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Abstract
Introduction: Composite scores may be useful to summarize overall language or visuospatial functioning in studies of older adults.
Methods: We used item response theory to derive composite measures for language
(ADNI-Lan) and visuospatial functioning (ADNI-VS) from the cognitive battery administered in the Alzheimer’s Disease Neuroimaging Initiative (ADNI). We evaluated the
scores among groups of people with normal cognition, mild cognitive impairment
(MCI), and Alzheimer’s disease (AD) in terms of responsiveness to change, association
with imaging findings, and ability to differentiate between MCI participants who progressed to AD dementia and those who did not progress.
Results: ADNI-Lan and ADNI-VS were able to detect change over time and predict conversion from MCI to AD. They were associated with most of the pre-specified magnetic
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resonance imaging measures. ADNI-Lan had strong associations with a cerebrospinal
fluid biomarker pattern.
Discussion: ADNI-Lan and ADNI-VS may be useful composites for language and visuospatial functioning in ADNI.
KEYWORDS

Alzheimer’s Disease Neuroimaging Initiative, cognition, language, longitudinal analysis, magnetic
resonance imaging, psychometrics, visuospatial functioning
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BACKGROUND

To date, 2985 people were evaluated by ADNI for possible enrollment; enrolled participants have been followed for up to 156 months.

Language and visuospatial functioning impairments often accompany

Of these, 2084 had screening and baseline visits, received a diagnosis,

memory impairments among individuals with Alzheimer’s disease

and were enrolled in ADNI. Of these, 1913 were age ≥60 at enrollment

(AD). Assessment of these domains may be useful in clinical and

from ADNI1, ADNIGO, and ADNI2 and had imaging data that passed

research settings.1 For example, scores can be used to track changes

quality control.

over time2–4 and describe natural history,5 to evaluate the validity of

We analyzed participants with normal cognition (NC), amnestic mild

fluid-based or imaging-based biomarkers,6,7 or to identify patterns of

cognitive impairment (MCI), and AD. Diagnostic criteria are on the

deficits across domains.8

ADNI website. Briefly, diagnosis of amnestic MCI required participant

The Alzheimer’s Disease Neuroimaging Initiative (ADNI) adminis-

memory complaints, objective memory deficits, intact activities of daily

tered an extensive neuropsychological battery at every study visit.9

living, global Clinical Dementia Rating score of 0.5,15 and Mini-Mental

The battery includes measures of language and visuospatial function-

State Examination (MMSE) score ≥24.16 Participants with AD met

ing. Investigators using ADNI data are faced with an array of scores.

National Institute of Neurological Disorders and Stroke-Alzheimer’s

Composite scores for language and visuospatial functioning may be

Disease and Related Disorders Association (NINDS-ADRDA) criteria

useful for theoretical and empirical/statistical reasons.10–12 Summa-

for probable AD.17 Conversion from NC or MCI to AD was a primary

rizing data in these domains with a single score facilitates analyses

outcome (http://adni.loni.usc.edu/methods/documents). All diagnostic

without testing multiple hypotheses. Including multiple indicators min-

determinations were made without referring to the composite scores

imizes measurement error due to idiosyncratic single items. Scores

discussed here.

used across multiple investigations may facilitate comparisons and
understanding.13,14
Our goal was to develop new composite scores for language (ADNI-

2.2

Cognitive and clinical measures

Lan) and visuospatial functioning (ADNI-VS) and to evaluate these
scores, along with standard scores and with z-score composites. This

2.2.1

Language indicators and comparisons

approach is similar to our prior work for memory10 and executive
functioning.12

ADNI’s neuropsychological battery included the Boston Naming Test18
and animal and (for ADNI1 only) vegetable fluency. ADNI administered MMSE16 items including object naming, sentence repetition, sen-

2

METHODS

tence reading and writing, and following a three-step command. ADNI
administered Alzheimer’s Disease Assessment Schedule–Cognition

2.1

Participants and data source

(ADAS-Cog)19 items including following commands, object naming, and
ideational praxis. ADNI administered Montreal Cognitive Assessment

ADNI was launched in 2003 by the National Institute on Aging, the

(MoCA)20 items beginning in ADNIGO including phonemic fluency and

National Institute of Biomedical Imaging and Bioengineering, the Food

sentence repetition. ADNI did not use alternate forms for any of its lan-

and Drug Administration, private pharmaceutical companies, and non-

guage measures.

profit organizations. Study resources and data are available through

We used these language indicators to derive z-scores and the

its website (http://adni.loni.usc.edu). The initial 5-year study (ADNI1)

ADNI-Lan composite. We used the three tests given at each wave

was extended by 2 years in 2009 (ADNIGO), and in 2011 and 2016 by

for a “least common denominator (LCD)” z-score strategy. We used

further competitive renewals (ADNI2 and ADNI3). The study was con-

all of the tests within each wave for a “wave specific (WS)” z-score

ducted after Institutional Review Board approval at each site. Written

strategy. Methods for the LCD and WS strategies are discussed

informed consent was obtained from study participants or authorized

in detail in Methods S1 in supporting information. We compared

representatives.

ADNI-Lan to the LCD and WS z-scores and to scores for animal
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fluency, vegetable fluency, and the Boston Naming Test and to
sum scores from language items from the MMSE, ADAS-Cog, and
MoCA.

HIGHLIGHTS
∙ Composite scores can be useful for studies of cognitive

2.2.2
Visuospatial functioning indicators and
comparisons
ADNI’s neuropsychological battery included copying a clock, with
five scored elements including circular face, symmetrical face, copying numbers for hours, presence of hands, and hands pointing
to the requested time. The MMSE includes copying interlocking

functioning.
∙ Investigators developed scores for language and visuospatial functioning.
∙ The composite scores showed good evidence of validity
across several analyses.
∙ Language and visuospatial composite scores are now available from the Alzheimer’s Disease Neuroimaging Initiative
web site.

pentagons. The ADAS-Cog includes a constructional praxis item.
ADNI did not use alternate forms for any of its visuospatial measures. We used all of these to develop the ADNI-VS composite.
We compared that composite to the standard score for the clock
and to a z-score made from all the indicators derived from the
mean and standard deviation from all NC participants across all
waves.

RESEARCH IN CONTEXT
∙ Systematic Review: The authors reviewed the literature
using traditional (eg, PubMed) sources. There have been
few articles developing composite scores for language or

2.2.3

Magnetic resonance imaging parameters

visuospatial functioning, and fewer still comparing the performance of composite scores to standard scoring.

All participants were scheduled to have a magnetic resonance imaging
(MRI) evaluation at each study visit.21 ADNI magnetization-prepared
rapid acquisition with gradient echo (MPRAGE) sequences have been
processed using Freesurfer to characterize volumes and cortical

∙ Interpretation: Our findings support the use of the ADNILan or ADNI-VS scores where composite scores for language or visuospatial functioning may prove useful.
∙ Future directions: Researchers have cited previous arti-

thickness in prespecified regions.21 We selected specific regions

cles reporting the development of composite measures of

for language22–25 and visuospatial function26–29 based on prior

memory (ADNI-Mem) and executive functioning (ADNI-

literature and downloaded variables from the ADNI website for
volumes and cortical thickness for those regions (see Tables 1 and 2).
ADNI used different scanning protocols at different study waves.

EF). ADNI-Lan and ADNI-VS promise to provide similarly
useful composites for language and visuospatial functioning.

All our imaging analyses were cross-sectional (ie, within a wave) and
thus used either 1.5T or 3.0T MRI data, but never both in the same
analyses.
words in 60 seconds. Count items can be modeled using a Poisson distribution, or categorized and treated as ordinal categorical

2.2.4

Cerebrospinal fluid

variables. The maximum likelihood estimator with robust standard
errors (MLR) allows Poisson distributions for count variables. Both

Some ADNI1 participants had baseline lumbar punctures for cere-

MLR and weighted least squares with estimated mean and variance

brospinal fluid (CSF), which was evaluated for amyloid β1-42 (Aβ), total

estimators can be used for dichotomous or ordinal categorical data.

tau, and phosphorylated tau181p (p-tau). Sample collection and analysis

The Poisson distribution model would use fewer parameters but

are described in detail in Shaw et al.30 De Meyer et al.31 used Aβ and p-

assumes count variables follow Poisson distributions. We catego-

tau to classify ADNI participants as having an AD signature or not, and

rized responses (Table S1 in supporting information) and compared

provided us with their categories.

Poisson distribution and ordinal categorical models using the MLR
estimator. Factor loadings for non-count items were similar to each
other (Tables S2–S4 in supporting information). However, scores

2.3

Psychometric analyses of baseline data

derived from these models were substantially different, defined
as >0.3 logit units, for a sizable proportion of the cohort, defined

We performed all psychometric analyses using Mplus32 or R.33 Almost

as >5%: 11% to 13% of scores were >0.3 units different for ADNI1,

all of the language items are either dichotomous (right/wrong) or

ADNI2/GO, and ADNI3 (see Figure S1 and its note in supporting infor-

ordered categorical variables. The Boston Naming Test and the fluency

mation). Our final model treated these items as ordinal categorical

items are counts of correctly identified objects and the number of

indicators.
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Adjusted associations between language scores and MRI-derived measures of left-sided cortical thickness for selected brain regions

Group and measure

Angular
gyrus

Wernicke’s
area

Temporal
pole

a

Inferior frontal
gyrus

MCI
ADNI1
ADNI-Lan

4.09

6.18

4.05

3.15

LCD z-score

3.61

5.29

2.99

2.08

WS z-score

3.82

5.61

3.27

2.15

Boston Naming (Total)

4.34

7.14

4.57

3.41

Category Fluency – Animals

3.18

4.49

2.98

3.31

Category Fluency – Vegetables

3.22

4.77

3.35

1.95

MMSE Language Items

0.05

−0.51

−1.41

−0.65

ADAS-Cog Language Items

2.07

2.75

1.62

0.30

ADNI2/GO
ADNI-Lan

3.48

6.01

4.49

1.56

LCD z-score

3.15

6.07

5.27

2.33

WS z-score

3.50

6.14

4.97

2.30

Boston Naming (Total)

1.70

5.45

5.70

0.89

Category Fluency – Animals

3.66

5.10

2.63

1.50

MMSE Language Items

0.87

2.12

1.68

2.09

ADAS Language Items

2.00

2.50

2.64

1.38

MoCA – Animal Naming

1.49

2.51

3.27

0.30

MoCA – All Language Items

2.16

3.59

2.54

1.30

ADNI-Lan

4.77

5.82

5.63

4.11

LCD z-score

5.28

7.27

7.46

4.45

WS z-score

5.50

7.31

7.42

4.65

Boston Naming (Total)

3.88

7.37

7.46

3.60

Category Fluency – Animals

4.13

3.61

2.53

3.53

Category Fluency – Vegetables

3.50

3.91

3.64

3.16

MMSE Language Items

0.69

1.41

1.64

1.26

ADAS-Cog Language Items

5.00

5.67

6.55

3.38

AD
ADNI1

ADNI2/GO
ADNI-Lan

5.45

6.03

4.72

3.09

LCD z-score

4.88

5.93

4.20

3.00

WS z-score

5.89

6.76

4.45

3.44

Boston Naming (Total)

3.92

5.86

5.80

2.78

Category Fluency – Animals

4.19

3.80

2.75

2.22

−0.94

2.53

1.80

0.76

MMSE Language Items

a

ADAS Language Items

4.75

5.81

4.92

2.66

MoCA – Animal Naming

4.70

4.77

5.37

2.21

MoCA – All Language Items

5.47

6.48

4.01

3.46

Test statistics for MRI cortical thickness measures (left hemisphere, adjusted for intracranial volume) from regression models for the language score controlling for age, education, sex, presence of ≥1 APOE-ε4 alleles, by baseline diagnosis and ADNI phase. ADAS-Cog scores were reversed, so higher implies better
performance. Bolded values indicate P values < 0.05.
Abbreviations: ADAS, Alzheimer’s Disease Assessment Schedule; ADAS-Cog, Alzheimer’s Disease Assessment Schedule–Cognition; ADNI, Alzheimer’s Disease Neuroimaging Initiative; ADNI-Lan, ADNI language composite; LCD, least common denominator; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance imaging; WS, wave specific.
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TA B L E 2

Adjusted associations between visuospatial scores and MRI-derived measures of cortical thickness for selected brain regions

a

Superior
temporal
gyrus

Inferior
parietal

Inferior
temporal
gyrus

Inferior
frontal
gyrus

Fusiform

Lingual
gyrus

Lateral
occipital

Pericalcarine

ADNI-VS

3.66

4.15

4.77

3.27

3.85

2.45

3.04

2.14

Z-score

3.76

3.97

4.58

3.15

3.77

2.43

3.05

1.78

Clock Score

3.43

3.15

4.17

2.94

2.97

1.38

2.09

1.58

2.50

2.25

1.26

1.72

2.03

1.01

1.99

−0.85

Group and measure
MCI
ADNI1

ADNI 2/GO
ADNI-VS
Z-score

2.56

2.62

1.18

1.93

1.85

1.36

2.11

−0.41

Clock score

2.72

1.59

1.41

2.12

2.19

0.56

0.84

−1.41

ADNI-VS

2.07

4.45

1.89

2.61

2.49

1.30

3.79

1.37

Z-score

2.80

6.27

2.96

3.00

4.40

3.42

6.09

2.67

Clock score

2.02

5.61

2.41

2.26

3.60

3.53

5.59

1.76

AD
ADNI 1

ADNI 2/GO
ADNI-VS

0.37

4.42

2.03

0.20

3.48

2.68

4.05

1.37

Z-score

1.60

6.63

3.06

0.09

5.58

4.29

6.50

2.49

Clock score

1.25

5.54

3.02

1.44

4.11

1.43

4.25

1.30

a

Test statistics for MRI cortical thickness measures (adjusted for intracranial volume) from regression models for the visuospatial outcomes controlling for
age, education, sex, presence of ≥1 APOE-ε4 alleles, by baseline diagnosis and ADNI phase. Bolded values indicate P values < 0.05.
Abbreviations: AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; ADNI-VS, ADNI visuospatial composite; LCD, least common
denominator; MCI, mild cognitive impairment; MRI, magnetic resonance imaging.

Second, we evaluated dimensionality. The simplest confirmatory

for secondary domains (see Methods S2 in supporting information).

factor analysis (CFA) models are single-factor models in which all items

Fit statistics for all these models were good (see Table S5 in support-

are conceptualized as indicators of a single underlying factor. A more

ing information). Factor loadings for two bi-factor models had negative

complicated model is a bi-factor model, in which, in addition to a factor

loadings on secondary domains, suggesting overfitting. There were no

defined by all the items, distinct subsets of items are also conceptual-

participants with scores that differed by as much as 0.3.

ized as indicators of secondary factors. For example, for visuospatial,

For ADNI2/Go, we used two candidate bi-factor models, one devel-

there are five clock items that could share methods variance beyond

oped from Omega and the other using cluster analyses as shown in

their relationship with visuospatial functioning defined by all the

our recent article,8 which we evaluated because the theoretical justi-

items.

fication for secondary factors from Omega was weaker (see Methods

We fit single-factor and bi-factor models to the data. We consid-

S2 and Table S6 in supporting information). Fit statistics for all models

ered fit statistics including the confirmatory fit index (CFI), the Tucker-

were good, and there were few participants (9 for the cluster analysis-

Lewis index (TLI), and the root mean squared error of approximation

based model, or 0.6%, and 12 for the Omega-based model, or 0.8%).

(RMSEA). Useful thresholds for these indices for model fit include

These results led us to choose a single-factor model for language (see

CFI >0.95, TLI >0.95, and RMSEA <0.08.34 We also compared scores

Methods S1 and S2).

using single-factor and bi-factor models, using the approach outlined

For the visuospatial domain, the Omega package suggested a sin-

above; if using the simpler but theoretically less justified single-factor

gle bi-factor structure, with three clock items in one secondary domain

model was associated with differences in scores >|0.3| for >5% of par-

and the other two in another, and the remaining items in a third sec-

ticipants, we would choose the bi-factor model. Otherwise we would

ondary domain. Fit statistics were nearly identical for single- and bi-

choose the simpler single-factor model.

factor models. There was one participant with a score that was differ-

For language we compared single-factor models to several candi-

ent by >|0.3| across all ADNI enrollment waves (n = 2985). Fit statis-

date bi-factor models. For ADNI1, one of these was theory-driven

tics for the single-factor model were good, with TLI 0.97, CFI 0.96, and

based on item content. The other two models were data-driven using

RMSEA 0.026. These results led us to choose a single-factor model for

the Omega package in R33 with different thresholds for salient loadings

visuospatial.
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Baseline demographic, clinical data by baseline diagnosis
Normal Cognition (NC)
ADNI1 n = 229

ADNI2/GO n = 401

ADNI3 n = 334

Baseline demographic characteristics
Female, n (%)

110 (48%)

226 (56%)

203 (61%)

Age in years, mean (SD)

76.0 (5.0)

72.8 (6.1)

70.8 (5.8)

Education in years, mean (SD)

16.1 (2.9)

16.6 (2.6)

16.9 (2.2)

≥1 APOE-ε4 allele, n (%)

61 (27%)

87 (30%)

86 (26%)

Baseline language data, mean (SD)
ADNI-Lan
a

LCD z-score

0.80 (0.71)

0.71 (0.66)

0.80 (0.73)

−0.06 (0.61)

−0.03 (0.64)

0.08 (0.60)

WS z-score

0.05 (0.54)

0.03 (0.55)

−0.004 (0.56)

MMSE Language Items

7.84 (0.42)

7.82 (0.43)

7.83 (0.41)

ADAS-Cog Language Items

14.80 (0.53)

14.77 (0.57)

14.84 (0.45)

Category Fluency – Animals

19.93 (5.59)

20.93 (5.29)

22.00 (5.63)

Category Fluency – Vegetables

14.70 (3.91)

NA

NA

Boston Naming (Total)

27.89 (2.29)

28.22 (2.10)

NA

MoCA – Animal Naming

NA

2.90 (0.30)

2.93 (0.27)

MoCA – All Language Items

NA

5.44 (0.74)

5.52 (0.75)

ADNI-VS

0.27 (0.62)

0.20 (0.56)

0.20 (0.60)

Z-score

0.03 (0.97)

0.01 (0.93)

−0.04 (1.09)

Clock score

4.86 (0.42)

4.87 (0.37)

4.85 (0.41)

ADNI1 n = 385

ADNI2/GO n = 546

ADNI3 n = 102

Baseline Visuospatial data, mean (SD)

Mild Cognitive Impairment (MCI)

Baseline Demographic Characteristics
Female, n (%)

136 (35%)

241 (44%)

38 (37%)

Age in years, mean (SD)

75.5 (6.8)

72.8 (6.9)

73.5 (7.3)

Education in years, mean (SD)

15.6 (3.0)

16.2 (2.7)

16.6 (2.5)

≥1 APOE-ε4 allele, n (%)

209 (54%)

210 (48%)

28 (27%)

Baseline language data, mean (SD)
−0.04 (0.76)

0.34 (0.71)

0.24 (0.57)

LCD z-score

−0.71 (0.89)

−0.42 (0.78)

−0.35 (0.63)

WS z-score

−0.95 (1.18)

−0.39 (0.87)

−0.51 (0.59)

ADNI-Lan
a

MMSE Language Items

7.65 (0.56)

7.66 (0.59)

7.70 (0.52)

ADAS-Cog Language Items

14.41 (0.86)

14.60 (0.72)

14.67 (0.54)

Category Fluency – Animals

15.82 (4.92)

18.01 (5.19)

17.52 (4.34)

Category Fluency – Vegetables

10.71 (3.45)

NA

NA

Boston Naming (Total)

25.47 (4.10)

26.75 (3.45)

NA

MoCA – Animal Naming

NA

2.82 (0.43)

2.74 (0.48)

MoCA – All Language Items

NA

5.19 (0.97)

4.87 (1.02)

ADNI-VS

−0.10 (0.80)

0.01 (0.69)

−0.01 (0.68)

Z-score

−0.59 (1.44)

−0.35 (1.18)

−0.39 (1.33)

Clock score

4.64 (0.68)

4.72 (0.56)

4.71 (0.58)

Baseline visuospatial data, mean (SD)
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TA B L E 3

Continued.
Alzheimer’s Disease (AD)
ADNI1 n = 186

ADNI2/GO n = 177

ADNI3 n = 30

Baseline demographic characteristics
Female, n (%)

85 (46%)

72 (41%)

12 (40%)

Age in years, mean (SD)

76.1 (6.7)

75.6 (7.4)

75.2 (8.7)

Education in years, mean (SD)

14.7 (3.1)

15.8 (2.8)

15.9 (3.1)

≥1 APOE-ε4 allele, n (%)

123 (66%)

94 (67%)

7 (23%)

−0.75 (0.87)

−0.59 (0.99)

−0.24 (0.87)

−1.48 (1.39)

−1.58 (1.55)

−1.31 (1.06)

Baseline language data, mean (SD)
ADNI-Lan
a

LCD z-score
WS z-score

−2.12 (1.86)

−1.80 (1.41)

−1.21 (0.97)

MMSE Language Items

7.51 (0.71)

7.48 (0.88)

7.30 (1.06)

ADAS-Cog Language Items

13.70 (1.49)

13.59 (1.70)

14.06 (0.93)

Category Fluency – Animals

12.38 (4.91)

12.14 (5.13)

12.87 (5.60)

Category Fluency – Vegetables

7.81 (3.34)

NA

NA

Boston Naming (Total)

22.21 (6.26)

21.91 (5.95)

NA

MoCA – Animal Naming

NA

2.42 (0.81)

2.81 (0.40)

MoCA – All Language Items

NA

4.17 (1.53)

4.56 (1.31)

ADNI-VS

−0.59 (0.93)

−0.38 (0.87)

−0.46 (0.88)

Z-score

−1.68 (2.18)

−1.38 (2.07)

−1.57 (2.26)

Clock score

4.34 (0.98)

4.44 (0.91)

4.20 (1.15)

Baseline visuospatial data, mean (SD)

a

LCD, “least common denominator” z score strategy; WS, “wave specific” z score strategy; see text for details.
Abbreviations: ADAS, Alzheimer’s Disease Assessment Schedule; ADAS-Cog, Alzheimer’s Disease Assessment Schedule–Cognition; ADNI, Alzheimer’s Disease Neuroimaging Initiative; ADNI-Lan, ADNI language composite; ADNI-VS, ADNI visuospatial composite; APOE, apolipoprotein E; LCD, least common
denominator; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance imaging; SD, standard deviation;
WS, wave specific.

2.4
visits

Determination of scores from other study

MCI, and AD, adjusting for age, education, sex, and apolipoprotein E
(APOE) genotype coded as ≥1 versus 0 ε4 alleles. We used slope terms
and standard errors to determine sample sizes needed per group to

We fixed item thresholds and loadings based on the baseline study

detect a 25% reduction in rate of decline in 12 months with 80% power

visit. We used those item parameters to obtain ADNI-Lan and ADNI-

and α = 0.05, assuming a two-sided test.

VS scores at subsequent visits using Mplus.32

2.5

Comparisons of scores

2.5.2

Time to conversion for people with NC, MCI

For NC and MCI participants, we used Cox proportional hazard models
We performed several analyses to evaluate the validity of our compos-

of time to MCI and to AD controlling for age, education, sex, and APOE

ite scores. For all language analyses, we performed analyses separately

genotype.

by study wave because the battery of language items differed by wave.
We also performed imaging analyses separately for 1.5T and 3T MRI
platforms. Because all analyses are descriptive, we did not adjust P
values to account for multiple hypotheses.

2.5.3
Strength of association with MRI
parameters

2.5.1

We used standard linear regression models to determine strength of

Rates of change

association between cognitive scores and selected MRI values from
We used mixed effects models with random intercepts and slopes for

baseline, adjusting for total intracranial volume, age, education, sex,

each individual to characterize rates of change for people with NC,

and APOE genotype.
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2.5.4
Ability to differentiate trajectories of
participants with MCI with the De Meyer et al. AD
CSF biomarker profile

functioning was not strongly associated with risk of conversion from
NC to MCI (left column). Point estimates for ADNI-Lan were similar
to comparators. Baseline language and visuospatial functioning were
associated with increased risk of conversion from MCI to AD. For

We used the CSF data discussed in 2.2.4 to divide people with MCI into

language, the point estimate for ADNI-Lan was the best of those

those with and without the AD biomarker profile. We used linear mixed

considered, including the two z-scores, at predicting conversion to AD,

effects models to determine the cognitive score’s ability to differenti-

while for visuospatial functioning, all point estimates were similar. As

ate trajectories of participants with and without AD biomarker profiles.

in section 3.2, these comparisons are descriptive.

We used random intercepts and slopes and an unstructured covariance
matrix, controlling for age, education, sex, and APOE genotype.

3

RESULTS

3.1

Characteristics of participants

Demographic, cognitive, and imaging data for the 1913 included participants from ADNI1 and ADNI2/GO are shown in Table 3. The ADNI-Lan
composite score captured differences in language performance across
the three diagnostic groups (P < 0.0001). The MMSE and ADAS-Cog
language items did not differentiate clinically meaningful differences
between people with NC and people with MCI, though scores were

3.4
Strength of association with a priori selected
MRI measures
There were no a priori selected regions with strong associations
with language measures among people with NC (not shown). Table 1
shows associations for language scores. ADNI-Lan had statistically
significant associations with all regions in all samples, except for one.
Table 2 shows strength of associations between visuospatial scores
and a priori selected regions for participants with MCI and AD. Strong
associations with ADNI-VS were observed for most of these regions,
as they were for the z-score and the clock Score.

lower for people with AD (both P < 0.0001 overall). The Boston Naming
Test and animal and vegetable fluency distinguish well across diagnostic groups (all P < 0.0001).
The ADNI-VS composite score also captures differences in performance across the three diagnostic groups (P < 0.0001) and did so with
more clinically meaningful differences than the clock copy score (still
P < 0.0001).
Cortical thickness data for regions associated with language and
visuospatial functioning respectively, are shown in the bottom part of
Table 3. There were modest differences across groups in some regions
(see Table S6).

3.5
Ability to differentiate trajectories for people
with MCI with the AD CSF biomarker pattern
Table 6 shows test statistics for the effect of having the CSF biomarker
pattern on the intercept and slope for language (top) and visuospatial
functioning (bottom) in adjusted mixed effects models. Having the AD
CSF biomarker profile was associated with lower language score intercepts for almost all the measures, though only ADNI-Lan was distinguishable from zero. Having the AD CSF biomarker pattern was associated with more rapid rates of decline for each of the language mea-

3.2
time

Sample sizes needed to detect changes over

sures. Test statistics for the ADNI-Lan were larger than those of any
comparator (not tested statistically). Having the AD CSF biomarker signature was not associated with visuospatial functioning intercepts. Of
the slopes, only the z score was statistically significant.

The 1610 included participants accrued 6598 person-years of followup (mean 4.1 years, standard deviation [SD] 2.9 years, range 6 months
to 13 years, interquartile range 3 to 6 years). Table 4 shows test

4

DISCUSSION

statistics from mixed effects models of change over time within each
diagnostic group, along with sample sizes that would be needed to
show 25% differences across groups. Neither language nor visuospatial functioning showed much change over time among participants
with NC (left column). For participants with MCI, the ADNI-Lan score
required the smallest sample, and in AD, the WS z-score was smallest,
though none of these differences were tested statistically. The z-score
required the smallest sample for visuospatial functioning.

In this article we present methods used to derive composite language
and visuospatial scores from ADNI’s neuropsychological battery, and
present results of analyses addressing validity. The ADNI-Lan measure
performed well in comparison to other language scores that can be
derived from the ADNI battery. ADNI-Lan has the advantage of incorporating all of the language indicators. This is particularly appealing
in the context of the changing battery across ADNI’s different waves.
Fewer items were administered to assess visuospatial functioning.

3.3

Ability to predict conversion

ADNI-VS, a z-score, and the clock composite score performed similarly
in our comparative validity analyses.

Table 5 shows results for analyses of conversions from NC to MCI

There have been few previous composite scores for language or

and from MCI to AD. Baseline variation in language and visuospatial

visuospatial functioning in the literature. Deters et al. used principal
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TA B L E 4 Test statistics, coefficients for time, and resulting sample sizes needed per group to detect a 25% change for language and
a
visuospatial functioning measures
Normal Cognition
Language scores by
study phases

Test statistic
(Coefficient)
for time

Mild Cognitive Impairment
Sample
size per
group

Test statistic
(Coefficient) for
time

Sample
size per
group

Late Onset Alzheimer’s Disease
Test statistic
(Coefficient) for
time

Sample
size per
group

All phases
ADNI-Lan

−9.4 (−0.06)

17,000

−16.6 (−0.14)

1700

−14.7 (−0.37)

200

LCD z-score

−5.7 (−0.05)

55,000

−12.3 (−0.17)

2500

−9.8 (−0.43)

200

WS z-score

−1.4 (−0.02)

359,000

−11.3 (−0.15)

1800

−11.7 (−0.42)

150

Category Fluency –
Animals

−7.2 (−0.05)

38,000

−16.8 (−0.12)

4100

−10.8 (−0.31)

600

MMSE Language Items

−3.2 (−0.03)

278,000

−7.9 (−0.10)

13,600

−6.1 (−0.31)

1200

ADAS-Cog Language
Items

−2.9 (−0.03)

207,000

−10.8 (−0.15)

3600

−9.9 (−0.41)

300

ADNI-Lan

−8.2 (−0.08)

11,000

−14.8 (−0.28)

900

−11.7 (−0.37)

200

ADNI1 only

LCD z-score

−5.1 (−0.06)

38,000

−10.5 (−0.21)

1500

−7.6 (−0.38)

250

WS z-score

0.45 (0.01)

1,318,000

−9.2 (−0.19)

1000

−8.9 (−0.40)

160

Category Fluency –
Vegetables

−0.9 (−0.01)

405,000

−10.9 (−0.18)

2200

−9.1 (−0.28)

800

ADNI 1, 2, GO only
ADNI-Lan

−9.4 (−0.06)

16,000

−16.6 (−0.14)

1700

−14.7 (−0.37)

200

LCD z-score

−5.7 (−0.05)

55,000

−12.3 (−0.17)

2500

−9.8 (−0.43)

220

WS z-score

−1.4 (−0.02)

338,000

−11.3 (−0.15)

1800

−11.8 (−0.42)

150

Boston Naming (Total)

−4.1 (−0.03)

70,000

−11.4 (−0.11)

3600

−11.4 (−0.28)

300

ADNI 2, GO, 3 only
ADNI-Lan

−4.9 (−0.05)

78,000

−8.9 (−0.10)

4400

−8.8 (−0.38)

200

LCD z-score

−2.9 (−0.04)

165,000

−7.0 (−0.13)

5100

−7.0 (−0.54)

200

WS z-score

−2.5 (−0.04)

66,000

−6.5 (−0.11)

3800

−8.9 (−0.51)

140

MoCA −Animal
Naming

−2.0 (−0.03)

184,000

−3.6 (−0.05)

59,100

−0.9 (−0.08)

17,100

MoCA – All Language
Items

−1.5 (−0.02)

148,000

−4.1 (−0.05)

38,100

−4.16 (−0.23)

2000

Visuospatial functioning scores (all phases)

a

ADNI-VS

−5.4 (−0.05)

70,000

−11.0 (−0.10)

11,700

−8.2 (−0.26)

1200

Z-score

−5.3 (−0.05)

53,000

−11.2 (−0.12)

5700

−8.6 (−0.31)

600

Clock score

−3.8 (−0.04)

123,000

−9.2 (−0.11)

11,200

−9.0 (-0.37)

700

These data were derived from mixed effects models with cognitive score as the dependent variable in each model. Models included terms for age, education,
sex, and the presence of ≥1 APOE ε4 allele. The “Test statistic (coefficient for time)” column shows test statistics (ie, estimates divided by their standard
errors) for the adjusted rate of change, and shows the beta coefficient itself in parentheses. These values can be used to estimate sample sizes needed to
show a 25% difference in the rate of decline with 80% power and using a two-sided α of 0.05. Coefficients were rounded to the nearest 0.1, and sample sizes
rounded to the nearest 100 or for sample sizes >10,000, to the nearest 1000.
Abbreviations: ADAS, Alzheimer’s Disease Assessment Schedule; ADAS-Cog, Alzheimer’s Disease Assessment Schedule–Cognition; ADNI, Alzheimer’s Disease Neuroimaging Initiative; ADNI-Lan, ADNI language composite; ADNI-VS, ADNI visuospatial composite; APOE, apolipoprotein E; LCD, least common
denominator; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance imaging; WS, wave specific.
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TA B L E 5

Association between composite scores and comparator scores with risk of conversion

a

Language scores by phase

NC to MCI (95% CI)

MCI to AD (95% CI)

All

107 conversions /509 enrolled

320 conversions / 799 enrolled

ADNI-Lan

0.84 (0.69, 1.04)

0.75 (0.66, 0.84)

LCD z-score

0.76 (0.64, 0.90)

0.90 (0.80, 1.01)

WS z-score

0.80 (0.69, 0.94)

0.82 (0.73, 0.92)

Category Fluency – Animals

0.88 (0.71, 1.08)

0.76 (0.68, 0.86)

MMSE Language Items

0.83 (0.72, 0.97)

1.06 (0.95, 1.18)

ADAS-Cog Language Items

0.83 (0.72, 0.95)

0.91 (0.81, 1.01)

62 conversions / 222 enrolled

206 conversions / 373 enrolled

0.87 (0.63, 1.19)

0.79 (0.69, 0.90)

ADNI1 only
ADNI-Lan
LCD z-score

0.64 (0.48, 0.87)

0.98 (0.84, 1.14)

WS z-score

0.71 (0.54, 0.93)

0.86 (0.74, 0.99)

Category Fluency – Vegetables

0.91 (0.67, 1.23)

0.79 (0.69, 0.90)

ADNI1, 2, GO only

107 conversions / 508 enrolled

320 conversions / 795 enrolled

ADNI-Lan

0.84 (0.69, 1.04)

0.75 (0.66, 0.84)

LCD z-score

0.76 (0.64, 0.90)

0.90 (0.80, 1.01)

WS z-score

0.80 (0.69, 0.94)

0.82 (0.73, 0.92)

Boston Naming (Total)

0.95 (0.83, 1.09)

0.79 (0.69, 0.90)

ADNI2, GO, 3 only

45 conversions / 287 enrolled

114 conversions / 426 enrolled

ADNI-Lan

0.95 (0.75, 1.21)

0.65 (0.50, 0.85)

LCD z-score

0.97 (0.77, 1.23)

0.81 (0.67, 0.97)

WS z-score

1.01 (0.81, 1.24)

0.76 (0.61, 0.96)

MoCA – Animal Naming

0.91 (0.70, 1.19)

0.78 (0.66, 0.92)

1.05 (0.83, 1.32)

0.80 (0.64, 0.99)

NC to MCI (95% CI)
107 conversions/509 enrolled

MCI to AD (95% CI)320 conversions /
799 enrolled

ADNI-VS

0.90 (0.74, 1.09)

0.82 (0.72, 0.92)

Z-score

0.91 (0.75, 1.09)

0.78 (0.68, 0.90)

Clock score

0.98 (0.85, 1.14)

0.80 (0.70, 0.91)

MoCA – All Language Items
Visuospatial scores across all phases

a

The top row in each section provides the number of people who converted and the total number of people at the beginning of that phase of the study. Numbers in subsequent rows represent the adjusted time ratio (95% confidence interval) associated with a one SD higher score for each measure. For example,
the top left entry indicates that compared to people who scored at the mean for ADNI-Lan, people who scored one SD above the mean had an adjusted time
ratio of 0.84 (95% confidence interval 0.69-1.04).
Abbreviations: AD, Alzheimer’s disease; ADAS, Alzheimer’s Disease Assessment Schedule; ADAS-Cog, Alzheimer’s Disease Assessment Schedule–Cognition;
ADNI, Alzheimer’s Disease Neuroimaging Initiative; ADNI-Lan, ADNI language composite; ADNI-VS, ADNI visuospatial composite; APOE, apolipoprotein E;
LCD, least common denominator; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; MRI,
magnetic resonance imaging; NC, normal cognition; WS, wave specific.

components analysis to generate a memory-adjusted composite score

people with autosomal dominant AD from the Dominantly Inherited

for language from ADNI and used that as a phenotype for genome-wide

Alzheimer Network (DIAN) study.38 Zahodne et al. used a z-score

association

studies.35

Wilhalme et al. used exploratory factor analysis

approach to generate composite scores for people in the Washington

and z-scores to derive composite scores in a small study of people with

Heights/Inwood Columbia Aging Project (WHICAP) study.39 Dong

NC and MCI, and found that none of the composites showed change

et al. also used a z-score approach to compare profiles of people with

among people with NC.36 Hassenstab et al. used a z-score approach

mild and moderately severe AD.40

to generate composite scores from the National Alzheimer’s Coor-

We used CFA approaches rather than exploratory factor analysis

dinating Center (NACC) database to evaluate people with AD-type

or z-score approaches. There are several reasons for this. One reason

pathology at death, and found differences in several domains between

is theoretical. Borsboom addresses theories of science associated

people who did and did not develop AD-type dementia during life.37

with different modeling choices and concludes modern psychometric

Wang et al. used a z-score approach to generate composite scores for

approaches using CFA analysis are most consistent with modern
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TA B L E 6 Test statistics for the intercept and slope terms
a
associated with having the AD cerebrospinal fluid (CSF) pattern

tics demonstrated good fidelity to the data by our models. Empirically

P value

strength of relationship between each indicator and the underlying

Score

Intercept

Slope

determined factor loadings provide strong evidence of variation in the
construct measured by all of the indicators in common. These load-

Language score

ings correspond again to our intuition about better and worse indi-

−1.58

−5.38

1.2 × 10−5

0.03

−3.65

2.8 × 10−2

WS z-score

−0.64

−4.62

7.7 × 10−4

Boston Naming Test

−0.81

−4.49

9.3 × 10−4

loadings than any of the six dichotomous language indicators from

Animal fluency

−1.89

−3.60

2.5 × 10−3

the MMSE. These differences would be obscured if we used a z-score

−1.28

−4.72

3.8 × 10

−5

0.91

−1.56

2.2 × 10−1

Beyond those theoretical and practical considerations, as we

−3.53

−2

demonstrate here, ADNI-Lan and ADNI-VS perform well in a variety

ADNI-Lan
LCD z-score

Vegetable fluency
MMSE language items
ADAS-Cog language items

0.27

3.9 × 10

cators of language and visuospatial functioning. For example, animal
and vegetable fluency items, the multi-item Boston Naming Test, and
the Object Naming indicator from the ADAS-Cog have much higher

approach.

of prespecified analyses. Z-scores also did well, so from this single

Visuospatial functioning score
ADNI-VS

−0.76

−1.94

0.847

Z-score

−0.65

−2.30

0.727

Clock

+0.59

−1.80

0.129

a

Data in the left two columns of this table represent test statistics derived
from beta coefficients and their standard errors for the main effect of having the AD CSF biomarker pattern on the language or visuospatial functioning score (“Intercept”) and for the effect of the AD CSF biomarker pattern
on the rate of change of the language or visuospatial score (“Slope”). Each
score was included in a mixed effects model using z-scores of each language
score. Test statistics greater than +/− 1.96 are shown in bold font. Data in
the right-hand column represent P values from likelihood ratio tests comparing full models (with main effects for the AD signature term and its interaction with time) to reduced models (without those two effects), using a chisquared distribution with two degrees of freedom.
Abbreviations: AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease
Assessment Schedule–Cognition; ADNI, Alzheimer’s Disease Neuroimaging Initiative; ADNI-Lan, ADNI language composite; ADNI-VS, ADNI visuospatial composite; LCD, least common denominator; MCI, mild cognitive
impairment; MMSE, Mini-Mental State Examination; WS, wave specific.

study evaluation we could not conclude that z-score composites were
an invalid approach. As discussed in supporting information, z-score
approaches especially break down in the context of a changing battery
across waves. This issue is even more apparent when faced with trying
to harmonize data across different studies with partially overlapping
neuropsychological batteries.8
Several limitations are relevant to this study. ADNI is a convenience
sample with limited ethnic heterogeneity. The ADNI battery was carefully selected but we are limited by the available data. Investigators
focused on more specific aspects of language or visuospatial functioning may not wish to use composite scores.
We are making ADNI-VS and ADNI-Lan scores available from the
ADNI website as we have for executive functioning (ADNI-EF) and
memory (ADNI-Mem). Investigators interested in studying language
and/or visuospatial functioning in ADNI should consider using these
scores in their analyses.
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