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Abstract Introduction: Longitudinal testing is necessary to accurately measure cognitive change. However,
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repeated testing is susceptible to practice effects, which may obscure true cognitive decline and delay
detection of mild cognitive impairment (MCI).
Methods: We retested 995 late-middle-aged men in a w6-year follow-up of the Vietnam Era Twin
Study of Aging. In addition, 170 age-matched replacements were tested for the first time at study
wave 2. Group differences were used to calculate practice effects after controlling for attrition effects.
MCI diagnoses were generated from practice-adjusted scores.
Results: There were significant practice effects on most cognitive domains. Conversion to MCI
doubled after correcting for practice effects, from 4.5% to 9%. Importantly, practice effects were
present although there were declines in uncorrected scores.
Discussion: Accounting for practice effects is critical to early detection of MCI. Declines, when
lower than expected, can still indicate practice effects. Replacement participants are needed for
accurately assessing disease progression.
� 2018TheAuthors. Published byElsevier Inc. on behalf of theAlzheimer’sAssociation. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Longitudinal assessments are necessary for directly
measuring cognitive change over time to track disease
progression from cognitively normal to mild cognitive
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impairment (MCI) or MCI to Alzheimer’s disease (AD),
and for assessing efficacy of therapeutic interventions
[1,2]. Because the pathological process begins decades
before the onset of AD, it is widely agreed that early
identification is of enormous importance [3]. However,
repeat testing is susceptible to practice effects [4,5], and
failure to account for practice effects may obscure
cognitive declines and delay detection of conversion to
MCI or AD [6,7].
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Here, we assessed practice effects on neuropsychological
testing and their impact on diagnosis of MCI in late-middle-
aged adults. Practice effects are typically defined as
improvements in performance due to prior exposure to a
test as opposed to frank cognitive improvements [5,8].
However, in longitudinal studies, the absence of practice
effects over time could signal cognitive decline as opposed
to cognitive stability [9]. In midlife and later life, when
normative declines are expected, stable performance, and
even declines, could still reflect the contribution of practice
effects. This situation is particularly problematic for studies
that use age-based norms to diagnose individuals with
cognitive impairment. Consider, for example, two
individuals with similar characteristics who have identical
cognitive test scores just above threshold for an MCI
diagnosis, the only difference is that one individual is being
tested for the first time, whereas the other has taken these
tests before. We can infer that the second individual may
actually have more impairment, but the effects of practice
are artificially increasing their test scores, keeping them
above threshold. This individual may have been diagnosed
as having MCI had they been taking the test for the first
time and not received the benefits of practice. Clinically,
this scenario is becoming more relevant as AD drug inter-
vention trials shift toward secondary prevention strategies
that rely on early identification. Failure to correct for prac-
tice effects may result in underdiagnosis or delays in detect-
ing MCI.

Shorter test-retest intervals are significantly associated
with an increased magnitude of practice effects [8,10,11].
However, practice effects have been found across intervals
of over 5 years, and it has been estimated that it may take
at least 7 years for practice effects to decrease to zero in
adults aged 18–58 years [12,13]. Alternate test forms do
not solve the problem because they do not fully remove
practice effects [14,15] and they introduce test differences
as yet another factor that affects performance. Selective
attrition is an additional concern. Because returnees
usually represent a healthier or higher performing
subgroup, they would be expected to score higher at
follow-up than the overall sample at baseline [1,16]. In
case-control studies, the control group may be used to gauge
practice effects, but that only allows for assessment of
relative change in cases versus controls. If, however, there
is no explicit control group and the goal is to determine
when someone meets criteria for a diagnosis of MCI, cutoff
scores for cognitive impairment at the point of diagnosis
must be made. If there are practice effects, then those cutoff
scores should be modified. The standard approaches for
gauging practice effects do not provide a way to adjust the
impairment threshold.

In contrast, inclusion of replacement participants—
individuals who complete their baseline testing visit at
the same time and age as the initial sample’s follow-up
visit—provides an optimal strategy to calculate practice
and attrition effects [13]. R€onnlund et al. [13] used this
approach to examine practice effects on tests of episodic
and semantic memory. Here, we applied this approach to
investigate practice effects across multiple cognitive
domains over a 6-year interval during late midlife. We
hypothesized that adjusting for practice effects would result
in an increased rate of MCI at follow-up, suggesting that
MCI cases are being missed when practice effects are not
taken into account. In addition, because we previously found
that different episodic memory tests showed different
patterns of change across time [17], we examined whether
practice effects contributed to these differences.
2. Methods

2.1. Participants

Participants were from waves 1 and 2 of the Vietnam Era
Twin Study of Aging (VETSA) [18]. VETSA participants
comprise a national, community-dwelling sample of
male-male twins who are similar to American men in their
age range with respect to health and lifestyle characteristics
based on Center for Disease Control and Prevention data
[19]. All served in the military sometime between 1965
and 1975, but nearly 80% reported no combat exposure.
Detailed descriptions of the sample composition and method
of ascertainment have been reported elsewhere [20,21].

The current analysis included 1220 individuals tested at
wave 1 (mean age 5 55.88 years, standard deviation
[SD] 5 2.5). Of these, 225 were dropouts and 995 (82%)
returned for wave 2 (returnees; mean age 5 61.54 years,
SD 5 2.4). At wave 2, 170 attrition replacements (ARs) of
a similar age as the returnees were tested for the first time
(mean age 5 62.67 years, SD 5 2.3). ARs were recruited
from the same twin registry as the other participants.

The study was approved by the institutional review
boards at the participating institutions.

2.2. Demographics

The estimation of practice effects based on group means
of returnees and ARs assumes the samples are well-
matched on measures that may cause systematic differences
in test performance. Although participants were recruited
from a random sample, it is still possible that group differ-
ences exist. We found some small but significant differences
between groups (see Table 1). The returnee group had a
higher percentile score on the general cognitive ability
(GCA) test that was administered at an average age of 20
years (61.4 vs. 54.3; t(225.79)5 3.765,P, .001). These scores
are approximately equivalent to intelligence test (IQ) scores
of 104.4 versus 101.6. Section 2.3 contains a description of
the GCA test. The returnee group also had a higher average
education (13.9 years vs. 13.4 years, t(222.54) 5 3.765,
P , .001). The AR group was older than returnees
(62.67 vs. 61.54; t(238.98)5 5.880, P, .001). The percentage
of apolipoprotein E ε4 (APOE-ε4) carriers was similar
between groups (29.4% vs. 25.8%; c2(1)5 2.16, P 5 .142).



Table 1

Demographic characteristics of the sample

Measure Dropouts Returnees Attrition replacements

N 225 995 170

Age, in years Wave 1: 56.23 (2.5)* Wave 1: 55.80 (2.5) Wave 2: 62.67 (2.3)**

Wave 2: 61.54 (2.4)

Education 13.70 (2.1) 13.87 (2.09) 13.44 (2.2)*

Age 20 GCA 59.95 (23.11) 61.40 (22.1) 54.27 (22.9)**

APOE-ε41 58 (25.8%) 293 (29.4%) 37 (21.8%)

NOTE. GCA 5 general cognitive ability based on the Armed Forces Qualification Test (AFQT). Standard deviations (SDs) are reported in parentheses

(except when reporting percentages).

NOTE. *P , .05 and **P , .001 significance of comparison with returnees.
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2.3. Cognitive measures

A set of 23 measures grouped into seven specific
cognitive abilities was assessed for practice effects. Scores
at both waves were converted to z-scores based on the means
and SDs of all participants’ wave 1 scores. When there was
more than one measure of a cognitive ability, we generated
composites by taking the average of individual z-score
measures. Signs of some tests (e.g., reaction time) were
flipped so that higher scores always indicated better
performance. The tests and scores comprising the seven
specific cognitive abilities are shown in Table 2.

In addition to the specific abilities, general (“premorbid”)
cognitive ability (GCA) in young adulthood (average age
of 20 years) was measured with the Armed Forces
Qualification Test (AFQT), a 100-item multiple-choice
paper-and-pencil test administered just before military in-
duction [22]. The AFQT is highly correlated (r 5 .84) with
standard IQ measures [23]. Percentile scores were trans-
formed to a normal distribution using the probit function.
2.4. Adjustment for GCA and education

Owing to the difference in age 20 GCA between returnees
and ARs, practice effects might be inflated. The higher level
of performance in the returnees at follow-up could be partly
due to their higher average GCA. To account for this
difference, we regressed out the transformed age 20 AFQT
score from all test scores at waves 1 and 2. The intercept
was added back into the residuals to maintain mean-level
information in each test score.

Our primary analyses focused on the scores adjusted for
age 20 GCA because this is a direct measure of early adult
cognitive ability for which education is often used as a
proxy. Elsewhere, we have shown a full distribution of age
20 AFQT scores even among participants who all had
exactly 12 years of education [24]. Therefore, adjusting by
age 20 AFQT scores provides more accurate matching
than adjusting by education. However, because direct
measures of early-life GCA are rarely available, we also
created a data set adjusted for education using the same
methods as described previously. The practice effects
generated from this data set may provide a useful reference
for future studies.
2.5. Estimation of practice effects

Practice effects were calculated according to the methods
of R€onnlund et al. [13]. If there are no attrition effects, this
method assumes that if two groups are drawn from the
same population and the only difference is that one group
has taken a test before and the other is being tested for the
first time, any group difference can be attributed to the effect
of practice. Therefore, we compare the mean of wave 2
scores between returnees taking the test for a second time
and the mean score of age-matched ARs taking the test for
the first time. In reality, this difference reflects a combination
of practice effects and selective attrition effects. That is, the
individuals who returned for follow-up may represent a
better performing or healthier subset of the overall baseline
sample. This approach therefore calculates the attrition
effect as the difference in the mean score of returnees at
wave 1 and the mean score of all individuals at wave 1.
The practice effect of each test was then calculated as the
difference score minus the attrition effect. In summary,

Difference score 5 ReturneesT2 2 ReplacementsT2
Attrition effect 5 ReturneesT1 2 AllT1
Practice effect 5 Difference score 2 Attrition effect
Where ReturneesT2 is the mean score of returnees at wave

2, ReplacementsT2 is the mean score of ARs at wave 2,
ReturneesT1 is the mean score of returnees at wave 1, and
AllT1 is the mean score of the entire group at wave 1. The
resulting value of the practice effect may be interpreted as
the number of SD unit change in wave 1 scores that is
expected simply due to repeat testing. A positive value
represents an expected increase in performance resulting
from practice. These values were then subtracted from
returnees’ wave 2 scores to obtain corrected test scores,
that is, the score that would be expected if the individual
were taking the test for the first time. Importantly, this
approach simply removes the mean expected change
(or “group-level practice effects”), but it does not remove
any individual differences in change (or “individual practice
effects”). Therefore, individual variability can still be
assessed with any other methods.

Standard errors were estimated using bootstrap
resampling (10,000 resamples). In each resampling, a
random sample with replacement was drawn from each
group with a sample size matching the original group.



Table 2

Means, standard deviation (SD), and estimates practice effects

Measure

Dropouts

time 1

Mean (SD)

Returnees

time 1

Mean (SD)

Returnees

time 2

Mean (SD)

Attrition

replacements

time 2

Mean (SD)

Practice

effect SE P

Visual-spatial 0.318 0.063 ,.001

Mental Rotation: Total Correct Part 1 [44] 0.06 (0.99) 20.02 (0.99) 20.01 (1.00) 20.27 (0.91) 0.275 0.077 ,.001

Hidden Figures Total Correct All Parts [45] 20.02 (1.03) 0.00 (0.99) 20.20 (0.93) 20.57 (0.87) 0.360 0.074 ,.001

Executive 0.085 0.059 .1404

D-KEFS Trails 4 time (adjusted for Trails 2 and 3,

log transformed)

20.09 (0.95) –0.01 (1.01) 20.07 (0.98) 20.17 (1.14) 0.083 0.093 .339

D-KEFS Category Switching Accuracy

(adjusted for verbal fluency)

20.02 (1.04) 20.01 (0.99) 20.04 (1.02) 20.16 (1.18) 0.106 0.096 .222

Stroop: Interference Score (adjusted for color and word) [46] 20.14 (0.97) 0.03 (1.00) 20.26 (1.05) 20.358 (1.08) 0.064 0.090 .4759

Short-term/working memory 0.226 0.046 ,.001

WMS-III Digit Span: Forward Raw Score 20.01 (1.04) 0.01 (0.99) 20.05 (0.98) 20.21 (1.03) 0.152 0.084 .071

WMS-III Digit Span: Backward Raw Score 0.01 (1.04) 0.00 (0.99) 20.02 (0.96) 20.28 (0.77) 0.258 0.067 .001

WMS-III Spatial Span: Total Trials Passed 20.05 (1.05) 0.03 (1.00) 20.11 (1.01) 20.51 (0.96) 0.388 0.080 ,.001

WMS-III Spatial Span: Total Trials Passed Backward 20.12 (0.99) 0.03 (1.00) 20.19 (0.99) 20.49 (0.91) 0.268 0.077 ,.001

WMS-III Letter-Number Sequencing:

Total Score for Trials Passed

20.04 (0.98) 0.01 (1.00) 20.18 (0.97) 20.37 (0.95) 0.181 0.080 .029

Reading Span: Total Score Ascending 0.00 (1.06) 0.00 (0.98) 20.13 (0.94) 20.24 (1.00) 0.108 0.082 .186

Episodic memory 0.222 0.054 ,.001

CVLT Total of Trials 1–5 20.10 (1.00) 0.03 (1.00) 0.04 (1.03) 20.23 (1.02) 0.236 0.085 .007

CVLT Short Delay Free Recall 20.09 (0.99) 0.02 (1.01) 20.01 (1.05) 20.21 (1.12) 0.186 0.092 .039

CVLT Long Delay Free Recall 20.11 (1.02) 0.02 (0.99) 0.04 (1.03) 20.11 (1.04) 0.125 0.086 .158

WMS-III Logical Memory: Immediate Recall Story

Units Total Score

20.07 (1.00) 0.01 (0.99) 20.07 (1.01) 20.37 (0.95) 0.293 0.079 ,.001

WMS-III Logical Memory: Delayed Recall Story

Units Total Score

20.09 (1.04) 0.02 (0.99) 20.11 (1.03) 20.39 (1.00) 0.256 0.083 .003

WMS-III Visual Reproduction: Immediate Recall Total Score 20.16 (1.01) 0.03 (1.00) 0.04 (1.02) 20.16 (0.98) 0.166 0.082 .055

WMS-III Visual Reproduction: Delayed Recall Total Score 20.17 (1.04) 0.03 (0.99) 0.12 (0.99) 20.21 (0.93) 0.295 0.078 ,.001

Processing speed 0.197 0.057 .002

D-KEFS Trails 2 time (log transformed) 20.07 (1.00) 0.01 (1.00) 0.03 (1.05) 20.2 (1.03) 0.213 0.086 .018

D-KEFS Trails 3 time (log transformed) 20.12 (1.04) 0.03 (1.01) 20.01 (1.01) 20.26 (1.04) 0.223 0.086 .010

Stroop: Raw Word Score [46] 0.06 (1.04) 20.01 (1.00) 20.31 (0.99) 20.44 (0.92) 0.148 0.076 .076

Stroop: Raw Color Score [46] 0 (1.02) 20.01 (0.99) 20.29 (0.98) 20.49 (0.91) 0.202 0.075 .015

Abstract Reasoning 0.159 0.087 .066

WASI Matrix Reasoning Raw Score 20.11 (0.96) 0.02 (1.00) 20.03 (1.01) 20.21 (1.05) 0.159 0.087 .066

Verbal fluency 0.085 0.057 .254

D-KEFS Letter Fluency FAS total correct 0.05 (0.98) 0.00 (1.00) 20.11 (0.99) 20.18 (1.09) 0.088 0.088 .301

D-KEFS Category Fluency Animal/Boys total correct 20.04 (1.02) 0.01 (1.01) 20.01 (1.02) 20.11 (1.04) 0.082 0.086 .338

Abbreviations: D-KEFS, Delis-Kaplan Executive Function System [47]; CVLT, California Verbal Learning Test [48]; WASI, Wechsler Abbreviated Scale of

Intelligence [49]; WMS-III, Wechsler Memory Scale-III [50].

NOTE. All scores have been adjusted by regressing out age 20 GCA scores and then converted to z-scores based on wave 1 means and standard deviations

(SDs). Standard errors (SEs) were calculated using bootstrap resampling, and P values were calculated using permutation testing. Practice effect values

represent the expected gain in performance resulting from repeat testing. These values can be subtracted from returnees’ time 2 scores to adjust follow-up tests

for the effects of practice.
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Practice effects for each resample were then recalculated,
and the standard error was calculated as the SD across
resamples.

Significance of each practice effect was estimated using
permutation testing (10,000 permutations). At each
permutation, the difference score was calculated after
randomly shuffling labels of returnees and ARs at wave 2;
the attrition effect was calculated after randomly swapping
the labels of returnees and dropouts at wave 1. The
two-sided P value was calculated as the percentage of
permutations in which the absolute value of the permuted
practice effect was larger than the observed practice effect.
2.6. Effect of adjusting for practice effects on analysis of
change

To examine whether practice effects potentially mask
change in performance across time, we tested for change with
and without adjustment. Change in performance of returnees
between wave 1 and wave 2 was tested with paired t-tests.

2.7. Effect of adjusting for practice effects on
classification of MCI

Classification of returnees with MCI was compared both
before and after correcting for practice effects. We defined
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MCI according to the Jak-Bondi approach as described
previously [25,26]. Neuropsychological measures were
adjusted for early adult GCA so that MCI would reflect
change over time rather than just longstanding low
cognitive performance. Impairment was defined as having
21 measures within a domain .1.5 SD below age- and
education-adjusted normative means. Individuals with an
impaired memory domain were further specified as amnestic
mild cognitive impairment (aMCI) patients, and those with
impairments in domains other than memory were classified
as non-aMCI patients. Differences in the proportion of
individuals classified as having MCI at wave 2 before and
after adjusting for practice effects were assessed with
McNemar’s c2 test.
*
*Executive

Unadjusted Education Adjusted

*
*Executive

Unadjusted Education Adjusted AFQT Adjusted

Fig. 1. Practice effects by cognitive domain. Practice effects are presented in

standard deviation (SD) units for each cognitive ability composite. Bars repre-

sent practice effects calculated from unadjusted scores, scores adjusted for

education, and scores adjusted for age 20 AFQT. Asterisks indicate significant

practice effects (P , .05) as determined by permutation testing. Unadjusted

practice effects are likely to be biased upward due to significant group

differences in age 20 AFQT and education, thus adjusted scores reflect more

accurate estimates. Abbreviation: AFQT, Armed Forces Qualification Test.
3. Results

3.1. Practice effects after 6 years

The following results are based on scores adjusted for age
20 GCA (see Supplementary Table S1 for unadjusted and
education-adjusted results). The magnitude of practice effects
ranged from 0.082 to 0.388 SD units (Table 2). Of the 25
individual measures, there were significant (P , .05) practice
effects for 14 measures, with an additional four measures
showing trend-level effects (.05, P, .1). There were signif-
icant practice effects for four of the seven cognitive abilities:
visual-spatial, short-term/working memory, episodic memory,
and processing speed (Fig. 1). Unadjusted and education-
adjusted practice effects were significant for all seven cognitive
abilities (Fig. 1). Attrition effects were minimal, with only a
few tests demonstrating significant effects (see
Supplementary Table S2). The magnitude of significant attri-
tion effects were small, ranging from 0.025 to 0.036 SD units.

3.2. Impact on classification of MCI

Among returnees, 106 individuals (11%) were classified
as having any MCI at wave 1. At wave 2, 90 participants
(9.3%) were classified as having any MCI. However, after
correcting for practice effects adjusted for age 20 GCA,
147 participants (15.2%) were classified as having any
MCI (see Fig. 2). Among returnees, this represents almost
a doubling in the rate of individuals who converted to
MCI, from 4.5% to 9%, a substantial increase (McNemar’s
c2(1) 5 55.02, P , .001). The rate of reversion from any
MCI to cognitively normal among returnees also decreased
from 6.1% to 4.8%.

These results can further be broken down by MCI
subtype. At wave 1, 68 participants (7%) were classified as
aMCI patients. At wave 2, 60 participants (6.2%) were
classified as aMCI patients before correcting for practice
effects, and 91 participants (9.4%) were classified as
aMCI patients after correction. This was a significant
increase (McNemar’s c2(1) 5 29.03, P , .001). There
were 38 participants classified as non-aMCI patients at
wave 1 (4%). At wave 2, 30 participants (3%) were classified
as non-aMCI patients before correction and 56 participants
(5.8%) after correction. This was also a significant increase
(McNemar’s c2(1) 5 20.83, P , .001).
3.3. Impact on change in cognitive measures

Table 3 shows results using the typical approach of assess-
ing change in returnees only, without replacement participants
or correcting for practice effects. Based on this analysis, there
were significant declines in five of the seven cognitive
domains: visual-spatial, short-term/working memory, verbal
fluency, executive function, and processing speed. However,
after adjusting for practice effects in the returnees, significant
decreases were found in all seven domains. As we found
previously, with no adjustment for practice effects, The
California Verbal Learning Test-II remained relatively stable
(t(976) 5 20.206, P 5 .837), there was a significant decrease
in Logical Memory (t(985) 5 23.969, P , .001), and Visual
Reproduction showed a significant increase (t(986) 5 1.965,
P 5 .050). After adjustment, however, all three episodic
memory tests demonstrated significant decreases
(California Verbal Learning Test-II: t(976) 5 26.101,
P , .001; Logical Memory: t(985) 5 214.679, P , .001;
and Visual Reproduction: t(986) 5 27.166, P, .001; Fig. 3).
4. Discussion

4.1. Under diagnosis of MCI

The results from the present study demonstrate that
significant practice effects are present across most cognitive



Fig. 2. Impact of practice effect adjustment on diagnosis of MCI. (A) Rate of MCI at each time point before and after correction for PEs. (B) Rates of change in

MCI from wave 1 to wave 2 before and after correction for PEs. Abbreviations: MCI, mild cognitive impairment; PE, practice effect.
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domains even after a 6-year interval between test
administrations from an average age of 56 to 62 years.
Importantly, there was a substantial impact of practice effect
adjustment on the identification of MCI. The conversion rate
increased while reversion from MCI to normal decreased,
representing a substantial underdiagnosis of impairment at
follow-up testing when practice effects were not taken into
account. This finding has serious implications for clinical
practice, drug intervention trials, general cognitive aging
research, and research on AD. MCI diagnoses often rely
on comparisons to age-adjusted norms, which assume scores
result from an initial test administration or at least do not
contain practice effects [26,27]. Our results strongly
suggest that if follow-up test scores are not adjusted for
practice effects, a meaningful number of individuals who
have actually converted to MCI will be missed and might
not be detected until the subsequent follow-up assessment
when more substantial decline has occurred.

There is ample support for the validity of the Jak-Bondi
approach to MCI diagnosis [25,41]. In the VETSA sample,
we previously found that higher Alzheimer’s polygenic
risk scores were associated with significantly increased
odds of having Jak-Bondi–defined MCI [42]. However, it
is worth noting that these results are applicable to all
definitions of MCI because all diagnostic approaches
include assessment of cognitive decline. The National
Table 3

Change in cognitive performance

Cognitive ability Wave 1 Wave 2 unadjusted

Visual-spatial 20.010 (0.81) 20.107 (0.80)

Short-term/working memory 0.011 (0.64) 20.114 (0.62)

Episodic memory 0.022 (0.69) 0.008 (0.72)

Abstract reasoning* 0.021 (1.0) 20.027 (1.01)

Verbal fluency 0.005 (0.87) 20.060 (0.87)

Processing speed 0.003 (0.73) 20.151 (0.77)

Executive 0.011 (0.635) 20.129 (0.66)

NOTE. Wave 2 is presented both unadjusted and adjusted for practice effects. R

standard deviations (SDs) of cognitive abilities at each wave for returnees only. S

*Indicates cognitive ability score based on a single measure; and other scores a
Institute on Aging–Alzheimer’s Association criteria [43]
define impairment as lower performance “than would be
expected for the patient’s age and educational background.”
They also state that “If repeated assessments are available,
then a decline in performance should be evident over
time.” Our findings should thus be entirely applicable to
this widely accepted definition of MCI.

AD prevention trials have largely been unsuccessful, and
a commonly proposed explanation is that treatment is
initiated too late in the disease course [28]. These trials
require multiple administrations of cognitive tests and are
thus subject to contamination by practice effects. Detecting
the earliest stages of impairment is critical not only for
identifying individuals most in need of treatment but also
in developing cognitive outcome measures that are sensitive
to change. These adjustments are most important for early
identification, that is, at the earliest stages of decline when
individuals are close to the cutoffs for impairment.
Individuals with a diagnosis of AD are already below
threshold, and a previous study found that adjusting for
practice effects did not improve discrimination between
normal controls and AD patients over baseline scores [29].
This is likely because at later disease stages, the
magnitude of impairment is very large relative to any
practice-related gains. The extent to which practice
effects change across disease stages is also likely to be
Wave 2 adjusted tunadjusted Punadjusted tadjusted Padjusted

20.425 (0.80) 5.932 ,.001 24.876 ,.001

20.339 (0.62) 9.511 ,.001 26.404 ,.001

20.214 (0.72) 0.918 .359 14.348 ,.001

20.186 (1.01) 1.782 .075 7.322 ,.001

20.145 (0.87) 3.363 .001 7.747 ,.001

20.347 (0.77) 9.749 ,.001 21.836 ,.001

20.214 (0.66) 6.117 ,.001 9.911 ,.001

esults from paired t-tests between waves 1 and 2 are presented. Means and

ignificant values are in bold.

re composites of multiple test measures.
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Fig. 3. Impact of PEs on individual episodic memory tests. Individual test

score composites of the Episodic Memory ability at wave 1 and wave 2.

Before correcting for PEs, the scores on the CVLT showed little change,

scores on Logical Memory went down, and scores on Visual Reproduction

went up. After PE adjustment, all tests showed decreases at wave 2.

*Indicates significant (P , .001) difference compared to wave 1 score.

Abbreviations: CVLT, California Verbal Learning Test; PE, practice effect.
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test-specific; therefore, future studies are needed to examine
these differences. Based on the present study results, we
would also put forth the strong recommendation that the
inclusion of replacement subjects ought to be a basic design
feature of studies assessing cognition with respect to risk for
MCI or AD, as well as other longitudinal cognitive aging
studies.
4.2. Potential mechanisms of practice effects

Various mechanisms underlying the practice effect have
been proposed throughout the literature, and it is likely that
several of these explanations drive the results found here.
For instance, participants may explicitly recall specific items
from previous administrations on memory tests. Anecdotally,
we have observed that some individuals do recall some
aspects of the gist of stories from the previous administration
(e.g., “the one about the woman who got robbed”). However,
practice effects are found even when alternate forms are used
[30]. It is also virtually impossible that individuals explicitly
recalled items on tests such as Digit Span. Rather, these
effects likely manifest due to increased comfort with the
testing scenario, procedural memory, and/or learning new
test-taking strategies [14,31]. The finding that performance
gains are maintained over 6 years is consistent with a
previous study, which estimated that it takes at least 7 years
for practice effects to disappear [12]. Likewise, results from
a recent meta-analysis [8] would predict that a 56-year-old
retested after 5.6 years on an auditory attention/working
memory study should show 20.147 SD change. This is
similar to the 20.157 SD change among returnees on
the Digit Span forward test after correcting for practice
effects.
4.3. Practice effects when scores do not improve

These findings indicate that in samples expected to show
normative declines in performance such as studies of aging,
MCI, and AD, it is not sufficient to define practice effects
only as performance increases. We observed decreases in
performance over time before practice effect correction.
This can be explained by the presence of normative
(age-related) declines that are of a similar or greater
magnitude than the practice effects. By incorporating
attrition replacements, it is possible to decompose these
effects. For example, returnees at time 1 and attrition
replacements at time 2 are both taking the tests for the first
time. The key difference is that attrition replacements are
older. If attrition effects are minimal, we can interpret this
comparison as representing age-related change. In contrast,
returnees and attrition replacements at time 2 are both of
similar age, and the key difference is that returnees have
taken the tests before. This comparison roughly yields the
expected practice effect (again, assuming minimal attrition
effects). In examining Table 2, we find that in many cases,
the age-related decline is expected to be as large as or larger
than expected practice effects, resulting in an apparent
decline in performance on many tests. Under a standard
definition, this would be considered evidence of no practice
effects. Yet, calculating practice effects through the use of
attrition replacements demonstrates that practice effects
were simply masking the true extent of decline. Put
another way, a decline can still represent a practice effect
if it is of smaller magnitude than the expected or normative
decline.

An additional consideration is that returnees at time 1
may also be different from replacements at time 2
because the former are, in effect, selected for continued
participation. This subgroup is typically better performing
at time 1 than those who will not return. For this reason,
the method also accounts for attrition effects to avoid
inflating the practice effect estimates. These findings also
support efforts to resolve differences between
longitudinal and cross-sectional studies of cognitive aging.
Longitudinal studies often find stable cognitive
performance until around the age of 60 years, whereas
cross-sectional studies find more gradual declines beginning
earlier in life. Previous studies have found that correcting
longitudinal studies for practice effects produces similar
cognitive trajectories to those found in cross-sectional data
[32,33]. Similarly, we found that scores on episodic
memory tests, which remained stable or even increased,
all demonstrated significant decline after adjusting for
practice.

The results of this study underscore the importance of
matching returnees and AR participants. The practice effect
calculations could be inflated if differences were really due
to differential premorbid ability between returnees and
replacements. Also, there is evidence that individuals with
higher IQs demonstrate larger practice-related gains [34].
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They may learn more effective strategies after initial testing
or better retain memory from previous administrations. To
account for such differences, we adjusted all scores for age
20 GCA before calculating practice effects. Because
studies rarely have access to early-life GCA, we also
presented results for education-adjusted scores in the
Supplementary Material. Our actual GCA measure provides
a more accurate index of overall early adult cognitive
ability than education and therefore more effectively
addresses group differences in premorbid ability. We
believe the education-adjusted estimates of practice effects
are likely biased upward in our sample. However,
adjustment for education has been used to calculate practice
effects in prior studies [13], and earlier GCA measures are
rarely available. Taken together, this set of results highlights
the importance of proper matching in calculating practice
effects.
4.4. Change scores versus practice effects

Our focus on assessing the impact of practice effects on
the diagnosis of MCI should be differentiated from efforts
to assess reliable change. Methods such as the
Reliable Change Index (RCI) [35] or Standardized
Regression-Based (SRB) [36] scores are focused on the
analysis of change scores and are concerned primarily
with individual differences in change. The method of
R€onnlund et al. is meant to answer the question: what is
the average increase in performance on a given test that
we should expect simply due to having taken that test
before? The focus is on the follow-up test performance
rather than change per se. Assuming the attrition
replacements are drawn from the same population, we can
use their scores to answer this question because any
differences can be assumed to be due to repeated exposure,
that is, the average effect of practice on a given test for a
given population. This difference is then adjusted for
attrition effects so as not to inflate the practice effect because
returning participants are often higher performing than
non-returners. Now consider the example of older adults.
For that population, change is essentially a function of
both age-related decline (due to changes in physical health,
brain health, etc.) and practice effects. The method of
R€onnlund et al. makes it possible to disentangle these two
effects, something that RCI and SRB score methods alone
cannot do.

Another distinction centers on the fact that RCI and SRB
score methods focus on relative change or individual
differences in change. However, diagnosis is ultimately
based on absolute scores. Regardless of how much a person
may decline, they do not meet criteria for a diagnosis of
MCI until their cognitive performance is below a particular
cutoff. If a person is above the cutoff for diagnosis due to
practice effects but would have been below the cutoff if
they had taken the tests for the first time, it means that
appropriate detection of the diagnosis will be delayed.
The method of R€onnlund et al. is meant to produce
follow-up scores that can independently be compared to
normative thresholds, which aids in diagnosis. That
comparison requires removing practice effects but retaining
age-related decline. RCI and SRB score methods do not
separate these two effects for the purposes of generating a
follow-up score that can be compared to normative
thresholds. The R€onnlund et al. approach also allows for
cross-sectional analyses of time 2 data to combine both
first-time test takers with returnees.

SRB change scores examine how performance changes
compared with what is predicted given baseline
characteristics of an individual. This approach is useful
to identify individual-level factors that contribute to
cognitive change. The RCI is used to assess whether a
change score represents true change in performance above
and beyond test-related error variance [37]. These
methods are not in competition and can be used separately
or in conjunction, with the R€onnlund et al. method serving
as a precursor to more formal analyses of change scores. It
is also important to note that the R€onnlund method
subtracts a single value per test across all individuals
and therefore does not remove any of the individual
variability that is of interest in analyses of change.
Therefore, RCI and SRB score approaches can be used
after having estimated practice effects according to the
method of R€onnlund et al.
4.5. Limitations

A limitation of the VETSA is that it is an all-male sam-
ple. Thus, these results may not generalize to women. There
are mixed findings regarding whether there are sex effects
on selective attrition [38–40]. Attrition effects were small
relative to practice effects in the present study, and there
were no sex differences reported in the mixed-sex study
of R€onnlund et al. for attrition or practice effects [13].
Therefore, differential attrition effects based on sex are
unlikely to have had a substantial impact on the estimated
practice effects. The 5.6-year interval between assessments
may be longer than other research studies or clinical exams,
which may be collected every year or two. Although the
exact values reported here may not be applicable to all
studies, it should be emphasized that this approach can be
used to calculate practice effects at any interval in any age
group. Moreover, including replacement participants who
are specific to each particular study will yield the most
precise practice effect estimates. Our finding of significant
practice effects at this longer interval also underscores the
critical need to account for practice effects, which are likely
to have increased impact at shorter intervals. The approach
used here only accounts for a single follow-up session, but it
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could also be scaled to situations with multiple follow-up
sessions in which individuals differ in the number of
follow-ups.
4.6. Summary

In sum, the results of the present study strongly suggest
the importance of correcting for practice effects in
longitudinal studies of older adults, particularly those
focused on detecting subtle and early signs of cognitive
impairment. Alternative methods of accounting for these
effects have been proposed, such as the dual-baseline
approach [4] and alternate testing forms [8]. Although these
strategies have been shown to attenuate practice effects
somewhat, performance gains occur even after the third
and fourth sessions [10,34], and when alternate forms are
used [15]. Using attrition replacements does appear to be
the most accurate method of estimating practice effects.
Future work will attempt to extend these methods to assess
more than two follow-up time points. More work is also
necessary to further explore how practice effects change
across the lifespan and how test-specific practice effects
differ between groups in the early stages of various types
of dementia. Nevertheless, the age of the present study
cohort is particularly relevant for early detection of risk for
AD and related dementias. Indeed, our results indicate that
failure to properly account for practice effects can result in
substantial underestimation and, hence, delayed detection
of MCI.
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RESEARCH IN CONTEXT

1. Systematic review: We searched PubMed for
literature on practice effects. Almost all studies
assume that only improved scores indicate practice
effects. These studies have not focused on the impact
of practice effects on early identification of mild
cognitive impairment (MCI). Relevant references
are appropriately cited.

2. Interpretation: By comparison with replacement
participants, this study showed significant practice
effects—despite mean-level declines—across
multiple cognitive domains after a 6-year interval.
Correcting for practice effects resulted in a doubling
of the conversion rate to MCI, suggesting that not
accounting for practice effects may substantially
hinder efforts to identify the earliest stages of
Alzheimer’s disease progression.

3. Future directions: These findings underscore the
need to account for practice effects. We strongly
recommend that longitudinal study designs
incorporate replacement participants to gauge
practice effects. Further work is needed to assess
the impact of practice effects on identification of
cognitive decline across different ages.
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