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Objective: Longitudinal measurement invariance analyses are an important way to assess a test’s
ability to estimate the underlying construct over time, ensuring that cognitive scores across visits
represent a similar underlying construct, and that changes in test performance are attributable to
individual change in cognitive abilities. We aimed to evaluate longitudinal measurement invariance in a
large, social and culturally diverse sample over time.
Methods: A total of 5,949 participants from the Brazilian Longitudinal Study of Adult Health (ELSA-
Brasil) were included, whose cognition was reassessed after four years. Longitudinal measurement
invariance analysis was performed by comparing a nested series of multiple-group confirmatory factor
analysis models (for memory and executive function factors).
Results: Configural, metric, scalar and strict invariance were tested and supported over time.
Conclusion: Cognitive temporal changes in this sample are more likely to be due to normal and/or
pathological aging. Testing longitudinal measurement invariance is essential for diverse samples at
high risk of dementia, such as in low- and middle-income countries.
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Introduction

Longitudinal studies can capture intra-individual cognitive
trajectories over time1 and can facilitate the identification
of significant cognitive decline2 and diagnostic accuracy.3

The repeated-measures design allows cognitive assess-
ment over time with the same tests, which optimizes
performance comparison.

Considering that neuropsychological assessments are
mainly performed using tests that measure specific cog-
nitive domains, as well as that the aging process is
usually associated with increased cognitive interference
during task performance,4 longitudinal studies should per-
form additional psychometric analysis.5,6 Measurement

invariance analysis aims to ensure reliable conclusions
about real cognitive changes that can only be achieved
with tests that can measure the same psychological trait
over time.7,8

Time-invariant neuropsychological batteries can guar-
antee that cognitive changes are attributable to normal
and pathological brain aging and not to differences in the
way tests measure the construct over time.9 An under-
standing of factors that contribute to real cognitive change
is only possible when longitudinal cognitive assessment is
invariant.

Despite the recommendation that measurement inva-
riance should be verified in aging and dementia
research,5,10 few cognitive studies of older adults have
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assessed measurement invariance. Based on a highly
educated sample (n=2,265) of 81% Caucasian and 11%
African Americans, Salthouse employed a number of
methodological features to maximize sensitivity for cogni-
tive change. The results indicated significant loss of model
fit with increased constraint, suggesting that, although not
identical, the measurement profile was very similar over
time.11

At least partial strong longitudinal invariance in memory
and executive function tests was found in a small, less-
educated sample (n=86),9 and weak memory invariance
was found over time in an ethnically diverse sample
(13,308 Whites and 3,061 African Americans).12 On the
other hand, a cognitive battery showed strong measure-
ment invariance over time in a sample of whites (n=1,898)
and African Americans (n=426).13

Considering that 58% of the people with dementia live
in low- and middle-income countries (LMIC)14 and that
early diagnosis and intervention are important for add-
ressing this health issue, it is imperative to assure the
reliability of inferences about cognitive change in studies
conducted in these countries. Even though some studies
have investigated longitudinal invariance,15 there is still
little literature on this topic, especially from a highly
heterogeneous LMIC sample.

This study aimed to evaluate longitudinal measure-
ment invariance of the neuropsychological battery of the
Brazilian Longitudinal Study of Adult Health (ELSA-Brasil).
We examined longitudinal measurement invariance in this
sample across two cognitive assessments performed four
years apart. We hypothesized that the measurement would
be invariant over time in assessing the same constructs,
and our goal was to assure that future studies with this
sample will be able to correctly assess risk factors for
cognitive decline.

Methods

Participants

The ELSA-Brasil sample consisted of active or retired
employees from public institutions in six large cities
(Belo Horizonte, Porto Alegre, Rio de Janeiro, Salvador,
São Paulo, and Vitória).16,17 The total sample included
15,105 Brazilian Portuguese speakers, aged 35 to 74
years, who were free of dementia at enrollment (2008 to
2010). The baseline assessment included sociodemo-
graphic information, clinical history, a mental health
evaluation, lifestyle factors, occupational exposure, and
general health family history. Cognitive function was
reassessed (2012 to 2014) only in participants who were
55 years or older (n=7,066) at the second visit.

We excluded participants with self-reported medical
diagnosis of stroke and those who were using medica-
tions that indicate the presence of active neurologic or
psychiatric diseases (i.e., neuroleptics, antiparkinsonian
agents, and antiepileptic drugs) at baseline. We also
excluded participants with missing cognitive scores at
baseline, and those with incomplete assessment at follow-
up. At baseline, 13,395 participants remained after applica-
tion of the eligibility criteria. Among the 7,066 participants

who were 55 years old at the second visit, 5,949 were
reassessed four years later and were considered the final
sample (Figure 1).

Neuropsychological assessment

Baseline assessment used the Consortium’s standar-
dized memory tests to Establish a Registry for Alzhei-
mer’s Disease (CERAD)18 validated for the Brazilian
population19 to assess learning, delayed word recall,
and recognition (CERAD word list test).19,20 The baseline
assessment also included the semantic (SVF) and phone-
mic (PVF) verbal fluency tests (animals and letter F,
respectively),21,22 and the Trail Making Test B (TMT).23

Follow-up assessment used the same cognitive measures,
except for the verbal fluency tasks. The PVF of letter F was
replaced by letter A, and the SVF of animals was replaced
by vegetables to reduce learning effects. Trained exam-
iners administered the tests in a fixed order during a single
session, and all environmental requirements for psycho-
metric testing were met.24

We used the learning, delayed recall, and recognition
scores from the CERAD word list test to determine the
episodic memory factor. SVF and PVF scores were
based on correct exemplars produced in one minute.
The TMT score was based on time (in seconds) to
complete the task. Verbal fluency tasks and the TMT are
both executive function tests and were used to deter-
mine the executive function factor.25 Since the tests
were assessed with different measurement units, test
scores were transformed into z-scores to be expressed
on the same scale.

Test equating

Small alterations to the verbal fluency tests were made
between the first and second waves. The test versions
were parallel, but not equivalent. Parallel tests can assess
and score the same domain using similar content;
however, when there is a disparity in difficulty level, the
same individual will score differently, even when no
pathological process is present. To determine whether the
ELSA-Brasil cognitive assessment is invariant over time,
we first performed a test equating analysis. The purpose
of this analysis is to guarantee that the distinct versions of
the verbal fluency tests measure the construct at the
same difficulty level by transforming one test score into
the same metric and range of values the other test.26,27 In
this study, we equated the SVF vegetables and the PVF
letter A scores used in the second wave to the SFV
animals and PVF letter F scores used in the first wave,
respectively.

Various equating methods26 differ according to the way
the new score is assigned. For this study, we opted for
equipercentile equating, which defines the new relative
score position based on percentile ranks, because this
method is more suitable when tests do not have normal
distributions.26,28 This approach identifies scores on two
measures that have the same percentile rank and trans-
forms the score of one test to the corresponding score
of the reference test. For example, a score of 20 words
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in the SVF animals test had a percentile rank of 50.
To obtain a similar percentile in SVF vegetables it was
necessary to produce 18 words. This difference demon-
strates that the second version was more difficult than the
first at the median.

To perform this analysis, we selected a strictly homo-
genous sample that was not expected to have measur-
able cognitive change over the four-year follow-up to
guarantee that the differences in test scores in the
two waves were due to differences in the test versions
and not to cognitive change.28 The homogenous sample
was selected considering the following characteristics
related to a more stable cognitive trajectory: a) being 55 to
65 years old in both assessments; b) having a college
education or higher; c) being white; d) not having more
than half of a standard deviation discrepancy between
the baseline and follow-up episodic memory (CERAD
word list); and e) having an equal proportion of male and
female participants. The final homogenous sample inclu-
ded 260 participants.

The R package equate29 was used to extract the
equipercentile algorithm based on an equating sample
that was subsequently applied to the entire sample. The
equipercentile algorithm used a log-linear smoothing
method to reduce irregularities due to sampling error in
the score distribution.29 The equated SVF vegetables and

PVF letter A scores were used to assess longitudinal
measurement invariance.

Baseline and follow-up cognitive comparison

The baseline and follow-up assessments were compared
using a paired sample t-test to assess performance
stability over time. We also computed the Pearson r effect
size of the difference between baseline and follow-up
performance.

Longitudinal measurement invariance

A two-factor confirmatory factor analysis (CFA) model
revealed previous measurement invariance across socio-
demographic characteristics for the ELSA-Brasil baseline
data.25 CERAD word list test learning, delay recall, and
recognition scores were used as an episodic memory
factor, while SVF, PVF, and TMT were used as an
executive function factor. The model included covariance
between the two factors (Figure 2).

We used CFA to investigate the two-factor measure-
ment structure over time. Considering that the TMT and
the CERAD word list recognition test did not meet the
normality assumption, we used the maximum likelihood

Figure 1 Flowchart of the study participants and the test equating sample.
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estimator with robust standard errors and w2 (Satorra-
Bentler scaled).

Measurement invariance analysis was conducted in
four steps.7 The first step was to evaluate longitudinal
evidence of equal form in the CFA measurement model
by evaluating whether the fits were comparable at each
time point. Provided evidence of equal form, the second
step is to test equivalence of factor loadings, assessing
whether the tests have evidence of equivalent relation-
ships to the latent variables (episodic memory and execu-
tive function factors) over time. The third step (equal
indicator intercepts) tests whether the test response
levels match the levels of latent traits (memory and
executive function) are the same across testing time
points to assure that changes in the factor are due to a
change in the construct and not to the measurement of
the construct at different times.

The fourth step is the equality of item residuals or
unique variances. This step tests whether the sum of the
specific variance (not shared with the factor) and the error
variance are similar over time. Given that this model is
highly constrained and unnecessary for measurement
invariance (since the residuals are not part of the latent
factor), this step is usually not met in most studies.7 We
hypothesized the same would occur with our data. If the
four steps reveal invariance, score changes over time can
be attributed to a real change in cognitive performance
and not to measurement error.

To test for measurement invariance at each level,
the goodness of fit values for each step were compared to
the previous model. We prioritized the root mean square
error of approximation (RMSEA o 0.05) and the com-
parative fit index (CFI 4 0.95) to evaluate overall model
fit. Lower RMSEA and higher CFI results indicate better

Figure 2 Two-factor measurement invariance CFA model specification. CERAD WLT = Consortium to Establish a Registry for
Alzheimer’s Disease word list test; PVF = phonemic verbal fluency; SVF = semantic verbal fluency; T1 = baseline assessment;
T2 = follow-up assessment; TMT = Trail Making Test.
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fit. A change X -0.010 in CFI and X 0.015 in RMSEA
indicates non-invariance.30 Of the two indices, the CFI
was selected as the primary criterion, since the RMSEA is
sensitive to sample size and model complexity.

To determine whether missing data would impact
the invariance results, we also performed a sensitivity
analysis using multiple imputation for eligible partici-
pants with missing cognitive data (online-only supple-
mentary material).

All analyses were performed in R,29 Stata 1331 and
Mplus 7.0.32 R (with the equate package29) was used to
perform the test equating analysis for the verbal fluency
tests, allowing the longitudinal invariance analysis and
future studies. Mplus 7.0 was used to perform the long-
itudinal invariance models, given that this program allows
a better selection of estimators for a structural equation
analysis and model specification according to a theore-
tically driven hypothesis. Stata 13 was used to perform
descriptive and imputation analysis.

Ethics statement

The local institutional review board approved this study,
and all participants provided informed consent.

Results

Descriptive information about the sample at baseline and
after four years is shown in Table 1. Most of the baseline
sociodemographic distribution was retained in the follow-
up sample except age, as expected. The sample included
38.9% blacks, and the education of 41.5% of the

participants was less than college level; approximately
12% had not graduated from high-school.

Equating results

The equating results are plotted in Figure 3. The SVF
vegetable scores at visit 2 were equated with the SVF
animal scores at visit 1 to account for test version
differences. The same process was performed to equate
the raw PVF letter A scores with letter F scores. The
mean and standard deviation for baseline verbal fluency
scores and follow-up raw and equated scores suggested
a successful score transformation (Table 2).

Longitudinal invariance results

Despite significant differences between baseline and
follow-up mean cognitive scores, cognitive parameters
at follow-up showed major stability over time according to
the small effect sizes for repeated measurement compar-
ison (Table 3). The cross-sectional CFA model revealed
appropriate fit indices for the baseline model (w2 (3) =
21.334, p o 0.001, CFI = 1.000, RMSEA = 0.021, con-
fidence interval(RMSEA) = 0.013-0.030), p(RMSEA) = 1.000).
The longitudinal measurement invariance results are
presented in Table 4. The configural invariance (step 1)
of the unconstrained model showed an adequate fit (w2 =
265.258, CFI = 1.000, RMSEA = 0.035). The comparison
of this invariance with the second step of equal factor
loadings (weak or metric), despite a significant w2

difference, showed no significant decrease in fit (DCFI =
-0.006, DRMSEA = 0.006), suggesting that the tests have

Table 1 Demographic and cognitive characteristics (n=5,949)

Baseline Follow-up

Variables Mean SD Mean SD

CERAD WLT Learning z-score -0.07 1.01 0.04 1.02
CERAD WLT Recall -0.07 1.01 0.07 1.01
CERAD WLT Recognition -0.06 1.04 0.09 0.89
Trail Making Test -0.08 1.12 0.00 1.05
Semantic verbal fluency -0.07 0.98 0.14 1.06
Phonemic verbal fluency -0.05 1.02 -0.18 1.08
Age (years) 58.49 5.83 62.50 5.82

Baseline and follow-up, n (%)

Education
Primary 276 (4.64)
Elementary 415 (6.98)
High School 1,774 (29.82)
College (or higher) 3,484 (58.56)

Sex
Female 3,307 (55.59)
Male 2,642 (44.41)

Race*
White 3,347 (57.06)
Black 2,283 (38.92)
Other 236 (4.02)

Neuropsychological tests are z-scored.
SD = standard deviation; CERAD WLT = word list test from the Consortium to Establish a Registry for Alzheimer’s Disease.
*Race: 83 missing data from participants who refused to self-report their race.
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equivalent relationships to the latent constructs (Episodic
Memory and Executive Function factors) over time. The
third step, which verified equal indicator intercepts (strong
or scalar), also suggested that the properties of the tests
were invariant across testing occasions (DCFI = -0.007,
DRMSEA = 0.006). The fourth step, which assesses
equal indicator error variances (strict), indicated that the
test error variances might be stable over time, suggest-
ing that no meaningful change in score variations occur-
red over time (DCFI = 0.000, DRMSEA = 0.003). In a

sensitivity analysis, we found configural, metric, scalar,
and strict invariance over time when we used multiple
imputed data (Table S1, available as online-only supple-
mentary material).

Discussion

This study verified the longitudinal measurement invar-
iance of a cognitive battery over time in a diverse sample
from a LMIC. The findings revealed that the two-factor

Figure 3 Plot of the raw (x axis) and equated (y axis) scores for semantic (vegetables) and phonemic (letter A) verbal fluency.
The raw score was converted into the equated scores to account for different test versions.

Table 2 Mean and standard deviation for baseline scores, and raw and equated follow-up scores.

Semantic Phonemic

Scores Mean SD Mean SD

Baseline raw score 18.25 5.05 12.51 4.41
Follow-up raw score 17.01 5.30 11.63 4.49
Follow-up equated score 19.01 5.31 11.80 4.80

SD = standard deviation.

Table 3 Paired-sample t-test for cognitive assessment (baseline and follow-up) (n=5,949)

Cognitive assessment t p-value r

CERAD WLT Learning -3.46 o 0.001 0.04
CERAD WLT Recall -5.57 o 0.001 0.07
CERAD WLT Recognition -7.78 o 0.001 0.10
Trail Making Test -3.98 o 0.001 0.05
Semantic verbal fluency -11.12 o 0.001 0.14
Phonemic verbal fluency 12.86 o 0.001 0.16

Neuropsychological tests are standardized in z-scores.
CERAD WLT = word list from the Consortium to Establish a Registry for Alzheimer’s Disease.
The equated follow-up verbal fluency scores were used for the comparison.

Table 4 Measurement invariance for the two-factor model over time (n=5,949)

Models w2 df RMSEA (90%CI) Cfit DRMSEA CFI DCFI

Equal form (step 1) 265.258 32 0.035 (0.031-0.039) 1.000 0.990
Equal factor loadings (step 2) 421.093 38 0.041 (0.038-0.045) 1.000 0.006 0.984 -0.006
Equal indicator intercepts (step 3) 604.241 42 0.047 (0.044-0.051) 0.892 0.006 0.977 -0.007
Equal indicator error variances (step 4) 595.097 48 0.044 (0.041-0.047) 0.999 0.003 0.977 0.000

90%CI = 90% confidence interval; w2 = chi-square (Satorra-Bentler); CFI = Comparative Fit Index; Cfit = p-value for RMSEA; df = degrees of
freedom; RMSEA = root mean square error of approximation.
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model, episodic memory and executive function were
characterized by strict longitudinal measurement invar-
iance. The longitudinal invariance results show that this
cognitive battery can assess true change in cognitive
performance that is not due to psychometric variability
over time. This approach guarantees that further studies
in this sample that use cognitive change as an outcome
will have unbiased results that are not attributable to
changes in test properties.

Our results are in line with those of Barnes et al,13 who
reported strong invariance over time in a cognitive battery
applied to a racially diverse sample. Additionally, our
results demonstrated that we probably achieved strict
invariance because our sample was significantly younger
than that of Barnes et al.13 (i.e., a significant change in
residual variance was not expected). However, although
the sample of Blankson & McArdle12 was similar to ours in
age, education, and race distribution (whites and blacks),
our results differed. They reported only weak measure-
ment invariance over time, while we found strict invar-
iance. Salthouse11 and Moreira et al.9 also failed to reach
the strictest invariance step, finding a significant change
in residual variance over time. These differences might be
attributable to sample characteristics or psychometric
properties for assessing a specific cognitive domain. Both
our study and that of Barnes et al. used the CERAD word
list memory test, for example.13

Although longitudinal studies from developed countries
have assessed the association between risk factors and
cognitive decline, these risk factors might have distinct
profiles and distributions in LMIC.33-36 It is important to
consider socioeconomic and sociocultural aspects when
designing studies to investigate risk factors for cognitive
decline to promote more effective local public policy. Our
results indicate that the longitudinal ELSA-Brasil findings
can contribute reliable results, as shown in other studies
from developed countries.

Cognition is directly and indirectly related to functional
and social independence, and the assessment of reliable
cognitive trajectories is important for epidemiological stu-
dies analyzing brain disorders. Our study expands the
literature on methodological issues in aging research,5

reducing bias and increasing the reliability of the results.
Achieving strong and strict invariance should also
motivate studies from developed countries with diverse
samples to seek better assessment and reduce bias in
research results.

Despite hypothesizing that strict invariance would not
be achieved, no significant difference in residual variance
was found for scores across the two assessment points.
One possible explanation is that the follow-up period was
short for the mainly healthy and young sample of the
ELSA-Brasil study. The preserved cognitive ability in this
sample might have contributed to an absence of changes
in the residual variability of scores.

Our longitudinal analysis primarily consisted of equat-
ing verbal fluency scores. Longitudinal studies are known
to be susceptible to practice effects. Although using
parallel test versions has been suggested,1 this approach
increases comparison errors due to version discrepan-
cies.28 Equipercentile equation revealed adequate score

transformations, allowing direct comparison across the
verbal fluency tasks. The differences in score more likely
reflected an actual cognitive performance difference, and
they are probably not due to version discrepancies across
time points.

Our study has some limitations. The design of the
ELSA-Brasil study foresees that only participants who
were 55 years or older at the second visit underwent the
cognitive assessment. Therefore, we could not assess
measurement invariance over time for adults younger
than 55. This limitation might be minimized by other
longitudinal studies that have revealed stability or subtle
decline in this young age group.37,38 In addition, despite
presenting a complete case analysis for not consider-
ing participants with missing data in the second visit,
we also performed a sensitivity analysis that revealed
similar results.

The strengths of the current study include data from
a longitudinally followed sociodemographically diverse
sample with a wide age and education range. We also
corrected the parallel verbal fluency test versions with a
robust harmonization analysis, which can guarantee reliable
longitudinal analysis across visits.

In conclusion, we showed that the ELSA-Brasil sample
had valid and invariant cognitive measurements over time.
These results from a large, diverse sample in a LMIC will
help point out similarities and discrepancies in the field of
normal cognitive aging and dementia compared to the
massive data produced by developed countries.
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