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Abstract

Introduction: The National Institutes of Health Toolbox for Assessment of Neurological and Behavioral Function Cognition Battery is
comprised of seven cognitive tests, including two tests measuring crystallized cognitive ability (i.e., vocabulary and reading) and five tests
measuring fluid cognitive functioning (i.e., working memory, memory, speed of processing, and executive functioning). This study presents
comprehensive base rate tables for the frequency of low scores in adults and older adults from the normative sample.
Methods: Participants were 843 adults, ages 20–85, from the NIH Toolbox standardization sample who completed all seven cognition
tests. Rates of low scores were derived for standard age-adjusted and fully-demographically-adjusted scores at multiple cut-scores. Base
rates were stratified by education, crystallized intellectual ability, and cognitive domain.
Results: Using the five demographically-adjusted fluid cognitive test scores, 45.9% of adults obtained one or more scores at or below the 16th per-
centile, and 16.8% obtained one or more score at or below the 5th percentile, which is consistent with findings from other neurocognitive test batteries.
Discussion: Based on the study findings, nearly 50% of adults in the general population would meet psychometric criteria for a diagnosis
of the Diagnostic and Statistical Manual of Mental Disorders-Fifth Edition (DSM-5) Mild Neurocognitive Disorder (MND). We developed
new psychometric criteria for identifying MND using the NIH Toolbox Cognition Battery that reduce the false positive rate. Knowing these
multivariate normative base rates will help researchers and clinicians interpret NIH Toolbox scores in people with neurodevelopmental, psy-
chiatric, medical, neurological, and neurodegenerative disorders that affect cognitive functioning.
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Introduction

The National Institutes of Health Toolbox for the Assessment of Neurological and Behavioral Function Cognition
Battery (NIHTB-CB; Gershon et al., 2010, 2013; Weintraub et al., 2013) was designed to be used in research and clinical
trials with children, adolescents, adults, and older adults. It can be used with those who have neurodevelopmental disorders,
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psychiatric disorders, general medical conditions, neurological conditions, and neurodegenerative diseases. Reliability and
validity studies illustrate that the NIHTB-CB correlates well with established measures of verbal, working memory, mem-
ory, processing speed, and executive functioning in healthy adults (Heaton et al., 2014; Mungas et al., 2014) and clinical
validation studies are in progress (Holdnack, Iverson, Silverberg, Tulsky, & Heinemann, under review; Tulsky et al., under
review). Given its potential wide applicability, it is essential for users of this cognition battery to understand how to inter-
pret patterns of performance. For example, if the battery is used to measure cognitive deficits associated with medical, psy-
chiatric, or neurological conditions, it is important to know how common it is for a normative sample to obtain certain
combinations of low scores on these tests.

It is common for individuals in the general population to obtain one or more low scores when administered a battery of
cognitive tests (Axelrod & Wall, 2007; Brooks, Iverson, Holdnack, & Feldman, 2008; Brooks, Strauss, Sherman, Iverson,
& Slick, 2009; Crawford, Garthwaite, & Gault, 2007; Ingraham & Aiken, 1996; Palmer, Boone, Lesser, & Wohl, 1998;
Schretlen, Testa, Winicki, Pearlson, & Gordon, 2008). The more tests that are administered, the greater the probability
that an individual will have one or more low scores (Brooks, Iverson, & Holdnack, 2013; Crawford et al., 2007). For
example, 62.8% of subjects from the Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV) standardization sample
will have one or more scores at or below a scaled score of 7 (e.g., univariate base rate of 16%) when all 10 subtests are
considered simultaneously. Considering the two visual working memory subtests from the Wechsler Memory Scale-
Fourth Edition (WMS-IV), 22.1% of individuals in the standardization sample obtain one or more scaled scores of 7
or less (Brooks et al., 2013). Univariate and multivariate base rates can differ with as few as two tests considered simulta-
neously, although there is a strong relationship between the number of tests administered and the increased rate of
observed low scores.

This mulitvariate base rate phenomenon is not specific to a particular model for normative data collection, norm
development procedure, or a specific battery of tests, but occurs on a broad range of measures (Brooks, Holdnack, &
Iverson, 2011; Brooks, Iverson, & White, 2007; Palmer et al., 1998; Schretlen et al., 2008) and ages (Brooks et al.,
2011; Brooks, Iverson, Sherman, & Holdnack, 2009). Moreover, the probability of obtaining low scores varies based on
the person’s level of intelligence. Those with above average intelligence have a lower probability and those with below
average intelligence having a much higher probability of obtaining low scores (Binder, Iverson, & Brooks, 2009; Brooks
et al., 2008, 2011).

To use the NIHTB-CB more effectively in research (and potentially in clinical practice), it is esential to know the preva-
lence of low scores in the normative sample. The NIHTB-CB is comprised of seven performance-based neuropsychological
tests measuring attention, working memory, language, processing speed, and executive functioning in two broad domains of
functioning (crystallized and fluid abilities). The crystallized tests are Picture Vocabulary and Oral Reading Recognition.
They yield two scores and are combined into a Crystallized Cognition Composite Score. The fluid cognition tests are Picture
Sequence Memory, List Sorting Working Memory, Pattern Comparison Processing Speed, Flanker Inhibitory Control and
Attention, and Dimensional Change Card Sort (Weintraub et al., 2014). These two domains differ in their sensitivity to cogni-
tive impairment in that verbal abilities are less likely to be affected by brain injury compared to fluid measures (Carlozzi,
Grech, & Tulsky, 2013; Carlozzi, Kirsch, Kisala, & Tulsky, 2015; Donders & Strong, 2015; Madigan, DeLuca, Diamond,
Tramontano, & Averill, 2000; Sinclair, Ponsford, Rajaratnam, & Anderson, 2013). The current study provides general popula-
tion base rates of low scores for the NIHTB-CB for adults. We report base rates for the five fluid cognition scores using cut-
off scores at the 25th, 16th, 9th, and 5th percentiles.

Additionally, we propose new psychometric criteria for defining cognitive impairment on the NIHTB-CB. Previously, we
recommended a psychometric model for identifying memory deficits that may be associated with mild cognitive impairment
(MCI) or dementia using the Wechsler Adult Intelligence Scale-Third Edition and Wechsler Memory Scale-Third Edition
(Brooks, Iverson, Feldman, & Holdnack, 2009). This model focused primarily on memory deficits, which are considered a
core feature of MCI (Petersen et al., 1999) and an early sign of Alzheimer’s disease (Grober & Kawas, 1997). In this study,
97.1% of individuals identified with probable Alzheimer’s disease met criteria for possible memory impairment and 94.1%
met criteria for probable memory impairment; the specificity for these criteria was 0.80 and 0.90, respectively (Brooks,
Iverson, Feldman, & Holdnack, 2009). A more general cognitive impairment model was developed for the combined WAIS-
IV/WMS-IV core battery and applied in a sample of individuals with moderate to severe traumatic brain injury (Brooks et al.,
2011). In the TBI sample, 81.5% met criteria for below expected cognitive performance and 63% met criteria for well below
expected cognitive performance with specificity values of 0.75 and 0.90 for these classifications (Brooks et al., 2011). Based
on this prior work, we propose a new psychometric model for identifying cognitive impairment that may support a diagnosis
mild neurocognitive disorder for the NIHTB-CB.
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Methods

Participants

The NIHTB-CB normative sample (Beaumont et al., 2013) was used to estimate the population prevalence of low scores.
We were interested in the performance of adults 20–85 years of age (N = 1,021). We selected examinees who completed all
seven of the NIHTB-CB tests, resulting in 843 individuals. For demographically-adjusted norms, 793 examinees had complete
performance data and complete demographic data required for derivation of demographic norms. Demographically-adjusted
norms adjust obtained raw scores by race/ethnicity (e.g., White, Black, and Hispanic), age, sex, and years of education
(Casaletto et al., 2015).

Identification and testing of examinees was completed through a marketing research firm from locations throughout the
US. For the purposes of data collection, the normative sample was stratified by age and sex and while education level, race,
and ethnicity were not stratification variables. Population based targets were set for these demographic factors within each age
group (Beaumont et al., 2013). Exclusion criteria included: capacity to following instructions in English and adequate visual,
auditory, vestibular, and motor functioning to complete all items in the full Toolbox test battery, or availability of assistance
or assistive devices to complete tasks (Beaumont et al., 2013). Participants were not screened for medical or psychiatric condi-
tions and examinees were not evaluated or excluded based on performance validity measures. Examiners were trained and
monitored by NIH Toolbox investigators. Examinees were compensated for participation. Table 1 presents demographic data
for the age-only and full demographically-adjusted (e.g., age, education, sex, and race/ethnicity) normative samples.

Measures

The NIHTB-CB contains measures of episodic memory, language, processing speed, working memory, executive function,
and attention. Three composite measures are derived from combinations of individual subtests. The Total Composite is calcu-
lated using all seven subtests of the NIHTB-CB. The crystallized composite score is derived from two subsets of the battery:
Picture Vocabulary and Oral Reading Recognition. For individuals with acquired brain injury, the Crystallized Cognition
Composite Score can serve as an estimate of premorbid or pre-injury general cognitive ability. This composite correlates
strongly with other known “hold” tests (Gershon et al., 2014) and is resistant to the effects of traumatic brain injury (TBI)
(Tulsky et al., under review). The fluid composite score is derived from five subtests of the battery: Picture Sequence
Memory, List Sorting Working Memory, Pattern Comparison Processing Speed, Flanker Inhibitory Control and Attention,
and Dimensional Change Card Sort. The Fluid Composite scores were derived by averaging the normalized scores of each of
the fluid tests, and then deriving scale scores based on this new distribution of averaged normalized scores. The age-adjusted

Table 1. Demographic characteristics of the normative sample

Variable Age norms Demographic norms

Sample size 843 793
Age (years)
M (SD) 47.4 (17.4) 47.7 (17.1)

Gender (%)
Male 34.4 34.3
Female 65.6 65.7

Race (%)
Caucasian 64.5 68.6
African American 16.4 17.3
Hispanic 10.7 10.5
Other 6.6 3.6
Not provided 1.8 0.0

Education (%)
Less than 12 years 9.6 9.7
12 years 26.3 26.5
13–15 years 23.8 23.1
16 or more years 39.4 40.7
Unknown 0.8 0.0

Education (years)
M (SD) 14.2 (2.5) 14.2 (2.5)
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scale scores have a mean of 100 and a standard deviation (SD) of 15. The demographically-adjusted T scores are adjusted for
age, gender, race (white, black, other), ethnicity (Hispanic vs. non-Hispanic), and education; they have a mean of 50 and a
SD of 10 (Casaletto et al., 2015). A description of these tests is provided in Table 2. Total test administration requires approx-
imately 30 minutes.

Results

Table 3 presents multivariate base rates for the five fluid tests of the NIHTB-CB for age- and demographically-adjusted scores.
Rates of low age-adjusted scores (i.e., ≤16th percentile) on the fluid tests were significantly correlated with the NIHTB-CB
Crystallized composite (r = −0.41, p < .001), Picture Vocabulary Test (r = −0.39, p < .001), and Oral Reading Recognition Test
(r = −0.37, p < .001). This relationship was also observed for demographically-adjusted scores: Crystallized composite (r =
−0.58, p < .001), Picture Vocabulary Test (r = −0.54, p < .001), and Oral Reading Recognition Test (r = −0.49, p < .001).
Therefore, Table 3 provides base rates by crystallized ability level, in addition to overall base rates of low scores.

The multivariate base rates of obtaining one or more low demographically-adjusted scores in the total normative sample
and stratified by intellectual ability (i.e., the Crystallized Composite) are illustrated visually in Fig. 1. As seen in this figure, it
is common to obtain one or more low scores across this 5-test battery, and the base rate of low scores declines in tandem with
increasing levels of intelligence.

As seen in Table 3, when considering the entire normative sample, it is common for people to obtain one or more scores
≤16th percentile [age norms base rate (BR) = 42.7%, demographic norms base rate = 45.9%], but it is uncommon to obtain
three or more scores ≤16th percentile (age norms BR = 9.5%, demographic norms BR = 9.8%). People with less than 12
years of education are more likely to obtain 2 or more scores ≤16th percentile (BR = 25.9%) than people with 16+ years of
education (BR = 17.2%). Obtaining 3 or more scores ≤16th percentile is fairly common for those with below average intel-
lectual abilities (Crystallized Composite <SS = 90/T = 43; age norms BR = 22.4%, demographic norms BR = 22.9%), but
this many low scores is rare for those with above average intellectual abilities (Crystallized Composite SS = 110+/T = 58+;

Table 2. Descriptions of the seven tests of the NIH Toolbox Cognition Battery.

Picture Vocabulary (crystallized)
A computer adaptive test where the examinee hears a word and sees four images on the screen, and then is asked to choose the picture that most closely
matches the meaning of the word.

Oral Reading Recognition (crystallized)
A computer adaptive test pronouncing letters and words.

List Sorting Working Memory (fluid)
Pictures of foods (e.g., “hamburger”) and animals (e.g., “elephant”) are displayed with their names presented visually (in text) and auditorily (by a recording).
The examinee is asked to repeat all the items in order of size, from smallest to largest. For List 1, there is only one dimension (foods or animals). For List
2, the examinee must first repeat the foods by size and then repeat the animals by size.

Picture Sequence Memory (fluid)
There are two learning trials for this test. A sequence of pictures of objects and activities are presented. Audio-recorded phrases representing the pictures
are presented simultaneously. The examinee is asked to recall the sequence of pictures in order. The sequence length varies from 6 to 18 pictures,
depending on age. Examinees get points for each adjacent pair of pictures correctly recalled, to a maximum of one minus the total number of pictures
(e.g., 18–1 = 17).

Pattern Comparison Processing Speed (fluid)
The examinee is presented with two side-by-side pictures on the computer screen and asked if they are the same or not. The pictures are designed to be
simple. The maximum time to complete the test is 90 seconds. The highest possible score is 130.

Flanker Inhibitory Control and Attention (fluid)
The examinee must focus on a stimulus in the middle of the screen while inhibiting attention to stimuli flanking it. The flanking stimuli are either congruent
(same direction) or incongruent (opposite direction) with the middle stimulus. The examinee must indicate with the arrow key the left-right direction of
the centrally presented stimulus and ignore the stimuli on either side (the flankers). The stimuli are fish for children and arrows for adults. The test
consists of 20 trials.

Dimensional Change Card Sort (fluid)
The examinee is presented with two target pictures that vary in two dimensions, such as shape and color (e.g., a white rabbit and a green boat). The test
consists of four blocks: practice, pre-switch, post-switch, and mixed. During the practice block, the examinee is shown a picture in the middle of the screen
and asked to match (i.e., sort) it to a target based on either being the same shape (or object, such as a rabbit) or the same color (such as green). For
“mixed” trials, the examinee must change the dimension that is being matched (i.e., shape or color). For example, after several trials matching on color the
examinee will be asked to match on shape, and then the next trial might go back to color, requiring shifting back and forth between these dimensions.

Note: These descriptions were adapted from the NIH Toolbox Scoring and Interpretation Guide (Slotkin et al., September 18, 2012, available for download at
www.nihtoolbox.org).
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Table 3. Base rates of low scores on five NIHTB-CB fluid measures overall and by ability level in the normative sample

Low scores Age norms Age norms by education
level

Age norms by crystallized composite Demographic
norms

Demographic norms by
crystallized composite

12 12 13–15 16+ <90 90–99 100–109 110 + <43 43–49 50–57 58+

N 843 81 222 201 332 201 201 213 228 793 78 204 229 194

≤25th percentile
5 3.0 3.7 4.1 2.5 2.4 8.5 3.0 0.9 0.0 2.4 6.6 2.9 0.9 0.0
4+ 8.8 17.3 9.5 8.0 6.9 21.4 10.9 3.8 0.4 7.7 16.3 12.3 3.1 1.0
3+ 18.0 30.9 21.6 16.4 13.9 40.3 22.4 8.5 3.5 15.0 33.1 19.1 8.7 2.6
2+ 35.1 53.1 40.1 32.3 28.9 61.2 42.8 26.8 13.2 32.8 60.8 37.3 24.9 13.4
1+ 62.8 82.7 67.1 62.7 55.4 85.6 68.7 53.5 46.1 62.2 82.5 66.2 59.8 43.3
None 37.2 17.3 32.9 37.3 44.6 14.4 31.3 46.5 53.9 37.8 17.5 33.8 40.2 56.7

≤16th percentile
5 0.7 2.5 0.5 1.0 0.3 3.0 0.0 0.0 0.0 0.9 3.6 0.5 0.0 0.0
4+ 3.4 7.4 3.6 3.0 2.7 11.9 1.5 0.5 0.4 4.2 10.8 4.9 1.3 1.0
3+ 9.5 16.0 9.5 8.5 8.7 22.4 10.9 4.2 1.8 9.8 22.9 12.7 5.2 1.0
2+ 19.8 25.9 23.4 17.9 17.2 37.3 26.9 13.1 4.4 20.7 41.0 23.5 14.0 8.2
1+ 42.7 56.8 49.5 38.8 37.3 67.7 49.3 34.7 22.4 45.9 74.7 48.0 39.7 26.3
None 57.3 43.2 50.5 61.2 62.7 32.3 50.7 65.3 77.6 54.1 25.3 52.0 60.3 73.7

≤9th percentile
5 0.2 2.5 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.3 0.6 0.5 0.0 0.0
4+ 1.2 4.9 0.9 0.5 0.9 4.5 0.5 0.0 0.0 1.4 6.0 1.0 0.4 0.0
3+ 4.2 11.1 4.1 4.0 2.7 12.9 3.5 0.5 0.4 2.4 11.4 3.9 1.3 1.0
2+ 11.2 19.8 12.6 11.9 7.5 26.4 13.9 4.7 1.3 8.1 27.7 14.7 6.1 3.1
1+ 28.2 38.3 32.4 27.4 23.8 48.8 32.8 22.1 11.8 31.9 57.2 33.8 25.8 15.5
None 71.8 61.7 67.6 72.6 76.2 51.2 67.2 77.9 88.2 68.1 42.8 66.2 74.2 84.5

≤5th percentile
5 0.1 1.2 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4+ 0.4 2.5 0.5 0.0 0.0 1.5 0.0 0.0 0.0 0.4 1.8 0.0 0.0 0.0
3+ 1.7 4.9 1.4 1.5 1.2 6.0 1.0 0.0 0.0 1.8 6.0 1.5 0.4 0.0
2+ 5.3 12.3 5.0 4.5 4.2 15.4 6.0 0.5 0.4 4.7 14.5 4.4 0.9 1.0
1+ 16.6 25.9 17.1 16.4 14.2 31.8 17.9 12.7 5.3 16.8 33.7 18.6 10.9 7.2
None 83.4 74.1 82.9 83.6 85.8 68.2 82.1 86.9 94.7 83.2 66.3 81.4 89.1 92.8

Note: The five tests are: Picture Sequence Memory, List Sorting Working Memory, Pattern Comparison Processing Speed, Flanker Inhibitory Control and
Attention, and Dimensional Change Card Sort. Standard scores represent age-only adjustments. T-scores represent scores adjusted by age, sex, education
level, and race/ethnicity.
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Fig. 1. Base rates of adults in the normative sample obtaining low demographically-adjusted fluid test scores stratified by crystallized composite score ability
level (a total of 5 scores were considered).
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age norms BR = 1.8%, demographic norms BR = 1.0%). Having a single score ≤5th percentile occurred in 16.6% of the nor-
mative sample using age norms and 16.8% using demographic norms. Having two or more scores at or below the 5th percen-
tile is uncommon for most examinees (see Table 3).

“One-Size-Fits-All” Diagnostic and Statistical Manual of Mental Disorders-Fifth Edition (DSM-5) Criteria for Mild
Neurocognitive Disorder

The DSM-5 (American Psychiatric Association, 2013) recommends that mild neurocognitive disorder be defined, psycho-
metrically, as cognitive performance in at least one cognitive domain that is at least one SD below average using age- and
education-adjusted normative data. If that criterion is applied to age-adjusted or demographically-adjusted scores then 42.7%
or 45.9% of the general population would be identified with MND (see Table 3). An alternative approach is to apply algo-
rithms with a specific number of low scores based on a specific level of performance that takes into account a person’s level
of intellectual ability as assessed by the Crystalized Composite score.

When applying a “one-size-fits-all” model as presented in Table 4, if a person with a traumatic brain injury obtained 4+
scores ≤25th percentile (BR = 7.7%), or 3+ scores ≤16th percentile (BR = 9.8%) or 2+ scores ≤9th percentile (BR =
8.1%), the overall false positive rate for that clinical algorithm is 14.2% (less than 1 SD below the mean), using
demographically-adjusted scores. That same algorithm appears to be perfect when using age-adjusted normative data, too
(overall BR = 14.9%). However, as seen in the last 4 rows of Table 4, problems arise when considering a person’s level of
intellectual functioning, as measured by the Crystallized Composite score. Using demographically-adjusted normative data
(i.e., adjusted for age, education, sex, and race), the false positive rate for this one-size-fits-all algorithm ranges from 3.1%
to 29.5%.

Table 4. Applying a standardized “One-Size-Fits-All” algorithm for defining DSM-5 mild neurocognitive disorder on the NIH Toolbox Cognition Battery

Comparison group Age-adjusted scores
(percentile rank cut-off scores)

Cut-off
base rate

Overall
base rate

Demographically-adjusted scores
(percentile rank cut-off scores)

Cut-off
base rate

Overall
base rate

Adult general population 4+ scores ≤25th, or 8.8% 14.9% 4+ scores ≤25th, or 7.7% 14.2%
3+ scores ≤16th, or 9.5% 3+ scores ≤16th, or 9.8%
2+ scores ≤9th 11.2% 2+ scores ≤9th 8.1%

Education <12 4+ scores ≤25th, or 17.3% 25.9% NA — —

3+ scores ≤16th, or 16.0%
2+ scores ≤9th 19.8%

Education = 12 4+ scores ≤25th, or 9.5% 16.2% NA — —

3+ scores ≤16th, or 9.5%
2+ scores ≤9th 12.6%

Education = 13–15 4+ scores ≤25th, or 8.0% 13.9% NA — —

3+ scores ≤16th, or 8.5%
2+ scores ≤9th 11.9%

Education = 16+ 4+ scores ≤25th, or 6.9% 12.0% NA — —

3+ scores ≤16th, or 8.7%
2+ scores ≤9th 7.5%

Crystallized Composite:
<SS90/<T43 (Below Average)

4+ scores ≤25th, or 21.4% 31.8% 4+ scores ≤25th, or 16.3% 29.5%
3+ scores ≤16th, or 22.4% 3+ scores ≤16th, or 22.9%
2+ scores ≤9th 26.4% 2+ scores ≤9th 27.7%

Crystallized Composite:
SS90-99/T43-49 (Average)

4+ scores ≤25th, or 10.9% 19.4% 4+ scores ≤25th, or 12.3% 20.1%
3+ scores ≤16th, or 10.9% 3+ scores ≤16th, or 12.7%
2+ scores ≤9th 13.9% 2+ scores ≤9th 14.7%

Crystallized Composite:
SS100-109/T50-57 (Average)

4+ scores ≤25th, or 3.8% 8.9% 4+ scores ≤25th, or 3.1% 7.4%
3+ scores ≤16th, or 4.2% 3+ scores ≤16th, or 5.2%
2+ scores ≤9th 4.7% 2+ scores ≤9th 6.1%

Crystallized Composite:
SS110+/T58+ (Above Average)

4+ scores ≤25th, or 0.4% 1.8% 4+ scores ≤25th, or 1.0% 3.1%
3+ scores ≤16th, or 1.8% 3+ scores ≤16th, or 1.0%
2+ scores ≤9th 1.3% 2+ scores ≤9th 3.1%

Note: The cut-off base rates represent the percentages of adults in the normative sample, from each comparison group, who show that specific pattern of test
performance across the five fluid cognition tests. The overall base rates represent the percentages of adults in the normative sample, from each comparison
group, who show one or more of the patterns of test performance across the five fluid cognition tests. For some groups, the standardized algorithms yield
high rates of false positives that can be reduced using a more flexible approach (see Table 5).
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New Criteria for Defining Cognitive Impairment

There are no established criteria for defining cognitive impairment on the NIHTB-CB. Therefore, the base rates presented
in Table 3 were used as the foundation for creating flexible algorithms based on examinee characteristics for defining cogni-
tive impairment. As seen in Fig. 1 and Table 3, obtaining a single low fluid cognition score is common, especially in those
with average or below average crystallized ability, so it might be preferred to require two or more low scores as the psycho-
metric criterion for cognitive impairment. If a clinician or researcher set the criterion for cognitive impairment as having two
or more demographically-adjusted scores ≤16th percentile, then the false positive rates for cognitive impairment, stratified by
crystallized ability, would be as follows: (a) High Average Crystallized Composite (T = 58+), BR = 8.2%; (b) Average
Crystallized Composite (T = 50–57), BR = 14.0%; (c) Average Crystallized Composite (T = 43–49), BR = 23.5%; and Low
Average Crystallized Composite (T < 43), BR = 41.0%. Applying this “one-size-fits-all” criterion to the entire sample, there
is a low false positive rate in those with high average crystallized ability (8.2%), an acceptable rate in those with Crystallized
Composite scores between T scores of 50 and 57(14.0%), but an unacceptably high false positive rate of cognitive impairment
for those with Crystallized Composite scores less than T = 50 (23.5–41.0%). Therefore, more accurate criteria for cognitive
impairment need to reflect estimated pre-injury or pre-disease level of crystallized cognitive functioning.

As seen in Tables 3 and 5, if a researcher or clinician wanted to require the presence of at least 2 low scores as the defini-
tion of having a problem with cognitive functioning, and wanted to standardize the cut-off for the pattern of impairment
across the 5 fluid cognitive tests as being approximately one SD below the mean (e.g., per DSM-5 mild neurocognitive disor-
der psychometric criteria), then the criteria for impairment using demographically-adjusted T scores would need to vary in
relation to the person’s level of crystallized intellectual ability. For example, criteria for cognitive impairment, stratified by pre-
injury or pre-disease level of cognitive functioning, could be as follows: (a) High Average Crystallized Composite (T = 58+), 2
or more scores ≤25th percentile, BR = 13.4%; (b) Average Crystallized Composite (T = 50–57), 2 or more scores ≤16th per-
centile, BR = 14.0%; (c) Average Crystallized Composite (T = 43–49), 2 or more scores ≤9th percentile, BR = 14.7%; and
Low Average Crystallized Composite (T < 43), 2 or more scores ≤5th percentile, BR = 14.5%. Notice that these ability-
stratified criteria for cognitive impairment hold the false positive rate (i.e., the base rate) constant.

New criteria for defining cognitive impairment on the NIHTB-CB are shown in Table 5. These criteria were selected for
both the age-adjusted normative data and the demographically-adjusted normative data. The clinician or researcher can com-
pare to the adult general population or to people from specific subgroups, such as subgroups stratified by education (for the
age norms) or subgroups stratified by intellectual ability (for the age or demographic norms). The cut-off base rates represent
the percentages of adults in the normative sample, from each comparison group, who show that specific pattern of test perfor-
mance across the five fluid cognition tests. The overall base rates represent the percentages of adults in the normative sample,
from each comparison group, who show one or more of the patterns of test performance across the five fluid cognition tests
(for those rows in which 2 or more score patterns are listed). As such, the overall base rate represents the false positive rate
for cognitive impairment when one considers all of the patterns of performance simultaneously. Numerous algorithms are
provided so that researchers can test combinations of these algorithms in clinical samples, with the goal of identifying those
with the greatest accuracy for identifying acquired cognitive impairment.

Discussion

This study provides new and important data for researchers and clinicians on how to interpret low scores on the Cognition
Battery of the NIH Toolbox. It is common for adults in the general population to obtain one or more low scores on the
NIHTB-CB using age-adjusted and demographically-adjusted normative scores. The probability of obtaining a low score var-
ies based on the a priori cut-off for defining a low score (e.g., the 25th, 16th, 9th, or 5th percentile), and the likelihood that a
person will obtain a low score does not correspond to the percentile rank for that score (see Fig. 1). Obtaining a score corre-
sponding to the 16th percentile on one of the fluid cognition tests means that only 16% of people score at that level or lower.
However, obtaining one or more scores ≤16th percentile on the Cognition Battery of the Toolbox occurs in 42.7% of people
when considering the five fluid tests. The results presented here are similar to prior studies illustrating that a substantial per-
centage of people without injury or disease will obtain one or more low test scores when administered a battery of cognitive
tests (Axelrod & Wall, 2007; Binder et al., 2009; Brooks et al., 2007, 2008; Crawford et al., 2007; Heaton, Grant, &
Matthews, 1991; Heaton, Miller, Taylor, & Grant, 2004; Ingraham & Aiken, 1996; Iverson, Brooks, & Holdnack, 2008;
Iverson, Brooks, White, & Stern, 2008; Palmer et al., 1998; Schretlen et al., 2008).

The prevalence of low scores is strongly related to a person’s estimated intellectual ability, the Crystallized Composite score
from the Toolbox. Using demographically-adjusted normative scores does not mitigate the effect of intelligence, as seen in
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Table 3 and Fig. 1. This finding illustrates the importance of considering longstanding intellectual ability when interpreting fluid
cognitive test performance, such as performance on tests of memory, speed of processing, and executive functioning. Prior stud-
ies have also shown a strong association between a person’s intelligence and the probability of obtaining low neuropsychological
test scores (Binder et al., 2009, 2008, 2011; Horton, 1999; Steinberg, Bieliauskas, Smith, & Ivnik, 2005; Steinberg, Bieliauskas,
Smith, Ivnik, & Malec, 2005; Tremont, Hoffman, Scott, & Adams, 1998; Warner, Ernst, Townes, Peel, & Preston, 1987).

Knowing multivariate base rates of low scores on this battery allows researchers to develop more refined and accurate cri-
teria for cognitive impairment. The DSM-5 criteria for mild neurocognitive disorder indicates that cognitive test performance,
in at least one cognitive domain, typically lies 1–2 standard deviations below the mean using age- and education-adjusted

Table 5. New flexible algorithms for identifying cognitive impairment on the NIH Toolbox Cognition Battery

Comparison group Age-adjusted scores
(percentile rank cut-off scores)

Cut-off
base rate

Overall
base rate

Demographically-adjusted scores
(percentile rank cut-off scores)

Cut-off
base rate

Overall
base rate

Adult general population 4+ scores ≤25th, or 8.8% 14.9% 4+ scores ≤25th, or 7.7% 14.2%
3+ scores ≤16th, or 9.5% 3+ scores ≤16th, or 9.8%

2+ scores ≤9th 8.1%2+ scores ≤9th 11.2%
4+ scores ≤25th, or 7.7% 11.8%
3+ scores ≤16th, or 9.8%
2+ scores ≤5th 4.7%

Education <12 5+ scores ≤25th, or 3.7% 16.0% NA — —

4+ scores ≤16th, or 7.4%
3+ scores ≤9th, or 11.1%
2+ scores ≤5th 12.3%
4+ scores ≤16th, or 7.4% 16.0% NA — —

3+ scores ≤9th, or 11.1%
2+ scores ≤5th 12.3%
5+ scores ≤25th, or 3.7% 14.8% NA — —

4+ scores ≤16th, or 7.4%
2+ scores ≤5th 12.3%

Education = 12 4+ scores ≤25th, or 9.5% 16.2% NA — —

3+ scores ≤16th, or 9.5%
2+ scores ≤9th 12.6%
4+ scores ≤25th, or 9.5% 13.5% NA — —

3+ scores ≤16th, or 9.5%
2+ scores ≤5th 5.0%

Education = 13–15 4+ scores ≤25th, or 8.0% 13.9% NA — —

3+ scores ≤16th, or 8.5%
2+ scores ≤9th 11.9%

Education = 16+ 4+ scores ≤25th, or 6.9% 12.0% NA — —

3+ scores ≤16th, or 8.7%
2+ scores ≤9th 7.5%

Crystallized Composite:
< SS90/ < T43 (Below Average)

4+ scores ≤16th or 11.9% 15.9% 4+ scores ≤16th or 10.8% 14.5%
3+ scores ≤9th 12.9% 3+ scores ≤9th 11.4%
2+ scores ≤5th 15.4% 15.4% 2+ scores ≤5th 14.5% 14.5%

Crystallized Composite:
SS90-99/T43-49 (Average)

4+ scores ≤25th, or 10.9% 15.9% 2+ scores ≤9th 14.7% 14.7%
3+ scores ≤16th, or 10.9%
2+ scores ≤5th 6.0%
2+ scores ≤9th 13.9% 13.9% 3+ scores ≤16th or 12.7% 14.2%

2+ scores ≤5th 4.4%
Crystallized Composite:
SS100-109/T50-57 (Average)

3+ scores ≤25th or 8.5% 14.6% 2+ scores ≤16th 14.0% 14.0%
2+ scores ≤16th 13.1% 3+ scores ≤25th or 8.7% 15.3%
2+ scores ≤16th 13.1% 13.1% 2+ scores ≤16th 14.0%

Crystallized Composite:
SS110+/T58+ (Above Average)

2+ scores ≤25th or 13.2% 16.0% 2+ scores ≤25th or 13.4% 16.0%
1+ score ≤5th 5.3% 1+ score ≤5th 7.2%
2+ scores ≤25th 13.2% 13.2% 2+ scores ≤25th 13.4% 13.4%
1+ scores ≤9th 11.8% 11.8% 1+ scores ≤9th 15.5% 15.5%

Note: The cut-off base rates represent the percentages of adults in the normative sample, from each comparison group, who show that specific pattern of test
performance across the five fluid cognition tests. The overall base rates represent the percentages of adults in the normative sample, from each comparison
group, who show one or more of the patterns of test performance across the five fluid cognition tests. The overall base rates using this approach range from
11.2% to 16.0%. For all groups, with the exception of those with Crystallized Composite scores in the high average range, the criteria for possible cognitive
impairment require at least two low scores (out of 5).
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normative data (between the 16th and 3rd percentiles). If we apply the DSM-5 criterion to the five fluid cognition measures
from the NIHTB-CB (see Table 3), then 45.9% of the normative sample will meet this psychometric criterion for mild neuro-
cognitive disorder using demographically-adjusted normative data, an unacceptable false positive rate. This finding is similar
to previous studies using different test batteries (Brooks et al., 2007, 2011; Palmer et al., 1998; Schretlen et al., 2008) so is
not specific to the psychometric qualities of the NIHTB-CB. Refined psychometric criteria for DSM-5 mild neurocognitive
disorder that take into account multivariate base rates and intellectual ability are presented in Table 4. However, these criteria
illustrate that a Procrustean “one-size-fits-all” approach for defining cognitive impairment in clinical practice and research will
result in a greater than expected rate of false negative classifications in individuals with high premorbid functioning and false
positive classifications in low-functioning people. By adjusting the criteria for cognitive impairment based on estimated intel-
lectual ability, as seen in Table 5, the false positive rates can be held relatively constant. Several options for defining cognitive
impairment, with comparable false positive rates, are provided in Table 5.

These multivariate base rates and criteria for cognitive impairment are designed to be selected a priori and used as a single
algorithm. That is, if a researcher or clinician did not select the algorithm a priori, but instead examined a person’s specific
pattern of results, considered multiple algorithms, and then selected one specific algorithm, the overall base rate would no lon-
ger be accurate because multiple combinations of scores were considered before selecting the final algorithm. An example of
how base rates can be used incorrectly is as follows. Assume a patient with a history of moderate TBI obtained a Crystallized
Composite score of 44. We estimate that his pre-injury Crystallized Composite was under 50, so we chose to use impairment
criteria for people with Crystallized Composites between 43 and 49. As seen in Tables 3 and 4, for people with Crystallized
Composites between 43 and 49, it is uncommon to obtain (a) 4+ scores ≤25th percentile (BR = 12.3%), (b) 3+ scores ≤16th
percentile (BR = 12.7%), and (c) 2+ scores ≤9th percentile (BR = 14.7%). However, if you consider all three of those criteria
for impairment simultaneously, 1 in 5 adults from the normative sample with crystallized ability in that range will meet at
least one criterion for impairment (BR = 20.1%). That is, if we did not make an a priori choice, and we considered all three
of those patterns simultaneously and then chose one post hoc, the base rate would actually be 20.1% in the general popula-
tion, not 12.3%–14.7%. Therefore, the more combinations of patterns of scores considered, after knowing the results of test-
ing, the greater the probability of a false positive finding of acquired cognitive impairment.

The current sample included only examinees that completed the entire seven subtests of the NIHTB-CB. Excluded partici-
pants were not evaluated for any cognitive factors or technology related issues (e.g., technical problems or lack or computer
experience) that may have contributed to a failure to complete all tasks. The goal of this study was to evaluate the rates of
low scores in individuals that completed the entire battery and was not intended to evaluate characteristics of individuals that
did not complete the full battery. Future studies are needed to determine if there are examinee characteristics that affect perfor-
mance that may introduce non-construct related variance into test performance.

The current study does not assess the relative sensitivity of the NIHTB-CB tests nor the proposed algorithms to cognitive
deficits in specific clinical conditions. Additionally, the algorithms provided are designed primarily for cognitive impairments
affecting memory, executive functioning, and processing speed and presume verbal crystallized abilities are mostly intact
such as in mild or moderate traumatic brain injury. Further, this study does not provide information regarding the sufficiency
of domain coverage (e.g., comprehensiveness of memory tests to identify amnestic MCI) of the NIHTB-CB to identify all
cognitive disorders that may be associated with the DSM-5 MND diagnosis.

In conclusion, if a clinician or researcher wanted to establish a priori criteria, and require a person to have two or more low
scores in order to meet psychometric criteria for cognitive impairment, and control for a person’s level of intellectual ability,
the following criteria could be used: (a) estimated premorbid high average Crystallized Composite (T = 58+), 2 or more
scores ≤25th percentile, BR = 13.4%; (b) estimated premorbid average Crystallized Composite (T = 50–57), 2 or more scores
≤16th percentile, BR = 14.0%; (c) estimated premorbid average Crystallized Composite (T = 43–49), 2 or more scores ≤9th
percentile, BR = 14.7%; and (d) estimated premorbid low average Crystallized Composite (T < 43), 2 or more scores ≤5th
percentile, BR = 14.5%. Research is needed to inform how we estimate premorbid Crystallized Composite scores and to
determine if these criteria are more accurate than the criteria for impairment described in Table 5.
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