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Purpose: One of the central features of brain aging is the accumulation of multiple age-related 

structural changes, which occur heterogeneously in individuals and can have immediate or 

potential clinical consequences. Each of these deficits can coexist and interact, producing both 

independent and additive impacts on brain health. Many of the changes can be visualized using 

MRI. To collectively assess whole-brain structural changes, the MRI-based Brain Atrophy and 

Lesion Index (BALI) has been developed. In this study, we validate this whole-brain health 

assessment approach using several clinical MRI examinations.

Materials and methods: Data came from three independent studies: the Alzheimer’s Dis-

ease Neuroimaging Initiative Phase II (n=950; women =47.9%; age =72.7±7.4 years); the 

National Alzheimer’s Coordinating Center (n=722; women =55.1%; age =72.7±9.9 years); and 

the Tianjin Medical University General Hospital Research database on older adults (n=170; 

women =60.0%; age =62.9±9.3 years). The 3.0-Tesla MRI scans were evaluated using the 

BALI rating scheme on the basis of T1-weighted (T1WI), T2-weighted (T2WI), T2-weighted 

fluid-attenuated inversion recovery (T2-FLAIR), and T2*-weighted gradient-recalled echo 

(T2*GRE) images.

Results: Atrophy and lesion changes were commonly seen in each MRI test. The BALI scores 

based on different sequences were highly correlated (Spearman r2.0.69; P,0.00001). They 

were associated with age (r2.0.29; P,0.00001) and differed by cognitive status (χ2.26.48, 

P,0.00001). T2-FLAIR revealed a greater level of periventricular (χ2=29.09) and deep white 

matter (χ2=26.65, P,0.001) lesions than others, but missed revealing certain dilated perivascular 

spaces that were seen in T2WI (P,0.001). Microhemorrhages occurred in 15.3% of the sample 

examined and were detected using only T2*GRE.

Conclusion: The T1WI- and T2WI-based BALI evaluations consistently identified the burden 

of aging and dementia-related decline of structural brain health. Inclusion of additional MRI 

tests increased lesion differentiation. Further research is to integrate MRI tests for a clinical 

tool to aid the diagnosis and intervention of brain aging.

Keywords: aging, brain atrophy and lesion index (BALI), brain health, MRI pulse sequences, 

structural brain changes

Introduction
Brain aging is associated with multiple structural changes, many of which can be 

visualized using MRI. Combinations of brain atrophy, small vessel changes, microb-

leeds, white matter hyperintensities, and impaired white matter integrity occur com-

monly in older adults.1–4 Medial temporal lobe atrophy (MTA) is a hallmark change 

for Alzheimer’s disease,5,6 and shrinkage of cortical regions and enlargement of the 

ventricles are particularly predictive of dementia progression.7 The degrees of atrophy, 

lacunar infarcts, and white matter hyperintensity can be correlated,1,3,8 and vascular 
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and white matter changes in mid-adulthood can lead to a 

more severe white matter burden and a higher atrophy rate, 

increasing the risk of dementia later in life.7–12 Noting the 

interaction between these deficits, the study of brain aging 

clearly requires an approach that allows for an integrated 

evaluation of structural brain changes.

While the additive effects of the multiple structural 

changes that present in the aging brain has been noted, 

there is a significant gap in our understanding of the 

interaction and consequences of these changes. To address 

this gap, we pioneered the Brain Atrophy and Lesion Index 

(BALI) approach.13–15 By adapting several widely used 

rating schemes, each of which focuses on one aspect of brain 

change (eg, atrophy and white matter hyperintensity5,16,17), 

we created an index that assesses structural degeneration 

across the entire brain. The BALI evaluates changes in seven 

categories and summarizes the categorical sub-scores into 

a total score.14,15,18 The first category includes gray matter 

lesions (cortical infarcts), subcortical lesions, and subcortical 

dilated perivascular spaces (GM-SV). Subsequent categories 

assess deep white matter lesions (DWM), periventricular 

white matter lesions (PV), lesions in the basal ganglia and 

surrounding areas (BG), lesions in the infratentorial com-

partment (IT), and global atrophy (GA). An “other findings” 

category records changes such as neoplasm, trauma, and 

malformations, and hydrocephalus. This approach recognizes 

that some changes may have little clinical consequence when 

considered on their own; however, building on a deficit 

accumulation approach, even small deficits can sum to create 

clinically relevant – and statistically significant – effects.19

Supporting the utility of this approach, previous publi-

cations have shown BALI scores to be significantly related 

to age and dementia progression, and easy to use, as BALI 

can be readily learned and quickly scored.14,15,20–22 As with 

several other MRI rating systems, the BALI has high intra- 

and inter-rater reliability, comparable to that seen with 

time-consuming volumetric measurements.23–26 While some 

newer whole-brain approaches are emerging, they lack the 

breadth of the BALI, targeting either atrophy23 or white 

matter changes.24 As an integrative measure of age-related 

brain structural deficits, the BALI has shown characteristic 

dynamics, similar to those seen with other age-related deficit 

accumulation measures, such as the frailty index, and cogni-

tive test scores.21,22,27

While early iterations of the BALI evaluation used only 

3D T1- and T2-weighted images (T1WI and T2WI), which 

are commonly acquired in research protocols, clinical 

MR examinations often include other image types. For 

example, T2-weighted fluid-attenuated inversion recovery 

sequence (T2-FLAIR) is used to differentiate between 

cerebrospinal fluid and subtle lesions,28 and T2*-weighted 

gradient recalled echo sequence (T2*GRE) is used to detect 

microhemorrhages.29 Here, we conducted this study to 

validate the BALI using these four routine clinical MRI 

sequences. Our interest was to understand if these clinical 

MRI sequences could be applied independently, and in com-

bination, to improve the evaluation of age-related common 

brain structural changes using BALI. Our objective was to 

determine how the BALI assessment could be improved by 

employing multiple clinical MRI tests. To assess the gener-

alizability of the result, we conducted this study using three 

independent MRI datasets (total N=1,791).

Materials and methods
Data
Three datasets were used with permission: the Alzheimer’s 

Disease Neuroimaging Initiative (ADNI), the National 

Alzheimer’s Coordinating Center (NACC) Uniform Data 

Set (UDS), and the Tianjin Medical University Research 

dataset (TMUGHR).

1. The ADNI was launched in 2003 as a public–private 

partnership, led by Principal Investigator Michael 

W Weiner, MD. The primary goal of ADNI has been to 

test whether serial MRI, positron emission tomography 

(PET), biological markers, and clinical and neurop-

sychological assessment can be combined to measure 

the progression of mild cognitive impairment (MCI) 

and early Alzheimer’s disease (AD). Participants who 

were randomized for 3.0T scans were first screened at 

1.5T for the inclusion/exclusion criteria.30,31 For up-to-

date information, see www.adni-info.org. The present 

study examined ADNI Phase II subjects at baseline 

(n=950; women =47.9%; age =72.7±7.4 years; Table 1), 

which included subjects with normal cognition (NC), 

mild cognitive impairment (MCI), and Alzheimer’s 

disease (AD). Each participant had 3D T1WI at 3.0T. 

Among the subjects, 944 also had T2*GRE and 276 had 

T2 FLAIR, while no one had all four tests. All images 

were reviewed to identify and score brain changes; T1WI 

BALI scores were constructed for all subjects and used 

to correlate with age and cognitive status.

2. The NACC UDS was funded by the National Institute 

of Aging to facilitate data sharing from 34 Alzheimer’s 

Disease Centers (ADCs) across the USA.32,33 The NACC 

database contained both research samples and clinical 

samples from different protocols of the ADCs without 
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NACC’s input in the study designs. For this study, the 

UDS portion of the NACC data were retrieved, and 

baseline data from people aged 55 years that were col-

lected and submitted to NACC between September 2005 

and January 2015 were used, which involved seven 

ADCs. These included subjects with NC, MCI, and AD 

or other dementia diagnoses (n=722; women =55.1%; 

age =72.7±9.9 years; Table 1). Subjects who were known 

to be in ADNI were excluded prior to data release by 

NACC; however, some ADNI cases may be included in 

NACC if the information regarding their ADNI participa-

tion was missing. Imaging data collection and acquisition 

protocols varied by ADC. All subjects in the present study 

had a high-resolution 3D T1WI at 3T, of whom 660 also 

had T2-FLAIR, 262 had T2WI, and 9 had T2*GRE, while 

no one had all four images. All images were reviewed 

to identify and score brain changes; T1WI BALI scores 

were constructed for all subjects and used to correlate 

with age and cognitive status.

3. TMUGHR data were obtained from the imaging database 

of research protocols conducted at TMUGHR’s Diag-

nostic Imaging Department between December 2015 

and June 2016. MRI images of participants who were 

aged 50 years with no neurologic disorders other than 

designated cognitive diagnosis were used in the study 

(n=170; women =60.0%; age =62.9±9.3 years, includ-

ing subjects with NC, MCI, and early AD; Table 1). 

All the participants had a 3.0T MRI scan using all four 

sequences.

Before being made available for public access, the MRI 

scans of the ADNI and NACC datasets underwent quality 

control checks, excluding subjects with structural abnor-

malities and/or having an image with common scan artifacts 

from the data sources.30,33 Upon receiving data, the images 

were reviewed and evaluated for structural brain changes, 

consistently applying the semiquantitative BALI rating 

schema (Figure S1A–D).15,18

MrI tests
Table S1 summarizes the basic features of the four MRI 

sequences. In the datasets studied here, T1WI used IR-

SPGR or MPRAGE, repetition time (TR)/echo time 

(TE) =2,300–3,000/3 ms, time of inversion (TI) =400–

1,100 ms, flip angle =7°–11°, slice thickness =1.0–1.2 mm, 

FOV =26–27 cm, matrix =256×256, NEX =1. The T2WI 

used TR/TE =3,000–5,500/90–99 ms, flip angle =90° or 

150°, slice thickness =3 mm, FOV =26 cm, matrix =256×256, 

NEX =3. The T2-FLAIR-based BALI rating used TR/

TE =9,000–11,000/90–147 ms, TI =2,250–2,500 ms, flip 

angle =150°, slice thickness =3.0–5.0 mm, FOV =26 cm, 

matrix 256×256, NEX =2. The T2*GRE-based BALI rating 

used TR/TE =650–800/3–20 ms, flip angle =20°, slice 

thickness =3.0–4.0 mm, FOV =26–30 cm, matrix =256×192–

256, NEX =2.

BAlI evaluation
The BALI rating schema was used to assess age-related 

changes in the brain by evaluating seven categories, assigning 

a value between 0 and 3 to each category to represent 

the severity of a change, a higher score meaning greater 

severity.14,15,18 In two categories (DWM and GA), values of 

0–5 were used, allowing capture of more severe changes 

and thereby avoiding ceiling effects. In addiction, a hemor-

rhage category was evaluated, assigning a value between 

0 and 3. The BALI total score was calculated as the sum of 

the subscores of all the eight categories on the basis of the 

same sequence (eg, T1WI) or an algorithm combining the 

categorical scores of different sequences, with a possible 

maximum BALI total score of 28. Two experienced neuro-

radiologists performed the evaluation following the BALI 

Table 1 Characteristics of the datasets

Dataset ADNI NACC TMUGHR

Diagnosis NC MCI AD NC MCI Dementia NC MCI AD

N 311 486 153 385 186 151 120 30 20

Age (years) 73.4±6.3 71.7±7.5 74.8±8.2 70.3±10.9 75.4±7.7 75.7±7.9 61.6±9.6 66.3±8.3 66.1±6.6
Female (%) 54.0 45.7 42.5 66.0 35.5 42.4 60.8 60.0 55.0
education (years) 16.6±2.5 16.2±2.7 15.8±2.1 16.0±2.7 15.5±2.8 14.9±3.1 13.5±3.4 12.0±3.5 10.2±3.9

CDr (0–3) 0.0±0.0 0.5±0.0 0.8±0.3 0.0±0.1 0.2±0.1 0.4±0.2 0.0±0.1 0.2±0.2 0.6±0.2
MMse (0–30) 29.0±1.3 28.0±1.7 23.1±2.1 29.1±1.2 26.4±2.5 20.6±5.0 28.8±1.0 27.0±0.5 24.3±2.0

Note: Data are presented as mean ± sD, unless otherwise as indicated.
Abbreviations: AD, Alzheimer’s disease; ADnI, Alzheimer’s disease neuroimaging initiative; CDr, clinical dementia rating; MCI, mild cognitive impairment; MMse, 
Mini-Mental state examination; n, number of subjects; nACC, national Alzheimer’s Coordinating Center; nC, normal cognition; TMUghr, Tianjin Medical University 
research dataset.
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rating schema (Figures S1 and S2).15,18 One person evaluated 

and scored all the images, and the other assessed a randomly 

selected 20% images for inter-rater agreement tests. Different 

MRI sequences were assessed separately in random order on 

different days to minimize possible recall bias. Five other 

qualified BALI raters who were trained with the method 

participated in the T1WI rating of the ADNI and NACC 

datasets. Different raters reviewed and scored the images 

independently, blinded to the information concerning the 

subject demographics, diagnosis, and cognitive test results.

Analysis
All images from the three datasets were reviewed for the 

identification and scoring of brain changes assessed using 

BALI. Images representing changes in each BALI category 

were selected (including those in Figures 1–3; Figures S1 

and S2). Statistical analyses correlating BALI scores with 

age and cognitive status (eg, the Mini-Mental State Examina-

tion [MMSE]) used T1WI in ADNI and NACC datasets and 

each of the sequences of the TMUGHR dataset. Analyses 

comparing the performance of the MRI sequences were 

conducted on the BALI total and categorical scores using 

the TMUGHR dataset. Inter-rater reliability of scoring was 

assessed for each BALI total score and sub-categorical score 

using a 20% random subsample, evaluated by two raters. 

Intrarater reliability was also assessed, for which a 20% 

random subsample was evaluated twice by a same rater on 

separate days. In each case, an intraclass correlation coef-

ficient (ICC) was calculated for the absolute agreement rate, 

with both sample and rater as random factors. Nonparametric 

tests used the Kruskal–Wallis two-sample χ2 for the differ-

ences in the group mean BALI total score and subscores, and 

the Spearman correlation coefficient was used for examining 

the associations between different sequences and the relation-

ships of the BALI score with age and cognitive assessment 

measurements. All statistical analyses were performed using 

IBM Statistics SPSS version 23.

ethics
The respective ethics boards of study centers of the original 

research projects approved the data collection protocols; 

all the subjects who participated in the projects provided 

informed consent form. Additional ethical approvals for 

the analyses were obtained from the Fraser Health (FHREB 

2014–083, 2015–030) and the Tianjin Medical University 

Research Ethics Boards (TMUREB 2014–0311). All data 

used in the analyses had been de-identified.

Results
Atrophic and lesion-based changes in the various BALI 

categories were consistently shown in each MRI sequence 

(Figure S1). The BALI scores differed by sequences 

(χ2=21.38, P,0.001; Table 2), but were well correlated 

(r2.0.69; P,0.00001; Table 3; n=170). Each BALI score 

differed by diagnosis (χ2=26.48, n=950 for ADNI; χ2=41.89, 

n=722 for NACC; χ2.27.77, n=170 for TMUGHR; P,0.001; 

Table 2). The BALI was also highly correlated with age 

(r2=0.29, n=950 for ADNI; r2=0.31, n=722 for NACC; 

r2.0.25, n=170 for TMUGHR; P,0.00001) and with the 

MMSE score (r2=0.11, n=950 for ADNI; r2=0.14, n=722 for 

NACC; r2.0.27, n=170 for TMUGHR; P,0.00001).

The intrarater ICCs for the BALI total score ranged 

between 0.87 (95% CI =0.79–0.92) and 0.93 (95% 

CI =0.84–0.97), while the inter-rater ICCs ranged between 

0.81 (95% CI =0.72–0.89) and 0.91 (95% CI =0.81–0.95). 

These moderately high reliability measures were compatible 

across datasets and sequences. The inter-rater ICCs of the 

categorical scores varied from 0.63 (0.38–0.79 with T1W1 

DWM) to −0.90 (0.91–0.95 with T2WI GMSV).

T2-FLAIR showed more lesions in the PV (χ2=29.09, 

P,0.001) and DWM (χ2=26.65, P,0.001), compared to 

T2WI or T1WI (Figure 1). Small patchy white matter lesions 

in the subcortical region were seen in T2-FLAIR, which 

were not always seen in T1WI or T2WI. The larger dilated 

perivascular spaces and lacunar malacia were more clearly 

differentiated on T2-FLAIR, but it missed small dilated 

perivascular spaces in multiple sites, including the cerebral 

peduncle of IT (χ2.44.88, P,0.001, n=170; Figure 1).

T2*GRE was not as sensitive as either T2WI or T1WI 

in evaluating many BALI categories (χ2,3.35; P.0.067; 

n=170). However, T2*GRE showed microhemorrhages 

in 15.3% of the sample, which were not seen in any other 

sequences (Figures 2 and 3). Hemosiderin deposition sur-

rounding malacia lesions and calcification in the basal ganglia 

regions were also seen in T2*GRE (Figure 2).

Subjects with changes in the “Others” category were 

seen in 10.5% of the TMUGHR sample consistently using 

each sequence, which were rarely found in the ADNI (0.6%; 

n=950) or NACC (3.0%; n=722) sample, presumably related 

to scan checking prior to data release. These changes mainly 

consisted of ,0.5 mm lacunar malacia, normal pressure 

hydrocephalus, cavernous malformation, and meningioma 

(Figure S2).

Table 4 lists the applicability of the sequences to scor-

ing each BALI category, following which a combined 
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Figure 1 examples of the characteristic changes shown on T2-FlAIr in comparison with those shown on T1WI and T2WI.
Notes: T2-FlAIr is comparatively more sensitive in detecting white matter lesions as shown in subcortical white matter (A), deep white matter (B), and periventricular 
white matter (C). lacunar malacia in multiple regions are also seen more clearly on T2-FlAIr (D, E), shown as lower signal intensity in the central part surrounded by high 
signal intensity. In contrast, compared to T1WI and T2WI, the dilated perivascular spaces located in multiple sites are not seen on T2FlAIr, for example, in the subcortical 
region (F), and basal ganglia and surrounding region (G).
Abbreviations: T1WI, T1-weighted image; T2WI, T2-weighted image; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery.
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Figure 2 examples of the characteristic changes shown on T2*gre in comparison with those shown on T1WI and T2WI.
Notes: Changes of each BALI category are less reliably identified on T2*GRE than on T2WI or T1WI. Susceptive lesions are more sensitively revealed on T2*GRE, for 
example, calcification (A), microhemorrhage (B), multiple microhemorrhages (C), and malacia with hemosiderin deposition (D).
Abbreviations: BAlI, brain atrophy and lesion index; T1WI, T1-weighted image; T2WI, T2-weighted image; T2*gre, T2*-weighted gradient recalled echo sequence.

Figure 3 Microhemorrhage on T2*gre at 3.0T.
Note: A score between 0 and 3 is given to grade the severity of microhemorrhage, which can range from clear to one, multiple, and diffused spots.
Abbreviation: T2*gre, T2*-weighted gradient recalled echo sequence.

BALI score was constructed using T2WI for GMSV, 

BG, IT, and others; T2FLAIR for DWM and PV; T1WI 

for GA; and GRE for hemorrhage. The combined score 

showed a marginal but insignificant increase in the 

inter-rater ICC (0.86; 95% CI =0.79–0.93) and correlation 

coefficient with age (r2=0.27) and with MMSE (r2=0.33; 

P,0.00001; n=170; Tables 3 and 4), compared to T1WI 

and T2WI.
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Table 2 The categorical and total scores of the Brain Atrophy and lesion Index (BAlI) by diagnosis

Diagnosis ALL NC MCI AD K–W/χ2 (P)

N 120 30 20

GM-SV
T1WI 1.3±0.6 1.2±0.6 1.6±0.5 1.9±0.7 19.91 (,0.0001)
T2WI 1.8±0.5 1.7±0.5 1.9±0.3 2.2±0.5 17.45 (,0.0001)
T2-FlAIr 1.4±0.6 1.4±0.6 1.4±0.6 1.8±0.8 5.10 (0.078)
T2*gre 1.6±0.6 1.5±0.5 1.7±0.4 2.1±0.6 20.09 (,0.0001)
K–W/χ2 (P) 55.12 (,0.0001)
DWM
T1WI 1.6±0.8 1.5±0.7 1.9±0.7 2.2±0.8 18.08 (,0.0001)
T2WI 1.9±0.6 1.8±0.7 2.2±0.6 2.4±0.5 17.80 (,0.0001)
T2-FlAIr 2.0±0.7 1.9±0.7 2.4±0.5 2.5±0.5 19.41 (,0.0001)
T2*gre 1.8±0.8 1.7±0.8 2.2±0.6 2.4±0.6 21.70 (,0.0001)
K–W/χ2 (P) 26.65 (,0.0001)
PV
T1WI 1.2±0.8 1.0±0.7 1.2±0.8 1.8±0.9 12.55 (0.002)
T2WI 1.4±0.8 1.2±0.7 1.5±0.9 2.1±0.9 21.09 (,0.0001)
T2-FlAIr 1.7±0.9 1.5±0.9 2.0±0.9 2.3±0.9 12.76 (0.002)
T2*gre 1.3±0.9 1.1±1.0 1.5±0.9 2.1±0.9 21.47 (,0.0001)
K–W/χ2 (P) 29.09 (,0.0001)
BG
T1WI 2.0±0.4 2.0±0.4 2.0±0.2 2.2±0.4 3.27 (0.195)
T2WI 2.0±0.5 1.9±0.5 2.1±0.3 2.4±0.5 17.90 (,0.0001)
T2-FlAIr 1.9±0.6 1.8±0.7 2.1±0.3 2.2±0.4 12.21 (0.002)
T2*gre 2.1±0.5 2.0±0.6 2.2±0.4 2.4±0.5 10.16 (0.006)
K–W/χ2 (P) 11.05 (0.011)
IT
T1WI 1.1±0.9 0.9±0.9 1.4±0.8 2.0±0.7 23.19 (,0.0001)
T2WI 1.4±0.9 1.2±1.0 1.8±0.6 2.1±0.6 22.87 (,0.0001)
T2-FlAIr 1.1±1.0 1.0±1.0 1.3±1.0 1.7±0.9 9.31 (0.010)
T2*gre 1.7±0.8 1.6±0.9 1.9±0.6 2.1±0.6 7.97 (0.019)
K–W/χ2 (P) 48.88 (,0.0001)
GA
T1WI 1.0±0.9 0.8±0.7 1.1±0.8 2.1±1.1 27.24 (,0.0001)
T2WI 1.0±0.9 0.8±0.8 1.3±1.0 2.1±1.0 28.79 (,0.0001)
T2-FlAIr 1.0±0.9 0.8±0.8 1.2±0.8 2.0±1.0 24.43 (,0.0001)
T2*gre 1.2±1.0 1.0±0.9 1.3±1.0 2.2±0.9 23.24 (,0.0001)
K–W/χ2 (P) 3.83 (0.280)
Others
T1WI 0.1±0.5 0.1±0.3 0.1±0.3 0.5±0.8 5.88 (0.053)
T2WI 0.1±0.5 0.1±0.3 0.1±0.3 0.5±0.8 6.55 (0.040)
T2-FlAIr 0.1±0.4 0.1±0.3 0.1±0.3 0.5±0.8 8.14 (0.017)
T2*gre 0.1±0.4 0.1±0.3 0.1±0.3 0.5±0.8 8.00 (0.018)
K–W/χ2 (P) 0.44 (0.932)
Hemorrhage
T1WI – – – –
T2WI – – – –
T2-FlAIr – – – –
T2*gre 0.2±0.6 0.1±0.4 0.3±0.7 0.6±0.9 9.10 (0.011)
Total
T1WI 8.4±03.0 7.5±2.5 9.4±1.9 12.5±3.5 40.54 (,0.0001)
T2WI 9.7±3.0 8.7±2.5 10.9±2.0 13.6±3.4 42.17 (,0.0001)
T2-FlAIr 9.3±3.3 8.5±3.0 10.2±2.0 12.8±3.9 27.77 (,0.0001)
T2*gre 9.9±3.4 9.0±3.1 10.9±2.2 13.7±3.3 32.08 (,0.0001)
Combineda 9.0±2.4 10.9±1.9 13.9±3.7 39.94 (,0.0001)
K–W/χ2 (P) 21.38 (,0.0001)

Notes: Data are presented as mean ± sD. aThe combined total score was constructed by integrating categorical scores evaluated using multiple MrI sequences: T2WI for 
gMsV, Bg, IT, and others; T2FlAIr for DWM and PV; T1WI for gA; and gre for hemorrhage. – indicates not visible.
Abbreviations: AD, Alzheimer’s disease; Bg, lesions in the basal ganglia and surrounding areas; DWM, deep white matter lesions; gA, global atrophy; gM-sV, gray matter 
and subcortical lesions – subcortical dilated perivascular spaces; IT, lesions in the infratentorial compartment; K–W/χ2, Kruskal–Wallis/Chi square; MCI, mild cognitive 
impairment; n, number of subjects; nC, normal cognition; PV, periventricular white matter lesions; T1WI, T1-weighted image; T2WI, T2-weighted image; T2-FlAIr,  
T2 fluid-attenuated inversion recovery; T2*GRE, T2*-weighted gradient recalled echo sequence.
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Discussion
This study investigated the use of routine clinical 

MRI examinations in the evaluation of brain health in 

older adults. The BALI was created to allow us to simul-

taneously assess multiple structural changes in the aging 

brain, addressing a challenging aspect in the study of 

brain aging, as these changes can coexist and interact to 

produce additive impacts on cognition.1,3,7–9,34 Classically, 

many changes are not considered clinically meaningful 

or pathologically indicative by themselves, especially 

when small in magnitude. Consequently, the impact of 

multiple, small-scale variations in an older individual has 

not been adequately investigated. For instance, the widely 

used Fazekas and Schelten scores are focused only on the 

assessment of white matter hyperintensity and the MTA, 

respectively.16,17 The few recent studies that have attempted 

to account for more than one type of change have not taken 

a whole-brain approach and do not include many of the 

changes that occour.23,24,35

It is of vital importance to investigate the cumulative 

effects of small changes, as generally aging is characterized by 

the accumulation of deficits. This can be quantified using clini-

cally detectable health problems, as well as common laboratory 

tests and biomarkers. The BALI extends this approach to brain 

structure by adapting the evaluation schema of several exist-

ing rating scales and integrating the changes in a simple total 

score. Data of this study confirmed that the BALI is a robust 

tool that allows structural brain health assessment in relation to 

age, cognitive performance, and dementia diagnosis.13–15,18,20,21 

Even though MRI scans are not the gold standard for assess-

ing pathology in brain tissue, their use is uniquely suited for 

in vivo detection of neuropathological changes of the whole 

brain to aid in early diagnosis and treatment.2,7,36

Developed initially as a research tool, BALI scoring 

using 3D T1WI (and also T2WI) has been consistently 

verified across multiple datasets. The 3D T1WI is most com-

monly used in research datasets, with excellent brain tissue 

contrast and great spatial resolution. When the approach is 

extended to include T2-FLAIR and T2*GRE images28,29 – 

both common clinical sequences – several changes are better 

differentiated. As shown in the results, adding more MRI 

tests in BALI rating could improve the sensitivity of the 

assessment through increased differentiation of the signal of 

normal tissue and abnormal structures.28,29 With this imple-

mented, T2WI is ideal for scoring the gray matter, subcortical 

lesions, and infratentorial lesions categories. T2-FLAIR is 

best for changes in the DWM, and PV categories (noting 

that in T2-FLAIR, thin-line hyperintensity surrounding the 

ventricles was always present and should not be mistaken 

with the pencil thin line with the evaluation). T1WI, T2WI, 

and T2-FLAIR are all suitable for the basal ganglia and sur-

rounding areas, and the GA category, while T1WI or T2WI 

are most suitable for malacia, and changes of the “Others” 

category. Additionally, T2*GRE is optimal for detecting 

microbleeds, although it is not reliable to score other BALI 

categories due to a patchy low signal intensity associated with 

normal deposition of paramagnets or flow artifacts.

The study showed that employing more images within 

our BALI evaluation improved the differentiation of brain 

changes, enhancing its applicability. Examples included 

the detection of subcortical white matter changes using 

T2-FLAIR and detection of lacunes with hemosiderin 

deposition or microbleeds using T2*GRE. The latter is of an 

increasingly greater interest in aging research, as the early 

presentation, high prevalence, and marked impact of micro-

hemorrhage in older population are increasingly recognized. 

A recent report, based on a large-scale MRI study with 

Table 3 Correlation coefficients between sequence pairs for the 
Brain Atrophy and lesion Index (BAlI) total score

T1WI T2WI T2-FLAIR T2*GRE Combineda

T1WI 1 0.94 0.83 0.86 0.90
T2WI 1 0.86 0.87 0.94
T2-FlAIr 1 0.89 0.86
T2*gre 1 0.86
Combineda 1

Notes: aThe combined total score was constructed by integrating categorical 
scores evaluated using multiple MrI sequences: T2WI for gMsV, Bg, IT, and others; 
T2-FlAIr for DWM and PV; T1WI for gA; and gre for hemorrhage. For each test, 
n=170; level of significance P,0.00001.
Abbreviations: T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; T2-FlAIr,  
T2-weighted fluid atten uation inversion recovery sequence; T2*GRE, T2*-weighted 
gradient recalled echo sequence.

Table 4 Application of four routine clinical MrI sequences in the 
evaluation of the Brain Atrophy and lesion Index (BAlI)

BALI category T1WI T2WI T2-FLAIR T2*GRE

gM-sV  * – –
WM   * –
PV   * –
Bg    –
IT  * – –
gA    

Others    

Microhemorrhage – – – *

Notes: *: most suitable; : suitable; –: unsuitable but possible; –: impossible.
Abbreviations: Bg, lesions in the basal ganglia and surrounding areas; DWM, 
deep white matter lesions; gA, global atrophy; gM-sV, gray matter and subcortical 
lesions – subcortical dilated perivascular spaces; IT, lesions in the infratentorial 
regions; PV, periventricular white matter lesions; T1WI, T1-weighted imaging; 
T2WI, T2-weighted imaging; T2-FLAIR, T2-weighted fluid attenuation inversion 
recovery sequence; T2*gre, T2*-weighted gradient recalled echo sequence.
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multiple follow-ups, revealed that vascular changes are the 

very first structural brain changes leading to AD.34 Inclusion 

of microhemorrhage in BALI assessment may help earlier 

identification of those most at risk.

The study also has some limitations. The datasets are not 

community based, and therefore do not represent the general 

population. It is possible that the changes shown in the 

participants did not cover the full range of possible changes 

in the older adults’ brain. Typically, study participants are 

categorized into groups to represent healthy aging, cognitive 

decline, and AD, and participants are screened to exclude 

other neurological conditions such as stroke and brain tumors. 

Possibly related to the scan checking and exclusion, only a 

small subsample of the multicenter datasets has scored non-

zero for the “Others” category, which evaluates clinically 

significant changes. Also, two datasets were from large-scale 

multicenter studies, in which subject inclusion criteria and/or 

image acquisition protocols can vary by study center, leading 

to potential difference in the rating score. Caution should be 

taken to rule out such influence before data are to be pooled 

for analysis. Standardization for data procedures across study 

centers can be beneficial. Finally, it is challenging to correctly 

optimize the weighting of the BALI subscores while retaining 

the generalizability for assessing brain aging, as each deficit 

may contribute to cognitive decline differently. Even with 

these limitations, the study demonstrated that whole-brain 

changes in aging are generalized in different samples.

An apparent question about using multiple MRI examina-

tions in the BALI rating is the time required to process the 

many images. The T1WI or T2WI BALI scoring takes just a 

few minutes to complete,18 allowing it to serve as a fast rating 

tool, ensuring ease of application in busy clinical settings. 

While introducing additional sequences improves the sensi-

tivity of the index, scoring additional images would require 

a much longer rating time. The need for rater expertise with 

multiple sequences may also present an additional challenge. 

Effectively dealing with this increased workload will rely on 

computer-aided solutions. This need is motivating our ongoing 

research to develop an optimized algorithm, which will allow 

automated uni- and multisequence-based BALI assessments.

Conclusion
The T1WI- and T2WI-based evaluations consistently cap-

tured deficits in each BALI category, reflecting the burden 

of age- and disease-related whole-brain structural changes 

in older adults. T2-FLAIR and T2*GRE improved the 

detection of white matter and microhemorrhage changes, 

enhancing the assessment. The study supports an automated 

BALI integration of multiple routine MRI scans, laying the 

groundwork for a future clinical tool to support brain aging 

diagnosis and intervention.
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Table S1 A brief description of the four routine clinical sequences used for the BAlI assessment

Sequence Definition General application Chief features Signal intensity characteristics

Gray matter and 
white matter

CSF Common lesions

3D-T1WI high-resolution 3D 
T1-weighted imaging using 
spoiled fast gradient echoes 
for acquisition during 
inversion recovery

Visualizing normal anatomy 
especially small details in 
three dimensions to improve 
delineation of gM and WM

Tr .2,000 ms
Te ,5 ms
TI 400–1,100 ms
FA 7°–11°

gM lower sI than 
WM

Dark Dark (fluid)
Bright (paramagnetic 
substance)

T2WI T2-weighted imaging 
highlighting differences in 
the T2 (spin–spin) relaxation 
time of tissues

Visualizing pathology Tr .2,000 ms
Te .60 ms

gM higher sI than 
WM

Bright Bright (fluid)
Dark (paramagnetic 
substance)

T2-FlAIr T2-weighted fluid attenuation 
inversion recovery sequence; 
signal intensity of free fluid 
was suppressed and removed 
by TI 

Visualizing changes contained 
combined fluid for detecting 
subtle changes at the 
periphery of hemispheres 
and in periventricular regions 

Tr .2,000 ms
Te .60 ms
TI =2,000 ms

gM slightly higher 
sI than WM

Dark Bright (combined fluid)

T2*gre T2*-weighted gradient 
recalled echo; susceptible to 
static field in homogeneities 
to detect the smallest 
changes in magnet field 
uniformity

Visualizing changes with 
susceptibility characters 
(paramagnetic substance 
deposition, similar to iron 
deposition or calcification)

Tr 650–800 ms
Te 3–20 ms
FA 5°–20°

gM slightly higher 
sI than WM

Bright Dark (eg, hemorrhage, 
calcification)

Abbreviations: 3D, three-dimensional; BALI, brain atrophy and lesion index; CSF, cerebral spinal fluid; FA, flip angle; GM, gray matter; SI, signal intensity; T1WI, T1-weighted 
image; T2WI, T2-weighted image; T2-FLAIR, T2-weighted fluid attenuation inversion recovery sequence; T2*GRE, T2*-weighted gradient recalled echo sequence; TE, echo 
time; TI, time of inversion; Tr, repetition time; WM, white matter.

Figure S1 evaluation of the BAlI based on T1WI (A), T2WI (B), T2-FlAIr (C), and T2*gre (D).
Abbreviations: BAlI, brain atrophy and lesion index; DWM, deep white matter lesions; gM-sV, gray matter, and subcortical lesions – subcortical dilated perivascular 
spaces; PV, periventricular white matter lesions; T2-FLAIR, T2-weighted fluid attenuated inversion recovery; T2*GRE, T2*-weighted gradient-recalled echo; T1WI, T1-
weighted image; T2WI, T2-weighted image.
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Figure S2 (Continued)
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Figure S2 examples of changes considered in the “Others” category of BAlI evaluation, as seen on the appropriate sequences.
Abbreviations: BALI, brain atrophy and lesion index; T1WI, T1-weighted image; T2WI, T2-weighted image; T2-FLAIR, T2-weighted fluid attenuation inversion recovery 
sequence; T2*gre, T2* weighted gradient recalled echo sequence.
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