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Methods: T1-weighted high-resolution anatomical imaging data using 3 Tesla MRI at baseline (AD =39, MCI =82, HC =58)
and at 24-months were obtained from the Alzheimer’s disease Neuroimaging Initiative database. Lesions in various brain
structures, including the infratentorial and basal ganglia areas, and the periventricular and deep white matter and global atrophy,
were evaluated and combined into the BALI scale.

Results: Mean progression of brain deficits over two years was evident in all diagnostic groups (p <0.001) and was statis-
tically greater in MCI-AD converters than in the non-converters (p =0.044). An increase in the BALI score was significantly
associated with cognitive test scores (p = 0.008 for the Mini-Mental State Examination MMSE and p =0.013 for the Alzheimer’s

Disease Assessment Scale-Cognitive Subscale ADAS-cog) in a model that adjusted for age, sex, and education.

Conclusion: The BALI rating quantified the progression of brain deficits over two years, which is associated with cognitive

decline. BALI ratings may be used to help summarize AD-associated structural variations.
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INTRODUCTION

Brain structural changes in older adults are com-
monly revealed on magnetic resonance imaging (MRI)
[1] and such changes in otherwise healthy individ-
uals commonly are related to reduced information
processing speed and decreased executive capability
[2]. Compared with age-associated changes in healthy
individuals, brain structural changes in Alzheimer’s
disease (AD) can involve more profound gray mat-
ter atrophy and white matter deficits [3, 4]. These are
often concordant with B-amyloid accumulation and/or
chronic ischemia and small vessel disease, and are
related to worse intellectual function [4, 5]. Reflecting
how often more than one pathological disease process
is commonly present in older adults, many brain struc-
tural changes do not present in isolation, but commonly
are associated with each other [6-8].

The importance of considering all types of brain
deficits in combination so as to better understand
disease expression is increasingly recognized. This
requires evaluation of structural changes of the whole
brain and their cumulative effect. Even so, the overall
impact of multiple brain structural changes on cogni-
tionin aging and in AD remains poorly understood, and
in this context the evaluation of longitudinal change is
paramount. Previous studies have attempted to quan-
tify presumed pathological changes in several localized
regions [9] and many have used visual rating scales [3,
10-12] based on T2-weighted imaging or proton den-
sity imaging that are sensitive to white matter lesions.
More recently, high-field strength MRI (i.e., 3T and
higher), using high-resolution T1-weighted imaging
has also allowed for visualization of brain abnormi-
ties in greater detail [13, 14]. To capture the range of
relevant structural changes, a semi-quantitative brain

atrophy and lesion index (BALI) based on high-field
MRI has been developed [15]. The BALI approach
adapts existing visual rating scales and summarizes
various common types of brain structural changes in
the aging brain in both supratentorial and infraten-
torial regions [15]. To date, BALI ratings have been
validated using several independent datasets and been
found to be useful in describing global structural vari-
ability [15]. Even so, it is not yet understood whether
this tool can be used to evaluate the progression of
brain structural changes and their relation to cognitive
decline, a topic of considerable clinical and research
interest [16—18].

The objectives of the present study were to investi-
gate the progression of brain structural changes using
BALI in people with AD, people with mild cognitive
impairment (MCI), and a matched group of otherwise
healthy control subjects (HC), and; to examine the rela-
tionship between BALI change and cognitive change.
To accomplish these objectives, anatomical imaging
data from the Alzheimer’s Disease Neuroimaging Ini-
tiative were evaluated. A BALI score was constructed
for each subject based on T1-weighted MRI at baseline
and at 24-months follow-up.

SUBJECTS AND METHODS

Subjects

Data used for the present analysis were obtained
from the Alzheimer’s Disease Neuroimaging Initia-
tive (ADNI) [19]. The ADNI was launched in 2003
by public organizations, private pharmaceutical com-
panies, and non-profit organizations. The primary goal
of ADNI has been to test serial neuroimaging and other
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biological markers in the progression of MCI and early
AD in order to aid in more effective treatments [19].
Subjects have been recruited non-randomly from over
50 sites across the U.S.A. and Canada, with a goal of
recruiting 800 adults, including 200 cognitively nor-
mal older individuals, 400 people with MCI, and 200
people with early AD and to follow them for 2-3 years
[19-21].

Before making them available for public access, all
study scans were checked for quality control, so that
subjects with structural abnormalities and/or having an
image with common scan artifacts were not included
in the dataset. The present analysis is restricted to
all the data from subjects who had 3T MRI (about
20% of the total sample) at both baseline and two-year
follow-up (AD =39; MCI=82; HC =58 from 30 sites

at baseline). At the 24-months follow-up, 13 AD, 29
MCI, and 12 HC subjects had dropped out, were lost to
follow-up, or had poor quality images. The high reso-
lution (1.2 mm thickness) 3D T1WIusing a MP-RAGE
sequence were evaluated to generate BALI scores [20].
The quality of all images downloaded from ADNI web-
site was satisfactory and therefore no further selection
criteria were imposed for the present analyses.

Imaging evaluation and scoring

Aging-associated changes in the BALI include
ratings of the severity of hypointensities in the infraten-
torial (IT), deep white matter (DWM), periventricular
(PV) and basal ganglia (BG) (Table 1). Ratings were
also used to reflect gray matter lesions and the extent

Rating schema of the brain atrophy and lesion index

Category  Description Rating
0 1 2 3 4 5
GM-SV lesions in grey absence punctuate foci beginning of large confluent - -
matter and small in grey matter confluent lesions in
vessels or multiple foci in grey grey matter
small vessels matter or
in subcortical diffuse small
areas vessels in
subcortical
areas
PV lesions in absence “caps” or smooth “halo” periventricular - -
periventricular pencil-thin abnormal
regions lining signal
intensities
extending
into the deep
white matter
BG lesions in basal absence one focal lesion more than one large confluent - -
ganglia and focal lesions lesions
surronding areas
IT lesions in absence one focal lesion more than one large confluent - -
infratentorial focal lesions lesions
regions
DWM lesions in deep absence punctuate foci beginning of large confluent  large confluent ~ complete
white matter confluent areas white matter confluent
foci areas white matter
involving all disease
cerebral
lobes
GA global atrophy no atro- mild atrophy moderate severe atrophy most severe most severe
phy atrophy atrophy atrophy
presetned presented in
especially in the medial
the medial temporal
temporal and cerebral
lobes cortex
other neoplasm, trauma, nothing any one kind any two kinds more than two - -

lesions deformation

kinds
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of dilatation of small vessels (i.e., small and well-
margined symmetric hypointensities; GM-SV) and
global atrophy (GA). An “other lesions” category was
included to allow for ratings of neoplasm, trauma,
and deformity. The grading scheme followed the
BALI construction [15] to adapt existing rating scores
that address localized structural changes [3, 10-12]
(Table 1). Specifically, a scale was assigned for each
category based on the severity of deficits, with higher
scores indicating greater severity (Fig. 1). To the exist-
ing DWM rating, scores of “4”” and *“5” were added, to
describe large confluent WM areas involving all cere-
bral lobes and complete confluent lesions. Similarly,
two more levels (i.e., 4 and 5) were included to evalu-
ate progression of global atrophy, where “4” indicated
most severe atrophy present, especially in the medial
temporal lobes, and “5” indicated the most severe atro-
phy present in the medial temporal and cerebral cortex
(Table 1).

At each time point, the scans were reviewed sep-
arately and the total BALI scores were calculated by
summarizing the ratings of all seven categories. Rat-
ings were completed independently by two trained
radiologists. Baseline and follow-up images were rated
in random order, with the raters blind to demographic
data, diagnosis, scan time, and cognitive test results.
Inter-rater correlation coefficients (ICC) for BALI total
scores were evaluated on a randomly selected sample
of 20% of subjects in each diagnostic group at both
baseline and follow-up.

Clinical tests

Clinical tests and ratings of cognitive functioning
at both baseline and follow-up were obtained from
the ADNI clinical dataset. These included the Clin-
ical Dementia Rating scale (CDR) and scores on
the Mini-Mental State Examination (MMSE) and the
Alzheimer’s Disease Assessment Scale — cognitive
subscale (ADAS-cog). The ADNI protocol required
two initial visits. The first was a screening visit (at
which time MMSE and CDR testing were performed),
followed by a baseline visit (at which time the ADAS-
cog and other clinical tests were performed). The 3T
MRI scans were to be performed within 42 days after
the screening visit and within 14 days of the baseline
visit. The follow-up scans were designed to be com-
pleted within 14 days of the 24 months follow-up visit
(at which time clinical tests including the ADAS-cog,
MMSE, and CDR were performed) [21]. For this study
sample, the baseline MMSE and CDR were completed

on average 40.2+19.2 days ahead of the 3T MRI
scans, while the ADAS-cog was completed 5.6 £+ 10.7
days ahead of the MRIs. Follow-up cognitive testing
was conducted on average 2.6 & 10.3 days ahead of the
MRI scans.

Diagnostic categorization of the subjects and clas-
sification of conversion between diagnostic groups
were both made by the ADNI site physicians in
accordance with the criteria of the National Insti-
tute of Neurologic and Communicative Disorders and
Stroke/Alzheimer’s Disease and Related Disorders
Association (NINCDS/ADRDA), and were reviewed
by ADNI clinical monitors [21]. Analyses involving
follow-up data have taken into account information
about disease conversion for diagnostic categorization.

Statistical analyses

Demographic characteristics across diagnostic
group were examined using Kruskal-Wallis nonpara-
metric tests for interval data and Chi-Square tests for
ordinal data. A general linear model of repeated mea-
sures with unbalanced design was used to test the
differences in the BALI total score and the cognitive
testing scores, with time as within-subject factor and
diagnostic-categorization as the between subject fac-
tor. All multivariate analyses were adjusted for age,
sex, and education level. The main effects of time and
diagnosis and their interactions were tested. Relation-
ships between BALI scores at baseline and at follow-up
were tested using correlation analyses. The effect of
the BALI on cognitive testing scales was evaluated
using multivariate linear regression analysis, adjusted
for age, sex, education level. Similarly, multivariate
linear regression analysis was used to examine the
association between the change scores (i. e., follow-
up - baseline) of the BALI and the cognitive tests. All
analyses were performed using SPSS©15.0 software
package and codes developed using Matlab® R2007.
Significance level was set at p <0.05.

RESULTS

In general, demographic characteristics were simi-
lar across diagnostic groups. Subjects with MCI were
more likely to be men (p=0.002; Table 2), otherwise
there were no statistical differences in age (p =0.37)
or in education (p=0.84), although subjects in the
MCI group appeared to be slightly younger, especially
the non-converters (Table 2). As expected, a signifi-
cant difference in cognitive ratings and performance
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Score 0 1 2 3
Category

IT (%) 83.2/84.0 12.8/12.8
W ‘yf

example / B \

BG (%) 88.8/80.8

example

DWM (%) 32.8/36.8

example / \
E '

PV (%) 41.6/28.8
o,

example £

GM 12.0/10.4

-SV (%)

example

GA (%) 12.8/0.8

A
example

Fig. 1. Example images showing subscore ratings for each category. White arrows indicate where the deficits are located. Percentage of subjects
having each score at baseline and at two-year follow-up were given (i.e., baseline/follow-up).

was evident at baseline and at follow-up among the by diagnosis interaction associated with the two-year
diagnostic groups even when adjusted for age, sex, decline (p >0.05), despite the noted differences in the
and education level. (F=99.1 for MMSE, F=92.1 for timing of administration of the ADAS-Cog and MMSE
ADAS-cog; ps <0.001). There was no significant time in relation to the MRI. Note that in this subsample of
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Table 2
Characteristics of the subjects in different diagnostic groups
Group Alzheimer’s disease Mild cognitive impairment Health control p*
Conversion Stable
Sample size  baseline 39 58
follow-up 26 31 22 46
Female (%) baseline 59.0 29.0 40.9 62.1 0.002
Education baseline 147+£24 15.7+£2.7 149+£28 154+£27 0.844
(years)
Age (years) baseline 75.7+£9.4 742+82 729+7.0 76.0+5.1 0.369
MMSE (/30)  baseline 23.0+£2.1 264+1.8 27.6+2.0 29.3+0.9 0.001
follow-up 18.3£6.1 22.8+3.6 279+2.6 29.1£1.1 <0.001
ADAS-cog baseline 18.6£6.8 13.8+34 9.1+£4.0 53+£25 <0.001
(/70) follow-up 27.8+£12.7 17.0£6.5 10.2+4.6 5.6+£27 <0.001
#CDR (0-3)  baseline 0.7+£0.2 (0.5) 0.5£0.0(0.5) 0.5£0.0(0.5) 0(0) <0.001
follow-up 1.2£0.6(1) 0.8£0.3 (1) 0.5£0.1(0.5) 040.1(0) <0.001
BALI (/25) baseline 11.2+£3.1 10.7£2.8 95+26 99+24 0.072
follow-up 124+£27 12.0£2.7 9.9+2.1 11.0£24 0.001

Note: Data are presented as mean =+ standard deviate, otherwise as indicated. AD: Alzheimer’s disease. MCI: Mild Cog-
nitive Impairment. HC: healthy control subjects. MMSE: Mini-Mental Status Examination. ADAS-cog: Alzheimer’s
Disease Assessment Scale-cognitive subscale. CDR: Clinical Dementia Rating. BALI: Brain Atrophy and Lesion Index.
p*: Diagnostic group differences were examined using uni-variate Kruskal-Wallis nonparametric tests for interval data
and Chi-Square tests for ordinal data. For the baseline comparisons, means of the AD, pooled MCI, and HC groups were
compared. For the follow-up data, means of the pooled AD and converter MCI, non-converter MCI, and HC groups were

compared. # Median value is presented in brackets.

people with 3T scans, none of the AD patients were
re-classified as having MCI; likewise, only one of the
healthy controls progressed to a diagnosis of MCI.
Within the MCI group, most (31/53) had progressed
to a diagnosis of AD by follow-up (Table 2).

The overall inter-rater agreement rate for BALI rat-
ings was high (ICC=90.8%). Brain structural deficits
were common in all groups (Table 2) and on aver-
age increased (showed worsening) in each diagnostic
group. This worsening of scores over time, with sig-
nificant differences between diagnostic groups per-
sisted when the analyses were adjusted for age, sex, and
education (Fiime =49.1, p<0.001; Fgiagnosis =3.62,
p=0.030) but without a significant time-diagnosis
interaction. Note that whereas subjects with AD
and MCI-AD converters showed the highest BALI
values, the mean difference in BALI between the non-
converters and health controls was not statistically
significant (p >0.05). Overall, the MCI-AD converter
group showed a greater increase in the BALI (i.e., more
brain structural deficits) than did MCI non-converters.
The BALI scores at baseline and follow-up were highly
correlated (72=0.78, p<0.01), although a few MCI
non-converters and HC subjects showed a decrease in
BALI over the two-year period. The maximum BALI

score at baseline was 16 (0.64 of the total score) and 18
(0.72) at follow-up, showing no ceiling effect, despite
average disease progression.

Given mean worsening in both structure (BALI
scores) and function (MMSE, ADAS-Cog) the rela-
tionship between the two is of interest. The BALI
score was significantly related both to MMSE at base-
line (regression coefficient B=—0.310; t=—-2.71; p=
0.008) and at follow-up (B=-0.725; t=-3.5;
p=0.001) and to ADAS-cog at baseline (B =0.612; r=
2.521; p=0.013) and at follow-up (B=1.26; r=3.02;
p=0.003), in a multivariable linear regression adjusted
for age, sex and education. The change in BALI
between baseline and follow-up was also associated
with the change in MMSE (i.e., AMMSE; B = —0.226;
t=—2.176; p=0.031). By contrast, change in the
BALI was not significantly associated with the change
in the ADAS-cog (p=0.25). Of the 30 MCI sub-
jects who showed a worsening in MMSE (.e.,
MMSE(follow—up—baseline) <0), 25 (83%) also showed a
worsening in BALI (i.e., BALIfo[1ow-up—baseline > 0); the
BALI scores of the remaining 5 people did not change.
Similarly, of the 23 MCI people who showed a stable or
improved MMSE, 15 (66%) had a stable or improved
BALI (X>=14.2, p=0.007).
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DISCUSSION

In this secondary analysis of 3T MRI data, sev-
eral common types of brain structural changes in AD,
MCI and healthy controls could be quantified in a
Brain Atrophy and Lesion Index (BALI) score, to
evaluate overall brain deficits and their relationship
to cognitive function. Over two years, people in each
diagnostic group, on average, experienced increasing
atrophy and more structural brain lesions. Cognitive
test scores worsened in the AD group, and in most
people with MCI, but were relatively stable in healthy
controls and in a minority with MCI. In AD and in
the people with MCI who by two years had progressed
to AD, structural brain changes as indicated by the
BALI score, and brain function as measured by the
MMSE deteriorated in parallel. The accumulation of
brain structural deficits in association with cognitive
decline corresponds to lessons from large prospective
neuropathological studies [6, 7] and supports the use
of BALI to quantify whole brain changes in AD, MCI
and normal aging [15].

It is of clear clinical and public health significance
to understand the relationships between structural
brain changes and changes in cognitive functioning
as they occur in the development of AD, recogniz-
ing that AD involves multiple brain changes, including
atrophy, white matter lesions, and vascular changes
[8, 22]. Methods of collectively studying the cumu-
lative impact of these many structural deficits have
been sought [6, 7] and BALI ratings appear to fill
this need. In particular, the BALI rating is easily
accessible because it can be based on T1-weighted
high-resolution imaging, the most routinely acquired
sequence in MRI investigations. While many studies
seek to establish the relationship between specific cog-
nitive abilities and specific types of brain deficits, most
cognitive tasks require the integrated functioning of a
variety of neural networks. BALI ratings can serve to
describe global structural status in a manner that allows
for global cognitive dysfunction to be related to the
accumulation of brain structural deficits.

Here, people with AD and those with MCI who pro-
gressed to AD showed both cognitive and structural
decline. The BALI allows us to demonstrate the asso-
ciation between brain structural changes and cognitive
decline using a cumulative index. Similar findings
have been reported in earlier studies that were typi-
cally based on individual structural measures [18]. For
example, recent serial MRI studies have suggested hip-
pocampal atrophy or ventricular enlargement is predic-

tive of cognitive decline and/or AD conversion [9, 16,
17, 23]. The rate of change of white matter damage has
also been used to predict cognitive decline [18, 27]. Itis
also worth noting that while most people in the study
sample had stable or greater brain deficits over two
years, a small number of stable MCI and HC subjects
did have adecreased BALI. Whereas, most people with
brain structural worsening also had cognitive worsen-
ing, some did show improved cognitive test scores,
possibly in keeping with the concept of cognitive
reserve [28]. Importantly however, of those who con-
verted to AD, none showed an improvement in BALI.

Our data must be interpreted with caution. Rating
scales have inherently low precision with respect
to volumetric measurements. For example, voxel/
volume-base morphography can often reveal quan-
titative atrophy changes of about 1% per year [9],
whereas with BALI a minimum increment of any
domain including atrophy is one point. In other words,
assigning a precise value using a rating scale may not
be as easy as visualizing an apparent deficit. Even
S0, in practice, valid visual rating scales are particu-
larly beneficial and welcome in clinical settings when
evaluation time is a concern [29]. The scoring system
utilized in this study has been adapted from existing rat-
ing scales and been validated by previous research [15].
Furthermore, the relatively high inter-rater reliability
suggests that the BALI ratings can be consistently per-
formed by different raters with training of the method.

To now construction of the BALI has not consid-
ered the assignment of relative weights to different
BALI components, even though these clearly can
affect cognition differently (e.g. medial temporal atro-
phy [30]). The algorithms for determining appropriate
weights for BALI components are yet to be estab-
lished. There may in fact be inherent benefit to a scale
without weights, as weights for individual BALI items
may vary across datasets, targeted outcome measures,
follow-up durations, and study focus. In short, while
weighting might improve prediction in a given dataset,
it can impair generalizability. This needs to be evalu-
ated.

Several other caveats also apply to our study; among
these the fact that cognitive evaluations were limited
to the MMSE, ADAS-cog, and CDR. Both MMSE and
ADAS-cog can have ceiling effects with HC and MCI
subjects that make sensitivity to change an issue for
longitudinal studies. The number of people in whom
the CDR increased (indicating worsening cognition
and function) and/or converted to AD over two years
was also relatively low, further limiting the sensitivity
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to detect the association between cognitive decline
and brain deficit progression. Here, in the subjects
limited to those with 3T data, only one healthy con-
trol progressed to MCI or AD. In addition, while the
time difference between MRI scans and the cogni-
tive assessments were within a few days for all of the
follow-up tests and for the baseline ADAS-cog, base-
line MMSE and CDR were completed approximately
40 days in advance of the baseline imaging acquisition.
Clearly it would have been preferable to have baseline
clinical testing that was closer in time to the initial
MRI scan. Lastly, we lack the knowledge of treat-
ment effects in the AD and MCI groups, and therefore
cannot identify whether any improvement in cogni-
tion and/or brain structure was related to treatment.
Despite these limitations, the overall brain deficits as
measured by BALI were related to the global cognitive
assessment scales used in this study, at both baseline
and follow-up. In the future, large-scale serial MRI
research involving multiple follow-ups over longer
terms and more detailed clinical assessments would
be particularly valuable. Better understanding the rela-
tionships between structural and functional changes
can help improve clinical management and preclinical
strategies for AD [31].

In summary, the present study suggests that signif-
icant brain changes and cognitive changes can occur
within two years in people with MCI and AD and in
otherwise healthy elderly people. The BALI provides
a readily available means to evaluate brain structural
changes and their relation to cognitive decline as well
as conversion to AD from MCI.
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