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Abstract

Objective: Reliable change methods can assist determination of whether observed changes in 

performance are meaningful. The current study sought to validate previously-published 

standardized regression-based (SRB) equations for commonly-administered cognitive tests using a 

cognitively-intact sample of older adults, and extend findings by including relevant demographic 

and test-related variables known to predict cognitive performance.

Method: This study applied Duff’s (2014) SRB prediction equations to 107 cognitively-intact 

older adults assessed twice over one week. Prediction equations were also updated by pooling the 

current validation sample with 93 cognitively-intact participants from Duff’s original development 

sample to create a combined development sample.

Results: Significant improvements were seen between observed baseline and follow-up scores on 

most measures. However, few differences were seen between observed follow-up scores and those 

predicted from Duff’s SRB algorithms, and the level of practice effects observed based on Duff’s 

equations were consistent with expectations. When SRBs were re-calculated from this combined 

development sample, predicted follow-up scores were mostly comparable with Duff’s equations, 

but standard errors of the estimate were consistently smaller.

Conclusions: These results help support validity of Duff’s (2014) SRB equations to predict 

cognitive performance on these measures when repeated administration is necessary over short 

intervals. Findings also highlight the utility of expanding SRB models when predicting follow-up 

performance serially to provide more accurate assessment of reliable change at the level of the 

individual. As short-term practice effects are shown to predict cognitive performance annually, 

they possess the potential to inform clinical decision making about individuals along the 

Alzheimer’s continuum.
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INTRODUCTION

Reliable change methods are statistical procedures developed to distinguish meaningful 

change in longitudinal or serial neuropsychological assessment from repeated test exposure 

benefits (i.e., practice effects; Hammers, Duff, & Chelune, 2015; Lezak, Howieson, Bigler, 

& Tranel, 2012). Of the multiple procedures available, McSweeny and colleagues’ 

(McSweeny, Naugle, Chelune, & Luders, 1993) standardized regression-based (SRB) 

predicted difference method possesses broad acceptance (Attix et al., 2009; Crockford et al., 

2018; Duff, Beglinger, Moser, Paulsen, et al., 2010; Duff et al., 2004; Duff et al., 2005; 

Gavett, Ashendorf, & Gurnani, 2015; Rinehardt et al., 2010; Sanchez-Benavides et al., 2016; 

Stein, Luppa, Brahler, Konig, & Riedel-Heller, 2010). Briefly, the complex-SRB method 

uses linear regression to predict retest scores (Time 2) for individuals based on their baseline 

(Time 1) performance and other relevant information (e.g., demographics, test-retest 

interval, etc.), whereas the simple-SRB method uses Time 1 performance as the sole 

predictor. A discrepancy change score, or z score, is calculated by comparing an individual’s 

predicted and observed Time 2 scores and dividing by the standard error of the estimate 

(SEest) of the regression model (z = (T2 − T2′)/ SEest). Discrepancy change scores (z scores) 

below −1.645 frequently represent “decline” when using reliable change methods, whereas z 
scores > 1.645 reflect “improvement” and z scores between +/− 1.645 indicate stability. 

These z score cut-offs are based on the use of 90% confidence intervals (CIs) of stability 

(McSweeny et al., 1993), such that a z of 1.645 equates to significance at an α value of α 
= .10. Consequently, if the z scores were normally distributed, then one would expect 5% of 

participants to show “decline,” 90% would remain “stable,” and 5% would “improve” 

beyond expectation. When examining change over shorter periods of time in populations not 

expected to display acute changes in cognition, however, follow-up scores may be better 

than baseline scores, yet still worse than predictions based on the SRB algorithms. In this 

case, we suggest that the term “decline” be replaced with “smaller-than-expected practice 

effects” when z scores are < −1.645. Conversely, an individual could show “larger-than-

expected practice effects” (z > 1.645) or “typical practice effects” (z scores between +/− 

1.645). For example, suppose an individual was assessed twice on a memory test over one 

week, and she obtained a raw score of 18 out of 36 at Time 1 and 22 out of 36 at Time 2. 

This 4-point improvement, in the absence of a reason for this change (e.g., resolution of a 

medical issue or initiation of a drug known to assist cognition), would be suggestive of a 

practice effect. However, if an SRB prediction equation for this memory test predicted that 

her Time 2 performance should have been 27 out of 36 (i.e., a 9-point improvement) – and 

the difference between her observed and predicted Time 2 scores yielded a z score < −1.645 

– she would be displaying both objective improvement between test administrations and 

significantly smaller-than-expected practice effects at Time 2.

Duff (2014) previously developed regression-based prediction equations for several 

commonly administered cognitive tests, including the Hopkins Verbal Learning Test – 

Revised (HVLT-R; Brandt & Benedict, 2001), the Brief Visuospatial Memory Test – Revised 

(BVMT-R; Benedict, 1997), Symbol Digit Modality Test (SDMT; Smith, 1973), and the 

Trail Making Test Parts A and B (TMT-A and TMT-B; Reitan, 1992). Each measure was 

assessed twice over one week in 167 community-dwelling older adults, of whom 93 were 
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classified as cognitively intact and 74 were classified as having Mild Cognitive Impairment 

(MCI). The relatively rapid re-assessment of these measures permits examination of the 

impact of short-term practice effects on cognitive performance for these commonly used 

tasks; however, Duff unfortunately never internally validated these SRB equations at the 

time of publication (Duff, 2014). Subsequent work (Duff et al., 2018; Duff et al., 2017) 

applied these prediction equations to samples (n = 25 – 58) of community-dwelling older 

adults with varying levels of cognitive abilities, and tended to show that more impaired 

participants displayed smaller-than-expected practice effects. More recently, in a sample of 

143 participants with MCI, incrementally smaller-than-expected benefit from practice was 

observed for increasingly impaired amnestic MCI subtypes (Hammers, Suhrie, Dixon, 

Porter, & Duff, 2020).

Despite these more recent findings, no study has attempted to validate Duff’s SRB 

prediction equations in a clean sample of cognitively intact individuals. This represents a 

knowledge gap for these SRBs because 44% of Duff’s (2014) development sample were 

categorized as having MCI, which raises concern about the purity of that sample and 

subsequently the resultant SRB equations. The use of “clean” or “robust” normative samples 

is receiving heightened focus in recent years (Goodwill et al., 2019; Harrington et al., 2017), 

suggesting the importance of normative samples being free from individuals with cognitive 

impairment. This increased focus is because cognitively impaired participants will display 

lower-than-expected baseline performances on cognitive tasks and have been shown to 

possess diminished benefit from practice (Duff et al., 2018; Duff et al., 2017). Inclusion of 

cognitively impaired participants in SRB development therefore leads to the potential for 

prediction equations to under-predict Time 2 performance. Consequently, one aim of the 

current study was to examine the validity of Duff’s (2014) SRB prediction equations using 

independent samples of cognitively intact community-dwelling older adults. Based on the 

inclusion of MCI participants in Duff’s sample, it was hypothesized that the application of 

these prediction equations to intact samples would result in a greater proportion of 

participants benefiting from practice on these cognitive measures over one week than 

expected (i.e., under-prediction of equations).

In addition, while Duff’s (2014) SRB equations incorporated demographic factors of age, 

education, and gender into his published models, additional demographic or test-

characteristic factors shown to impact practice effects exist and have the potential to improve 

prediction of Time 2 scores. For example, research has repeatedly shown an association 

between premorbid intellect and practice effects (Patton et al., 2005; Rapport et al., 1997; 

Rapport, Brines, Axelrod, & Theisen, 1997), and it has been suggested that individuals with 

stronger premorbid intellect or baseline performances on cognitive tasks display greater 

benefit from repeated exposure to stimuli (Rapport et al., 1997). Also, length of the retest 

interval between serial assessments has been shown to influence the size of practice effects 

observed over time (Calamia, Markon, & Tranel, 2012). In a meta-analysis of 349 studies 

assessing practice effects across a variety of neuropsychological tests, Calamia and 

colleagues (2012) highlighted retest interval among other patient- (age, diagnostic status) 

and test-characteristic (use of alternate form or placebo) factors, and observed that shorter 

retest intervals were associated with increases in estimated score gains at retesting. 

Relatedly, Duff has shown that one-week retest intervals are particularly susceptible to 
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practice effects, and that one-week practice effects add to the prediction of one-year 

performance on these repeated measures (Duff, Beglinger, Moser, Paulsen, et al., 2010). 

They observed that while baseline test performance was the strongest predictors of future 

test performance, one-week practice effects was consistently the second greatest predictor 

and improved the predictability of one-year repeated performance by 3% to 22%.

Taken together, a second aim of the study was to update the Duff (2014) SRBs by 1) 

combining the cognitively intact participants from Duff’s original development sample with 

the current validation sample to create a larger and cognitively cleaner combined 

development sample than Duff’s original sample, and 2) adding premorbid intellect and 

retest interval to the prediction models to examine the impact of these relevant variables on 

prediction of Time 2 performance during serial assessment. It was hypothesized that 

increasing the sample size of the combined development sample and including premorbid 

intellect and retest interval in the models would improve the predictive capacity of these 

SRB equations for these measures. Further validation of these SRB prediction equations in a 

large and clean normative sample with a greater set of predictors would increase confidence 

in these equations when tests are repeated over a short interval, and increase their potential 

diagnostic and prognostic value for predicting performance over more traditional clinical 

time-frames.

METHOD

Participants

Cognitively intact community dwelling older adults were recruited from the community 

(e.g., senior centers and independent living facilities) from two different samples for the 

current study. The first sample was comprised of 55 cognitively intact community-dwelling 

older adults recruited from 2010 to 2013 as a control group for a study of practice effects 

and MCI (see Duff et al., 2017). The second sample was comprised of 52 cognitively intact 

community-dwelling older adults recruited as a control group for a study of practice effects 

and Alzheimer’s disease biomarkers (2019 to present). The first sample’s mean age was 74.1 

(SD = 6.3, range = 65 – 89) years old, and the second sample was 72.5 (SD = 4.9, range = 

65 – 91) years old. The first sample averaged 15.4 (SD = 2.9, range = 8 – 20+) years of 

education, with an average of 16.7 (SD = 2.1, range = 12 – 20) years of education for the 

second sample. Both samples were predominantly Caucasian, with the first sample being 

predominantly female (81.8% female) and the second sample having a slightly higher 

proportion of females than males (61.5% female). Premorbid intellect at baseline was 

average according to the Wide Range Achievement Test – fourth edition (WRAT; Wilkinson 

& Robertson, 2006) Reading subtest for both samples (standard score: M = 108.6, SD = 8.0, 

range = 85 – 126 for the first sample, and M = 110.6, SD = 7.4, range = 88 – 126 for the 

second sample). Self-reported depression was generally low for both samples, including an 

average of 4.8 (SD = 4.0, range = 0 – 14) according to the 30-item Geriatric Depression 

Scale (GDS; Yesavage et al., 1982) for the first sample, and an average of 0.9 (SD = 1.0, 

range = 0 – 5) for the second samples using the 15-item GDS (cut-off ≤ 5; Sheikh & 

Yesavage, 1986; though self-reported depression was part of the exclusionary criteria for the 

parent study of the latter sample). The mean retest interval was 7.6 (SD = 1.9, range = 6 – 
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14) days for the first sample, whereas the retest interval was 6.8 (SD = 0.8, range = 4 – 9) 

days for the second sample.

For inclusion in the study, all participants from both samples were classified as being 

cognitively intact, or free of cognitive impairment (e.g., MCI or dementia due to 

Alzheimer’s disease). Classification of participants from the first sample has been described 

previously (Duff et al., 2017). Briefly, all participants in this sample performed within 1.5 

SD of the mean for each domain of a baseline cognitive evaluation described below. 

Classification of participants from the second sample was based on the classification battery 

developed in the Alzheimer’s Disease Neuroimaging Initiative (ADNI2, 2020), which 

included the Mini Mental Status Examination (Folstein, Folstein, & McHugh, 1975), the 

Clinical Dementia Rating Scale (Morris, 1993), and the Wechsler Memory Scale-Revised 

(Wechsler, 1987) Logical Memory II Paragraph A. As can be observed in Table 1, on 

average the two samples displayed within to above expectation abilities for baseline 

immediate and delayed memory skills, visuospatial skills, language, and attention on the 

Repeated Battery for the Assessment of Neuropsychological Status (RBANS; Randolph, 

2012).

The two cognitively intact samples differed on retest interval, t(71.56) = 2.79, p = .007, d = 

0.66, but there were no significant differences on any other continuous demographic 

variables (see Table 1). Specifically, no significant differences were observed for variables of 

age, t(101.1) = 1.48, p = .14, d = 0.29, education, t(99.0) = −2.58, p = .01, d = −0.52, 

premorbid intellect, t(105) = −1.34, p = .18, d = −0.26, RBANS Immediate Memory Index, 

t(105) = 2.51, p = .01, d = 0.49, RBANS Visuospatial/Constructional Index, t(105) = −2.17, 

p = .03, d = −0.42, RBANS Language Index, t(105) = 0.76, p = .45, d = 0.15, RBANS 

Attention Index, t(105) = −1.26, p = .21, d = −0.25, RBANS Delayed Memory Index, 

t(88.18) = −0.04, p = .97, d = −0.01, and RBANS Total Scale score, t(105) = −0.07, p = .94, 

d = −0.01. Similarly, there were no differences on dichotomous demographic variables 

between the two groups, including for sex, χ2 (1) = 4.49, p = .03, Phi = 0.23, or ethnic 

distribution, χ2 (1) = 0.95, p = .33, Phi = 0.09. Overall, any differences in the samples were 

small in magnitude, therefore these groups were pooled together to create a cognitively 

intact combined validation sample with a total sample size of 107 participants. Please see 

Table 1 for the pooled demographic values for the combined validation sample.

Additionally, for the calculation of new SRB equations, the current study pooled the current 

combined validation sample of 107 cognitively intact participants with the 93 cognitively 

intact participants from Duff’s (2014) development sample, resulting in a total combined 

development sample of 200 cognitively intact participants. See Table 1 for the demographic 

characteristics of this combined development sample.

General inclusion criteria for the study involved being aged 65 years or older and 

functionally independent (according to participant and/or knowledgeable informant), along 

with possessing adequate vision, hearing, and motor abilities to complete the cognitive 

evaluation. General exclusion criteria included neurological conditions likely to affect 

cognition, dementia, major psychiatric condition, current severe depression, substance 
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abuse, anti-convulsant or anti-psychotic medications, or residence in a skilled nursing or 

living facility.

Procedure

All procedures were approved by the local Institutional Review Board before the study 

commenced. All participants provided informed consent before completing any procedures. 

The following measures were administered at a baseline visit:

• HVLT-R (Brandt & Benedict, 2001) is a verbal memory task with 12 words 

learned over three trials, with the correct words summed for the Total Recall 

score (range = 0 – 36). The Delayed Recall score is the number of correct words 

recalled after a 20 – 25-minute delay (range = 0 – 12). For all HVLT-R scores, 

higher values indicate better performance.

• BVMT-R (Benedict, 1997) is a visual memory task with 6 geometric designs in 6 

locations on a card learned over three trials, with correct designs and locations 

summed for the Total Recall score (range = 0 – 36). The Delayed Recall score is 

the number of correct designs and locations recalled after a 20 – 25-minute delay 

(range = 0 – 12). For all BVMT-R scores, higher values indicate better 

performance.

• SDMT (Smith, 1973) is a divided attention and psychomotor speed task, with the 

number of correct responses in 90 seconds being the total score (range = 0 – 

110), and higher values indicate better performance.

• TMT-A and TMT-B (Reitan, 1992) are tests of visual scanning/processing speed 

and set shifting/complex mental flexibility, respectively. For each part, the score 

is the time to complete the task (range = 0 – 180 seconds for TMT-A, and range 

= 0 – 300 seconds for TMT-B). Higher values indicate poorer performance.

• WRAT Reading subtest – fourth edition (Wilkinson & Robertson, 2006) is used 

as an estimate of premorbid intellect, in which an individual attempts to 

pronounce irregular words. The score is normalized to standard scores (M = 100, 

SD = 15) relative to age-matched peers. Higher values indicate better 

performance.

• RBANS (Randolph, 2012) is a neuropsychological test battery comprising 12 

subtests that are used to calculate Index scores for domains of immediate 

memory, visuospatial/constructional, attention, language, delayed memory, and 

global neuropsychological functioning. The index scores utilize age-corrected 

normative comparisons from the test manual to generate standard scores (M = 

100, SD = 15). Higher scores indicating better cognition.

• The 30-item GDS (Yesavage et al., 1982) was used to assess self-reported 

depression for the first sample, and the 15-item GDS (Sheikh & Yesavage, 1986) 

was used to assess self-reported depression for the second sample. Higher scores 

indicated more self-reported depression for both measures, with the second 

sample using a cut-off of 5/15 (or higher) as exclusion for the parent study.
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After approximately one week, the HVLT-R, BVMT-R, SDMT, TMT-A, and TMT-B were 

repeated. The same form of each test was used to maximize practice effects for these 

repeated cognitive tasks. These tasks represented the primary measures in the current study. 

The RBANS and WRAT were only administered at baseline, and participants were classified 

as being cognitively intact based on their performance on baseline scores from all tests. The 

GDS was also administered at baseline. With the exception of SDMT possessing one 

missing value, no other variables of interest possessed missing data.

Analyses

Pairwise Baseline Versus One-Week Analyses—Pair-wise t tests were conducted to 

compare Observed Baseline and Observed One-Week scores for each of the repeated 

measures in the cognitive battery (HVLT-R, BVMT-R, SDMT, TMT-A, TMT-B) to 

approximate a traditional evaluation of change over time (comparison of Time 1 and Time 2 

scores) without controlling for practice effects or participant variables.

SRB Group Analyses—Previously published SRB prediction equations for each of the 

measures in the cognitive battery were applied to the current combined validation sample’s 

Baseline and One-Week scores (see Table 2 for Duff’s 2014 SRB equations). As has been 

described previously (Duff, 2014), the SRB prediction algorithms were calculated from a 

development sample using stepwise multiple-regression analyses to maximize the prediction 

of performance for each repeated measure in the cognitive battery. Demographic variables 

(e.g., age, education, sex), and baseline test score were used to predict the respective test 

score at one-week follow-up.

Following the application of these SRB prediction equations to the current intact combined 

validation sample, a z score was calculated for each participant. This z score reflects a 

normalized deviation of change for an individual participant. Specifically, the Observed 

One-Week score (T2) was compared to the Predicted One-Week score (T2′), normalized by 

the SEest (i.e., z = (T2 – T2′)/ SEest). While some discussion in the literature exists regarding 

the proper standard error estimate for use in reliable change methods (Hinton-Bayre, 2010), 

we have previously shown the equivalence of the two most-common estimates and provided 

support for use of the SEest (Hammers & Duff, 2019). Z scores for each repeated measure 

were then compared to expectation (z = 0) based on the normal distribution of z scores using 

a one-sample t test.

Individual Distribution Analyses—The resultant z scores were additionally 

trichotomized into “smaller-than-expected practice effects” (z score < −1.645), “expected 

practice effects” (z score falling between +/− 1.645), or “greater-than-expected practice 

effects” (z score > 1.645) for all measures in the repeated battery, with the exception of 

TMT-A and TMT-B that used reversed scoring. As indicated previously, if the z scores were 

normally distributed, then it would be expected that 5% of participants show “smaller-than-

expected practice effects,” 90% would show “expected practice effects”, and 5% would 

reflect “greater-than-expected practice effects.” Using this trichotomization, individual one-

sample chi-square analyses were conducted for each measure in the repeated cognitive 
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battery to determine if the observed distribution of participants’ performance deviated 

significantly from the expected distribution based on the normal distribution of z scores.

Calculation of SRBs Developed from the Current Combined Development 
Sample—Finally, multiple regression analyses were used to derive updated prediction 

equations from the pooling of the current combined validation sample of 107 cognitively 

intact participants with the 93 cognitively intact participants from Duff’s (2014) 

development sample, resulting in a total combined development sample of 200 cognitively 

intact participants. The updated prediction equations were based on McSweeny et al.’s 

(1993) method, though the current study used hierarchical multiple regression instead of 

step-wise multiple regression analyses for better statistical rigor (Millis, 2003). A separate 

prediction equation was generated for each of the cognitive measures in the repeated test 

battery. Similar to the methodology used by Duff (2014) and others (Beatty, Mold, & 

Gontkovsky, 2003; Patton et al., 2003), demographic variables (age, education, sex, 

premorbid intellect), retest interval, and the Time 1 (T1) score were regressed on the 

respective Time 2 (T2) score, though in the current sample the predictors were regressed in 

separate blocks (as compared to in a step-wise fashion). Specifically, Block 1 contained T1 

score, Block 2 added age, Block 3 added education, Block 4 added sex, Block 5 added 

premorbid intellect, and Block 6 added retest interval. For example, demographic variables, 

retest interval, and T1 HVLT-R Total Recall was regressed on T2 HVLT-R Total Recall 

performance. Age and education were represented as years old at T1 and number of years of 

formal education, respectively. Premorbid intellect was measured by WRAT Reading subtest 

performance. Sex was coded as male = 0, and female = 1. The retest interval was represented 

as days from T1 to T2. All scores used in the SRB equations were raw scores, with the 

exception of premorbid intellect (standard scores).

Measures of effect size were expressed throughout as Cohen’s d values for continuous data, 

and Phi coefficients for categorical data. Given the number of comparisons in the current 

study, a two-tailed alpha level was set at .01 for all statistical analyses.

RESULTS

Pairwise Baseline Versus One-Week Analyses

Change over time was first assessed using a traditional method of comparing Observed 

Baseline and Observed One-Week scores for each of the repeated measures in the cognitive 

battery (HVLT-R, BVMT-R, SDMT, TMT-A, TMT-B; see Table 3 for means) in these intact 

combined validation samples of community-dwelling older adults. Significant differences 

were observed for HVLT-R Total Recall, t(106) = −8.95, p = .001, d = −1.74, HVLT-R 

Delayed Recall, t(106) = −6.68, p = .001, d = −1.30, BVMT-R Total Recall, t(106) = −19.37, 

p = .001, d = −3.76, BVMT-R Delayed Recall, t(106) = −8.67, p = .001, d = −1.68, SDMT, 

t(105) = −6.07, p = .001, d = −1.18, and TMT-B, t(106) = 3.45, p = .001, d = 0.67. 

Specifically, scores were better at Observed One-Week than at Observed Baseline for all six 

measures. No difference was observed for the TMT-A, t(106) = 0.71, p = .48, d = 0.13.
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SRB Group Analyses

Duff’s (2014) SRB prediction equations for each of the repeated measures in the cognitive 

battery were applied to the current combined validation sample. When using one-sample t 
tests to compare z scores for each repeated measure to expectation (z = 0) based on the 

normal distribution of z scores (Table 3), the z score for BVMT-R Total Recall was 

significantly lower than zero, t(106) = −2.83, p = .006, d = −0.55. As a reminder, a negative 

z score means that Observed One-Week score is lower than the Predicted One-Week score, 

such that the current combined validation sample fell below expectations on this task based 

on Duff’s development sample. Conversely, no significant differences were observed on any 

of the other measures administered twice over one week, HVLT-R Total Recall, t(106) = 

−0.88, p = .38, d = −0.17, HVLT-R Delayed Recall, t(106) = −1.48, p = .14, d = −0.29, 

BVMT-R Delayed Recall, t(106) = −0.12, p = .91, d = −0.02, SDMT, t(105) = −0.17, p 
= .87, d = −0.03, TMT-A, t(106) = 1.56, p = .12, d = 0.30, or TMT-B, t(106) = −0.75, p 
= .46, d = −0.15.

Individual Distribution Analyses

Next, we examined the distribution of individual intact older adults that displayed “smaller-

than-expected practice effects” (z score < −1.645 for HVLT-R, BVMT-R, and SDMT; z 
score > 1.645 for TMT-A and TMT-B), “expected practice effects” (z score falling between 

+/− 1.645), or “greater-than-expected practice effects” (z score > 1.645 for HVLT-R, BVMT-

R, and SDMT; z score < −1.645 for TMT-A and TMT-B) between Baseline and One-Week 

administrations of the repeated cognitive battery. The majority of participants exhibited the 

expected level of improvement or practice effect (94.6% of participants; see Table 4). 

Similarly, no significant difference in performance distribution was seen relative to 

expectation for any of the cognitive measures in this repeated battery, HVLT-R Total Recall, 

χ2 (2) = 2.26, p = .32, Phi = .14, BVMT-R Total Recall, χ2 (2) = 5.70, p = .06, Phi = .23, 

SDMT, χ2 (2) = 0.36, p = .83, Phi = .06, TMT-A, χ2 (2) = 2.67, p = .26, Phi = .16, or TMT-

B, χ2 (2) = 3.47, p = .18, Phi = .18. Although non-significant trends were observed for 

HVLT-R Delayed Recall, χ2 (2) = 7.62, p = .02, Phi = .27, and BVMT-R Delayed Recall, χ2 

(2) = 6.25, p = .04, Phi = .24, these suggested that more people displayed performances over 

one week that were consistent with Duff’s (2014) prediction equations than was anticipated 

based on the normal distribution of z scores.

Calculation of SRBs Developed from the Current Combined Development Sample

As described above, prediction equations for T2 scores were calculated for each measure in 

the repeated test battery, based on pooling the 107 cognitively intact participants from the 

current combined validation sample and the 93 cognitively intact participants from Duff’s 

(2014) development sample (for a total n = 200 for the combined development sample). The 

results of the prediction equations are presented in Table 5. For each score, the final model’s 

R2, SEest, constant, and unstandardized beta weights for relevant variables are listed. The 

final model predicting HVLT-R Total Recall at T2, which included HVLT-R Total Recall at 

T1, accounted for a significant amount of variance, F(1, 198) = 151.46, p < .001. HVLT-R 

Delayed Recall T2 was best predicted by HVLT-R Delayed Recall T1, F(1, 198) = 162.54, p 
< .001. BVMT-R Total Recall T2 was best predicted by BVMT-R Total Recall T1, age, 
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education, sex, and WRAT Reading, F(5, 194) = 49.33, p < .001. BVMT-R Delayed Recall 

T1, age, education, sex, and WRAT Reading best predicted BVMT-R Delayed Recall T2, 

F(5, 194) = 46.10, p < .001. SDMT T2 was best predicted by SDMT T1, age, and education, 

F(3, 195) = 168.19, p < .001. TMT-A T1 best predicted TMT-A T2, F(1, 198) = 64.13, p 
< .001. Finally, the follow-up TMT-B score was best predicted by TMT-B T1, age, 

education, sex, WRAT Reading, and retest interval, F(6, 193) = 45.50, p < .001.

DISCUSSION

The current study sought to examine the validity of previously published SRB predicted 

difference equations (Duff, 2014) for commonly administered cognitive measures (HVLT-R, 

BVMT-R, SDMT, TMT-A, and TMT-B) in an independent sample of cognitively intact 

community-dwelling older adults assessed twice over a one-week period. While a few 

studies (Duff et al., 2018; Duff et al., 2017; Hammers, Suhrie, et al., 2020) have previously 

attempted to externally validate these SRB prediction equations in predominantly impaired 

samples, to our knowledge, this is the first study to apply these equations to a large and clean 

sample of cognitively intact participants. Use of cognitively-intact validation samples 

permits the opportunity to examine whether Duff’s use of cognitively compromised 

participants in its development sample (e.g., 44% of Duff’s sample was MCI) leads to under-

prediction of the SRB prediction equations in intact individuals. We also attempted to update 

Duff’s (2014) prediction equations by increasing the size of the combined development 

sample (n = 200), including only cognitively intact participants, and adding select participant 

and test characteristic variables to the algorithms – premorbid intellect and retest interval – 

based on their known impact on practice effects.

For our current combined validation sample of cognitively intact participants, when 

comparing observed test scores at baseline and one-week, large and statistically significant 

improvements in performance were observed across most measures administered (HVLT-R 

Total Recall, HVLT-R Delayed Recall, BVMT-R Total Recall, BVMT-R Delayed Recall, 

TMT-B, and SDMT; Cohen’s ds = | 0.67 – 3.76 |). For example, as seen in Table 3, BVMT-R 

Total Recall improved, on average, from 21.5 points at baseline to 29.5 points at one-week 

follow-up, accounting for a 36.8% improvement. Given the short test-retest interval and the 

lack of expected acute change in cognition for this sample over one week, these improved 

performances are being interpreted as a practice effect. These results are consistent with the 

multitude of research (Darby, Maruff, Collie, & McStephen, 2002; Duff et al., 2018; Duff et 

al., 2017; Fernandez-Ballesteros, Zamarron, & Tarraga, 2005; Hammers, Suhrie, et al., 2020; 

Suchy, Kraybill, & Franchow, 2011) showing that older adults exhibit practice effects on 

repeat testing. Specifically for BVMT-R, this visual memory task appears to be especially 

susceptible to benefit from repeated exposure, which coincides with a meta-analysis by 

Calamia et al. (2012) showing that the largest positive practice effects observed for a 

cognitive domain was for visual memory.

Conversely, when applying Duff’s (2014) SRB prediction equations to baseline performance 

on these measures, our combined validation sample’s level of observed practice effect was 

consistently within expectation of predictions across nearly all measures administered. This 

was observed in two different methods. First, when considering group-level analysis, only 
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one significant difference was observed between predicted one-week scores and observed 

one-week scores for our combined validation sample of intact participants (BVMT-R Total 

Recall; see Table 3). Second, when examining the distributions of individual participants in 

our combined validation sample that displayed smaller-than-expected, expected, or greater-

than-expected practice effects, no significant differences in performance distribution were 

seen relative to expectation for any of the cognitive measures in this repeated battery, and 

some trends were observed where more participants displayed performance over one week 

that was consistent with Duff’s (2014) prediction equations than was anticipated based on 

the normal distribution of z scores (i.e., HVLT-R Delayed Recall and BVMT-R Delayed 

Recall). As a reminder, the properties of the normal curve for a 90% CI at an α = 0.05 

indicate that 5% of participants should display smaller-than-expected practice effects, 90% 

should show expected practice effects, and 5% should reflect greater-than-expected practice 

effects. As seen in Table 4, however, few participants possessed worse-than or better-than 

expected practice effects based on normal distributions, with on average 95% of the 

individual participants displaying the expected level of benefit from practice.

These collective results are counter to our expectation based on Duff’s (2014) use of a 

development sample that included both cognitive intact participants and those with MCI. 

Specifically, it was anticipated that Duff’s inclusion of cognitively impaired participants in 

the development sample would have reduced the purity of that sample, led to differential 

rates of change relative to intact samples, and subsequently impacted the ability of the SRB 

equations to predict performance at Time 2 when applied to non-impaired samples. This 

concern is related to the importance in clinical neuropsychology of normative (and 

normative change) samples being cognitively intact (Goodwill et al., 2019; Harrington et al., 

2017), as compared to being from a mixed sample like in Duff (2014). Instead, Duff’s 

prediction equations appear to predict performance at One-Week well in this validation 

sample, and the only measure where predicted performance differed from observed 

performance (BVMT-R Total Recall) suggested that the prediction equations over-predicted 
performance. As expected given the presence of individuals with MCI, Duff’s (2014) sample 

displayed consistently lower baseline scores than our current intact sample on the respective 

measures (HVLT-R Total Recall = 23.2 for Duff vs. 27.5 currently; HVLT-R Delayed 

Recall= 6.7 for Duff vs. 9.8 currently; BVMT-R Total Recall = 14.6 for Duff vs. 21.5 

currently; BVMT-R Delayed Recall = 5.6 for Duff vs. 8.9 currently; TMT-A = 44.1 for Duff 

vs. 36.5 currently; TMT-B = 117.1 for Duff vs. 85.6 currently; and SDMT = 39.5 for Duff 

vs. 44.5 currently). Normatively, Duff’s samples tended to fall, on average, in the low 

average to average range, and the current combined validation sample participants were 

consistently in the average range relative to their same-aged peers. The two samples (Duff’s 

and the current combined validation sample) were relatively equal with respect to age (78.6 

years for Duff vs. 73.3 years currently), education (15.4 years for Duff vs. 16.1 years 

currently), premorbid intellect (107.8 SS for Duff vs. 109.6 SS currently), retest interval 

(Duff reported at “one-week” vs. 7.3 days currently), and both sex (81.1% female for Duff 

vs. 72.0% currently) and ethnicity (100% Caucasian for Duff vs. 99.0% Caucasian 

currently). Conversely, when comparing the benefit from repeat test exposure – practice 

effect – between the two samples, Duff’s sample tended to benefit from practice to generally 

comparable levels (HVLT-R Total Recall = 4.4 points improvement for Duff vs. 3.1 
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currently; HVLT-R Delayed Recall= 2.2 points improvement for Duff vs. 0.9 currently; 

BVMT-R Total Recall = 8.2 points improvement for Duff vs. 7.9 currently; BVMT-R 

Delayed Recall = 2.3 points improvement for Duff vs. 1.4 currently; TMT-A = 4.2 seconds 

improvement for Duff vs. 1.3 currently; TMT-B = 12.4 seconds improvement for Duff vs. 

9.8 currently; and SDMT = 2.3 points improvement for Duff vs. 2.8 currently) despite 44% 

of their sample possessing a diagnosis of MCI. While the current combined validation 

sample may have potentially been limited by ceiling effects at Time 2 given their stronger 

Time 1 performances, this general comparability in practice effects between the samples 

likely explains the ability of Duff’s SRB prediction equations to predict Time 2 performance 

in our sample with accuracy, and potentially sheds light on the relative contribution of the 

various components of complex-SRB regression equations. It is also worth noting that 

Duff’s (2014) mixed sample likely allowed for a wider range of test performances than a 

cognitively intact sample alone, which enhances the generalizability of regression models. 

Taken together, the current results appear to add further external support to the validity of 

Duff’s (2014) SRB equations for the cognitive measures administered to predict cognitive 

performance in research or clinical situations when repeated administration of testing is 

necessary over a short period of time.

The current study additionally updated Duff’s (2014) prediction equation models by pooling 

the 107 participants from the current combined validation sample with the 93 cognitively 

intact participant’s from Duff’s original development sample to create a combined 

development sample (n = 200), and examined the impact of adding select participant and test 

characteristic variables as predictors to the models. As can be observed in Table 5, when 

incorporating baseline performance, demographic variables (age, education, sex, premorbid 

intellect), and retest interval, we were able to significantly predict T2 performance for each 

of the measures in our repeated test battery. WRAT premorbid intellect was a significant 

predictor in 3 of the 7 scores (BVMT-R Total Recall, BVMT-R Delayed Recall, and TMT-B) 

examined, and retest interval was a significant predictor for one measure examined (TMT-

B). These results are consistent with past research suggesting strong associations between 

greater premorbid intellect and stronger practice effects (Patton et al., 2005; Rapport et al., 

1997; Rapport et al., 1997), along was previous findings that premorbid intellect has been 

shown to play a moderating effect in the relationship between β-amyloid accumulation and 

cognition (Duff et al., 2013). As premorbid intellect has been used as a proxy measure for 

cognitive reserve (Jefferson et al., 2011), it has been suggested as a protective factor in the 

development of dementia (Stern, 2006), an influence on the onset of AD symptoms (Roe, 

Xiong, Grant, Miller, & Morris, 2008), and a moderator in the development of AD 

pathology (Rentz et al., 2010; Rodrigue et al., 2012; Roe, Mintun, et al., 2008). Relatedly, 

our results are consistent with previous findings by Calamia and colleagues (2012) showing 

that the interval between repeated test administrations may have significant impacts on the 

effect of practice during serial administration.

When comparing the R2 and SEest values between the two sets of prediction equations (see 

Table 2 for Duff’s 2014 and Table 5 for the current equations), some trends tended to 

emerge. For all measures but TMT-A, the R2 value, or the amount of variance accounted for 

in the model, was relatively comparable between the two sets of equations. In fact, the 

difference in the amount of variance between Duff’s and the current models were only 2 – 
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15% (0.15 R2 units) of each other. Some tasks were predicted slightly better by Duff’s 

equations (HVLT-R Total Recall, HVLT-R Delayed Recall, BVMT-R Total Recall, BVMT-R 

Delayed Recall, and SDMT) and others by the current equations (TMT-B). Based on this 

metric, neither set of prediction equations was notably better than the other.

Of greater importance, however, the current SRB prediction equations resulted in a smaller 

SEest value for every task administered in the repeated battery except TMT-A (commonly 

ranging from a 28 – 38% reduction in the SEest). This reduction is important because, as a 

reminder, the calculation of z scores for reliable change methods relies on the SEest to 

determine if a significant deviation exists between an individual’s predicted and observed 

Time 2 performance. Specifically, when considering the equation, z = (T2 − T2′)/ SEest, 

prediction equations generating smaller SEest values will mean a smaller difference between 

an individual’s predicted and observed Time 2 performance will be necessary for a given z 
score, or significance at a set cut-off. A case example may be of benefit to better explain the 

differences between the SEest derived from change formulae calculated from Duff’s (2014) 

development sample and the current pooled sample. Imagine that a 75 year-old female with 

12 years of education was tested twice across one week on the HVLT-R Total and Delayed 

Recall, and her Observed Baseline and Follow-up scores were as follows: Observed Baseline 

HVLT-R Total Recall = 30 vs. Observed Follow-up HVLT-R Total Recall = 27, and 

Observed Baseline HVLT-R Delayed Recall = 10 vs. Observed Follow-up HVLT-R Delayed 

Recall = 8. She declines slightly on both measures by 2–3 points over the two test 

administrations. As can be seen in Table 6, when applying both Duff’s (2014) and the 

currently updated SRB equations, it is observed that her Predicted scores should be similar 

regardless of the development sample and set of equations. However, the currently updated 

SRBs’ smaller SEest (HVLT-R Total Recall SEest = 3.71 for Duff vs. 3.34 currently, HVLT-R 

Delayed Recall SEest = 1.88 for Duff vs. 1.17 currently) means that the relatively same 

deviation between Observed and Predicted scores between the two sets of SRBs leads to 

different conclusions about her performance. More specifically, despite these variations from 

Time 1 to Time 2, neither of these performances suggest a statistically significant deviation 

from expectation based on Duff’s (2014) SRB prediction equations, as the z scores are all 

<1.645. Conversely, both performances reflect a statistically significant decline relative to 

expectation when using the current SRB prediction equations (HVLT-R Total and Delayed 

Recall zs = −1.69 and −2.39, respectively). This difference in SEest is not necessarily 

surprising given that Duff’s sample incorporated both cognitively intact participants and 

those with MCI, resulting in a wider potential range of performance compared to our cleanly 

cognitively intact sample, though our increased sample size in the updated SRBs from 

pooling across three samples could have theoretically inflated our degree of deviation as 

well. Overall, these results coincide with the primary conclusion in the current study that 

Duff’s SRB equations tended to accurately predict performance across the current 

cognitively intact sample, but also highlight the importance of premorbid intellect and retest 

interval in predicting follow-up performance during serial assessment, and using cognitively 

intact normative samples.

An interesting observation from reviewing Table 5 was that improved prediction of T2 

performance by demographic variables was not uniform across the newly-created SRB 

equations. It appears that some cognitive measures are more sensitive to demographic input 
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than others, as can been seen by the variables of age, education, sex, and WRAT premorbid 

intellect significantly predicting T2 performance on the BVMT-R measures but not the 

HVLT-R measures. This can also be observed, to a certain extent, in the SRB equations from 

Duff’s (2014) original development sample (see Table 2), such that demographic variables 

predicted T2 scores for HVLT-R to a lesser extent than BVMT-R. It has been proposed that 

BVMT-R has greater sensitivity to the AD continuum than does HVLT-R, given that BVMT-

R has previously shown stronger relationships with the AD biomarker hippocampal volume 

than HVLT-R (Duff et al., 2018; Hammers, Kucera, et al., 2020). As age, and to a certain 

extent demographic variables of education, sex, and premorbid intellect, have been shown to 

be predictive of both cognition and the development of AD (Salthouse, 2009), it would 

therefore not be surprising that these variables are more highly predictive of BVMT-R future 

performance than HVLT-R future performance in the current study.

The current study is not without limitations. These findings are specific to the cognitive 

measures administered in this battery over this particular time frame (one week), and 

generalization cannot be made to other measures of cognition, different retest intervals, or 

use of alternative forms (as shown by Calamia and colleagues; Calamia et al., 2012). Future 

studies should build upon previous work of Duff and colleagues (Duff, Beglinger, Moser, 

Paulsen, et al., 2010) to show that SRBs may transcend specific tests within a domain or 

retest intervals. Also, while the range of retest intervals was restricted to 4 – 14 days during 

the current study, the focus of the manuscript was on short-term practice effects therefore 

this range (10 days) was relatively broad given the overall mean retest interval of 7.3 days. 

With older research indicating that practice effects for cognitive testing were greatest at 1 

week and declined for intervals of 1 month, 2 months, or 4 months (Catron & Thompson, 

1979) – and the goal of these SRBs was to predict Time 2 performance optimally with data 

generally available to researchers and clinicians – we felt that this 10-day range of retest 

interval was appropriate for inclusion in the prediction equations. In addition, these results 

may not generalize to more heterogeneous participants in regards to premorbid functioning, 

sex, education, and ethnicity. While future research should consider such predictions in 

samples that are not primarily well-educated Caucasian females, the current study’s 

proportions of highly educated females in each sample (collected in different states and over 

one-decade apart) appear to reflect long-standing trends in research participation. 

Specifically, it has been observed that women tend to volunteer more than men across all age 

ranges (United States Bureau of the Census, Statistics, National, & Service, 2015), reaching 

a difference of upwards of 30% (U.S. Bureau of Labor Statistics, 2016), and that individuals 

with higher incomes and greater levels of education consistently volunteer at greater levels 

(United States Bureau of the Census et al., 2015). Future SRB studies should therefore be 

more intentional at recruiting samples more reflective of the general population. Further, as 

the specific focus of this manuscript was to evaluate Duff’s (2014) SRB performances in an 

intact sample, the current results do not provide information on cognitive prediction in other 

disease states.

Finally, performance by our intact participants in the current combined validation sample on 

the TMT-A was inconsistent with the remainder of the measures in the repeated test battery 

across nearly all analyses conducted. For example, TMT-A performance failed to display 

significant improvement (or practice effect) from Time 1 to Time 2, and prediction of 
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follow-up score was not improved like most other measures with the inclusion of premorbid 

intellect or retest interval (see R2 and SEest values). Our previous work (Hammers, Suhrie, et 

al., 2020) showed that older adults with MCI displayed improved performance over one 

week on this measure of visual scanning and speeded processing, rendering the current 

results surprising in the cognitively intact sample (that should be more prone to benefitting 

from practice). When reviewing mean and standard deviations for the measure across the 

two administrations in Table 3, at least a subset of cognitively intact participants completing 

this task displayed a high degree of variability at Time 2 (SD of 13.7 seconds at Time 1 vs. 

20.2 seconds at Time 2). This is in contrast to the same sample’s performance on the more 

challenging TMT-B, where significant practice effect was observed across the sample at 

Time 2, and the SD declined from 39.5 seconds for Time 1 to 31.6 seconds for Time 2. 

Further examination of this TMT-A variability is warranted in future studies.

Despite these limitations, the results support the validity of Duff’s (2014) SRB prediction 

equations, the first study to do so in a cognitively intact sample. They also support the 

potential for these one-week SRB prediction equations to possess value diagnostically and 

prognostically, and inform treatment recommendations given research suggesting that 

practice effects can predict response to intervention (Duff, Beglinger, Moser, Schultz, & 

Paulsen, 2010), outcomes (Duff et al., 2011; Hassenstab et al., 2015; Machulda et al., 2013), 

and Alzheimer’s-related pathology (Duff et al., 2018; Duff, Foster, & Hoffman, 2014; 

Galvin et al., 2005; Mormino et al., 2014). Using short-term practice effects as a screening 

tool in integrated primary care settings has the potential to inform clinical decision making 

about individuals along the Alzheimer’s continuum, and accelerate the time to possible 

intervention.
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Table 3.

Baseline, Observed and Predicted One-Week cognitive scores, standardized z scores, and p values for 

difference from expectation (z = 0) based on the normal distribution of z scores in intact participants

Observed Baseline Observed One-Week Predicted One-Week z score p value

Hopkins Verbal Learning Test – Revised

 Total Recall 27.53 (4.5) 30.64 (4.6) 30.93 (3.5) −0.08 (0.9) 0.38

 Delayed Recall 9.80 (1.9) 10.67 (1.6) 10.84 (1.0) −0.09 (0.6) 0.14

Brief Visuospatial Memory Test – Revised

 Total Recall 21.47 (6.1) 29.37 (4.5) 30.52 (6.3) −0.22 (0.8) 0.006

 Delayed Recall 8.90 (2.1) 10.27 (1.4) 10.29 (1.7) −0.01 (0.8) 0.91

Symbol Digit Modality Test 44.49 (8.0) 47.33 (9.4) 47.41 (7.4) −0.02 (1.0) 0.87

Trail Making Test

 Part A 36.48 (13.7) 35.17 (20.2) 32.42 (10.6) 0.28 (1.8) 0.12

 Part B 85.88 (39.5) 76.12 (31.6) 77.74 (26.6) −0.05 (0.7) 0.46

Note: p value = significance of one-sample t tests examining whether z scores differed from expectation (z = 0) based on the normal distribution of 
z scores.
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Table 4.

Percentage of intact sample that displayed smaller-than-expected practice effects, expected practice effects, or 

greater-than-expected practice effects based on standardized regression-based methodology

Practice Effect

Smaller-Than- Expected Expected Greater-Than-Expected p value

Hopkins Verbal Learning Test – Revised

Total Recall 5 93 2 .32

Delayed Recall 2 98 0 .02

Brief Visuospatial Memory Test – Revised

Total Recall 6 94 0 .06

Delayed Recall 1 97 2 .04

Symbol Digit Modality Test 4 91 5 .83

Trail Making Test

Part A 2 94 4 .26

Part B 2 95 3 .18

Note. p value = significance of chi square tests between Observed distribution and Expected distribution based on the normal curve distribution of z 
scores (5% display smaller-than-expected practice effects, 90% display expected practice effects, 5% display greater-than-expected practice 
effects).
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Table 5.

Regression equations for predicting Time 2 scores from the current cognitively intact combined development 

sample

F (df) R2
SEest

a
C

b
B

c
Other variables 

d

Hopkins Verbal Learning Test – 
Revised

∃Total Recall 151.46 (1, 198) .43 3.34 13.13 0.65

∃Delayed Recall 162.54 (1, 198) .45 1.17 5.90 0.49

Brief Visuospatial Memory Test – 
Revised

∃Total Recall 49.33 (5, 194) .56 3.78 11.01 0.52 − (age*0.13) + (education*0.17) + (sex*0.41) + 

(WRAT*0.13)

∃Delayed Recall 46.10 (5, 194) .54 1.35 2.78 0.49 − (age*0.04) + (education*0.07) + (sex*0.23) + 

(WRAT*0.04)

Symbol Digit Modality Test 168.19 (3, 195) .72 4.92 19.83 0.83 − (age*0.21) + (education*0.37)

Trail Making Test

 Part A 64.13 (1, 198) .25 14.23 12.21 0.61

 Part B 45.50 (6, 193) .59 22.69 −9.94 0.47 + (age*1.41) - (education*0.93) − (sex*1.94) − 

(WRAT*0.22) − (Interval*2.12)

Note: All F-tests are significant at p < .001. df = degrees of freedom,

a
= standard error of the estimate,

b
= Constant,

c
= Unstandardized beta weight for the same Time 1 Index,

d
= Unstandardized beta weights for other variables in the equation, WRAT = Wide Range Achievement Test – Reading subtest. Age and education 

are in years; sex is coded male = 0, female = 1; WRAT is in Standard Score units; and Interval is in days. To calculate the predicted Time 2 score, 
use the following formula: (Constant value for the Index) + Unstandardized beta weight for the Index at Time 1 * score for Index at Time 1) + 
(Other variables in equation as noted in the Table).
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