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Abstract

Background

As global populations age, cross-national comparisons of cognitive health and dementia

risk are increasingly valuable. It remains unclear, however, whether country-level differ-

ences in cognitive function are attributable to population differences or bias due to incom-

mensurate measurement. To demonstrate an effective method for cross-national

comparison studies, we aimed to statistically harmonize measures of episodic memory and

language function across two population-based cohorts of older adults in the United States

(HRS HCAP) and India (LASI-DAD).
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Methods

Data for 3,496 HRS HCAP (�65 years) and 3,152 LASI-DAD (�60 years) participants were

statistically harmonized for episodic memory and language performance using confirmatory

factor analysis (CFA) methods. Episodic memory and language factor variables were inves-

tigated for differential item functioning (DIF) and precision.

Results

CFA models estimating episodic memory and language domains based on a priori adjudica-

tion of comparable items fit the data well. DIF analyses revealed that four out of ten episodic

memory items and five out of twelve language items measured the underlying construct

comparably across samples. DIF-modified episodic memory and language factor scores

showed comparable patterns of precision across the range of the latent trait for each

sample.

Conclusions

Harmonization of cognitive measures will facilitate future investigation of cross-national dif-

ferences in cognitive performance and differential effects of risk factors, policies, and treat-

ments, reducing study-level measurement and administrative influences. As international

aging studies become more widely available, advanced statistical methods such as those

described in this study will become increasingly central to making universal generalizations

and drawing valid conclusions about cognitive aging of the global population.

Introduction

Several countries around the world conduct regular surveys to collect person-level microdata

on health, socioeconomic status, retirement, and social networks in population-representative

samples of their older populations [1]. With increasing burdens of cognitive impairment and

dementia due to rapid global population aging, some of these large nation-wide studies have

started to administer extensive cognitive assessments to a subset of their samples [2]. For

example, the USA Health and Retirement Study (HRS) administered the Harmonized Cogni-

tive Assessment Protocol (HCAP) to a random sample of their respondents aged 65+ in 2016

[3]. Mirroring the HCAP protocol, the Longitudinal Aging Study in India (LASI) administered

the Diagnostic Assessment of Dementia (DAD) to a subset of their sample in 2017 [4].

Although the HRS-HCAP and LASI-DAD were intended to have comparable measures, these

studies have methodological, administrative, and regional differences, which renders direct

comparison challenging [5].

Harmonization of data entails efforts to combine data from multiple sources in a manner

that they are suitable for comparison; statistical harmonization is a harmonization technique

that uses a statistical process to convert scores on different variables across studies into com-

mon scales that can be used to directly compare across participants of the involved studies.

Various methods for statistical harmonization exist, including standardization methods (e.g.,

T-scores and Z-transformations), multiple imputation models, and latent variable models [6].

Of these, latent variable models are among the preferred statistical harmonization methods,

particularly because of the ability to incorporate heterogeneity due to sample characteristics
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and being the only statistical harmonization method in which measurement invariance can be

examined [6].

Statistical harmonization is foundational work that can involve co-calibration of similar but

not identical measurements across studies, allowing for direct and quantitative comparisons

across datasets collected in different contexts, e.g., methodological variability or different lan-

guages of administration. Statistical harmonization of cognitive data from older adults across

countries enables neuropsychological and epidemiological research that can address social,

cultural, biological, medical, and demographic effects on cognitive aging and neurodegenera-

tive diseases beyond the national scope. For example, statistical harmonization of the LASI--

DAD sample with the HRS HCAP sample would make it possible to cross-nationally compare

between the USA and India how life exposures, disparities, and risk factors contribute to cog-

nitive aging and the risk of dementia. More specifically, statistical harmonization would allow

to investigate questions about cross-national differences in the association of sex/gender and

education (i.e., demographic factors) with episodic memory, or cross-national differences in

the association of depressive symptoms of life course socio-economic status (i.e., risk factors)

with cognition.

To successfully apply methods for statistical harmonization in cross-national research

where there is no available sample in which all measures (or all versions of a particular mea-

sure) were given, it is imperative to establish that at least some tests measure the same underly-

ing construct in the same way within each sample [7]. While tests may appear to be similar,

cultural, social, linguistic, and racial/ethnic characteristics of participants may influence per-

formance [8]. For example, a direct translation of a word-list learning test into a different lan-

guage could tap different memory storage and retrieval processes as the selected words are

highly prone to linguistic differences, such as word length and frequency [9]. More broadly

defined, differential item functioning (DIF) is demonstrated when performance on a test item

differs across groups of people with similar cognitive ability [10]. Evidence for DIF across

groups is an important facet of measurement validity, but is under-examined in neuropsychol-

ogy [11].

In addition to DIF, test information—directly related to the precision or marginal reliability

of a factor—can vary over the range of performance. Test information may differ by study if

studies have different numbers of test items and the items have varying levels of difficulty.

Such a situation could interfere with cross-national comparisons by making it more likely to

detect associations in the study with more precision. Moreover, if one study has more items,

or systematically more, or less, difficult items than the other study, extreme scores cannot be

reliably discriminated.

This study aimed to harmonize cross-national data of sister-studies on cognition in aging

in the USA (HRS HCAP) and India (LASI-DAD). The specific objectives were to 1) describe

the statistical harmonization process for cognitive domains in HRS HCAP and LASI-DAD

with sufficient availability of comparable items (i.e., episodic memory and language), 2) iden-

tify items that measure the same underlying construct in the same way by testing and modify-

ing for DIF across the two samples, 3) assess the precision of the scale in each study by

investigating test information, and 4) present the resulting harmonized factor scores, their

properties, and syntax for replication and application to other datasets.

Methods

Data sources

We harmonized data from two large cognitive aging studies: the HRS HCAP in the USA [3]

and LASI-DAD in India [4]. The HRS is an ongoing nationally representative study on the
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health, economic, and social well-being of more than 43,000 adults aged 51 or older in the

United States that began in 1992 [12, 13]. The HCAP is an HRS sub-study that aims to measure

dementia risk using a parallel neuropsychological protocol administered in the HRS and sev-

eral International Partner Studies [3]. A total of 3,496 individuals were randomly selected

from HRS participants 65 and older who completed the 2016 core interview and venous blood

collection [3, 12]. The one-hour respondent interview comprised cognitive measures (episodic

memory, orientation, language, attention/executive functioning, working memory, processing

speed, and fluid and crystallized intelligence), and the 20-minute informant interview com-

prised symptom perception and functional capacity measures [3]. Participants were evaluated

in their preferred language, English or Spanish. Written consent was obtained from all HCAP

participants and their informants, and the HRS and HCAP study protocols were approved by

the University of Michigan Institutional Review Board.

LASI is an ongoing nationally representative survey on the health, economic, and social

well-being of over 70,000 adults aged 45 years and over in 30 States and 6 Union Territories of

India; the first wave of data collection was initiated in 2017 and completed in 2019 [4]. LASI is

modeled after comparable studies in other countries, including the HRS [14, 15]. LASI-DAD

builds on LASI’s initial cognitive assessment with a more detailed cognitive evaluation, includ-

ing informant interviews. LASI participants across 14 States and Union Territories (N = 3,152)

who were 60 years or older were selected for LASI-DAD [4]. LASI-DAD oversampled individ-

uals at high risk of cognitive impairment [4]; sample weights were created that account for dif-

ferential selection probabilities produced by the adopted sampling strategy and adjust for

differential non-response. First, a design weight was computed to accounted for oversampling

based on high risk of cognitive impairment. Using these design weights, a raking algorithm

was applied to generate post-stratification weights. As such, the sample weights align the sam-

ple distributions of age and literacy, separately for men and women, and the distribution of

rural versus urban residency to their population benchmarks as stated in the Indian Census

2011 for individuals aged 60 and above. The LASI-DAD cognitive assessment was based on

the HRS HCAP protocol. Participants were evaluated in their local language, and the protocol

was translated into 12 languages (Hindi, Kannada, Malayalam, Gujarati, Tamil, Punjabi, Urdu,

Bengali, Assamese, Odiya, Marathi, and Telugu). Written consent was obtained from all par-

ticipants and their informants, and the LASI and LASI-DAD protocols were approved by the

Indian Council of Medical Research and all collaborating institutions.

Cognitive measures

Both HCAP and LASI-DAD include a neuropsychological test battery measuring multiple cog-

nitive domains. Instruments for episodic memory and language were taken from common

examinations of global mental status, including the Consortium to Establish a Registry for Alz-

heimer’s Disease (CERAD) Word List and Praxis [16], Brave man story from the East Boston

Memory Test [17], Logical Memory from the Wechsler Memory Scale Fourth Edition

(WMS-IV) [18], Animal Fluency [16], and the Telephone Interview for Cognitive Status

(TICS) [19]. The analyses were performed on raw test scores. LASI-DAD is representative of

people age 60 and over in India and therefore many participants had low levels of literacy,

requiring modification of several items [4]. Two modified items were included in the current

study: write a sentence and read and follow command, which were administered to literate par-

ticipants but replaced with say a sentence and follow example (close your eyes), respectively, for

illiterate participants. The majority of episodic memory items were continuous and the major-

ity of language items categorical (Table 1).
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Pre-statistical harmonization

Pre-statistical harmonization refers to the process of identifying relevant cognitive domains

and instruments [6]. This process was done by reviewing study manuals and codebooks to

determine whether test stimuli, administration procedures, scoring procedures, missing data

handling, and response coding (e.g., possible minimum/maximum raw scores) are comparable

across studies; selecting variables of interest for each cognitive instrument; and identifying

candidate comparable items. Comparable items were identified as those that were judged to

have been administered and scored similarly across studies. For the current study, an interdis-

ciplinary team of neuropsychologists (LB, JF, RJ, LG, MO, AS, MAR, JM, LZ), psychometri-

cians (AG, RJ), and a neurolinguist (JV) evaluated each available item. Cognitive items were

categorized into cognitive domains, including episodic memory and language. Available data

for each test item were reviewed for score ranges and distributions. Table 1 displays the vari-

ables identified to measure either episodic memory or language; of those, the items that were

Table 1. Overview of variables considered comparable in the a priori adjudication process and DIF-modified analyses summarized by cognitive domain, including

their availability for each cohort.

Variable A priori
Domain Indicators Source type adjudicated Notes

Memory Word list immediate recall CERAD Continuous C -

Word list delayed recall CERAD Continuous C -

Word list recognition CERAD Continuous C -

Constructional praxis delayed recall CERAD Continuous C -

Logical memory immediate recall WMS Continuous C -

Logical memory delayed recall WMS Continuous C -

Logical memory recognition WMS Continuous C -

Brave man immediate recall EBMT Continuous C -

Brave man delayed recall EBMT Continuous C -

3-word delayed recall MMSE Categorical C -

Language Animal fluency WJIII Continuous C -

Name cactus TICS Categorical - HRS HCAP only

Name coconut Categorical - LASI-DAD only

Name scissors TICS Categorical C -

Name watch MMSE Categorical C -

Name pencil MMSE Categorical C -

Name elbow CSI-D Categorical C -

Write a sentence MMSE Categorical C -

Say a sentence Categorical - LASI-DAD only

Read and follow command MMSE Categorical C -

Follow example Categorical - LASI-DAD only

Repetition of phrase MMSE Categorical C -

What to do with a hammer CSI-D Categorical C -

Where is the local market/store? CSI-D Categorical C -

Following instructions 2 step CSI-D Categorical C -

Following instructions 3 step CSI-D Categorical C -

Note. DIF = Differential Item Functioning; C = comparable item; Abbreviations: CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; CSI-D,

Community Screening Instrument for Dementia; EBMT, East Boston Memory Test; MMSE, Mini-mental state examination; TICS, Telephone Interview for Cognitive

Status; WJIII, Woodcock-Johnson-III; WMS, Wechsler Memory Scale. ‘LASI-DAD only’ items are culturally- or illiteracy-adjusted items based on similar items from

the provided test sources.

https://doi.org/10.1371/journal.pone.0264166.t001
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measured similarly in both studies were deemed comparable items. There were no items in

these domains that were deemed not comparable in the pre-statistical harmonization process,

which is likely attributable to the fact that HRS HCAP and LASI-DAD were designed as sister-

studies on cognition in aging.

Statistical approach

Participant characteristics across samples were analyzed using t-tests and chi-squared tests.

The overall approach for statistical harmonization was to estimate a series of confirmatory fac-

tor analysis (CFA) models to develop co-calibrated factors for episodic memory and language

based on all available items in these domains from HRS HCAP and LASI-DAD batteries. We

defined HRS HCAP as the reference population and estimated a confirmatory factor analysis

(CFA) for each cognitive domain. We saved the parameters from the HRS HCAP models and

applied them to the comparable items in the LASI-DAD data (i.e., item-banking approach)

and estimated parameters for unique LASI-DAD items. A final score-generating model per

domain pooled all HRS HCAP and LASI-DAD participants using all previously estimated

parameters. These steps are described in more detail in the paragraphs below.

We first estimated a confirmatory factor analysis (CFA) for each domain in HRS HCAP

using all available items in HRS HCAP for the domain (S1 File, non-DIF modified models, Step

1 for episodic memory and language). Mean and variance of the factor (episodic memory or

language) were set to 0 and 1, respectively, for model identification. Model fit was ascertained

using standard absolute fit statistics, including the Root Mean Square Error of Approximation

(RMSEA, good fit< .06), Comparative Fit Index (CFI, good fit>.95), and Standardized Root

Mean Residual (SRMR, good fit< .08) [20]. For the language domain, the CFA model was best

fitted with a unidimensional structure. For the episodic memory domain, a bifactor CFA model

provided best fit, which accounted for additional covariance among scores from different trials

of the same test: Logical Memory Test, Brave Man test, and Word List.

For each cognitive test item, the CFA model estimated two sets of parameters. First, factor

loadings described how well an item separated people of low and high ability on the latent trait

(episodic memory or language), or equivalently, how strongly the item was correlated with

other tests measuring the trait. In general, factor loadings larger than .30 indicate an item is

meaningfully related to the underlying latent trait, but criteria for loadings must also depend

on theoretical considerations [21]. Second, thresholds, or boundaries, for categorical items, or

intercepts, or levels, for continuous items described the location along the range of the latent

trait where the probability of responding with a given performance level or better is 50%. For

example, easier test items are those on which a higher proportion of the sample performed

well, and more difficult test items are those on which a lower proportion of the sample per-

formed well. These parameters from the first CFA models (i.e., item factor loadings and

threshold or intercept parameters) were saved for use in the subsequent steps.

After estimating CFAs for each domain in HRS HCAP, we estimated a second round of

CFAs for each domain among participants in LASI-DAD, in which parameters (loadings and

thresholds/intercepts) of comparable items were constrained to what they were in the HRS

HCAP models. Of particular concern were the LASI-DAD language items write a sentence and

read and follow command; these items were modified for administration to illiterate individu-

als. Therefore, we decided a priori to consider the LASI-DAD sample as two samples (literate

vs. illiterate) for co-calibrating the language factor. Parameters for unique items in LASI-DAD

that were not in HRS HCAP were freely estimated, as were means and variances of the episodic

memory and language factors (S1 File, non-DIF modified models, Step 2 for episodic memory

and Steps 2/3 for language).
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In the final score-generating model for each domain, we pooled all participants per domain

(for episodic memory from the HRS HCAP and LASI-DAD models, and for language from

the HRS HCAP model and LASI-DAD models for literate and illiterate participants) to esti-

mate one CFA for each domain in which all item parameters were fixed to their previously

estimated values and no parameters were freely estimated (S1 File, non-DIF modified models,

Step 3 for episodic memory and Step 4 for language). These models produced the non-DIF

modified episodic memory and language factor score estimates.

We then evaluated and modified the scores for DIF attributable to study, applying ordinal

logistic regression for categorical variables and linear regression for continuous variables (Fig

1; Table 4; S2 File) [22]. This regression approach allowed for adjustment by age, sex, and

years of education. DIF detection using regression entails estimating a series of regression

models of each item on the factor score for the cognitive domain (model 1), and on the factor

score and an indicator for study (model 2). Likelihood ratio tests of models 1 and 2 test for

DIF in thresholds or intercepts for a given item at a threshold of p< .05 for significant differ-

ence [22]. The regression approach requires a fixed and presumed error-free estimate of a fac-

tor score from a model assuming no DIF; the CFA model was re-estimated after each iteration

for DIF detection allowing the parameter to vary first for the item with the highest likelihood

ratio test value (S1 File, DIF modified models for episodic memory and language). We tested

for uniform DIF, which assumes that, on average, performance on an item is consistently

more difficult for one group than another at similar levels of ability. We did not investigate

non-uniform DIF, in which differential performance interacts with level of abilities and group

membership, because it is challenging to distinguish uniform from non-uniform DIF in this

particular context; uniform DIF should be expected when there is non-uniform DIF, if item

location parameters are far away from the mean level of the underlying latent trait in at least

one sample, which is the case for HRS HCAP vs. LAS-DAD. After evaluating evidence of uni-

form DIF and arriving at final models, we compared test information curves derived from

these final DIF-modified models between HRS HCAP and LASI-DAD (Fig 2). We also deter-

mined whether observed DIF was “salient”, i.e., whether an individual’s DIF-modified score

was considerably different—as measured by�1 standard error of measurement—from their

initial score [22].

CFA models were estimated with Mplus software (Version 8.2, Muthén & Muthén, Los

Angeles CA). Stata software (Version 16.1, Stata Corp, College Station, TX) was used for data

management, DIF detection using regression, and generation of item information curves. Syn-

tax is provided in S1 and S2 Files.

Results

Sample characteristics

Demographic descriptive statistics for each study and mean performance on cognitive test

items are in Table 2. Compared to the HRS HCAP sample, the LASI-DAD sample was youn-

ger, had a higher percentage of men, had fewer years of education, and performed worse on all

cognitive tests except on the write a sentence item. For example, the HRS HCAP sample recog-

nized on average 18.5 out of 20 words on word list recognition and the LASI-DAD sample 16

words as part of the episodic memory tasks; as an example of language tasks, the HRS HCAP

sample generated on average 16 words on animal fluency (i.e., naming as many animals during

one minute), while the LASI-DAD sample generated on average 12 words. These differences

persisted when stratifying the LASI-DAD participants by literacy: comparing the HRS HCAP

participants with the literate LASI-DAD participants only, the latter were still younger, had a

higher percentage of men, had fewer years of education, and performed worse on all cognitive
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tests except on the items name a watch and write a sentence. Matrices of correlations between

items for each cohort are presented in S3 File.

Episodic memory

The episodic memory CFA fit well in the first step using only HRS HCAP data and freely esti-

mating all item parameters (RMSEA = .059; CFI = .962; SRMR = .023). Standardized factor

loadings of the final model, based on the step-wise estimation from the CFA for the HRS

HCAP sample and the CFA for the LASI-DAD sample, ranged between .59 and .82 (Table 3).

The DIF analysis showed that four candidate items could be considered comparable items

for episodic memory—Logical memory delayed recall, Brave man immediate recall, Brave

man delayed recall, and Word list delayed recall—while it detected the presence of DIF in six

items (Table 4). For example, a regression model to detect DIF in which the relationship

between performance on immediate recall of a word list and the episodic memory factor score

was not adjusted for study differed from a regression model in which this relationship was

Fig 1. Differential Item Functioning (DIF) impact; the boxplots represent the difference scores of initial and DIF-

modified scores per domain and the vertical lines represent 1x the standard error of measurement of the sample,

i.e., the threshold for salient DIF.

https://doi.org/10.1371/journal.pone.0264166.g001
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adjusted for study, an indication of DIF. In contrast, similar regression models for the relation-

ship between performance on immediate recall of the Brave man story did not differ with or

without an indicator for study in the model, indicating no DIF for this item. We re-estimated

the CFA model to obtain DIF-modified episodic memory factor scores (Table 3). The salient

DIF results suggested that only .8% of episodic memory scores (n = 51) were considerably dif-

ferent—by at least 1 standard error of measurement—once we modified for observed DIF,

indicating negligible DIF impact (Fig 1).

Plotting measurement precision across HRS HCAP and LASI-DAD showed that the epi-

sodic memory factor maintained high precision throughout the range of the latent trait in both

samples, yet slightly higher in LASI-DAD than HRS HCAP (Fig 2). This pattern is consistent

with marginally higher factor loadings for many episodic memory items in LASI-DAD com-

pared to HRS HCAP (Table 3). Moreover, the episodic memory factor showed a comparable

pattern of precision along the latent trait range for each study.

Language

The language factor fit moderately in the first step using only HRS HCAP data and freely esti-

mating all item parameters (RMSEA = .014; CFI = .980; SRMR = .088). Standardized factor

loadings of the final model, based on the step-wise estimation from the CFA for the HRS

Fig 2. Information curves for the Differential Item Functioning (DIF)-modified episodic memory and language factors (reliability = 1–1/

information) (upper panel). The histograms are the population distribution on the latent trait (lower panel). With mostly continuous factor indicators

for the episodic memory latent trait, reliability is constant over the range of theta (ability). With mostly categorical indicators for the language latent

trait, reliability varies over the range of theta, as shown by a peak where most of the item difficulty parameters are.

https://doi.org/10.1371/journal.pone.0264166.g002
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Table 2. Sample characteristics for HRS HCAP and LASI-DAD (overall and stratified by literacy).

HRS HCAP

(n = 3496)

LASI-DAD

(n = 3152)

LASI-DAD literate

(n = 1403)

LASI-DAD illiterate

(n = 1749)

m (SD; range)/n (%) m (SD; range)/n (%) m (SD; range)/n (%) m (SD; range)/n (%)

Age 76.6 (7.5; 65–102) 69.3 (7.7; 60–104) 68.8 (7.2; 60–100) 69.8 (8.1; 60–104)

Women 2095 (60%) 1693 (53.7) 522 (37%) 1171 (67%)

Education (years) 12.7 (3.2; 0–17) 4.0 (4.7; 0–21) 7.9 (4.2; 0–21) .9 (2.2; 0–20)

Literate - 1749 (55%) 1403 (100%) 1749 (0%)

Lives in rural area 64 (2%) 1913 (60.7) 682 (49%) 1231 (70%)

Language of administration English 3312 (95%) 10 (.3%) 9 (.6%) 1 (.1%)

Spanish 178 (5%) - - -

Hindi - 983 (31%) 328 (23%) 655 (37%)

Kannada - 244 (8%) 100 (7%) 144 (8%)

Malayalam - 349 (11%) 269 (19%) 80 (5%)

Tamil - 299 (10%) 148 (11%) 151 (9%)

Urdu - 152 (5%) 26 (2%) 126 (7%)

Bengali - 294 (9%) 142 (10%) 152 (9%)

Assamese - 199 (6%) 93 (7%) 106 (6%)

Odiya - 252 (8%) 124 (9%) 128 (7%)

Marathi - 181 (6%) 102 (7%) 79 (5%)

Telugu - 189 (6%) 62 (4%) 127 (7%)

Episodic memory (mean or proportion

correct)

Word list immediate recall 17.45 (5.20; 0–30) 11.43 (5.19; 0–28) 13.66 (4.75; 0–28) 9.63 (4.83; 0–24)

Word list delayed recall 5.12 (2.65; 0–10) 3.13 (2.36; 0–10) 3.99 (2.31; 0–10) 2.44 (2.16; 0–9)

Word list recognition 18.49 (2.48; 0–20) 15.98 (3.58; 0–20) 17.43 (2.76; 3–20) 14.81 (3.74; 0–20)

Constructional praxis delayed

recall

5.81 (3.24; 0–11) 2.72 (2.66; 0–11) 3.98 (2.90; 0–11) 1.71 (1.92; 0–11)

Logical memory immediate

recall

9.83 (5.10; 0–23) 4.05 (4.14; 0–24) 5.47 (4.58; 0–24) 2.82 (3.26; 0–18)

Logical memory delayed recall 7.39 (5.39; 0–25) 3.14 (4.26; 0–25) 4.78 (4.78; 0–25) 1.66 (3.05; 0–21)

Logical memory recognition 10.28 (2.74; 0–15) 7.72 (3.11; 0–15) 8.79 (2.74; 0–15) 6.80 (3.12; 0–14)

Brave man immediate recall 7.11 (2.44; 0–12) 5.28 (3.13; 0–12) 6.38 (2.94; 0–12) 4.35 (2.98; 0–12)

Brave man delayed recall 5.09 (3.30; 0–12) 2.92 (3.51; 0–12) 4.29 (3.76; 0–12) 1.77 (2.80; 0–12)

3-word delayed recall 2.54 (0.76; 0–3) 1.94 (1.07; 0–3) 2.15 (0.97; 0–3) 1.77 (1.12; 0–3)

Language (mean or proportion correct) Animal fluency 15.97 (6.57; 0–43) 11.78 (4.91; 0–70) 13.42 (4.92; 0–60) 10.46 (4.48; 0–70)

Name cactus 0.97 (0.17; 0–1) - - -

Name coconut - 0.58 (0.49; 0–1) 0.71 (0.45; 0–1) 0.48 (0.50; 0–1)

Name scissors 0.99 (0.12; 0–1) 0.82 (0.38; 0–1) 0.88 (0.33; 0–1) 0.78 (0.41; 0–1)

Name watch 1.00 (0.07; 0–1) 0.98 (0.15; 0–1) 0.99 (0.09; 0–1) 0.96 (0.19; 0–1)

Name pencil 0.99 (0.08; 0–1) 0.86 (0.35; 0–1) 0.93 (0.25; 0–1) 0.80 (0.40; 0–1)

Name elbow 0.99 (0.09; 0–1) 0.94 (0.23; 0–1) 0.97 (0.18; 0–1) 0.92 (0.27; 0–1)

Write a sentence 0.94 (0.24; 0–1) 0.93 (0.25; 0–1) 0.93 (0.25; 0–1) -

Say a sentence - 0.83 (0.38; 0–1) - 0.83 (0.38; 0–1)

Read and follow command 0.97 (0.16; 0–1) 0.43 (0.49; 0–1) 0.43 (0.49; 0–1) -

Follow example - 0.83 (0.38; 0–1) - 0.83 (0.38; 0–1)

Repetition of phrase 0.70 (0.46; 0–1) 0.89 (0.31; 0–1) 0.95 (0.21; 0–1) 0.84 (0.37; 0–1)

What to do with a hammer 0.93 (0.26; 0–1) 0.73 (0.44; 0–1) 0.82 (0.38; 0–1) 0.66 (0.47; 0–1)

Where is the local market/store? 0.84 (0.37; 0–1) 0.90 (0.30; 0–1) 0.95 (0.21; 0–1) 0.86 (0.35; 0–1)

Following instructions 2 step 0.99 (0.10; 0–1) 0.89 (0.32; 0–1) 0.93 (0.25; 0–1) 0.85 (0.36; 0–1)

Following instructions 3 step 2.76 (0.47; 0–3) 2.62 (0.69; 0–3) 2.79 (0.51; 0–3) 2.49 (0.78; 0–3)

Note. m = mean, SD = standard deviation;— = not administered.

https://doi.org/10.1371/journal.pone.0264166.t002

PLOS ONE Cross-national harmonization of cognitive measures

PLOS ONE | https://doi.org/10.1371/journal.pone.0264166 February 25, 2022 10 / 17

https://doi.org/10.1371/journal.pone.0264166.t002
https://doi.org/10.1371/journal.pone.0264166


Table 3. Standardized factor loadings and thresholds or intercepts for episodic memory and language from the non-modified and DIF-modified CFA models.

Not modified for DIF DIF-modified

Factor loading Threshold or intercept Factor loading Threshold or intercept

Episodic memory Word list immediate recall 0.80 3.36 HRS HCAP 0.80 3.36

LASI-DAD 0.84 2.85

Word list delayed recall 0.82 1.94 0.82 1.94

Constructional praxis delayed recall 0.65 1.79 HRS HCAP 0.65 1.79

LASI-DAD 0.57 1.49

Word list recognition 0.71 7.82 HRS HCAP 0.71 7.82

LASI-DAD 0.88 5.48

Logical memory immediate recall 0.69 1.93 HRS HCAP 0.69 1.93

LASI-DAD 0.61 1.49

Logical memory delayed recall 0.73 1.38 0.73 1.38

Logical memory recognition 0.60 3.75 HRS HCAP 0.60 3.75

LASI-DAD 0.70 3.23

Brave man immediate recall 0.59 2.92 0.59 2.92

Brave man delayed recall 0.63 1.54 0.63 1.54

3-word delayed recall 0.72 1 -1.86 HRS HCAP 0.72 1 -1.86

2 -1.30 2 -1.30

3 -0.44 3 -0.44

LASI-DAD 0.59 1 -1.59

2 -1.06

3 -0.35

Language Animal fluency 0.57 2.43 0.62 2.43

Name cactus 0.64 -1.88 0.67 -1.88

Name coconut 0.48 -1.14 0.60 -1.09

Name scissors 0.56 -2.21 HRS HCAP 0.58 -2.21

LASI-DAD 0.43 -1.53

Name watch 0.79 -2.59 0.82 -2.59

Name pencil 0.67 -2.46 0.69 -2.46

Name elbow 0.83 -2.43 0.86 -2.43

Write a sentence 0.58 -1.56 HRS HCAP 0.60 -1.56

LASI-DAD 0.73 -1.94

Say a sentence 0.77 -2.08 0.81 -2.16

Read and follow command 0.84 -1.93 HRS HCAP 0.52 -1.93

LASI-DAD 0.52 -0.35

Follow example 0.79 -2.10 0.84 -2.19

Repetition of phrase 0.46 -0.54 HRS HCAP 0.48 -0.54

LASI-DAD 0.58 -2.07

What to do with a hammer 0.34 -1.46 0.36 -1.46

Where is the local market/store? 0.43 -0.98 HRS HCAP 0.45 -0.98

LASI-DAD 0.62 -2.09

Following instructions 2 step 0.81 -2.35 HRS HCAP 0.82 -2.35

LASI-DAD 0.79 -1.95

Following instructions 3 step 0.57 1 -3.12 HRS HCAP 0.37 1 -3.12

2 -2.15 2 -2.15

3 -0.76 3 -0.76

LASI-DAD 0.53 1 -2.82

2 -2.18

3 -1.41

Note. For the language domain, two items were only administered among literate participants (Write a sentence, Read and follow command) and two were substituted

for illiterate participants (Say a sentence, Follow example). As described in the Methods, this was handled by first estimating model parameters among literate

participants, then estimating another model among illiterate participants with item parameters fixed to the model using literate participants. DIF = Differential Item

Functioning; CFA = confirmatory factor analysis.

https://doi.org/10.1371/journal.pone.0264166.t003
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HCAP sample, the CFA for the LASI-DAD literate sample, and the CFA for the LASI-DAD

illiterate sample, ranged between .34 and .84.

The DIF analysis showed that only five items could be considered comparable items—ani-

mal fluency, name a watch, name a pencil, name an elbow, and what to do with a hammer—
while evidence for DIF was found for seven items (Table 4). The CFA model to obtain the lan-

guage factor score was re-estimated with DIF modification (Table 3). The salient DIF results

suggested that 6.7% of the DIF-modified language scores (n = 445, of whom n = 423 were

from the LASI-DAD sample) differed from the initial scores by at least 1 standard error of

measurement. This result indicates considerable DIF impact on the language scores, particu-

larly among LASI-DAD participants (Fig 1).

Plotting measurement precision of the language factor across HRS HCAP and LASI-DAD

showed that the factor has higher precision at lower levels of underlying language ability com-

pared to higher levels in each study (Fig 2). It is notable that this higher precision occurs at a

location on the latent trait that represents a relatively low number of participants that have this

lower level of underlying language ability on the latent trait.

Table 4. DIF detection using logistic and linear regression.

Cognitive test and domain Logistic or linear regression DIF

Estimate1 Chi-square

Episodic memory

Word list immediate recall, b (SE) -1.14 (0.10) 118.95 Yes

Word list delayed recall, b (SE) -0.29 (0.05) 35.13 No

Word list recognition, b (SE) -0.53 (0.08) 49.41 Yes

Constructional praxis delayed recall, b (SE) -1.02 (0.08) 157.88 Yes

Logical memory immediate recall, b (SE) -1.04 (0.09) 140.88 Yes

Logical memory delayed recall, b (SE) -0.50 (0.09) 32.67 No

Logical memory recognition, b (SE) -0.55 (0.07) 55.72 Yes

Brave man immediate recall, b (SE) 0.03 (0.07) 0.25 No

Brave man delay, b (SE) 0.14 (0.08) 2.99 No

3-word delayed recall, OR (SE) -0.57 (0.07) 70.03 Yes

Language

Animal fluency, b (SE) -0.96 (0.18) 27.45 No

Name scissors, OR (SE) -2.06 (0.22) 104.96 Yes

Name watch, OR (SE) -0.40 (0.49) 0.68 No

Name pencil, OR (SE) -1.67 (0.29) 33.79 No

Name elbow, OR (SE) -1.22 (0.35) 12.55 No

Write a sentence, OR (SE) 1.34 (0.21) 46.57 Yes

Read and follow command, OR (SE) -3.70 (0.17) 702.39 Yes

Repetition of phrase, OR (SE) 2.59 (0.14) 437.41 Yes

Where is the local market/store, OR (SE) 1.91 (0.16) 170.16 Yes

What to do with a hammer, OR (SE) -0.81 (0.14) 33.31 No

Following instructions 2 step, OR (SE) -1.67 (0.27) 41.46 Yes

Following instructions 3 step, OR (SE) 0.84 (0.11) 57.634 Yes

Note. Reference group is HRS HCAP; B = regression parameter estimate (unstandardized), OR = odds ratio;

DIF = Differential Item Functioning;
1The beta coefficient is the difference in an item mean or threshold between LASI-DAD and HRS/HCAP.

https://doi.org/10.1371/journal.pone.0264166.t004
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Discussion

The ability of neurocognitive assessments to evaluate cognitive domains equivalently across

demographically different cohorts is essential; it allows for parallel analysis while identifying

individual factors responsible for observed differences. This study harmonized episodic mem-

ory and language ability estimates across two large national cognitive aging studies in the USA

(HRS HCAP) and India (LASI-DAD). Because DIF analyses revealed that the majority of a pri-
ori-deemed comparable episodic memory and language items were statistically different, DIF-

modified factor scores are critical for future studies seeking to combine or compare data from

HRS HCAP and LASI-DAD. Both DIF-modified factors showed a comparable pattern of mea-

surement precision along the latent trait range for each study.

Our interdisciplinary author team thought that certain items would be statistically compara-

ble across studies, controlling for underlying episodic memory or language ability, but we also

empirically tested whether this assumption was the case. Although 22 possible comparable

items were identified from the pre-statistical harmonization, our analyses showed that only

four out of ten episodic memory items and five out of twelve language items measured the

underlying construct the same way across cohorts. LASI-DAD measures were translated and

adapted from the English-language HCAP measures into 12 languages, with culturally appro-

priate modifications [4]. While the translation of English-language tests provides rich data for

cross-national comparisons, the direct translation of measures does not ensure the equivalence

of different language versions across and within cultures and countries [23]. While recent work

suggested minimal differences overall by language of administration within LASI-DAD [24],

future research should investigate DIF by language of administration within the language

domain separately: translation artifacts, including cross-language differences in idiomatic

expressions, terminology, and nomenclature may alter the difficulty level of language items in

particular [25]. Evidence for DIF in multiple episodic memory and language tests underscores

the importance of evaluating the extent to which items may be measuring different abilities

across groups of participants, a currently under-examined practice in neuropsychology [11]. A

strength of this study includes using a regression approach for DIF analyses, which allows

adjusting for individual differences in age, sex, and years of education. As such, the detected

DIF is likely due to study-specific differences after adjusting for these individual differences.

Moreover, we also determined whether the individual-level DIF impact was salient: we showed

that once we modified for observed DIF, the DIF impact on episodic memory scores was negli-

gible while the DIF impact on language scores was considerable, particularly among LASI-DAD

participants. We recommend that other cross-national studies also undertake these steps and

make DIF-modified harmonized scores available to minimize bias in cross-national compari-

sons, to ensure that we truly are measuring the same construct in the same way across groups.

While the test information curve for episodic memory showed relatively equal precision

across the latent trait range for both samples, which is desirable, precision for episodic memory

was slightly higher in the LASI-DAD than HRS HCAP sample. Comparison of loadings for

HRS HCAP episodic memory items to those for LASI-DAD episodic memory items revealed

that the items have less variability due to the apparent ceiling effect in HRS HCAP, and thus

less variance to share with other items. This effect leads to systematically lower episodic mem-

ory factor loadings in HRS HCAP than in LASI-DAD. Thus, the systematically higher mean

performance of HRS HCAP participants than LASI-DAD participants on episodic memory

items likely resulted in these items providing less information about the episodic memory abil-

ity of HRS HCAP participants compared to those in the LASI-DAD sample. However, this dif-

ference in precision was relatively small and the factor maintained high precision in both

samples.
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For language, the test information curves were more similar across countries, but the preci-

sion of the language factor was increased at lower levels of language ability in both samples.

This pattern may reflect that many of the language items were taken from aphasia batteries

that were designed to measure linguistic skills among people with moderate to severe language

impairment. Moreover, this pattern may be influenced by the relatively low number of partici-

pants that have this lower level of underlying language ability on the latent trait. The implica-

tion of the low reliability for the language domain suggests that these items are not optimal for

research in community settings. For example, one of the language items had a factor loading

of .34, meaning that only 12% of the variance on the item reflected underlying language ability.

A future challenge for our field will be to implement language measures that can assess differ-

ent linguistic skills across diverse settings around the world. The analyses of test information

facilitate assessment of the precision or marginal reliability with which latent traits were mea-

sured over the range of performance. However, this analysis does not allow for inferences

about the type of respondents in each population that the scales can reliably distinguish. It is

conceivable that certain participant characteristics might drive test performance, and this is an

important course for future research.

Harmonization is a critical first step in understanding factors driving cross-national differ-

ences in cognitive impairment. Within-country differences in cognitive function, decline, and

dementia risk at older age have previously been observed across sex/gender, race/ethnicity,

urban-rural residence, and life-course socioeconomic status indicators, including education,

income, and employment [26–28]. In addition to the harmonization of measures, differences

in sampling strategies and sample composition need to be carefully taken into account when

interpreting between-country differences in cognitive ability and effects of predictors.

Harmonization is also required to understand cross-national differences in disparities. Dif-

ferences in socioeconomic status within the US are on a different scale from comparisons of

the US with India and other low and middle income countries. Because HRS HCAP and

LASI-DAD cognitive batteries were successfully harmonized, cross-national differences in the

magnitude of inequalities in cognitive function across SES may provide new opportunities to

investigate life-course risk and resilience factors for cognitive aging and the risk of dementia.

Our harmonized factor scores can be used by other researchers to explore differences in mem-

ory and language performance across the US and India. Harmonization of cognitive measures

will facilitate future investigation of cross-national differences in cognitive performance and

differential effects of risk factors, policies, and treatments, reducing study-level measurement

and administrative influences. We have provided syntax for replication and application to

other datasets in the S1 and S2 Files.

Our harmonization effort was limited by the cognitive items that were included in each bat-

tery; the inclusion of more sensitive tests from the same domains or tests from other cognitive

domains would have presented different challenges [8]. Advanced harmonization techniques

may be needed to include executive functioning and processing speed tests, which did not

have sufficient comparable items for the methods that we used in this analysis. Undocumented

variations in the administration and scoring of tests are possible, but were beyond our control

and could not be accounted for during the pre-statistical harmonization process. We were

unable to pinpoint whether the detected DIF was due to cultural/geographical differences, lan-

guage differences, administrative differences, recruitment differences, or methodological dif-

ferences across HRS HCAP and LASI-DAD. While the analyses harmonized the episodic

memory and language domains, they have not been equated, as shown by the unequal preci-

sion of the episodic memory factor across the HRS HCAP and LASI-DAD samples. This dif-

ference in precision may introduce bias in country-level comparisons of episodic memory
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ability; a simulation study would be required to investigate the presence and magnitude of

such bias.

The importance of harmonizing cognitive measures and testing for measurement equiva-

lence is an essential part of cross-national comparisons [29]. Statistical harmonization tech-

niques can improve the comparability of cross-national datasets to address the social, cultural,

biological, and environmental factors that affect normal and abnormal cognitive aging, includ-

ing the risk of Alzheimer’s disease and other dementias. As data from international aging stud-

ies become more widely available, harmonization of cognitive measures supports cross-

national collaborations that will enhance the generalizability, applicability, and validity of cog-

nitive aging research.

Supporting information

S1 File. Mplus syntax for statistical harmonization.

(DOCX)

S2 File. Stata syntax for DIF analyses with regression approach.

(DOCX)

S3 File. Correlation matrices of items for HRS HCAP and LASI-DAD.

(DOCX)

Author Contributions

Conceptualization: Jet M. J. Vonk, Andrea R. Zammit, Laiss Bertola, Justina F. Avila, Roos J.

Jutten, Leslie S. Gaynor, Claudia K. Suemoto, Lindsay C. Kobayashi, Megan E. O’Connell,

Olufisayo Elugbadebo, Priscilla A. Amofa, Adam M. Staffaroni, Miguel Arce Renterı́a,

Indira C. Turney, Richard N. Jones.

Data curation: Jet M. J. Vonk, Alden L. Gross, Richard N. Jones, Jinkook Lee.

Formal analysis: Alden L. Gross.

Methodology: Jet M. J. Vonk, Alden L. Gross, Richard N. Jones, Jennifer J. Manly, Laura B.

Zahodne.

Project administration: Jinkook Lee.

Resources: Jinkook Lee.

Supervision: Jennifer J. Manly, Laura B. Zahodne.

Writing – original draft: Jet M. J. Vonk, Andrea R. Zammit, Laiss Bertola, Justina F. Avila,

Roos J. Jutten, Leslie S. Gaynor, Claudia K. Suemoto, Lindsay C. Kobayashi, Megan E.

O’Connell, Olufisayo Elugbadebo, Priscilla A. Amofa.

Writing – review & editing: Jet M. J. Vonk, Alden L. Gross, Andrea R. Zammit, Laiss Bertola,

Justina F. Avila, Roos J. Jutten, Leslie S. Gaynor, Claudia K. Suemoto, Lindsay C. Kobayashi,

Megan E. O’Connell, Olufisayo Elugbadebo, Priscilla A. Amofa, Adam M. Staffaroni,

Miguel Arce Renterı́a, Indira C. Turney, Richard N. Jones, Jennifer J. Manly, Jinkook Lee,

Laura B. Zahodne.

References
1. Burkhauser R.V. and Lillard D.R., The contribution and potential of data harmonization for cross-

national comparative research. Journal of Comparative Policy Analysis, 2005. 7(4): p. 313–330.

PLOS ONE Cross-national harmonization of cognitive measures

PLOS ONE | https://doi.org/10.1371/journal.pone.0264166 February 25, 2022 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264166.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264166.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264166.s003
https://doi.org/10.1371/journal.pone.0264166


2. Langa, K.M., Health and Retirement Study: Harmonized Cognitive Assessment Protocol (HCAP).

National Institute of Health (NIH), 2018. 1U01AG058499.

3. Weir, D., K. Langa, and L. Ryan, Harmonized cognitive assessment protocol (HCAP): Study protocol

summary. Institute for Social Research, University of Michigan, 2016.

4. Lee J., et al., LASI-DAD study: a protocol for a prospective cohort study of late-life cognition and demen-

tia in India. BMJ open, 2019. 9(7): p. e030300. https://doi.org/10.1136/bmjopen-2019-030300 PMID:

31371300

5. Weuve J., et al., Guidelines for reporting methodological challenges and evaluating potential bias in

dementia research. Alzheimer’s & Dementia, 2015. 11(9): p. 1098–1109. https://doi.org/10.1016/j.jalz.

2015.06.1885 PMID: 26397878

6. Griffith, L., et al., Harmonization of cognitive measures in individual participant data and aggregate data

meta-analysis. 2013.

7. Eremenco S.L., Cella D., and Arnold B.J., A comprehensive method for the translation and cross-cul-

tural validation of health status questionnaires. Evaluation & the health professions, 2005. 28(2): p.

212–232. https://doi.org/10.1177/0163278705275342 PMID: 15851774

8. Chan K.S., et al., Harmonizing measures of cognitive performance across international surveys of

aging using item response theory. Journal of aging and health, 2015. 27(8): p. 1392–1414. https://doi.

org/10.1177/0898264315583054 PMID: 26526748

9. Auer S., et al., Translations of measurements and scales: opportunities and diversities. International

Psychogeriatrics, 2000. 12(S1): p. 391–394.

10. Yang F.M., et al., A comparison of item response theory-based methods for examining differential item

functioning in object naming test by language of assessment among older Latinos. Psychological test

and assessment modeling, 2011. 53(4): p. 440. PMID: 23471423

11. Pedraza O. and Mungas D., Measurement in Cross-Cultural Neuropsychology. Neuropsychology

Review, 2008. 18(3): p. 184–193. https://doi.org/10.1007/s11065-008-9067-9 PMID: 18814034

12. Langa K.M., et al., The Health and Retirement Study Harmonized Cognitive Assessment Protocol Proj-

ect: Study Design and Methods. Neuroepidemiology, 2019: p. 1–11. https://doi.org/10.1159/000503004

PMID: 31563909

13. Sonnega A., et al., Cohort profile: the health and retirement study (HRS). International journal of epide-

miology, 2014. 43(2): p. 576–585. https://doi.org/10.1093/ije/dyu067 PMID: 24671021

14. Goel A. and Gross A., Differential item functioning in the cognitive screener used in the Longitudinal

Aging Study in India. Int Psychogeriatr, 2019: p. 1–11. https://doi.org/10.1017/S1041610218001746

PMID: 30782222

15. Lee J. and Smith J.P., Regional disparities in adult height, educational attainment, and late-life cogni-

tion: Findings from the Longitudinal Aging Study in India (LASI). The journal of the economics of ageing,

2014. 4: p. 26–34. https://doi.org/10.1016/j.jeoa.2014.02.002 PMID: 25530941

16. Welsh K.A., et al., The Consortium to Establish a Registry for Alzheimer’s Disease (CERAD). Part V. A

normative study of the neuropsychological battery. Neurology, 1994. 44(4): p. 609–609. https://doi.org/

10.1212/wnl.44.4.609 PMID: 8164812

17. Gfeller J.D. and Horn G.J., The East Boston Memory Test: a clinical screening measure for memory

impairment in the elderly. Journal of clinical psychology, 1996. 52(2): p. 191–196. https://doi.org/10.

1002/(SICI)1097-4679(199603)52:2<191::AID-JCLP10>3.0.CO;2-F PMID: 8771447

18. Wechsler D., Wechsler Memory Scale Fourth Edition: Administration and scoring manual. 2009, San

Antonio, TX: Psychological Corporation.

19. Brandt J., Spencer M., and Folstein M., The telephone interview for cognitive status. Neuropsychiatry,

Neuropsychology, and Behavioral Neurology, 1988. 1: p. 111–117.

20. Hu L. and Bentler P.M., Cutoff criteria for fit indexes in covariance structure analysis: Conventional crite-

ria versus new alternatives. Structural Equation Modeling, 1999. 6: p. 1–55.

21. Brown T.A., Confirmatory factor analysis for applied research. Second ed. 2015, New York, NY: Guil-

ford publications.

22. Choi S.W., Gibbons L.E., and Crane P.K., Lordif: An R package for detecting differential item function-

ing using iterative hybrid ordinal logistic regression/item response theory and Monte Carlo simulations.

Journal of statistical software, 2011. 39(8): p. 1. https://doi.org/10.18637/jss.v039.i08 PMID: 21572908

23. Artiola i Fortuny L. and Mullaney H.A., Neuropsychology with Spanish speakers: Language use and

proficiency issues for test development. Journal of Clinical and Experimental Neuropsychology, 1997.

19(4): p. 615–622. https://doi.org/10.1080/01688639708403747 PMID: 9342693

PLOS ONE Cross-national harmonization of cognitive measures

PLOS ONE | https://doi.org/10.1371/journal.pone.0264166 February 25, 2022 16 / 17

https://doi.org/10.1136/bmjopen-2019-030300
http://www.ncbi.nlm.nih.gov/pubmed/31371300
https://doi.org/10.1016/j.jalz.2015.06.1885
https://doi.org/10.1016/j.jalz.2015.06.1885
http://www.ncbi.nlm.nih.gov/pubmed/26397878
https://doi.org/10.1177/0163278705275342
http://www.ncbi.nlm.nih.gov/pubmed/15851774
https://doi.org/10.1177/0898264315583054
https://doi.org/10.1177/0898264315583054
http://www.ncbi.nlm.nih.gov/pubmed/26526748
http://www.ncbi.nlm.nih.gov/pubmed/23471423
https://doi.org/10.1007/s11065-008-9067-9
http://www.ncbi.nlm.nih.gov/pubmed/18814034
https://doi.org/10.1159/000503004
http://www.ncbi.nlm.nih.gov/pubmed/31563909
https://doi.org/10.1093/ije/dyu067
http://www.ncbi.nlm.nih.gov/pubmed/24671021
https://doi.org/10.1017/S1041610218001746
http://www.ncbi.nlm.nih.gov/pubmed/30782222
https://doi.org/10.1016/j.jeoa.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25530941
https://doi.org/10.1212/wnl.44.4.609
https://doi.org/10.1212/wnl.44.4.609
http://www.ncbi.nlm.nih.gov/pubmed/8164812
https://doi.org/10.1002/%28SICI%291097-4679%28199603%2952%3A2%26lt%3B191%3A%3AAID-JCLP10%26gt%3B3.0.CO%3B2-F
https://doi.org/10.1002/%28SICI%291097-4679%28199603%2952%3A2%26lt%3B191%3A%3AAID-JCLP10%26gt%3B3.0.CO%3B2-F
http://www.ncbi.nlm.nih.gov/pubmed/8771447
https://doi.org/10.18637/jss.v039.i08
http://www.ncbi.nlm.nih.gov/pubmed/21572908
https://doi.org/10.1080/01688639708403747
http://www.ncbi.nlm.nih.gov/pubmed/9342693
https://doi.org/10.1371/journal.pone.0264166


24. Gross A.L., et al., Measurement and Structure of Cognition in the Longitudinal Aging Study in India–

Diagnostic Assessment of Dementia. Journal of the American Geriatrics Society, 2020. 68: p. S11–

S19. https://doi.org/10.1111/jgs.16738 PMID: 32815599

25. Ramı́rez M., et al., Measurement issues in health disparities research. Health Services Research,

2005. 40(5p2): p. 1640–1657. https://doi.org/10.1111/j.1475-6773.2005.00450.x PMID: 16179000

26. Avila J.F., et al., Sex/gender differences in cognitive trajectories vary as a function of race/ethnicity. Alz-

heimer’s & Dementia, 2019. 15(12): p. 1516–1523. https://doi.org/10.1016/j.jalz.2019.04.006 PMID:

31606366

27. Vonk J.M.J., et al., Secular trends in cognitive trajectories of diverse older adults. Alzheimer’s & Demen-

tia, 2019. 15(12): p. 1576–1587. https://doi.org/10.1016/j.jalz.2019.06.4944 PMID: 31672483

28. Karp A., et al., Relation of Education and Occupation-based Socioeconomic Status to Incident Alzhei-

mer’s Disease. American Journal of Epidemiology, 2004. 159(2): p. 175. https://doi.org/10.1093/aje/

kwh018 PMID: 14718220

29. Mungas D., et al., Measurement invariance of neuropsychological tests in diverse older persons. Neuro-

psychology, 2011. 25(2): p. 260–9. https://doi.org/10.1037/a0021090 PMID: 21381830

PLOS ONE Cross-national harmonization of cognitive measures

PLOS ONE | https://doi.org/10.1371/journal.pone.0264166 February 25, 2022 17 / 17

https://doi.org/10.1111/jgs.16738
http://www.ncbi.nlm.nih.gov/pubmed/32815599
https://doi.org/10.1111/j.1475-6773.2005.00450.x
http://www.ncbi.nlm.nih.gov/pubmed/16179000
https://doi.org/10.1016/j.jalz.2019.04.006
http://www.ncbi.nlm.nih.gov/pubmed/31606366
https://doi.org/10.1016/j.jalz.2019.06.4944
http://www.ncbi.nlm.nih.gov/pubmed/31672483
https://doi.org/10.1093/aje/kwh018
https://doi.org/10.1093/aje/kwh018
http://www.ncbi.nlm.nih.gov/pubmed/14718220
https://doi.org/10.1037/a0021090
http://www.ncbi.nlm.nih.gov/pubmed/21381830
https://doi.org/10.1371/journal.pone.0264166

