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Abstract

BACKGROUND—Magnetic resonance imaging (MRI) can aid clinical assessment of brain changes
potentially correlated with Alzheimer disease (AD). MRI traits may improve our ability to identify
genes associated with AD-outcomes. We evaluated semi-quantitative MRI measures as
endophenotypes for genetic studies by assessing their association with AD in families from the Multi-
Institutional Research in Alzheimer Genetic Epidemiology (MIRAGE) Study.

METHODS—Discordant siblings from multiple ethnicities were ascertained through a single
affected proband. Semi-quantitative MRI measures were obtained for each individual. The
association between continuous/ordinal MRI traits and AD were analyzed using generalized
estimating equations. Medical history and Apolipoprotein E (APOE)¢4 status were evaluated as
potential confounders.

RESULTS—Comparisons of 214 affected and 234 unaffected subjects from 229 sibships revealed
that general cerebral atrophy, white matter hyperintensities (WMH), and mediotemporal atrophy
differed significantly between groups (each at P <.0001) and varied by ethnicity. Age at MRI and
duration of AD confounded all associations between AD and MRI traits. Among unaffected sibs, the
presence of at least one APOEe¢4 allele and MRI infarction was associated with more WMH after
adjusting for age at MRI.

CONCLUSION—The strong association between MRI traits and AD suggests that MRI traits may
be informative endophenotypes for basic and clinical studies of AD. In particular, WMH may be a
marker of vascular disease that contributes to AD pathogenesis.
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Introduction

Neuroimaging methods can be helpful in characterizing brain regions affected by Alzheimer
disease (AD).12 Hippocampal atrophy observed by magnetic resonance imaging (MRI), for
example, is considered an early and specific marker of the AD process 3-6 that correlates with
impairments in memory function’ and AD pathology.8:° Cross-sectional and longitudinal
measures of cerebral atrophy also differ between AD patients and age-matched controls
10-15 and are associated with the rate of cognitive deterioration.16-18 These data suggest that
hippocampal and cerebral atrophy could serve as biological markers of early AD pathology.19

White matter hyperintensities (WMH) which are abnormalities of cerebral white matter are
frequently seen in normal aging and are commonly attributed to cerebrovascular disease
(CVD),20-22 WMH also have been associated with AD,23 but these associations are
controversial.2* MRI atrophy and WMH have not been examined in a family-based cohort of
patients and unaffected family members who share environmental and genetic backgrounds.

One goal of the Multi-Institutional Research in Alzheimer Genetic Epidemiology (MIRAGE)
Study is to identify genes influencing susceptibility to AD and AD-related brain changes
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measured on MRI scan. In this paper, we evaluate associations between MRI traits and AD in
amulti-ethnic group of families comprised of affected and unaffected siblings and demonstrate
that these traits may be informative endophenotypes for genetic and other studies aimed at
elucidating mechanisms of AD pathogenesis.

Subject Recruitment and Classification

MIRAGE participants described in this report are AD patients and their siblings who were
recruited at 14 sites in the United States and at three sites in other countries (Canada, Germany,
and Greece). Families were ascertained through a proband with a diagnosis of probable AD
according to National Institute of Neurological and Communicative Disorders and Stroke/
Alzheimer's Disease and Related Disorders Association (NINCDS/ADRDA) criteria.2> Two
cognitive tests were used to confirm unaffected status in first-degree relatives through a two-
step process. The modified mini-mental state examination (3MS) was used initially to assess
absence of dementia.2% A cut-off score of >86 on this 100 point scale was required to be
considered unaffected, based on data from population studies.2”+28 Persons with a 3MS < 83
were considered affected and referred for evaluation. If the 3MS score fell between 83 and 86,
the informant questionnaire on cognitive decline (IQ-Code),2%-31 an observer-based instrument
of possible dementia symptoms, was administered and an 1QCode score of < 3.25 was
necessary to be categorized as unaffected. Ethnic designation was assigned based on self-
description as Caucasian non-Hispanic (CNH), Caucasian Hispanic (CH), African American
(AA), and Japanese American (JA). The study protocol was approved by Institutional Review
Boards at each site.

Data Collection

Medical history, family history, demographic, and risk factor information, physical trait
measurements, and blood samples were collected after obtaining informed consent from the
non-demented subjects and a combination of consent or assent along with informed consent
by proxy on living demented subjects. Details of data collection procedures, protocols for
obtaining family histories, APOE genotyping, and reports of validity of study questionnaires
have been published elsewhere 32-36

MRI Traits and Scanning Procedures

MRI traits utilized in this analysis included semi-quantitative measures of generalized cerebral
atrophy (CA), bilateral medial temporal atrophy (MTA), severity of WMH, and the presence
or absence of cerebral infarcts (INF). All measures were evaluated by a single rater (CD)
blinded to age, gender, and affection status. All MRIs were acquired using 1.5 Tesla magnetic
field strength scanners and the sequences were modified to suit differences in site machine
vender and operating systems.

Semi-quantitative Assessment of CA and WMH

CA was evaluated from the second (T2) echo of a conventional double spin-echo sequence
which consisted of a TR 2000, TE 20/100, FOV 24 cm, 1 NEX, and 256 x 192.

WMH were rated from axial FLAIR sequences which consisted of a TE 144 ms, TR: 11,000
ms, Tl 2,250 ms, FOV: 22 cm, Flip Angle of 90 deg, 1 NEX and 256 x 192 matrices. When
FLAIR imaging was unavailable, WMH measures were obtained from the proton density image
of a conventional double echo image. Both CA and WMH were measured using an analog
visual scale previously reported3” and subsequently modified to include reference images3®
where CA or WMH were quantified according to previously reported methods.3°
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The scale consisted of a 100-mm straight line on which the origin is labeled “no abnormality”
and the terminus is labeled “very severe abnormality.” The rater examined each slice of the
brain image and drew a vertical line on the scale corresponding to the assessment of CA or
WMH. The extent of abnormality was then determined by measuring the distance from the
vertical line to the origin of the scale. As noted above, the scale was supplemented with
reference images that were quantified for the percent of brain volume to establish the extent
of CA or volume of WMH. Thus, the actual percent of CA or WMH was known for these
images and they could be used as a reference for the rating scale.

MTA measures were obtained from axial-oblique 3-dimensional fast spoiled gradient recalled
echo (FSPGR) or similar sequence that consisted of a TE 2.9 ms (min), TR 9 ms (min), Flip
angle: 15 deg, Slice thickness: 1.5 mm, FOV: 25 cm x 25 cm, Matrix; 256 x 256. This image
was obtained in the coronal orientation whenever possible. MTA was rated using a previously
published qualitative rating scale.?9-42 This scale assesses the extent of bilateral MTA by
estimating the combined widths of the choroidal fissure, temporal horn of the lateral ventricle,
and the height of the hippocampus in the coronal, oblique orientation to derive five different
categories ranging from 0 (no atrophy) to 4 (severe atrophy). The intraclass correlation
coefficient of inter-rater reliability measure is .83 (range 82-86).

The presence of INF was determined from the size, location, and imaging characteristics of
the lesion. The image analysis system allowed for viewing of all images at three times
magnified view to assist in interpretation of lesion characteristics. Signal void, best seen on
the T2 weighted image was interpreted to indicate a vessel. Only lesions 3 mm or larger
qualified for consideration as INF. INF also were required to have (1) cerebrospinal fluid (CSF)
density on the subtraction image and (2) distinct separation from the circle of Willis vessels if
the stroke was in the basal ganglia area. Kappa values for this method as determined in our
laboratory range from .73 to .90.

A cerebrovascular disease measurement (CVR) was derived from INF and WMH measures.
If INF were absent, then CVR was set equal to WMH. If INF were present, then CVR was
given a score based on the amount of WMH and presence of INF.

Statistical Analysis Procedures

The influence of APOE genotype was evaluated assuming an additive model. Hence, subjects
were grouped according to the number of ¢4 alleles (0, 1, or 2). Nine possible education levels
were collapsed into four categories: less than 7t grade, 7t through 121" grade, technical
through college degree work, and graduate/professional degree work. Body mass index (BMI)
was calculated as weight in kilograms divided by the square of height measured in meters.
Disease duration was defined as the number of years between earliest observable dementia
symptoms as reported by the family and age at MRI in an affected sibling. For unaffected
siblings, disease duration equaled zero years. WMH and CA were analyzed as continuous
dependent variables and evaluated for normality using Kolmogorov-Smirnov#3 and Anderson—
Darling statistics** and normal probability plots. Based on failed tests for normality, WMH
was log transformed for all further analyses. MTA was analyzed as an ordinal variable.
Associations between each MRI trait and affection status, adjusting for potential confounding
variables (ie, ethnicity, education, stroke, APOE &4 alleles) were assessed using generalized
estimating equations (GEE) regression models.#>:46 GEE models were used to obtain
regression parameter estimates while accounting for correlated responses from sib-ship data.
We assumed an exchangeable correlation matrix for all regression models. CA and log WMH
were analyzed as normally distributed dependent variables. The association between MTA and
affection status was assessed with a continuation ratio logit regression model that is appropriate
for an ordinal, non-normal response and results in a range of regressions for the variable. Each
logit is the log odds of an individual having the next higher MTA score given sequential
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progression through less severe atrophy scores. In other words, each logit is the log odds of
transitioning to a more severe state of MTA. The evaluation of the association between AD
and MRI traits adjusting for potential confounders was conducted with MRI traits as dependent
variables. The association between each MRI trait and AD was assessed for potential
confounding by comparing the parameter estimate of association from models with and without
a potential confounder. We use the notation S apjconfounder t0 denote the regression estimate of
association between MRI traitand AD controlling for a confounder. Sap denotes the regression
estimate of association excluding the confounder from the model. If the addition of a
confounder changed the association estimate by approximately 10%, then the variable was
designated a confounder of the primary association between the MRI trait and AD. Differences
in distributions of MRI traits regressed on age at MRI from GEE models plotted by affection
status were also evaluated. All analyses were conducted using SAS v. 9.1.

Sample Characteristics

The sample included in the analysis consisted of 448 subjects with complete MRI scan data.
Of these subjects, 214 were affected and 234 were unaffected siblings. There were 229 sib-
ships of size >2 of which 173 families included an AD individual. Affected and unaffected
siblings had similar education and ethnic distribution (Table 1). AD siblings had a significantly
greater proportion of APOE &4 alleles (P < .0001) and were slightly older than unaffected
siblings.

Relationship of CA, MTA, and log WMH with AD

Age at MRI

CA scores for affected (n = 208, Shapiro-Wilks P = .62) and unaffected siblings (n = 233,
Shapiro-Wilks P = .32) were approximately normally distributed (Fig 1), whereas the
distributions of WMH were skewed and non-normal (Fig 2). Natural log transformations of
WMH were used for subsequent analyses although they remained somewhat skewed. MTA
(Fig 3) and CVR (not shown) measures were also skewed and non-normally distributed. AD
siblings had significantly greater CA and MTA (P < .0001 for all atrophy score comparisons),
log WMH (P <.0001), and frequency of INF (P =.038) than unaffected siblings (Table 2).
The relationships between individual MRI traits and AD remained significant in GEE models
addressing the familial correlation structure of the dataset. Based on crude estimates of
association, affected siblings consistently had higher CA within the observed age range (5ap
=16.36, s.e. [f] = 1.29, P <.0001) and baseline log WMH levels than unaffected siblings
(Bap = 1.14, s.e. [f] = .15, P <.0001). AD status was also associated with worsening
mediotemporal atrophy as reflected by positive crude log odds of MTA estimates (MTA 1 vs.
0: BAD =1.52, s.e. [f] =.36; MTA 2 vs. <2: BAD =2.38, s.e. [f] = .31; MTA 3 vs. <3: SAD
=1.91,s.e. [f] = .26; MTA 4 vs. <4: BAD = 3.88, s.e. [f] =.73; each at P <.0002).

MRI trait measures were strongly influenced by an individual's age at MRI. Age at MRI was
positively correlated with log WMH, CA, and MTA among affected (Pearson correlations

range from .36 to .51, P = .0027 to <0001) and unaffected (Pearson correlations range from .
2110 .39, P <.0001) siblings. Associations between CA, log WMH, and MTA with AD were
confounded by age at MRI, but associations remained statistically significant. The association
of CA with AD decreased after adjusting for age at MRI (Bapjageatmri = 14.33, S.E.[5] 1.35).
Age at MRI 'had greater impact on CA in unaffected =(f,ge = .85, S.E. (8) =.092) versus affected
(Bage = -31, S.E. [B] = .12) siblings (Fig 4). The crude association between log WMH and AD
decreased after adjusting for age at MRI (BapjageatmRri1 = -89, S.E.[#] = .13). The impact of age
at MRI was also greater in unaffected than affected siblings (Fig 5). Age at MRI confounded
the association between MTA and AD, but the confounding occurred only in comparisons of
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MTA < 2. Specifically, continuation ratio logit (odds) of MTA of 1 versus O (8apjageatMRI =

1.72,s.e. [8] = .40) and 2 vs. < 2 increased after adjusting for age at MRI (Bapjageatmr1 = 2.69,
s.e. [8] = .36). The odds of MTA of 3 vs < 3 (Bapjageatmr1 = 1.87, s.e. [] = .27) or 4 vs. < 4

(BaDlageatmRrI = 3.72, s.e. [] = .73) did not change after adjusting for age at MRI.

Disease Duration

Ethnicity

While age at MRI had the largest impact on confounding the associations between MRI traits
and AD, disease duration also affected the association estimates. Disease duration was
positively correlated with CA (Pearson correlation = .25, P =.0002), log WMH (Pearson
correlation =.19, P =.0069), and MTA (Spearman correlation =.23, P =.0010) among affected
siblings. The decrease in associations between CA (Bapdiseaseduration,ageatvrl = 10.81, s.e.
[8]1=1.74), log WMH Bapydiseaseduration,ageatMr1 = -67, 5.€. [8] = .15), and middle severity MTA
(MTA 2 vs. <2: Bapydiseaseduration,ageatMRI = 3.01, MTA 3 vs. <3: Bapydiseaseduration ageatMR1 =
1.23) with AD adjusted for age at MRI indicated confounding by duration of disease. The least
and most severe MTA associations adjusted for age at MRI were not further confounded by
disease duration (MTA 1 vs. 0: Sapdiseaseduration,ageatMRrl = 1.59; MTA 4 vs. <4:

B AD|diseaseduration,ageatMRI = 3.58).

Associations between CA and log WMH with AD were similar across ethnic groups with a
few exceptions. The association between CA and AD in CHs (Bapjageatmri = 8.61, S.E. [4] =
3.67) was weaker than in other ethnic groups combined (8apjageatmri ranges 12.97-16. 36, S.E.
[A] ranges 1.79-3.22). Ethnic-specific associations for log WMH with AD were more variable
(ﬂADlageatMRl =.47,S.E. [ﬂ] .24 for AAs to ﬁAD|ageatMRI =1.17,S.E. [,B] =.20 for CNHS) The
associations between MTA and AD were similar across ethnic groups. Complete assessment
of MTA was not possible due to statistical non-convergence in AAs (MTA 1 vs. 0), CNHs
(MTA 4 vs. <4),and JAs (MTA 4 vs. < 4).

Other Potential Confounders

Separate analyses of affected and unaffected siblings revealed APOE ¢4 and INF confounded
the association between log WMH and age at MRI. The presence of an APOE ¢4 allele was
significantly associated with higher log WMH after adjusting for age at MRI in unaffected
siblings (BapoE4,ageatMr1 = 46, S.E. =.19, P =.0209). No such effect was observed in affected
individuals. Log WMH was significantly associated with INF after adjusting for age in both
unaffecteds (BiNF ageatmri = -82, S.E. [8] = .24, P = .0026) and in affecteds (8iNF ageatMRI = -
68, S.E. [] = .17, P =.0015). BMI, sex, head circumference, and education had negligible
effect on the association between log WMH and INF in these analyses. Analyses of all siblings
combined were not affected by these potential confounders.

Discussion

Our results using simple semi-quantitative scales suggest that MRI traits related to atrophy
(CA and MTA) are significantly associated with AD in families. This concurs with earlier
literature suggesting the use of MR measures for differentiating AD from non-AD pathology
in unrelated subjects.1® Our results indicate AD siblings had greater amounts of WMH and
more frequent presence of infarction than unaffected siblings despite the fact that AD subjects
were ascertained through criteria that would be expected to minimize cerebrovascular findings.
These associations have been previously noted9:38 suggesting that vascular injury may play
arole in the AD process®2:23 Age at MRI and duration of AD each confound the association
between these three MRI trait measurements and AD and are important variables to consider
when comparing cognitively normal subjects to AD patients. Despite the obvious significant
mean differences in MRI measures seen between patients with AD and their unaffected

J Neuroimaging. Author manuscript; available in PMC 2009 November 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cuenco et al.

Page 7

siblings, considerable overlap between the two groups is apparent for all measures. While some
of this overlap can be explained by measurement error, the shared genetic background of the
cases and controls in this study may account for this overlap. Other non-genetic factors could
also contribute to the overlap, but our analyses of family data and other reports of MRI traits
in twin data indicate that genetic factors play a sizeable role.>*>° Studies of WMH assessing
the contribution of genetic and non-genetic factors have attributed the MR distirubtion to
primarily genetic factors.%6:57 Therefore, these traits could therefore be used as potential
endophenotypes to investigate novel genetic risk factors that may influence AD onset. As such,
this dataset will be important to future genetic studies within the MIRAGE project.

The MIRAGE Study has assembled one of the largest collections of AA families with AD.
Our results suggest that the magnitude of association between WMH and AD may be lower in
AAs. It is possible that other risk factors for CVD, such as hypertension and diabetes which
are more common in AAs than Caucasians,*”:48 may explain this weaker association between
AD and WMH. The association between CA and AD is greater in AAs than in Caucasians,
adjusting for age at MRI. The results for MTA are less clear, but suggest that MTA is a uniform
process related to aging and not to factors associated with ethnicity. These differences are subtle
possibly due to the constricted number of samples available for non-Caucasian ethnic groups.
Yet, statistical testing is able to take into account the variability in sample size and results still
suggest that the utility of MRI measurements in association with AD will vary by ethnic
background.

We found that WMH are associated with the presence of infarcts in both affected and unaffected
siblings, supporting the hypothesis that WMH reflects vascular disease.49:°0 Of interest, APOE
&4 was associated with WMH only among unaffected siblings. This may reflect the increased
vascular risk factor of the APOE &4, an effect that is overwhelmed by the robust association
between ¢4 and AD in affected individuals.

Age at MRI and duration of disease (as a measure of disease severity) confound the relationship
between AD and MRI traits as reported in previous studies.?® This is particularly true for CA
and less so for WMH. CA differences between AD and non-AD subjects dissipate while WMH
differences are steady with increasing age. This suggests concomitant CVD or white matter
degeneration is part of the AD process.®2:23 While both processes are possible, there continues
to be considerable debate regarding the etiology of WMH in AD.50

Our family-based design which uses non-demented siblings as controls reduces greatly the
potential for genetic substructure, or confounding, due to differences in underlying gene
frequency distributions in affected and unaffected individuals. Family-based controls are also
more likely to be similar to cases than unrelated controls in other pertinent factors including
socioeconomic factors, educational, dietary, and access to medical care. If these factors are
correlated with MRI traits, differential distribution of these factors among cases and controls
could confound the association between MRI traits and AD.

The sensitivity and specificity of AD diagnosis could affect the univariate and regression
results. Some overlap of affected an unaffected MRI values may be due to limitations of the
measurements to differentiate adequately between those with and without AD. In addition, we
may have taken a too conservative approach for defining AD probands. Because the
overarching aim of the MIRAGE Study is to identify AD risk factors, AD probands were
ascertained based on narrow NINCDA/ADRDA criteria that exclude subjects having any
suggestion of vascular dementia. Thus, evidence of CVD, such as WMH or MRI infarct would
not be associated with an initial diagnosis of vascular dementia. This implies that CVD in AD
subjects is underreported. Another potential caveat of our findings is that some siblings
categorized as unaffected actually have AD. If siblings were disproportionately misclassified
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as unaffected, then some MRI trait associations could have been overestimated. Finally, the
sibling controls in our study may not be representative of non-demented siblings of AD cases
because healthy volunteer effects could have enriched the reference group for subjects lacking
brain atrophy or CVD. Lastly, the study data collected were based on self-report and proxies
that may not accurately reflect an individual. Proxy measures, while essential in cognitively
challenged populations, may be prone to biases. However, our own validation study suggests
that proxy reporting is highly accurate.>8

Our results showing strong association between MRI traits and AD in a family-based sample
indicate that semi-quantitative MRI measurements will be useful endophenotypes for genetic
association and other clinical and basic studies of AD.>® Each MRI trait, measured on either
an ordinal or continuous scale, is an improvement over using a dichotomous AD measures as
an outcome because the continuous variable contains more information than a dichotomous
trait. The broader measurement scale is less sensitive to measurement error than in the binary
measure and could improve study power for identifying genes that impact AD development.
We expect, therefore, that genetic association findings with MRI measures of
neurodegeneration and CVD will provide insights into the pathophysiology of AD.

Additional MIRAGE Study Group investigators are: C. T. Baldwin, and S. Auerbach (Boston
University); Drs. A. Akomolafe, Lorin Freedman, and E. Ofili (Morehouse School of
Medicine); Dr. H. Chui (University of Southern California); Dr. C. DeCarli (University of
California - Davis); Dr. R. Duara (Mt. Sinai Medical Center, Miami); Drs. T. Foroud and M.
Farlow (Indiana University School of Medicine); Dr. R. Friedland (Case Western Reserve
University); Dr. R. Go (University of Alabama-Birmingham); Dr. A. Kurz (Technical
University, Munich, Germany); Dr. T. Obisesan (Howard University); Drs. H. Petrovitch and
L. White (Pacific Health Research Institute); Dr. N. Relkin (Cornell University); Dr. M.
Sabbagh (Sun Health Research Institute); Dr. D. Sadovnick (University of British Columbia);
and Dr. M. Tsolaki (University of Aristotle, Thessaloniki, Greece).
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Fig 1.
Distribution of CA by affection status. Black bars denote affected subjects. White bars denote
unaffected subjects.
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Fig 2.
Distribution of WMH by affection status. Black bars denote affected subjects. White bars
denote unaffected subjects.
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Fig 3.
Distribution of MTA by affection status Black bars denote affected subjects. White bars denote
unaffected subjects.
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Fig 4.

CA versus age. Data points are uncorrected for family structure. GEE regression estimates
(Unaffected: Intercept = —14.8, S = .85; Affected: Intercept = 38.7, # = .31) and lines are
corrected for family structure. Black squares and dotted line denote affected. White diamonds
and solid black line denote unaffected.
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WMH by age. Data points are uncorrected for family structure. GEE regression estimates
((Unaffected: Intercept = —32.5, f = .57; Affected: Intercept = —46.5, 5 =.87) and lines are
corrected for family structure. Black squares and dotted line denote affected. White diamonds
and solid black line denote unaffected.
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Demographics

Table 1
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Affected Unaffected
sibs (n = 214) sibs (n = 234)
Age at MRIL 75.0 (9.1) 71.6 (9.0)
No. (%) No. (%)
Highest Level of Education’
Less than 6™ grade 20 (9) 12 (5)
7" through 12" grade 100 (47) 102 (44)
College 64 (30) 85 (36)
Graduate or professional 27 (13) 34 (15)
Ethnicity>
Caucasian non-Hispanic 120 (56) 137 (59)
Caucasian Hispanic 32 (15) 30 (13)
African American 36 (17) 35 (15)
Japanese American 23 (11) 31 (13)
APOE?
44, 24 42 (20) 22 (9)
34,23 103 (48) 96 (41)
33 62 (29) 106 (45)

lPooled t-test P <.0001.
2Two-sided Wilcoxon test P = .066.
3Two-sided Wilcoxon test P = .60.

4 2test P < 0001
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Table 2
Mean MRI Trait Values among Affected and Unaffected Siblings
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Affected Unaffected
Sibs (n = 214) Sibs (n =234)

CA (Std. dev.)! 62.0 (13.8) 45.7 (14.1)
logWMH (Std. dev.)? 23(1.2) 1.2 (2.0)
MTA (Std dev)23 2.7(12) 78 (1.0)
MRI infarcts

Present (no.)4 49 37

Small (%) 17 14

Large (%) 5 2

lPooled t-test P <.0001;
2Unequal variances t-test P <.0001.
3Treated as continuous variable;

42 test P = 038,
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