MRI data, 

69 for self-reported prior stroke, 3 for missing cognitive data, and 1 for missing 

demographic data (American Indian language proficiency), leaving 698 participants in the 

final analytic sample (age range 64 – 95, median age 72). Total brain and hippocampal 

volumes had differing levels of missing data. Missingness was due primarily to movement 

artifact and to variable sensitivity to image quality in the analytic programs used to estimate 

volumes. Therefore, separate analytic datasets were constructed for total brain and 

hippocampal volumes. For total brain volume, 77 participants had missing data, leaving 621 

for analysis; for hippocampal volumes, 2 had missing data, leaving 696 for analysis.

Imaging

Details of the cranial MRI examinations are reported elsewhere.11 Hippocampal volume was 

measured by using automated segmentation from three-dimensional T1-weighted images 

with FIRST in the Oxford Centre for Functional MRI of the Brain Software Library (FSL) 

5.0 and the ENIGMA1 protocol. Images were checked at key intermediate points, such as 

after registration and skull stripping, and manual adjustments were made at those points. 

Intracranial volume (ICV) was estimated by using the ENIGMA1 protocol for FSL. An 

estimate for total ICV was obtained by linearly aligning each brain with the Montreal 

Neurological Institute (MNI152) template. The inverse of the determinant of the affine 

transformation matrix, multiplied by the template size, provides a robust estimate of ICV.13 
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We visually inspected all registrations and edited them as necessary to obtain accurate affine 

transformations.

Total brain volumes were estimated after skull stripping by using cortical reconstruction 

implemented in version 5.3 of the Freesurfer image analysis suite. Brain volume 

measurement included the cerebellum but not the ventricles, cerebrospinal fluid (CSF), or 

dura. ICV measurement was an estimate based on the Talairach transform.13 All brain 

volumes were visually inspected, and participants were removed from analysis if 

parcellation failed. In all cases, such failure was due to poor image quality or excessive 

motion artifact. Total brain and hippocampal volumes were standardized and measured as 

fractions of the ICV.

Cognitive measures

The cognitive measures and performance characteristics of CDCAI participants have 

previously been described in detail (Verney et al., submitted). The Modified Mini-Mental 

State Examination (3MSE),14 a 100-point global cognitive screening measure, was 

administered to provide a representation of global cognitive status. Measures of five specific 

cognitive domains were also administered, including the California Verbal Learning Test-II, 

Short Form (CVLT-II SF),15 a measure of declarative verbal memory that includes variables 

for total learning, short-delay recall, and long-delay recall; the Coding subtest from the 

Wechsler Adult Intelligence Scale-IV (WAIS-IV),16 a measure of processing speed; and the 

Controlled Oral Word Association Test (COWAT) using the letters F, A, and S.17 For all six 

of these cognitive variables, a higher score reflected better cognitive function.

Covariates

Several covariates were considered for their potential to confound associations. These 

included age in years, sex, education (any high school, completed high school, any college, 

completed college degree), study site (North/South Dakota, Oklahoma, and Arizona), 

American Indian language proficiency (not at all, a little, moderately, very well), marital 

status, and vascular risk factors. The latter included hypertension, diabetes, and 

dyslipidemia. Hypertension was defined as systolic blood pressure higher than 140mmHg, 

diastolic blood pressure higher than 90 mmHg, or a prescription for antihypertensive 

medication; diabetes was defined as fasting glucose higher than 126 mg/dl or a prescription 

for insulin or oral hypoglycemic medication; and dyslipidemia was defined as LDL higher 

than 140 mg/dl or a prescription for statins.

Statistical analyses

We used linear regression models, adjusted for the covariates, to assess the presence of a 

relationship linking total brain and hippocampal volumes (standardized as a percentage of 

ICV) with performance on our six cognitive variables. Secondary analyses were run with the 

addition of APOE ε4 status (any ε4 allele) as a covariate. Partial correlations were 

conducted to further examine the relationships among ε4 allele status, both MRI volumes, 

and our cognitive variables, adjusted for age, sex, and study site. Additional secondary 

analyses used a median split to stratify participants into higher- and lower-performing 

groups according to their scores on the global cognitive measure (3MSE). The purpose of 
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these analyses was to determine whether the relationship between MRI volumes and 

cognitive test performance differed according to global cognitive status among study 

participants. Given the absence of clinical diagnoses of cognitive status, 3MSE scores were 

used as a proxy for cognitive diagnosis. Given that these models are exploratory in nature, 

we did not control for multiple comparisons. Statistical tests were two-tailed, with the 

significance threshold for alpha set at P = 0.05. All statistical analyses were performed in R 

version 3.1.2.

RESULTS

Demographic and clinical characteristics

Table 1 provides data on the two analytic samples (total brain volume versus hippocampal 

volume) organized according to participant characteristics, MRI volumes, and performance 

on the six cognitive variables. In the sample with total brain volumes, participants had a 

mean age of 72.8, and most were female (68%). Twenty-two percent carried an APOE ε4 

allele. Among vascular risk factors, 80% had hypertension, 48% had diabetes, and 40% had 

dyslipidemia.

Association between MRI volumetric measurements and cognition

As summarized in Table 2, higher scores on the Coding subtest were significantly associated 

with larger total brain volumes as well as larger volumes for all hippocampal measurements. 

Higher 3MSE scores were associated only with larger hippocampal volumes, not with total 

brain volumes. Total brain volumes were also positively associated with CVLT-II SF 

performance for total learning, but not for recall trials. Associations between total 

hippocampal volume and CVLT-II SF measures approached but did not reach statistical 

significance. When examined separately, left hippocampal volumes had significantly 

positive associations with total learning and short-delay recall measures on CVLT-II SF, 

while right hippocampal volumes did not. Positive associations with long-delay recall 

performance on CVLT-II SF approached but did not reach statistical significance.

Further adjustment by APOE ε4 allele status did not change the results for total brain 

volume or hippocampal volumes. In addition, APOE ε4 status did not correlate with any 

volumetric measurements. Among cognitive variables, APOE ε4 was negatively correlated 

with performance on the Coding subtest (p<0.001), but not with the other cognitive 

measures (data not shown).

Global cognition

In secondary analyses, participants were stratified into two groups according to their 3MSE 

scores (Table 3). For participants scoring above the median, the associations noted above did 

not hold. For participants scoring below the median, a positive association was again present 

between the Coding subtest and all volume measures, and between the 3MSE and all 

hippocampal volume measures. Hippocampal volume was further positively associated with 

all CVLT-II SF measures, including delayed recall.
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DISCUSSION

This study takes the first step toward describing the relationships among aging, cognition, 

and brain volumes in American Indians, an underserved and understudied population. Our 

analyses were based on the largest longitudinal cohort of elderly American Indians ever 

assembled, and our findings demonstrate an association in this population between common 

cognitive performance measures and global as well as regional brain volumes. Within the 

full study sample, all volumes (total brain and total, left, and right hippocampal) were 

associated with processing speed. Total brain volume was positively associated with verbal 

learning, but not with verbal recall. Conversely, left hippocampal volume was associated 

with both verbal learning and recall, as well as with performance on a global cognitive 

measure (3MSE). Notably, the addition of APOE ε4 status to our analytic model did not 

substantially change our results. When findings were examined separately in participants 

with higher and lower 3MSE scores, all results were enhanced in the lower-performing 

group, and absent in the higher-performing group.

Reductions in whole brain volume occur in normal aging, beginning in late adolescence and 

hastening in older age.18 Brain atrophy typically precedes the onset of AD,19 and is also 

independently associated with other factors, such as depression, type 2 diabetes, and 

hypertension.20 In AD, a larger whole brain volume, in conjunction with lifestyle factors, 

might confer protection against disease progression. For example, in a sample of older adults 

with high CSF concentrations of tau and phosphorylated tau who were cognitively normal at 

baseline, both whole brain volume and education moderated the time to onset of clinically 

important cognitive impairment.21 With regard to specific cognitive abilities, whole brain 

volume has been found to be positively associated with global cognition and non-memory 

measures, and particularly with measures of processing speed.22,23

Our results demonstrate an association between smaller total brain volume and reductions in 

learning and processing speed, but not in declarative recall. Reduced processing speed is 

considered a sensitive yet nonspecific proxy for accelerated brain aging.23 The consistent 

association in our sample between reductions in all volumetric measurements of the brain 

and slower processing speed suggests that declines in this domain warrant further 

investigation of cognitive risk factors, along with appropriate clinical treatment, as needed. 

Nevertheless, regional volumetric analyses may provide greater specificity than measures of 

whole brain volumes in detecting neuropathologic changes related to AD.

In the subset of participants with data on hippocampal volume, poor performance on the 

measure for recall of verbal information was associated with smaller left hippocampal 

volumes, but not with reductions in total brain volume. This finding is consistent with 

current models of hippocampal function, in which the hippocampus plays a prominent role 

in memory storage and retrieval. Decline in declarative memory is a cardinal feature of 

typical AD, and studies have repeatedly demonstrated that hippocampal size is associated 

with declarative memory, and that a decline in hippocampal volume predicts a decline in 

memory.24,25 Reductions in the volume of the left hippocampus might precede reductions in 

the right hippocampus, and therefore might herald the onset of clinical AD dementia.5 

Although the hippocampus is notably susceptible to pathological insults, injuries associated 
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with abnormal Aβ42 accumulation could be especially important for memory in the context 

of AD. For example, one study found an association between hippocampal volume and 

memory performance among participants who were amyloid-positive on a PET scan using 

Pittsburgh compound B (PiB+), but not among participants whose scans were amyloid 

negative (PiB−).26 Others have demonstrated that reductions in CSF Aβ42 are associated 

with smaller hippocampal volumes and reduced episodic memory.27

Given the associations observed in other studies among Aβ42 accumulation, hippocampal 

atrophy, and reduced memory performance, we wanted to know whether the association 

between cognitive performance and volumetric measurements in our study cohort differed 

by degree of cognitive impairment. Some studies have reported a link between cognitive test 

performance and hippocampal volumes in non-demented older adults,28,29 but this 

association might be more prominent in elders with clinical manifestations of disease.30 One 

study found an association between left hippocampal volumes and reductions in verbal recall 

in a sample with AD, as well as in a sample with amnestic mild cognitive impairment, 

whereas right hippocampal volumes were associated with verbal recall only in the AD 

sample. No correlations were observed between left or right hippocampal volumes and 

memory indices, either at baseline or after two years of follow-up, in participants who 

remained cognitively normal.31 Furthermore, some elders might maintain a high level of 

cognitive function for several years despite the presence of hippocampal atrophy, possibly 

because of cognitive reserve.18,32 Unfortunately, we had no detailed information on histories 

of cognitive symptoms or performance of activities of daily living among our participants, 

nor are appropriate normative data available to determine normal vs. impaired cognition in 

American Indians. As a result, we could not clinically characterize our sample in terms of 

cognitive diagnosis. Therefore, in secondary analyses, we used a median split to divide the 

group into high and low global functioning, as measured by the 3MSE. We found that our 

results were driven primarily by participants with lower levels of global cognitive function, 

and that associations between hippocampal volume and recall measures were much more 

pronounced in this group. Although this result could be attributed to the smaller range of 

scores in the higher-performing group, it might also reflect findings that hippocampal 

atrophy tracks more closely with cognition as cognitive impairment increases. However, the 

extent of AD pathology in our study sample is unknown, and we could not assign clinical 

diagnostic categories. Therefore, future research should use a longitudinal design that 

incorporates careful diagnostic evaluation of American Indian elders in order to determine 

whether the association between brain volume and cognitive test performance in this 

population correlates with diagnostic categories.

Of note, the addition of APOE ε4 status to the model did not appreciably change our results. 

Furthermore, despite findings in predominantly White samples that APOE ε4 status is 

typically correlated with brain volume or episodic memory,33 we did not observe such a 

correlation in our sample. Nevertheless, a small but significant negative association was 

present between APOE ε4 status and processing speed. The presence of an APOE ε4 allele 

is a well-established risk factor for late-onset AD in predominantly non-Hispanic White 

populations, but less is known about dementia risk in non-White populations. Among 

Choctaw Indians, studies have reported that the incidence of the APOE ε4 allele in elders 

with clinically diagnosed AD is significantly lower than in Whites, while APOE ε4 is 
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associated with AD diagnosis only in elders with a relatively low percentage of Choctaw 

ancestry.34,35 However, these results were based on small samples, and other studies have 

shown that genotype frequencies in American Indians are similar to those in Whites.36 More 

recent research has reported a higher frequency of APOE ε2 (a possible protective factor 

against late-onset AD) in a larger group of American Indians.37 The relevance of APOE to 

the development of AD in American Indians remains uncertain, warranting further, detailed 

study of the genetic mechanisms of AD risk in this population.

The strong association between vascular risk factors and dementia reported in American 

Indians might indicate that vascular risk outweighs genetic risk for late-onset AD, or that the 

negative effects of vascular risk might precede the effects of other risk factors, such as the 

APOE ε4 allele. Indeed, such inference is supported by recent evidence that rates of early-

onset AD in American Indians are double those in Whites.7,37,38 In particular, vascular risk 

factors are substantially overrepresented in American Indians.6 As an example, 80% of our 

study sample had hypertension and nearly 50% had diabetes. Vascular comorbidity might 

thus represent a mediating factor for AD, such that AD progresses more rapidly in the 

presence of vascular pathology.39 Both animal models and findings in humans suggest that 

treatment of vascular risk factors and other comorbidities can modify hippocampal atrophy 

and reduce AD risk.8,40 Treatment of vascular risk factors might therefore represent an 

important point of intervention. Notably, the present study could not determine the extent to 

which pathology leading to smaller brain volumes was related to AD or to vascular 

pathology. Thus, future studies are needed to determine the extent to which true AD 

pathology occurs among American Indian elders.

This study has certain limitations. First, participants lacked cognitive diagnoses, constraining 

our ability to understand the role of disease stage in the relationship between hippocampal 

size and cognition. Second, MRI scans were performed at multiple sites, and comparisons 

between scanners introduced noise in our analyses that might have obscured results. To 

mitigate this factor, analyses included study site as a covariate. Third, rates of movement 

artifact and poor imaging resulted in differential sample sizes for participants with data on 

total brain volume versus those with data on hippocampal volume. Nevertheless, the 

demographic and clinical differences between these two subgroups were not substantial. 

Fourth, cognitive testing in our sample was limited, omitting visual memory, language, 

spatial abilities, and aspects of attention and executive function. Finally, in unpublished 

work, we have found that normative data on the U.S. all-races population is inappropriate for 

use with elderly American Indians, as it might overestimate the degree of cognitive 

impairment in this population. This limitation restricted our ability to describe the study 

sample in terms of true cognitive deficit and prevented us from evaluating the implications 

of cognitive data. Despite these limitations, the present study is unique in terms of sample 

size and scope of data collection, and its findings can guide both ongoing and future efforts 

to better describe this underserved population.

Our results are based on the largest sample of elderly American Indians ever assembled for 

collection of data on global and regional brain volumes and cognitive function. Vascular risk 

factors were highly prevalent among study participants. Analyses demonstrated a strong 

association between measures of brain volume and measures of processing speed, 
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independent of age and other potential confounders. We also report an association between 

hippocampal volumes and verbal recall, while APOE ε4 status apparently had little impact 

on cognitive performance. These findings raise questions about the relative strength of the 

associations linking smaller brain volumes with vascular versus AD pathology. Future 

longitudinal research on the progression of atrophy and cognitive decline among clinically 

well-characterized American Indian elders will significantly enhance our understanding of 

the relationships linking global and regional brain volumes with cognition, genetics, and 

vascular risk factors in this population.
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Table 1

Characteristics of older American Indians in the Cerebrovascular Disease and its Consequences in American 

Indians (CDCAI) study

Total brain volume sample (N = 621 ) Hippocampal volume sample (N = 696 )

Demographic Information

Study site n (%)

 Northern plains 254 (40.9) 311 (44.7)

 Southern plains 281 (45.2) 297 (42.7)

 Southwest 86 (13.8) 88 (12.6)

Age mean (sd) 72.8 (5.7) 72.8 (5.7)

Sex n (%)

 Female 425 (68.4) 469 (67.4)

 Male 196 (31.6) 227 (32.6)

Education n (%)

 Up to/any high school 107 (17.2) 128 (18.4)

 High school graduate 159 (25.6) 182 (26.1)

 Any college 255 (41.1) 280 (40.2)

 College graduate 100 (16.1) 106 (15.2)

Marital status n (%)

 Single 32 (5.2) 36 (5.2)

 Married/partner 245 (39. 5) 267 (38.4)

 Divorced/separated/widowed 344 (55.4) 393 (56.5)

American Indian language proficiency n (%)

 Not at all 217 (34.9) 227 (32.6)

 A little 172 (27.7) 198 (28.4)

 Moderately 84 (13.5) 92 (13.2)

 Very well 148 (23.8) 179 (25.7)

Any APOE ε4 allele n (%) 145 (23.3) 154 (22.1)

Vascular risk factors

Hypertension n (%) 498 (80.2) 558 (80.2)

Diabetes n (%) 292 (47.0) 335 (48.1)

Dyslipidemia n (%) 259 (41.7) 283 (40.7)

Cranial MRI Measurements

Left hippocampal volume, mm^3 mean (sd) 3235.5 (541.6) 3218.8 (564.4)

Right hippocampal volume, mm^3 mean (sd) 3399.7 (527.5) 3387.0 (528.8)

Total hippocampal volume, mm^3 mean (sd) 6641.1 (979.8) 6605.8 (1019.5)

Brain volume, mm^3 mean (sd) 939234.5 (101132.6) 939211.2 (101291.4)

Intracranial volume, mm^3 mean (sd) 1213148.5 (134890.8) 1215370.5 (136616.1)

Cognitive Measurements

3MSE mean (sd) 89.1 (8.6) 88.9 (8.7)

CVLT-II SF total learning mean (sd) 22.6 (5.2) 22.6 (5.2)

CVLT-II SF short-delay free recall mean (sd) 5.9 (2.0) 5.9 (2.0)
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Total brain volume sample (N = 621 ) Hippocampal volume sample (N = 696 )

CVLT-II SF long-delay free recall mean (sd) 5.5 (2.2) 5.5 (2.2)

WAIS-IV Coding mean (sd) 45.4 (14.6) 45.1 (15.1)

Verbal fluency mean (sd) 25.0 (11.4) 24.8 (11.4)

Abbreviations: 3MSE = Modified Mini Mental State Examination; APOE = apolipoprotein E; CVLT-II SF = California Verbal Learning Test-2nd 

edition, Short Form; sd = standard deviation; WAIS-IV = Wechsler Adult Intelligence Scale, 4th edition.
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Table 2

Association between MRI volumetric measures and performance on cognitive tests in older American Indians

Regression model

n beta Confidence interval p-value

Total brain volume

3MSE 595 0.04 (−0.02, 0.10) 0.253

CVLT-II SF total learning 613 0.08 (0.01, 0.15) 0.022

CVLT-II SF short-delay free recall 613 0.18 (−0.01, 0.37) 0.069

CVLT-II SF long-delay free recall 613 0.09 (−0.08, 0.26) 0.280

WAIS-IV Coding 621 0.04 (0.01, 0.07) 0.007

Phonemic verbal fluency 621 0.03 (−0.00, 0.07) 0.087

Hippocampal volume

3MSE 666 1.37 (0.40, 2.34) 0.006

CVLT-II SF total learning 686 1.20 (−0.12, 2.51) 0.076

CVLT-II SF short-delay free recall 686 2.80 (−0.25, 5.86) 0.072

CVLT-II SF long-delay free recall 686 2.88 (−0.02, 5.77) 0.051

WAIS-IV Coding 696 0.76 (0.24, 1.28) 0.004

Phonemic verbal fluency 696 0.12 (−0.50, 0.74) 0.713

Left hippocampal volume

3MSE 667 0.84 (0.28, 1.40) 0.003

CVLT-II SF total learning 687 0.77 (0.04, 1.49) 0.039

CVLT-II SF short-delay free recall 687 1.97 (0.16, 3.77) 0.032

CVLT-II SF long-delay free recall 687 1.58 (−0.08, 3.24) 0.063

WAIS-IV Coding 697 0.39 (0.11, 0.68) 0.007

Phonemic verbal fluency 697 0.17 (−0.17, 0.51) 0.338

Right hippocampal volume

3MSE 667 0.52 (−0.00, 1.05) 0.050

CVLT-II SF total learning 687 0.58 (−0.18, 1.34) 0.132

CVLT-II SF short-delay free recall 687 1.18 (−0.51, 2.87) 0.171

CVLT-II SF long-delay free recall 687 1.55 (−0.01, 3.12) 0.052

WAIS-IV Coding 697 0.43 (0.13, 0.73) 0.004

Phonemic verbal fluency 697 −0.00 (−0.34, 0.33) 0.977

All models are adjusted for age, sex, study site, language, marital status, education, and comorbid diabetes, hypertension, and 
hypercholesterolemia. Total, left, and right hippocampal volumes are defined as 100,000 times the fraction of volume to intracranial volume. Brain 
volume is defined as a fraction of intracranial volume.

Abbreviations: 3MSE = Modified Mini Mental State Examination; CVLT-II SF = California Verbal Learning Test-2nd edition, Short Form; MRI = 

magnetic resonance imaging; WAIS-IV = Wechsler Adult Intelligence Scale, 4th edition.

Alzheimer Dis Assoc Disord. Author manuscript; available in PMC 2018 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cholerton et al. Page 15

Ta
b

le
 3

A
ss

oc
ia

tio
n 

be
tw

ee
n 

M
R

I 
vo

lu
m

et
ri

c 
m

ea
su

re
s 

an
d 

pe
rf

or
m

an
ce

 o
n 

co
gn

iti
ve

 te
st

s 
in

 o
ld

er
 A

m
er

ic
an

 I
nd

ia
ns

, s
tr

at
if

ie
d 

by
 m

ed
ia

n 
sc

or
e 

on
 3

M
SE

n

3M
SE

 ≤
 9

0

p-
va

lu
e

n

3M
SE

 >
 9

0

p-
va

lu
e

B
et

a
C

on
fi

de
nc

e 
in

te
rv

al
B

et
a

C
on

fi
de

nc
e 

in
te

rv
al

To
ta

l b
ra

in
 v

ol
um

e

3M
SE

27
4

0.
02

(−
0.

07
, 0

.1
0)

0.
69

6
32

1
−

0.
16

(−
0.

35
, 0

.0
2)

0.
08

6

C
V

LT
-I

I 
SF

 to
ta

l l
ea

rn
in

g
26

9
0.

09
(−

0.
02

, 0
.2

0)
0.

12
9

31
8

0.
05

(−
0.

04
, 0

.1
4)

0.
31

0

C
V

LT
-I

I 
SF

 s
ho

rt
-d

el
ay

 f
re

e 
re

ca
ll

26
9

0.
13

(−
0.

18
, 0

.4
5)

0.
40

6
31

8
0.

12
(−

0.
11

, 0
.3

6)
0.

30
9

C
V

LT
-I

I 
SF

 lo
ng

-d
el

ay
 f

re
e 

re
ca

ll
26

9
0.

15
(−

0.
11

, 0
.4

1)
0.

26
0

31
8

−
0.

06
(−

0.
28

, 0
.1

5)
0.

56
2

W
A

IS
-I

V
 C

od
in

g
27

4
0.

07
(0

.0
2,

 0
.1

1)
0.

00
3

32
1

0.
01

(−
0.

03
, 0

.0
5)

0.
64

9

Ph
on

em
ic

 v
er

ba
l f

lu
en

cy
27

4
0.

05
(−

0.
01

, 0
.1

2)
0.

10
5

32
1

−
0.

01
(−

0.
05

, 0
.0

4)
0.

78
7

H
ip

po
ca

m
pa

l v
ol

um
e

3M
SE

31
3

1.
95

(0
.6

0,
 3

.2
9)

0.
00

5
35

3
−

1.
42

(−
4.

48
, 1

.6
5)

0.
36

5

C
V

LT
-I

I 
SF

 to
ta

l l
ea

rn
in

g
30

8
2.

06
(0

.1
4,

 3
.9

8)
0.

03
5

34
8

0.
19

(−
1.

65
, 2

.0
3)

0.
84

0

C
V

LT
-I

I 
SF

 s
ho

rt
-d

el
ay

 f
re

e 
re

ca
ll

30
8

5.
52

(1
.0

0,
 1

0.
03

)
0.

01
7

34
8

0.
56

(−
3.

89
, 5

.0
2)

0.
80

4

C
V

LT
-I

I 
SF

 lo
ng

-d
el

ay
 f

re
e 

re
ca

ll
30

8
6.

72
(2

.4
0,

 1
1.

04
)

0.
00

2
34

8
−

1.
38

(−
5.

37
, 2

.6
0)

0.
49

6

W
A

IS
-I

V
 C

od
in

g
31

3
1.

50
(0

.7
0,

 2
.2

9)
<0

.0
01

35
3

−
0.

13
(−

0.
91

, 0
.6

4)
0.

73
2

Ph
on

em
ic

 v
er

ba
l f

lu
en

cy
31

3
0.

89
(−

0.
15

, 1
.9

3)
0.

09
3

35
3

−
0.

92
(−

1.
66

, −
0.

18
)

0.
01

5

L
ef

t 
hi

pp
oc

am
pa

l v
ol

um
e

3M
SE

31
3

1.
21

(0
.3

9,
 2

.0
3)

0.
00

4
35

4
−

0.
51

(−
2.

23
, 1

.2
0)

0.
55

8

C
V

LT
-I

I 
SF

 to
ta

l l
ea

rn
in

g
30

8
1.

01
(−

0.
09

, 2
.1

0)
0.

07
1

34
9

0.
49

(−
0.

50
, 1

.4
7)

0.
33

5

C
V

LT
-I

I 
SF

 s
ho

rt
-d

el
ay

 f
re

e 
re

ca
ll

30
8

3.
36

(0
.6

0,
 6

.1
3)

0.
01

7
34

9
1.

09
(−

1.
38

, 3
.5

6)
0.

38
8

C
V

LT
-I

I 
SF

 lo
ng

-d
el

ay
 f

re
e 

re
ca

ll
30

8
3.

27
(0

.7
1,

 5
.8

3)
0.

01
2

34
9

−
0.

10
(−

2.
32

, 2
.1

3)
0.

93
3

W
A

IS
-I

V
 C

od
in

g
31

3
0.

80
(0

.3
6,

 1
.2

4)
<0

.0
01

35
4

−
0.

10
(−

0.
52

, 0
.3

2)
0.

63
4

Ph
on

em
ic

 v
er

ba
l f

lu
en

cy
31

3
0.

54
(−

0.
04

, 1
.1

1)
0.

06
7

35
4

−
0.

33
(−

0.
75

, 0
.0

9)
0.

12
7

R
ig

ht
 h

ip
po

ca
m

pa
l v

ol
um

e

3M
SE

31
3

0.
73

(0
.0

4,
 1

.4
3)

0.
03

8
35

4
−

0.
50

(−
2.

22
, 1

.2
3)

0.
57

5

C
V

LT
-I

I 
SF

 to
ta

l l
ea

rn
in

g
30

8
1.

05
(0

.0
5,

 2
.0

6)
0.

04
0

34
9

0.
08

(−
1.

09
, 1

.2
6)

0.
89

0

C
V

LT
-I

I 
SF

 s
ho

rt
-d

el
ay

 f
re

e 
re

ca
ll

30
8

2.
15

(−
0.

09
, 4

.4
0)

0.
06

0
34

9
0.

46
(−

2.
47

, 3
.4

0)
0.

75
8

C
V

LT
-I

I 
SF

 lo
ng

-d
el

ay
 f

re
e 

re
ca

ll
30

8
3.

45
(1

.2
9,

 5
.6

1)
0.

00
2

34
9

−
0.

61
(−

2.
99

, 1
.7

8)
0.

61
9

W
A

IS
-I

V
 C

od
in

g
31

3
0.

70
(0

.2
8,

 1
.1

1)
0.

00
1

35
4

0.
16

(−
0.

34
, 0

.6
7)

0.
52

9

Alzheimer Dis Assoc Disord. Author manuscript; available in PMC 2018 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cholerton et al. Page 16

n

3M
SE

 ≤
 9

0

p-
va

lu
e

n

3M
SE

 >
 9

0

p-
va

lu
e

B
et

a
C

on
fi

de
nc

e 
in

te
rv

al
B

et
a

C
on

fi
de

nc
e 

in
te

rv
al

Ph
on

em
ic

 v
er

ba
l f

lu
en

cy
31

3
0.

35
(−

0.
20

, 0
.9

1)
0.

21
5

35
4

−
0.

49
(−

0.
90

, −
0.

07
)

0.
02

2

A
ll 

st
ra

tif
ie

d 
m

od
el

s 
ar

e 
ad

ju
st

ed
 f

or
 a

ge
, s

ex
, s

tu
dy

 s
ite

, l
an

gu
ag

e,
 m

ar
ita

l s
ta

tu
s,

 e
du

ca
tio

n,
 a

nd
 c

om
or

bi
d 

di
ab

et
es

, h
yp

er
te

ns
io

n,
 a

nd
 h

yp
er

ch
ol

es
te

ro
le

m
ia

. T
ot

al
, l

ef
t, 

an
d 

ri
gh

t h
ip

po
ca

m
pa

l v
ol

um
es

 a
re

 
de

fi
ne

d 
as

 1
00

,0
00

 ti
m

es
 th

e 
fr

ac
tio

n 
of

 v
ol

um
e 

to
 in

tr
ac

ra
ni

al
 v

ol
um

e.
 B

ra
in

 v
ol

um
e 

is
 d

ef
in

ed
 a

s 
a 

fr
ac

tio
n 

of
 in

tr
ac

ra
ni

al
 v

ol
um

e.

A
bb

re
vi

at
io

ns
: 3

M
SE

 =
 M

od
if

ie
d 

M
in

i M
en

ta
l S

ta
te

 E
xa

m
in

at
io

n;
 C

V
LT

-I
I 

SF
 =

 C
al

if
or

ni
a 

V
er

ba
l L

ea
rn

in
g 

Te
st

-2
nd

 e
di

tio
n,

 S
ho

rt
 F

or
m

; M
R

I 
=

 m
ag

ne
tic

 r
es

on
an

ce
 im

ag
in

g;
 W

A
IS

-I
V

 =
 W

ec
hs

le
r 

A
du

lt 

In
te

lli
ge

nc
e 

Sc
al

e,
 4

th
 e

di
tio

n.

Alzheimer Dis Assoc Disord. Author manuscript; available in PMC 2018 April 01.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Imaging
	Cognitive measures
	Covariates
	Statistical analyses

	RESULTS
	Demographic and clinical characteristics
	Association between MRI volumetric measurements and cognition
	Global cognition

	DISCUSSION
	References
	Table 1
	Table 2
	Table 3

