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Abstract

Investigators in the cognitive neurosciences have turned to Big Data to address persistent
replication and reliability issues by increasing sample sizes, statistical power, and
representativeness of data. While there is tremendous potential to advance science through open
data sharing, these efforts unveil a host of new questions about how to integrate data arising from
distinct sources and instruments. We focus on the most frequently assessed area of cognition -
memory testing - and demonstrate a process for reliable data harmonization across three
common measures. We aggregated raw data from 53 studies from around the world which
measured at least one of three distinct verbal learning tasks, totaling N = 10,505 healthy and
brain-injured individuals. A mega analysis was conducted using empirical bayes harmonization to
isolate and remove site effects, followed by linear models which adjusted for common covariates.
After corrections, a continuous item response theory (IRT) model estimated each individual
subject’'s latent verbal learning ability while accounting for item difficulties. Harmonization
significantly reduced inter-site variance by 37% while preserving covariate effects. The effects of
age, sex, and education on scores were found to be highly consistent across memory tests. IRT
methods for equating scores across AVLTs agreed with held-out data of dually-administered tests,
and these tools are made available for free online. This work demonstrates that large-scale data
sharing and harmonization initiatives can offer opportunities to address reproducibility and
integration challenges across the behavioral sciences.

Significance Statement

Data sharing can increase the quality and rigor of scientific claims, but with large scale data
sharing comes an increased need to combine non-equivalent measurements across studies.
Auditory verbal learning tasks (AVLTs) are one of the most common research and clinical tools to
evaluate memory constructs, but numerous distinct AVLTs are in common use, which creates
challenges for data aggregation. We report methods to convert raw scores across common verbal
learning instruments, constructed using harmonizing data from 53 studies from around the world.
This approach can be replicated in other domains to address long standing data compatibility
issues for researchers and clinicians.

Main Text
Introduction

Data sharing consortia aim to increase the robustness and statistical power of results by
aggregating large and diverse samples (1, 2). While analyses of large datasets can provide
unparalleled statistical power, data aggregation without robust harmonization can mask and even
introduce flaws and biases (3). This is a critical consideration in the behavioral sciences, where
multi-site collaboration often requires the synthesis of non-identical cognitive measures (4-6). For
example, verbal memory/recall is a core cognitive function, and deficits in learning and memory
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are one of the most common and widely assessed patient complaints (7). However, a wide variety
of auditory verbal learning tasks (AVLTs) exist that can be administered to assess verbal memory
and recall, and these differ across a range of qualitative and quantitative features (7-9). Such
differences in assessment instruments can contribute to inconsistencies in the measurement of
neurocognitive performance (10).

Methods to accurately convert scores across AVLTs could facilitate highly powered studies of
verbal memory and recall, offering opportunities for new clinical insights (11, 12). However, data
from single sites are typically biased by the specific attributes, demographics, and inclusion
criteria of the study which can increase variance/error and confound reproducibility (13—15). To
address these limitations, emerging data harmonization approaches offer new ways to perform
data transformations that remove unwanted influences in aggregated data while preserving
meaning (12). Data harmonization of large and heterogeneous AVLT data sources represents an
appropriate framework for the development of cross-AVLT score conversion tools, but such efforts
come with analytical and organizational challenges (1, 4, 16, 17).

Here, we report a retrospective multisite (n = 53 datasets) mega study analysis of three Common
AVLTs: the California Verbal Learning Test (CVLT)(8), the Rey Auditory Verbal Learning Test
(RAVLT)(18), and the Hopkins Verbal Learning Test-Revised (HVLT)(19), drawing from
international healthy and brain-injured populations across 13 countries and 8 languages. In
contrast to meta-analyses which combine summary statistics from several sites, mega-analysis
centralizes and pools individual raw data from many sites prior to analysis. This allows for a richer
range of experimental designs which can consider subtle single item differences in detail (1, 2).
Our primary hypothesis was that conversion performance would be significantly improved by a
mega-analytic pipeline combining harmonization and item response theory (IRT) relative to
unadjusted conversions. The goal of this study was to establish crosswalks between common
memory measures as a means to address long standing data compatibility issues for AVLTs
through freely available conversion tools: verbal-learning.chpc.utah.edu

Results

Data Summary: An overview of the key features differentiating the CVLT, RAVLT, and HVLT
assessments are provided in Table 1. Supplementary Table S1 shows summary characteristics
itemized for each of the 53 aggregated datasets after applying exclusion criteria. Overall, the
sample size was N = 10,505 (31.8% female) which included both controls and TBI groups. The
median age was 42 years with an interquartile range of 30-55 years. Studies showed significant
differences in both item scores and covariates (Fig. 1). Table 2 shows the summary statistics of
the full cohort after aggregation. Each instrument was represented by >1000 subjects across >10
studies, indicating good representation of AVLTs. Significant differences in demographic
characteristics were evident across measures, indicating that covariate adjustment was required.

Harmonization: The ComBat-GAM algorithm (13) was implemented to correct for site-specific
variations such as differences in inclusion/exclusion criteria (Supplementary Table S2) while
explicitly preserving real covariate effects (e.g., age) for further analysis as described elsewhere
(4). Fig. 1 shows a comparison of single site mean scores, before (gray dots) and after (colored
dots) site harmonization. A line is drawn to connect each site from its pre- to post-harmonized
mean value. Gray distributions portray the variation in mean scores across sites before
harmonization; colored distributions portray site mean score distributions after harmonization
(CVLT: Blue, RAVLT: Orange, HVLT: Red). The unadjusted distributions of scores (gray areas)
exhibit much higher variance than their post-harmonized equivalents, and overall harmonization
reduced total variance by 37% across all items.

Covariate Adjustment: Fig. 2a shows boxplots of sum of raw learning trial scores as
percentages stratified by group (traumatic brain injury (TBI) vs. control) and sex/gender. TBI
history and male sex/gender were both associated with lower sum scores across all three tests.
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Age-related declines were well-fit by quadratics; years of education were well-fit by a straight line.
The effects of both age and education were significant and consistent across all tests. Linear
models within each measure were used to assess covariates (Table 3) after language and
country of origin effects were removed separately prior to harmonization.

Anchor Items and Ability Measures: Anchor items similar in format and nature were identified
for each of the three required crosswalks (1. RAVLT « CVLT; 2. RAVLT < HVLT; and 3. CVLT &
HVLT). After expert consensus and trials of different anchor combinations, we elected to use
immediate free recall learning ftrials, short delay, and long delay free recall as anchor items,
where available. Short delay was used as an anchor item between CVLT and RAVLT only (short
delay is not assessed in HVLT). False positive measures were not recorded consistently across
sites and were not used. Recognition hits showed inconsistent behavior and were excluded from
conversions (see Limitations). Since all site effects and measured covariate effects had been
removed prior to IRT analysis, we assumed scores were distributed randomly across measures
and ability scores did not require further scaling.

Item Response Theory: A continuous IRT model (Fig. 3) was used to estimate the latent trait of
all individuals while accounting for different item difficulties and discriminations across tests.
Statistically, individuals with the same verbal learning ability will achieve equivalent scores on
different measures. Third degree polynomials estimated the relationship between observed
scores and ability scores for each. Cubic polynomial fits of ability vs. score are shown in Fig. 3a
for immediate, short, and long delay items. Horizontal lines of equivalent ability connect
equivalent scores. Items with longer delay show larger differences in difficulty across AVLTs.

Validation with Dually Administered Tests: We validated the derived conversions on held-out
data not used in other analyses. Validation was conducted by comparing the conversion
estimates to real data where two verbal learning tests were administered to the same set of
individuals (Fig. 3b; n=36). How well conversion lines fit the dually administered test scores is an
independent measure of conversion accuracy.

Fig. 3b shows a scatter plot of the raw sum of learning scores for a subset of cases who were
administered both the CVLT and RAVLT after harmonization. As a proportion correct, repeated
assessment scores vary within subjects by 10.7% on average, presented as a confidence area
derived by 100x cross validation assuming a fit through the origin (Fig. 3b, blue shaded area).
These data are fitted against the IRT-derived conversion scores (black dotted line) for RAVLT to
CVLT. The line falls within the 95% confidence bound for the dually administered tests, indicating
agreement. Compared to the same conversion model constructed using unadjusted data, the
harmonized conversion exhibited a 9.5% lower root mean squared error against the held-out
data, indicating that harmonization moderately improved conversion.

Potential Clinical Application: An individual with a chief complaint of memory loss is
undergoing evaluation to address a question of possible neurodegenerative disease. Initial
neuropsychological examination revealed a score on the CVLT suggesting memory impairment.
However, the individual is seeking a second opinion with clinicians at another institution who elect
to repeat memory testing. The second neuropsychologist administers the RAVLT. Using the online
conversion tool the RAVLT is converted to an equivalent CVLT score, and these scores can now
be directly compared after the same CVLT norms are applied.

Discussion

There have never been more studies published annually in the history of the neurosciences (20).
This intensive rate of research offers unparalleled opportunity for data combination and nuanced
examination of cognitive and behavioral changes associated with neurological diagnoses.
However, “high volume science” lacks coordination between studies, which poses critical
challenges for the integration of findings and data harmonization. For example, AVLTs are the
most common method for learning and memory assessment, but they were independently
developed and without explicit quantitative reference to pre-existing instrumentation. Over the last
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70 years, this has led to a scenario where clinicians and researchers routinely use distinct AVLTs
with incomparable results (7-9). This is not only a technical inconvenience but is problematic for
the interpretation and reproducibility of results and findings .

Constructing reliable standards for converting scores across common AVLTs is challenging,
because conversions should be made independent of factors such as language, study group, and
instrumental details. For example, given more words to recall, it is more likely that more words will
be recalled. Naim et al. found the average number of memory items recalled (R) scales with the
root of M items presented (21), and there are other subtle differences between seemingly similar
assessments (Table 1). Together, large-sample mega-analysis and harmonization present a
promising solution to address these concerns in aggregate, offering new opportunities to explore
previously incompatible datasets and examine more interesting clinical features.

Beyond conversions, comparing the difficulty of tests on the same ability scale (Fig. 3a) may
assist with the selection of AVLT across different research and clinical contexts. For example, the
HVLT was the easiest test overall, while the CVLT was the most challenging test. The HVLT may
be most appropriate for the assessment of individuals who are at risk for significant impairment.
Conversely, the CVLT has sufficient dynamic range to discriminate within high ability groups,
while the RAVLT may be well suited for studies involving a wide range of abilities. However, these
are relatively coarse recommendations, and individually-derived measures from the RAVLT and
other AVLTs may be more or less suitable given specific scenarios (22).

In the process of converting across AVLTs, site effects such as different settings, inclusions, and
procedures were found to have an appreciable impact on verbal learning scores (Fig. 1, gray
distributions). This may also be attributable to underlying differences in inclusion/exclusion criteria
across studies (Table S2). However, a detailed list of all the ways our sources differed was not
necessary to remove these effects in aggregate with a harmonization algorithm. We confirmed
our primary hypothesis that conversion error would be reduced by implementing a mega-analytic
pipeline combining harmonization and IRT. In the end, simple cubic models effectively equated
the instrumental component of scores without reference to underlying factors (Fig. 3a). In time,
these conversions may be found to be suitable for clinical utilization at the individual level,
although verifying this will require further independent scrutiny (see Limitations).

Appropriate harmonization transforms data in ways that preserve its core relationships (4). For
this study, these relationships include the associations between scores and ability, between
scores and covariates (e.g., age-related memory decline), and the measurement of the
underlying cognitive construct. These relationships can be assessed directly by comparing
pre/post harmonized data (Fig. 1). After harmonization, the higher scores associated with
younger age, female sex/gender, more education, and controls persisted for all AVLTs, despite a
large drop in cross-site variance. Interestingly, despite the large sample size (to our knowledge,
the largest AVLT dataset to date), no Race/Ethnicity variable was consistently associated with
higher or lower scores (Table 3).

Beyond covariate effects, harmonizing AVLT offers opportunities for new, highly powered
mega-analytic investigations of verbal learning and memory. For example, aggregating previously
incompatible data sources could yield new estimates of the impact of a range of clinical
conditions on the ability to encode, combine, store, and retrieve information. This may be
particularly beneficial as a means to functionally characterize the imaging findings from
large-scale ENIGMA mega studies, where interesting imaging features are emerging in clinical
populations not seen in smaller samples (23) Large-scale harmonization efforts also hold the
promise of advancing theory. For example, through common definitions of cognitive constructs,
these efforts may influence cognitive theory by advancing the development of cognitive
ontologies (24).

Conclusion
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To address long standing incompatibilities across commonly used AVLTs, we aggregated a
comprehensive dataset of more than ten thousand participants drawn from 53 international
datasets that recorded performance on verbal learning tasks. We confirmed our hypothesis, and
found that site harmonization and IRT could isolate the instrumental component of scores. This
work suggests the specific choice of AVLT has a pronounced effect; Averaged across items, the
CVLT was the most challenging test, although it was similar to the RAVLT in difficulty, while the
HVLT was the least difficult, as expected due to its lower complexity (25). Free conversion tables
and tools (available at verbal-learning.chpc.utah.edu) can assist clinicians to track and compare
patient raw scores against large reference groups, regardless of differences in AVLT
administration practices. More broadly, this work demonstrates that data harmonization of large
data sharing initiatives can offer new tools and a means to address long standing data challenges
across the behavioral sciences.

Materials and Methods

Data Sources and Inclusion Criteria: Drawing from a range of international studies of head
injury and comparator groups and controls for a variety of conditions (26—30) this secondary
multisite (N = 53 datasets) mega study analysis focuses on three AVLTs: the CVLT; (8), HVLT;
(18), and RAVLT (17). To mitigate balance issues, we included only comparator and groups with
TBI to reduce the mean difference in ability across assessments. As described in prior work (4),
we aggregated data contributed by collaborators in the Psychiatric Genomics Consortium (PGC),
the Enhancing Neurolmaging Genetics through Meta-Analysis Consortium (ENIGMA) working
groups (31), the ENIGMA Brain Injury working group (15), and the Long-term Impact of
Military-relevant Brain Injury Consortium — Chronic Effects of Neurotrauma Consortium,
LIMBIC-CENC (17). The University of Utah provided overall Institutional Review Board (IRB)
study approval. Inclusion criteria, performance validity testing, and other factors varied across
studies (see Supplementary Table S2).

To limit sources of variability, we excluded anyone with a known clinically diagnosed mental
health or neurological condition other than TBI. Consistent with standard AVLT administration
practices, we included only participants aged 16 years or over. In the case of longitudinal or serial
measurement designs, only the first measurement of AVLTs per person were included; repeated
measurements were dropped.

Verbal Learning Task Contents and Scoring: Table 1 provides a summary overview of the key
features of the AVLTs assessed. AVLT scores on each trial denote the number of correct words
that are recalled. The maximum score reflects the number of memory items per list. The sum of
the total words recalled across all immediate free recall (learning) trials is the immediate free
recall summary score (Sum of Learning Trials). These raw scores are often subsequently normed
so that the performance of the individual can be contextualized relative to a population of interest.
However, in this work we exclusively assess raw scores, and not t-scores, or normative scores.
We focus on raw scores because normative values are occasionally updated over time and are
based upon distinct normative samples between instruments.

The California Verbal Learning Test: The CVLT (8) refers to a family of instruments that assess
verbal learning and memory deficits. The CVLT has been revised twice, and three iterations exist
(CVLT-Il, CVLT-Il, and CVLT-3). Additionally, the CVLT comes in standard, short, and alternate
forms. In this work, we estimated crosswalks for the more recent CVLT-Il and the CVLT-3. While
the CVLT-3 is nominally a revision of the CVLT-ll, in practice the target words, their order, and
their number are the same for both the CVLT-3 and CVLT-Il. Thus, we refer to both CVLT-3 and
CVLT-Il standard and alternate forms together as ‘CVLT’. Table 1 provides a numerical overview
of the key features of the CVLT. The CVLT uses M = 16-word list lengths, which are drawn from 4
semantic categories, and 5 consecutive learning trials. The CVLT is a comprehensive test that
includes a distractor list, cued and free recall assessments, short and long delay trials, and a
recognition trial with 48 words.
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The Hopkins Verbal Learning Test—Revised: The HVLT-R (19) is a relatively short measure of
verbal learning and memory deficits. The HVLT exists in two primary forms (original and revised)
denoted together as ‘HVLT'. Table 1 outlines the key features of the HVLT. The HVLT does not
use a distractor list for immediate recall and does not assess cued or a short delay recall
performance. The HVLT uses M = 12-word list lengths, which are drawn from 3 semantic
categories, and uses a small (N=24) total pool of words for scoring. The HVLT has three
consecutive learning trials.

The Rey Auditory Verbal Learning Test: The RAVLT (18) is a measure of verbal learning and
memory deficits. Table 1 provides an overview of the key features of the RAVLT. The RAVLT
draws from random, semantically unrelated words, and employs a M = 15-word list length, a
distractor list, as well as a large (N=50) total pool of words for scoring recognition hits. Alternate
forms also exist for the RAVLT.

Covariates: Language, country of origin, age at testing, sex/gender, race/ethnicity, site/study,
military/civilian status, TBI history, and education level were included and adjusted for in this
study. The exclusion criteria were used to rule out the presence of any other clinically relevant
variables, including epilepsy, dementia, and mild or early onset cognitive impairment (32). While
some of the studies recorded gender, others recorded biological sex, and these were aggregated
into a single variable. Ethnicity was binarized to Hispanic/Latino, or Not Hispanic/Latino.
Perspectives on race/ethnicity differ widely according to cultural context (33), and we elected to
use broad categories of Black, White, Asian, and Other. Covariate coefficients per AVLT model
were converted to percentages, averaged, and then applied back to adjust the full cohort. This
means each covariate had the same effect on scores regardless of the instrument used.

Statistical Analysis: Analysis was performed in Python 3 and in R. Kruskal-Wallis H tests
(omnibus) were used to test for overall significance across groups. Where normality was
confirmed, Welch'’s t tests were used for post-hoc pairwise comparisons with additional correction
for multiple comparisons. Overall missing values were low (<5%) and any missing data points
were imputed with nearest neighbor imputation. After data cleaning and imputation, Empirical
Bayes harmonization using the ComBat-GAM algorithm (12) was used to remove unwanted site
effects while preserving instrumental effects for further analysis.

Site and Covariate Modeling: Modeling was conducted in three stages: first, the overall dataset
was divided into three subsets, one per AVLT instrument. The ComBat-GAM algorithm (13) was
applied to each of these three subsets separately to remove site effects within each AVLT. Prior
work evaluating the harmonization of cognitive measurements with this approach found that
harmonization preserved real covariate effects while removing site effects (4). After site
correction, covariate adjustment was performed as follows: the overall dataset was again divided
into three distinct subsets by instrument, and ordinary least squares (OLS) linear models were
used to estimate and remove covariates averaged across all three AVLT linear models.

Item Response Theory: A Continuous Model IRT family (23, 34—36) was used to estimate each
subject’'s verbal learning ability because item score ranges were different across tests. To
calibrate parameters, we used Shojima’s (35) simplified expectation maximization (EM) method
by assuming non-informative priors for item parameters as implemented in the EstCRM
(Continuous Response Model) R package (34). After all data adjustments, samples taking
different AVLTs were assumed to be randomly equivalent (see Limitations), such that verbal
learning ability estimates were placed on the same scale using a ‘random equivalent groups’
linking design. The relative difficulty of all items across tests was inferred on a single ability scale,
and tables of equivalent raw scores were linked across AVLTs.

Transparency and Openness: Raw data are available upon reasonable request pending study
approval and data transfer agreements between participating institutions. Code used for analysis
and online tool creation are available online.

Limitations
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Individuals who took different tests may have different abilities on average, meaning some
residual correlation between ability and choice of instrument may have persisted. However, a
post-hoc analysis of converted scores found that the average percentage difference in scores
across AVLTs was just 0.052%.

This study considered only a limited binary interpretation of lifetime history of TBI, which exists
along a spectrum of severity and has distinct phenotypes (37). For example, late effects of TBI
are highly variable with injury severity a major factor (e.g chronic memory/learning deficits are
expected with severe injury but are uncommon with mild TBI). A secondary sensitivity analysis
conducted using only controls did not significantly alter the conversions.

This study aggregated 53 international datasets, but these were primarily from English-speaking
and western hemisphere countries, which limits the international representativeness of the
sample. Our IRT conversions were validated against held-out data of dually administered tests
(Fig. 3b) s, but no data to independently assess the other two conversions.

We attempted to construct a crosswalk for recognition memory trials, but unlike the other items,
we could not establish low error IRT results for the recognition item and the recognition hits
memory trial conversions were not included.
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Figure 1. Comparing proportions of memory items recalled before and after harmonization. Mean
scores for each site (dots) are shown broken out by instrument (color) and item (Top: Trial 1
immediate free recall, Middle: Total sum of all Trials, Bottom: Long-delay free recall scores).
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Figure 2. Visualizing covariate effects on scores across AVLTs. (a) Boxplots of scores stratified
by group (TBI vs. control) and sex/gender indicated that males and those with history of TBI had
significantly lower scores on average for all tests. Age-related declines (b) and the beneficial
effects of education (c) on scores were consistent across all AVLTs.
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Figure 3. Visualizing and Validating Conversions. (a) Average raw scores as a function of
individual ability are shown approximated as cubic polynomial fits for immediate, short, and long
delay trials. Horizontal lines of equivalent ability connect equivalent raw scores across tests,
which facilitates the construction of crosswalks. (b) Scatter plot and fit of the adjusted raw sum of
learning Trial scores for a subset of cases who were administered both the CVLT and RAVLT
(n=36). The confidence area of the dually assessed data is shown in blue, and agrees with the
derived crosswalk for CVLT->RAVLT (n=9,362, black dotted line).
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Table 1. Summary of the key features of the three AVLTs.

CVLT RAVLT HVLT
List lengths (words) 16 15 12
Semantic categories 4 -

Immediate free recall trials 5 5 3
Recognition trial, total words 48 50 24
Long delay duration (minutes) 20-30 20 20-25
Distractor list (List B) Yes Yes No

Cued recall trials Yes No No
Short Delay Trial Yes Yes No
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Table 2. Descriptive characteristics of the total cohort by instrument.

CVLT RAVLT HVLT P
Sample size, N 6,634 2,728 1,143

# Datasets 28 11 14
Age: 16-35 34.70% 32.70% 48.20% <0.001
35-65 61.20% 40.40% 41.90% <0.001
65+ 4.10% 26.90% 9.90% <0.001
Gender: Male 76.50% 48.60% 66.10% <0.001
Female 23.50% 51.40% 33.90% <0.001
Region: Americas 90.70% 44.50% 69.00% <0.001
Europe 8.30% 55.40% 27.60% <0.001
Asia Pacific 1.10% 0.10% 3.40% <0.001
Language: English 90.70% 37.60% 82.20% <0.001
Spanish 1.90% 7.40% 6.40% <0.001
German 0.20% 35.3% 11.50% <0.001
Italian 0.00% 8.80% 0.00% <0.001
Other 7.20% 10.90% 0.00% <0.001
Education: Secondary 20.80% 28.30% 15.20% <0.001
Some College 14.80% 14.00% 19.70% <0.001
Postgraduate 7.20% 21.40% 5.50% <0.001
Clinical Population: TBI 64.70% 11.90% 21.90% <0.001
Controls 35.30% 88.10% 78.10% <0.001
Mean Raw Scores: Trial 1 49+19 50+1.9 6.1+1.7 <0.001
Total Learning  43.2+9.7 429+ 8.6 23.2+42 <0.001
Long Delay 9.6 +3.1 8.7+3.0 79122 <0.001
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Table 3. Blocked linear regressions predicting sum of raw learning scores per instrument. The
average percentage effect across all AVLTs are shown, indicating that Age>65 had the largest
impact on scores overall (-11.4%). * indicates significance after correction for multiple

comparisons.

| CVLT RAVLT ~ HVLT |
| Sample size 6,634 2,728 1,143 |
| Explained variance 10% 30% 22% % effect Significant |
| Max score of T1-TN. 80 75 36 all all tests |
Age group (Ref: 16-35 |
years)

| 3565 2.7 6.5% .00 -4.90% Yes |
| 65+  -7.8* 12,24 29" -11.40% Yes |
|Sexlgender (Ref: Male) |
| Female 3.1 3.7" 1.6* 4.40% Yes |
Race/Ethnicity (Ref: |
White)

| Muli  -1.3 -3 -0.6 -2.40% No |
| Black  -2.7* 0.8 28 -410% No |
| Asian 1.1 0.5 490 -1.10% No |
| Hispanic 0.5 -1.1 -0.1 -0.40% No |
|TBI (Ref: No TBI) -1.3¢ -1.6* 160 -2.80% Yes |
|Education (per year) 0.6* 0.6* 0.4* 0.90% Yes |
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