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Improvements in cognitive test scores upon repeated assessment due to practice effects (PEs) are well docu-

mented, but there is no empirical evidence on whether alternative specifications of PEs result in different estimated

associations between exposure and rate of cognitive change. If alternative PE specifications produce different es-

timates of association between an exposure and rate of cognitive change, this would be a challenge for nearly all

longitudinal research on determinants of cognitive aging. Using data from 3 cohort studies—the Three-City Study–

Dijon (Dijon, France, 1999–2010), the Normative Aging Study (Greater Boston, Massachusetts, 1993–2007), and

the Washington Heights-Inwood Community Aging Project (New York, New York, 1999–2012)—for 2 exposures

(diabetes and depression) and 3 cognitive outcomes, we compared results from longitudinal models using alterna-

tive PE specifications: no PEs; use of an indicator for the first cognitive visit; number of prior testing occasions; and

square root of the number of prior testing occasions. Alternative specifications led to large differences in the esti-

mated rates of cognitive change but minimal differences in estimated associations of exposure with cognitive level

or change. Based onmodel fit, using an indicator for the first visit was often (but not always) the preferred model. PE

specification can lead to substantial differences in estimated rates of cognitive change, but in these diverse exam-

ples and study samples it did not substantively affect estimated associations of risk factors with change.

aging; cognitive change; longitudinal research; practice effects

Abbreviations: AIC, Akaike Information Criterion; 3C-Dijon, Three-City Study–Dijon; IQR, interquartile range; NAS, Normative

Aging Study; PEs, practice effects; WHICAP, Washington Heights-Inwood Community Aging Project.

In longitudinal cohort studies of older adults, changes in
neuropsychological test performance may arise from in-
creased familiarity with the assessment tools in addition to
changes in underlying cognitive function (1, 2). Such changes
in cognitive performance due to practice from repeated as-
sessments are termed “practice” or “retest” effects. They can
be explained through many mechanisms, including reduced
anxiety on successive testing occasions, episodic memory
for test content—for example, words used in a word recall
test (3, 4)—or greater procedural memory for test structure
and rules. PEs may be equivalent in magnitude to several
years of age-related decline, but in the opposite direction.
Omitting PE specification can thus lead to incorrect estimates
of the shape and pace of age-related cognitive change (5).

There are several approaches to analytically account for
PEs, including ignoring them altogether. PEs may confer a
one-time benefit or a jump up in performance between the
first cognitive visit and subsequent visits. This conceptualiza-
tion can be parameterized using a binary indicator for the first
visit, an approach that is relatively common in epidemiologic
studies (6–8). A related approach drops the first cognitive
visit, but this strategy does not take advantage of all available
data. Alternatively, test-takers may learn more on each testing
occasion, hopping up to improve their performance with each
successive visit. This could be parameterized by a term for
number of prior tests (9, 10). However, measurement burst
studies and learning curve models (11, 12) suggest a middle
ground—that PEs are large and persistent but that the largest
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benefits occur at first exposure and diminishing returns ac-
crue with subsequent visits (11, 12), analogous to diminish-
ing skips after each point of contact with the water of a rock
skipping across a lake. To account for this possibility, PEs
could be represented as the square root of the number of
prior testing occasions, reflecting progressively smaller im-
provements at successive visits (9, 13–15). Much empirical
work on PEs occurs in neuropsychology, where PEs are of
intrinsic interest (1, 4, 5, 13, 14, 16–20). Specification of
PEs is also necessary in epidemiologic research on cognitive
aging, but in most epidemiologic studies PEs are considered
nuisance parameters, potentially biasing estimated associa-
tions between risk factors and rate of cognitive decline.

Despite recommendations based on theoretical work (14,
20–22), there is no agreement on how to empirically model
PEs in studies where themain objective is to identify predictors
or determinants of cognitive decline. Adequately accounting
for PEs is challenging because there is no way to determine
a priori the relative contributions of aging and PEs to the ob-
served change. Differences in test performance between 2 suc-
cessive visits may reflect a combination of practice and aging,
regardless of whether this difference is net positive, zero, or
negative. Further, in many studies, test intervals are constant
across time. When the delay in retest spacing is identical for
all study participants, PEs are collinear with aging, and sepa-
rate effects are not identifiable without additional assumptions
(21). If alternative PE specifications result in different esti-
mates of association between exposure and rate of cognitive
change, this will be a challenge for nearly all longitudinal re-
search on the determinants of cognitive aging.

We examined the practical question of whether alternate
specifications of PEs modify inferences on determinants of
cognitive change. Our objectives were to compare 1) good-
ness of fit and 2) estimated associations of exposurewith level
and slope of cognitive performance across longitudinal models
with different PE specifications. We analyzed data from 3
cohort studies: the Three-City Study–Dijon (3C-Dijon), the
Normative Aging Study (NAS), and the Washington Heights-
Inwood Community Aging Project (WHICAP). Based on
our findings, we propose recommendations on handling PEs
when the primary interest is in determinants of cognitive
change. This work was undertaken by the Methods in Longi-
tudinal Research on Dementia (MELODEM) initiative (23).

METHODS

Participants

The 3C-Dijon study enrolled 4,931 community-dwelling
individuals who were aged ≥65 years and selected from the
Dijon, France, electoral rolls between 1999 and 2001. Health-
related data (including cognitive testing data) were collected
during face-to-face interviews using standardized question-
naires at inclusion and approximately 2, 4, 7, and 10 years
later (24). Our analyses included 4,768 enrollees of 3C-
Dijon without dementia at baseline who completed ≥1 cog-
nitive visits (unbalanced data), among whom 2,093 enrollees
completed all 5 cognitive visits (balanced data).

The NAS is a longitudinal study of aging in men established
by the US Veterans Administration (now the Department of

Veterans Affairs) in the early 1960s (25). Participants have
completed in-person visits with cognitive testing every 3–5
years since 1993 (26). We included persons with data on the
relevant cognitive test and exposures among 1,121 men who
completed≥1 cognitive visits (unbalanced data) or the subset
of up to 474 men who completed ≥3 cognitive visits (bal-
anced data).

WHICAP is a community-based study of Medicare-
eligible older adults recruited in New York City (27). We
used data from 1,828 WHICAP participants recruited in
1999 without dementia at baseline who completed ≥1 cogni-
tive visits (unbalanced data); 537 participants completed
≥4 cognitive visits (balanced data). Details of the WHICAP
sampling strategies and recruitment outcomes have been pre-
viously reported (28, 29).

In primary analyses, we restricted samples to those partic-
ipants who completed all repeated cognitive measurements (5
visits in 3C-Dijon, 4 visits in WHICAP, 3 visits in NAS) in
order to have balanced data. This approach has advantages
for understanding how specification of PEs influences esti-
mates of associations between exposures and cognitive change,
but it also entails a selected sample. In sensitivity analyses,
we analyzed all available observations, allowing unbalanced
data, recognizing that this introduces potential selective attri-
tion bias (30).

Outcomes

Measures of verbal fluency and verbal episodic memory
were chosen out of the available cognitive tests in each cohort
because we expected that PEs would be present for memory
tests and scores on these tests were approximately normally
distributed, without floor or ceiling effects which could ob-
scure PEs. We used 1 common cognitive outcome across co-
horts, semantic verbal fluency (animal naming), as well as
cohort-specific cognitive outcomes for memory. Verbal flu-
ency is typically ascribed to executive functioning (31), to
language (32), or to its own factor (33). We chose semantic
verbal fluency because it is sensitive to PEs and has minimal
ceiling effects. For 3C-Dijon, semantic fluency was assessed
with the 30-second Isaac’s Set Test (34). For NAS, we used
60-second semantic fluency for animals and immediate recall
of a 10-word list. For WHICAP, we used 60-second semantic
fluency for animals (35) and the Buschke Selective Remind-
ing Test (36), which is scored as the sum of words recalled
over the course of 6 trials from a 12-word list.

Predictors and covariates

We considered 2 dichotomous exposure variables: base-
line diabetes and baseline depressive symptoms. They were
chosen because of their importance in cognitive aging re-
search and because we considered it plausible a priori that
they would modify PEs.

In 3C-Dijon, diabetes at baseline was defined as self-
reported history of diabetes, use of diabetes medication, or
abnormal fasting glycemia (≥7 mmol/L). Depressive symp-
toms were assessed by means of the French Center for Epide-
miologic Studies Depression Scale, with cutpoints at 17 for
men and 23 for women, based on previous work (37).
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WHICAP participants self-reported diabetes at baseline.
Depressive symptoms were assessed using a 10-item Center
for Epidemiologic Studies Depression Scale. The scale was
scored using categorical factor analysis, and an optimal cut-
point on the resulting factor score was determined with re-
ceiver operating characteristic analysis in a subset of the
sample using self-reported diagnosed depression (Diagnostic
and Statistical Manual of Mental Disorders, Fourth Edition)
as the criterion.
In the NAS, diabetes was defined on the basis of self-report

or use of medication for diabetes at baseline. Depressive
symptoms were assessed using the Brief Symptom Inventory
Depression Scale (38), administered at or within 1 year of the
baseline cognitive visit and with scores dichotomized as pre-
viously described (39).
All models adjusted for sex (except for NAS, which en-

rolled only men) and baseline age. We did not include addi-
tional covariates because our focus was on PEs rather than
ruling out possible confounders.

Statistical analyses

We compared models with 4 alternative PE specifications:
1) no PEs; 2) an indicator variable for the first cognitive visit,
coded so that coefficients were positive for a boost in perfor-
mance after initial testing (e.g., 0, 1, 1, . . ., 1); 3) number of
prior visits (e.g., 0, 1, 2, 3, . . .); and 4) square root of the
number of prior visits (e.g., 0, 1, 1.4, 1.7, . . .). We fitted
models with random intercepts and slopes, imposing no as-
sumption about the correlation of the intercept and slope

deviations (40). We present results using time since baseline
as the time factor in the primary analyses (alternative specifi-
cations using current age are presented in Web Tables 1 and
2, available at http://aje.oxfordjournals.org/) adjusted for age
at baseline (baseage) and sex. For example, one version of the
system of equations with depression (dep) for the exposure
that we considered is

Level 1: Yij ¼ β0i þ β1ðfemaleiÞ þ β2ðdepiÞ þ β3ðPEijÞ
þ β4ðbaseageiÞ þ β5iðtimeijÞ þ εij: ð1Þ

εij ∼ Nð0; σεÞ:
Level 2: β0i ¼ γ00 þ U0i: ð2Þ

β5i ¼ γ10 þ U1i ð3Þ

U0i

U1i

� �
∼ N

0
0

� �
;

σ20
σ01 σ21

� �� �
:

Yij is the cognitive score for patient i (i = 1, . . ., N) on occa-
sion j ( j = 1, . . ., t), PEij represents the PE variable, timeij
represents continuous years since baseline, and baseagei rep-
resents age at baseline, centered at 75 years. In this main-
effects-only model, β2 estimates the effect of exposure on
cognitive level. Next, we fitted a model with an interaction
between time and exposure (e.g., β6(timeij) × (depi)) to esti-
mate the effect of exposure on rate of cognitive change. We
also evaluated interactions between PEs and exposure by

Table 1. Characteristics of Participants (Balanced Data) From the Three-City Study–Dijon (Dijon, France,

1999–2010), the Normative Aging Study (Greater Boston, Massachusetts, 1993–2007), and the Washington

Heights-Inwood Community Aging Project (New York City, New York, 1999–2012)

Characteristic
3C-Dijon (n = 2,093) NAS (n = 474)a WHICAP (n = 541)

Median (IQR) No. % Median (IQR) No. % Median (IQR) No. %

Age at baseline, years 72 (69–76) 66 (62–71) 74 (70–79)

Duration of follow-up, years 8.6 (8.4–8.9) 7.5 (6.1–9.0) 8.1 (7.3–10.3)

No. of repeat visits included in
primary analyses

5 N/A 3 N/A 4 N/A

Cognitive test score

MMSE (at baseline)b 28 (27–29) 27 (26–28)

Semantic Fluency Testc 14 (12–16) 19 (16–22) 14 (11–18)

Buschke Selective Reminding
Test—total recall

41 (33–47)

10-word list—immediate recall 19 (17–22)

Male sex 735 35 474 100 153 28

Diabetes at baseline 151 7 23 5 73 13

Depression at baseline 240 12 36 11 168 31

Abbreviations: 3C-Dijon, Three-City Study–Dijon; IQR, interquartile range; MMSE, Mini-Mental State Examination;
N/A, not applicable; NAS, Normative Aging Study; WHICAP, Washington Heights-Inwood Community Aging Project.

a Sample size differed by cognitive test in the NAS; sample size here corresponds to persons with information on
diabetes and immediate recall of the 10-word list (the maximum sample size), with the exception of the frequency
of depression, which refers to the 336 persons with information on depression and immediate recall of the 10-word list.

b The MMSE in the NAS has a maximum score of 29, as the question about county is omitted (counties have little
political or geographical meaning in the Greater Boston area).

c 3C-Dijon used animal fluency for 30 seconds; WHICAP and NAS used animal fluency for 60 seconds.
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adding a term—β7(PEij) × (depi)—using only the visit 1 in-
dicator model (other parameterizations of PEs are highly col-
linear with the interaction between time and exposure). All
models we examined invoked the assumption that PEs did
not differ on the basis of time delay between successive visits.

We evaluated the significance of each PE specification using
a Wald test on β3. We used the Akaike Information Criterion
(AIC) to compare goodness of fit between the PE specifications
in eachanalysis, since themodelswerenotnested (41).Asmaller
AIC indicates better goodness of fit; however, there is no ac-
cepted test for differences (42).We thencomparedcoefficient es-
timates for rate of cognitive change in the referencegroupand for
associations of baseline depression or diabetes with cognitive
level and cognitive change across alternative PEs specifications.

Statistical analyses were performed with R, version 3.1.0
(RFoundation for Statistical Computing, Vienna, Austria) (43),
for the 3C-Dijon data. SAS, version 9.3 (SAS Institute, Inc.,

Cary, North Carolina), was used for the NAS data, and STATA
MP, version 13.1 (StataCorp LP, College Station, Texas), was
used for WHICAP.

RESULTS

Description of cohorts

Median follow-up times were similar across the cohorts
(Table 1). Delays between visits were longer in the NAS (me-
dian, 3.7 years; interquartile range (IQR), 3.0–4.0) than in the
2 other cohort studies (medians of 2.4 years (IQR, 2.1–3.0) in
WHICAP and 1.8 years (IQR, 1.7–2.2) in 3C-Dijon). In 3C-
Dijon, the mean verbal fluency at visit 2 was higher than that
at visit 1, and in NAS and WHICAP, differences between
visits 2 and1were smaller than thosebetween subsequent visits
(Figure 1).

Influence of PE specifications on predicted values

Figure 2 shows predicted cognitive trajectories under the 4
alternative PE specifications, from 3C-Dijon data for males of
mean age without baseline depression (reference group in
equation 1). With no PEs included in the model specification,
predicted trajectories were linear. A visit 1 indicator produced
a trajectory shaped like an inverted check mark, with a “hop”
between visits 1 and 2, followed by linear decline. Predicted
baseline values from the visit 1 indicatormodelwere lower than
predictions from no PE specification; subsequent predicted
values were generally higher. Similarly, the “hop” model also
estimated a steeper slope of cognitive change. In a model in-
cluding number of prior visits, the shape was piecewise, but
predicted values were closer to those of the no-PEs model.
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Figure 1. Mean values on tests of verbal fluencyat each cognitive visit,
by number of years elapsed since baseline, in the Three-City Study–
Dijon (3C-Dijon) (Dijon, France, 1999–2010; 30-second animal naming),
the Normative Aging Study (NAS) (Greater Boston, Massachusetts,
1993–2007; 60-second animal naming), and the Washington Heights-
Inwood Community Aging Project (WHICAP) (New York, New York,
1999–2012; 60-second animal naming). Bars, 95%confidence intervals.
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Figure 2. Predicted values on a test of verbal fluency (30-second an-
imal naming) in the Three-City Study–Dijon (Dijon, France, 1999–
2010), based on 4 alternative specifications of practice effects
(PEs). Predictions are for the reference category of male sex, no de-
pressive symptoms, mean age at baseline 74 years, and 5 follow-up
visits with mean delays of 0, 1.8, 3.7, 6.9, and 8.6 years.
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Table 2. Associations BetweenDepression andCognitive ChangeObtainedUsingDifferent Specifications of Practice Effects (BalancedData),With Years Elapsed Since Baseline as the Time

Scale, in the Three-City Study–Dijon (Dijon, France, 1999–2010), the Normative Aging Study (Greater Boston, Massachusetts, 1993–2007), and the Washington Heights-Inwood Community

Aging Project (New York City, New York, 1999–2012)

Variable

Specification of Practice Effects

No Practice Effects Visit 1 Indicator No. of Prior Tests Square Root of No. of Prior Tests

β 95% CI P Value AIC β 95% CI P Value AIC β 95% CI P Value AIC β 95% CI P Value AIC

Verbal Fluency in 3C-Dijon

Depressiona −0.56 −0.94, −0.17 0.01 52,227.0 −0.55 −0.94, −0.17 0.01 52,136.0 −0.55 −0.94, −0.16 0.01 52,205.0 −0.55 −0.94, −0.16 0.01 52,146.0

PEs 0.72 0.58, 0.87 <0.01 0.59 0.35, 0.82 <0.01 0.80 0.63, 0.97 <0.01

Timeb −0.14 −0.15, −0.12 <0.01 −0.20 −0.22, −0.18 <0.01 −0.40 −0.50, −0.29 <0.01 −0.30 −0.34, −0.26 <0.01

Verbal Fluency in WHICAP

Depression −0.49 −1.22, 0.23 0.18 12,007.5 −0.49 −1.22, 0.23 0.19 12,006.4 −0.49 −1.22, 0.24 0.19 12,008.0 −0.49 −1.22, 0.24 0.19 12,006.2

PEs 0.37 −0.05, 0.79 0.08 0.39 −0.24, 1.03 0.23 0.48 −0.04, 1.00 0.07

Time −0.23 −0.28, −0.18 <0.01 −0.27 −0.34, −0.21 <0.01 −0.38 −0.63, −0.13 <0.01 −0.33 −0.45, −0.21 <0.01

Verbal Fluency in NAS

Depression 0.11 −1.21, 1.43 0.87 5,605.0 0.11 −1.22, 1.43 0.87 5,606.7 0.13 −1.19, 1.45 0.85 5,606.1 0.11 −1.21, 1.43 0.87 5,607.0

PEs 0.21 −0.53, 0.96 0.57 −0.42 −1.27, 0.43 0.33 −0.01 −0.92, 0.91 0.98

Time −0.14 −0.2, −0.07 <0.01 −0.16 −0.27, −0.05 <0.01 −0.03 −0.25, 0.19 0.78 −0.13 −0.31, 0.04 0.13

Buschke Selective Reminding Test in WHICAP

Depression −0.93 −2.53, 0.68 0.26 14,834.1 −0.93 −2.53, 0.68 0.26 14,836.0 −0.93 −2.53, 0.68 0.26 14,836.1 −0.93 −2.53, 0.68 0.26 14,836.0

PEs 0.12 −0.69, 0.92 0.77 0.09 −1.14, 1.32 0.88 0.09 −0.90, 1.09 0.85

Time −0.50 −0.59, −0.41 <0.01 −0.51 −0.64, −0.38 <0.01 −0.54 −1.01, −0.06 0.03 −0.52 −0.75, −0.29 <0.01

Immediate Recall in NAS

Depression 0.03 −1.04, 1.1 0.95 5,137.7 0.03 −1.04, 1.10 0.96 5,137.9 0.03 −1.04, 1.10 0.96 5,139.4 0.03 −1.04, 1.10 0.96 5,138.2

PEs 0.37 −0.17, 0.92 0.18 0.18 −0.47, 0.84 0.58 0.43 −0.26, 1.11 0.22

Time −0.06 −0.11, −0.02 <0.01 −0.11 −0.19, −0.03 <0.01 −0.11 −0.28, 0.06 0.20 −0.14 −0.27, −0.01 0.03

Abbreviations: AIC, Akaike Information Criterion; 3C-Dijon, Three-City Study–Dijon; CI, confidence interval; NAS, Normative Aging Study; PEs, practice effects; WHICAP, Washington

Heights-Inwood Community Aging Project.
a Depression coefficients are for persons diagnosed with depression.
b Time coefficients are for 1 year of aging.
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Table 3. Associations Between Diabetes and Cognitive Change Obtained Using Different Specifications of Practice Effects (Balanced Data), With Years Elapsed Since Baseline as the Time

Scale, in the Three-City Study–Dijon (Dijon, France, 1999–2010), the Normative Aging Study (Greater Boston, Massachusetts, 1993–2007), and the Washington Heights-Inwood Community

Aging Project (New York City, New York, 1999–2012)

Variable

Specification of Practice Effects

No Practice Effects Visit 1 Indicator No. of Prior Tests Square Root of No. of Prior Tests

β 95% CI P Value AIC β 95% CI P Value AIC β 95% CI P Value AIC β 95% CI P Value AIC

Verbal Fluency in 3C-Dijon

Diabetesa −0.60 −1.08, −0.12 0.02 52,229.0 −0.60 −1.08, −0.12 0.02 52,138.0 −0.60 −1.08, −0.12 0.02 52,207.0 −0.60 −1.08, −0.12 0.02 52,148.0

PEs 0.72 0.58, 0.87 <0.01 0.59 0.35, 0.82 <0.01 0.80 0.63, 0.97 <0.01

Timeb −0.14 −0.15, −0.12 <0.01 −0.20 −0.22, −0.18 <0.01 −0.40 −0.50, −0.29 <0.01 −0.30 −0.34, −0.26 <0.01

Verbal Fluency in WHICAP

Diabetes −0.89 −1.87, 0.09 0.07 12,049.9 −0.89 −1.87, 0.09 0.07 12,048.6 −0.88 −1.87, 0.10 0.08 12,050.5 −0.89 −1.87, 0.09 0.08 12,048.4

PEs 0.39 −0.03, 0.81 0.07 0.39 −0.25, 1.03 0.23 0.49 −0.02, 1.01 0.06

Time −0.23 −0.28, −0.18 <0.01 −0.27 −0.34, −0.21 <0.01 −0.38 −0.63, −0.13 <0.01 −0.34 −0.45, −0.22 <0.01

Verbal Fluency in NAS

Diabetes −0.82 −2.47, 0.83 0.33 7,876.7 −0.82 −2.47, 0.83 0.33 7,878.7 −0.80 −2.45, 0.84 0.34 7,878.0 −0.81 −2.46, 0.83 0.33 7,878.5

PEs 0.01 −0.62, 0.63 0.99 −0.30 −0.99, 0.40 0.41 −0.14 −0.89, 0.61 0.72

Time −0.13 −0.19, −0.08 <0.01 −0.13 −0.23, −0.04 <0.01 −0.06 −0.24, 0.12 0.50 −0.11 −0.25, 0.03 0.12

Buschke Selective Reminding Test in WHICAP

Diabetes −3.34 −5.49, −1.19 <0.01 14,885.5 −3.34 −5.49, −.19 <0.01 14,887.5 −3.34 −5.49, −1.19 <0.01 14,887.5 −3.34 −5.49, −1.19 <0.01 14,887.5

PEs 0.08 −0.72, 0.88 0.84 0.03 −1.19, 1.26 0.96 0.04 −0.95, 1.03 0.93

Time −0.51 −0.60, −0.41 <0.01 −0.51 −0.64, −0.39 <0.01 −0.52 −0.99, −0.04 0.03 −0.51 −0.74, −0.28 <0.01

Immediate Recall in NAS

Diabetes 0.48 −0.84, 1.80 0.47 7,266.0 0.48 −0.84, 1.79 0.48 7,261.7 0.47 −0.84, 1.79 0.48 7,266.5 0.47 −0.85, 1.79 0.49 7,262.6

PEs 0.57 0.13, 1.02 0.01 0.33 −0.20, 0.85 0.22 0.65 0.10, 1.20 0.02

Time −0.08 −0.12, −0.04 <0.01 −0.15 −0.22, −0.08 <0.01 −0.16 −0.30, −0.03 0.02 −0.19 −0.30, −0.09 <0.01

Abbreviations: AIC, Akaike Information Criterion; 3C-Dijon, Three-City Study–Dijon; CI, confidence interval; NAS, Normative Aging Study; PEs, practice effects; WHICAP, Washington

Heights-Inwood Community Aging Project.
a Diabetes coefficients are for persons diagnosed with diabetes.
b Time coefficients are for 1 year of aging.
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Table 4. Associations BetweenDepression andCognitive ChangeObtainedUsingDifferent Specifications of Practice Effects (BalancedData),With Years Elapsed Since Baseline as the Time

Scale and Inclusion of aMain Exposure × Time Interaction, in the Three-City Study–Dijon (Dijon, France, 1999–2010), the Normative Aging Study (Greater Boston, Massachusetts, 1993–2007),

and the Washington Heights-Inwood Community Aging Project (New York City, New York, 1999–2012)

Variable

Specification of Practice Effects

No Practice Effects Visit 1 Indicator No. of Prior Tests Square Root of No. of Prior Tests

β 95% CI P Value AIC β 95% CI P Value AIC β 95% CI P Value AIC β 95% CI P Value AIC

Verbal Fluency in 3C-Dijon

Depressiona −0.57 −1.01, −0.14 0.01 52,229.0 −0.57 −1.01, −0.14 0.01 52,138.0 −0.58 −1.01, −0.14 0.01 52,207.0 −0.58 −1.01, −0.14 0.01 52,148.0

Depression × time 0.00 −0.05, 0.05 0.87 0.00 −0.05, 0.06 0.85 0.01 −0.04, 0.06 0.82 0.01 −0.05, 0.06 0.83

PEs 0.72 0.58, 0.87 <0.01 0.59 0.35, 0.82 <0.01 0.80 0.63, 0.97 <0.01

Timeb −0.14 −0.15, −0.12 <0.01 −0.20 −0.22, −0.18 <0.01 −0.40 −0.50, −0.29 <0.01 −0.30 −0.34, −0.26 <0.01

Verbal Fluency in WHICAP

Depression −0.44 −1.22, 0.34 0.27 12,009.3 −0.44 −1.22, 0.34 0.27 12,008.3 −0.44 −1.22, 0.34 0.27 12,009.9 −0.44 −1.22, 0.34 0.27 12,008.1

Depression × time −0.02 −0.13, 0.08 0.70 −0.02 −0.13, 0.08 0.70 −0.02 −0.12, 0.09 0.71 −0.02 −0.12, 0.08 0.71

PEs 0.37 −0.05, 0.79 0.08 0.39 −0.25, 1.03 0.23 0.48 −0.04, 0.99 0.07

Time −0.23 −0.28, −0.17 <0.01 −0.27 −0.34, −0.19 <0.01 −0.37 −0.62, −0.12 <0.01 −0.33 −0.45, −0.20 <0.01

Verbal Fluency in NAS

Depression 0.20 −1.36, 1.76 0.80 5,607.0 0.21 −1.35, 1.76 0.80 5,608.6 0.19 −1.37, 1.75 0.81 5,608.1 0.20 −1.36, 1.76 0.80 5,609.0

Depression × time −0.02 −0.24, 0.20 0.83 0.03 −0.25, 0.19 0.82 −0.02 −0.24, 0.2 0.89 −0.02 −0.24, 0.20 0.83

PEs 0.22 −0.53, 0.96 0.57 −0.42 −1.27, 0.44 0.34 0.00 −0.92, 0.91 0.99

Time −0.13 −0.2, −0.07 <0.01 −0.16 −0.27, −0.05 0.01 −0.03 −0.25, 0.19 0.78 −0.13 −0.31, 0.04 0.13

Buschke Selective Reminding Test in WHICAP

Depression −1.19 −2.92, 0.53 0.18 14,835.4 −1.19 −2.92, 0.54 0.18 14,837.3 −1.19 −2.92, 0.54 0.18 14,837.4 −1.19 −2.92, 0.54 0.18 14,837.8

Depression × time 0.08 −0.12, 0.29 0.42 0.08 −0.12, 0.29 0.42 0.08 −0.12, 0.29 0.41 0.08 −0.12, 0.29 0.42

PEs 0.12 −0.69, 0.92 0.77 0.10 −1.13, 1.33 0.87 0.10 −0.90, 1.09 0.85

Time −0.53 −0.64, −0.41 <0.01 −0.54 −0.68, −0.40 <0.01 −0.56 −1.05, −0.08 0.02 −0.55 −0.78, −0.31 <0.01

Immediate Recall in NAS

Depression 0.11 −1.03, 1.26 0.84 5,139.6 0.12 −1.02, 1.26 0.84 5,139.7 0.12 −1.02, 1.26 0.84 5,141.2 0.12 −1.02, 1.27 0.83 5,140.0

Depression × time −0.03 −0.18, 0.12 0.69 −0.04 −0.19, 0.12 0.65 −0.03 −0.19, 0.12 0.66 −0.04 −0.19, 0.12 0.64

PEs 0.38 −0.17, 0.92 0.18 0.19 −0.47, 0.85 0.56 0.44 −0.25, 1.12 0.21

Time −0.06 −0.11, −0.01 0.01 −0.11 −0.19, −0.03 0.01 −0.11 −0.28, 0.06 0.21 −0.14 −0.27, −0.01 0.04

Abbreviations: AIC, Akaike Information Criterion; 3C-Dijon, Three-City Study–Dijon; CI, confidence interval; NAS, Normative Aging Study; PEs, practice effects; WHICAP, Washington

Heights-Inwood Community Aging Project.
a Depression coefficients are for persons diagnosed with depression.
b Time coefficients are for 1 year of aging.
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Table 5. Associations Between Diabetes and Cognitive Change Obtained Using Different Specifications of Practice Effects (Balanced Data), With Years Elapsed Since Baseline as the Time

Scale and Inclusion of aMain Exposure × Time Interaction, in the Three-City Study–Dijon (Dijon, France, 1999–2010), the Normative Aging Study (Greater Boston, Massachusetts, 1993–2007),

and the Washington Heights-Inwood Community Aging Project (New York City, New York, 1999–2012)

Variable

Specification of Practice Effects

No Practice Effects Visit 1 Indicator No. of Prior Tests Square Root of No. of Prior Tests

β 95% CI P Value AIC β 95% CI P Value AIC β 95% CI P Value AIC β 95% CI P Value AIC

Verbal Fluency in 3C-Dijon

Diabetesa −0.51 −1.05, 0.03 0.06 52,231.0 −0.51 −1.05, 0.02 0.06 52,139.0 −0.51 −1.05, 0.02 0.06 52,208.0 −0.51 −1.05, 0.02 0.06 52,150.0

Diabetes × time −0.02 −0.09, 0.04 0.48 −0.02 −0.09, 0.04 0.48 −0.02 −0.09, 0.04 0.46 −0.02 −0.09, 0.04 0.47

PEs 0.72 0.58, 0.87 <0.01 0.59 0.36, 0.82 <0.01 0.80 0.63, 0.97 <0.01

Timeb −0.13 −0.15, −0.12 <0.01 −0.19 −0.22, −0.17 <0.01 −0.39 −0.5, −0.29 <0.01 −0.30 −0.34, −0.26 <0.01

Verbal Fluency in WHICAP

Diabetes −0.81 −1.85, 0.25 0.13 12,051.7 −0.81 −1.86, 0.24 0.13 12,050.4 −0.81 −1.86, 0.24 0.13 12,052.3 −0.81 −1.86, 0.24 0.13 12,050.2

Diabetes × time −0.03 −0.17, 0.11 0.65 −0.03 −0.17, 0.11 0.66 −0.03 −0.17, 0.11 0.70 −0.03 −0.17, 0.11 0.69

PEs 0.39 −0.03, 0.80 0.07 0.38 −0.25, 1.02 0.24 0.49 −0.03, 1.01 0.06

Time −0.23 −0.28, −0.17 <0.01 −0.27 −0.34, −0.20 <0.01 −0.37 −0.62, −0.12 <0.01 −0.33 −0.45, −0.21 <0.01

Verbal Fluency in NAS

Diabetes −1.65 −3.58, 0.29 0.10 7,876.1 −1.65 −3.58, 0.29 0.10 7,878.1 −1.66 −3.59, 0.27 0.09 7,877.2 −1.65 −3.59, 0.28 0.09 7,877.9

Diabetes × time 0.22 −0.05, 0.5 0.11 0.22 −0.05, 0.50 0.11 0.23 −0.04, 0.51 0.10 0.23 −0.05, 0.50 0.11

PEs −0.01 −0.64, 0.62 0.98 −0.34 −1.03, 0.36 0.35 −0.17 −0.92, 0.58 0.66

Time −0.14 −0.2, −0.09 <0.01 −0.14 −0.23, −0.05 <0.01 −0.06 −0.24, 0.12 0.50 −0.11 −0.25, 0.03 0.11

Buschke Selective Reminding Test in WHICAP

Diabetes −3.85 −6.16, −1.54 <0.01 14,886.1 −3.85 −6.16, −1.54 <0.01 14,888.1 −3.85 −6.16, −1.54 <0.01 14,888.1 −3.85 −6.16, −1.54 <0.01 14,888.1

Diabetes × time 0.16 −0.11, 0.43 0.24 0.16 −0.11, 0.43 0.24 0.16 −0.11, 0.44 0.24 0.16 −0.11, 0.43 0.24

PEs 0.08 −0.72, 0.89 0.84 0.08 −1.15, 1.31 0.90 0.06 −0.94, 1.05 0.91

Time −0.53 −0.63, −0.43 <0.01 −0.54 −0.67, −0.40 <0.01 −0.56 −1.04, −0.08 0.02 −0.54 −0.77, −0.31 <0.01

Immediate Recall in NAS

Diabetes 0.45 −0.96, 1.87 0.53 7,268.0 0.46 −0.96, 1.88 0.52 7,263.7 0.46 −0.95, 1.88 0.52 7,268.5 0.47 −0.95, 1.89 0.52 7,264.6

Diabetes × time 0.01 −0.18, 0.20 0.91 0.00 −0.19, 0.19 0.96 0.00 −0.19, 0.19 0.97 0.00 −0.19, 0.19 1.00

PEs 0.57 0.13, 1.02 0.01 0.33 −0.20, 0.85 0.23 0.65 0.10, 1.20 0.02

Time −0.08 −0.12, −0.04 <0.01 −0.15 −0.22, −0.09 <0.01 −0.16 −0.30, −0.03 0.02 −0.19 −0.30, −0.09 <0.01

Abbreviations: AIC, Akaike Information Criterion; 3C-Dijon, Three-City Study–Dijon; CI, confidence interval; NAS, Normative Aging Study; PEs, practice effects; WHICAP, Washington

Heights-Inwood Community Aging Project.
a Diabetes coefficients are for persons diagnosed with diabetes.
b Time coefficients are for 1 year of aging.

P
ra
c
tic
e
E
ffe

c
ts

in
S
tu
d
ie
s
o
f
C
o
g
n
itiv

e
D
e
c
lin
e

3
0
9

A
m

J
E
p
id
e
m
io
l.

2
0
1
6
;1
8
3
(4
):3

0
2
–
3
1
4



Adjusting for the square root of the number of prior tests
corresponds with the assumption of diminishing returns for
repeated visits, so the “bump” associated with practice was
smaller between visits 2 and 3 than between visits 1 and 2.

Influence of PE specifications on exposure-outcome

association

The estimated associations of depression and diabetes with
level of cognitive performance are shown in Tables 2 and 3,
respectively. The time coefficientswere sensitive to the choice
of modeling PEs. For example, with no PE specification in
3C-Dijon (Table 3), the estimated rate of change in verbal flu-
ency was −0.14 words/year. Adding an indicator for the first
cognitive visit changed the estimated rate of change to −0.20
words/year, and the estimated PE was 0.72 words, equivalent
to nearly 3.5 years of cognitive decline. Similar results were
obtained for immediate recall in the NAS, with a change in
the time coefficient from −0.08 to −0.15 and a PE coefficient
of 0.57, equivalent to almost 4 years of change.Themagnitude
and statistical significance of the exposure parameters were
similar regardless of the parameterization of PEs, however.
In models including interactions between exposures and

time (see Table 4 for diabetes and Table 5 for depression),
coefficients were sensitive to PE specification, while coeffi-
cients for the effect of exposure on level and slope (exposure ×
time interactions) were similar in magnitude and statistical sig-
nificance across alternative PE specifications. We observed
this pattern in all 3 cohorts, for both exposures, and for all cog-
nitive outcomes. Additionally, including terms for PEs had lit-
tle effect on thewidth of the 95% confidence intervals for other
terms in the models.

Influence of PE specifications on model fit

Among the 10 exposure-outcome combinations evaluated,
we found no evidence of PEs in 7 situations (considering all 3
PE specifications (Tables 2 and 3)). Among the 3 combina-
tions with apparent PEs, the visit 1 indicator performed best
according to the AIC, although the specification including
the square root of number of prior tests generally had a sim-
ilar goodness of fit (Tables 2–5).

Sensitivity analyses

Web Tables 1 and 2 display results from sensitivity analy-
ses (analogous to Tables 4 and 5) using age as the time scale.
Web Table 3 displays results from sensitivity analyses (anal-
ogous to Table 5) with unbalanced data, where all persons
whomade at least 1 cognitive visit were eligible for inclusion.
In all sensitivity analyses, inferences concurred with those from
the primary analyses. In Web Tables 4 and 5, we included
interactions between the PE variable and exposure (e.g., β7
(PEij) × (exposurei)); these interaction terms were nonsigni-
ficant in all analyses.

DISCUSSION

Across 3 cohorts representing different samples of older
adults and multiple cognitive assessments, PEs were often large
in magnitude compared with the average rate of cognitive

change. Alternative specifications for PEs resulted in substantial
differences in the estimated average rate of cognitive change.
However, estimates of the associations of diabetes and elevated
depressive symptoms with level of and change in cognitive per-
formance were generally not sensitive to the specification of
PEs. For no combination of cohort, cognitive test, and PE spec-
ification did we find evidence that either diabetes or depressive
symptoms modified the magnitude of the PEs.
Our findings suggest that the importance of PEs likely de-

pends on the substantive question of interest. When the sub-
stantive question relates to average rate of cognitive change,
as is typical in neuropsychology, correct specification of the
PEs is critical (5, 21). In contrast, for a substantive question
regarding associations of exposures with rates of change, as is
typical in epidemiology, findings may be more robust to mis-
specification of PEs. This is reassuring since, based on our
experience, PEs are ignored in most studies of determinants
or predictors of cognitive change.
This optimistic interpretation should be tempered, how-

ever, given the boundaries of the situations we examined.
We only assessed 2 dichotomized baseline exposures, a hand-
ful of cognitive tests, and linearcognitivedeclines in3 cohorts.
PEs may behave differently in other settings. For example, if
PEs differ by age at study entry and age is associated with ex-
posure, modest misspecifications of the age trajectory might
conflate PEswith exposure effects.We used only a few cogni-
tive outcomes, related to episodic memory and verbal flu-
ency, for purposes of feasibility across the 3 cohorts and to
avoid cognitive tests with strong ceiling orfloor effects, which
potentially obscure PEs. Restriction to this set of cognitive
abilities may limit the interpretation of our findings. More-
over, although we chose baseline diabetes and depression
as exposures because of the plausibility that they may modify
the magnitude of PEs (especially for depression, based on its
effect on motivational effort, which is undoubtedly important
to PEs), we detected minimal evidence of such interactions in
our studies. If such interactions were omitted from the model,
they might bias the estimated exposure × time interaction,
although such bias would probably attenuate with increasing
numbers of study visits. Similarly, we had very weak time ×
exposure interactions for both exposures. We cannot neces-
sarily generalize beyond the examples we considered here,
especially for time-varying exposures.
PEs enduring for as long as 13 years have been reported

(44), but short study intervals probably have larger PEs than
longer intervals (16), as suggested by the differences observed
between 3C-Dijon and WHICAP or NAS. With a longer
duration of follow-up and irregular visit schedules between
people, it is easier to disentangle PEs from aging. Secular,
period-specific, or visit-specific events such as hiring of new
test administrators, changing of the sequencing of items in
long testing periods, or changing interview mode (e.g., com-
puterization) may result in complex longitudinal patterns that
are not attributable to cognitive aging. These phenomena
may masquerade as PEs, and they are subject to the same
modeling challenges posed here. More conclusive evidence
might emerge from simulation studies, which offer better op-
portunities to examine whether results accurately reflect the
known model generating the data under a range of alternative
(mis-)specifications of PEs.
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Our specifications of PEs ignored possible differences in
the magnitude of PEs based on the interval between succes-
sive visits (17). Testing such a model is infeasible when the
time between cognitive visits is relatively constant (i.e., the
study is time-structured); we defer additional research on
this topic to a more appropriate setting. Similarly, in a hypo-
thetical time-structured and balanced study in which mea-
surements are evenly spaced, PEs specified as number of
prior tests would be perfectly collinear with time. Thus, hav-
ing data collected in a regular fashion actually limits investi-
gators in the choice of PE specification. Nonetheless, as
Hoffman et al. (21) noted, a visit 1 indicator is less collinear
with time than incremental PE specifications and thus may
facilitate identification of PEs in cohort studies with fixed
test-retest intervals. Additional work beyond the scope of
this study is needed to evaluate questions related to modeling
of PEs when they are themselves of interest (18, 19, 21, 45).
These questions are important, especially because prior evi-
dence suggests that persons with cognitive impairment or in-
cipient dementia have attenuated PEs (18, 19, 46). Our
approach, however, aimed at answering the pragmatic ques-
tion of the importance of correctly specifying PEs when eval-
uating predictors of rate of cognitive change, which is the
typical interest in epidemiologic research on the determinants
of cognitive decline.

We recommend considering parameterization of PEs when
evaluating predictors of cognitive change. When not specif-
ically modeled, PEs are “absorbed” into the time coefficient.
This implies not only that average rate of change is incor-
rectly estimated but also that any comparisons of other coef-
ficients based on the time coefficient are similarly biased.
Such comparisons are common: The magnitude of the effect
of an exposure of interest on rate of change is often inter-
preted in a ratio with the estimated annual rate of change.
These ratios will be extremely sensitive to changes in the
time coefficient and therefore sensitive to specification of
PEs. For example, for 3C-Dijon in Table 5, a model with
no PE included indicated that persons with diabetes declined
15% more quickly than nondiabetics, whereas when a visit 1
indicator was included, the estimate showed an 11% faster
decline, and when the number of prior tests was included,
the estimate implied only a 5% faster decline.

Importantly, although incorporating PE specification re-
quired an extra model parameter, it did not substantially in-
crease the width of the 95% confidence intervals of other
estimates and was often associated with lower AICs than
those for models without PEs.We anticipated that theremight
be a single best-performing PEs specification that would be
preferred across cohorts and tests. This was not the case. In
our data, when PEs were statistically significant, the visit 1
indicator typically appeared to be the best option. However,
the best PE specification is likely to depend on the character-
istics of the study and test, potentially modified by length of
the interval between visits, and other factors.

Given that we are not able to recommend a single universal
specification for PEs, we recommend the following 4 steps
to applied researchers when choosing a PE specification
in linear models of cognitive change when substantive in-
terest is in the association of exposure with rate of cognitive
change.

First, choose an overall PE structure by comparing the 4
models, without any exposure coefficient (i.e., including only
time and the alternative PE specifications). It may be useful to
repeat this process considering nonlinear trajectories (47, 48),
especially when numerous repeated measures are available.
The presence of PEs can be tested by means of the Wald test
associated with the PE variable. In the case of the presence of
PEs, the best specification can be selected through goodness-
of-fit criteria such as the AIC. However, one should keep in
mind that small improvements in model fit (a few points)
may not outweigh advantages of amore parsimonious andmore
interpretable model. In the absence of evidence to strongly
support one PE specification over another in a given analysis,
we recommend choosing a PE specification on theoretical
grounds. For example, one could use previous evidence
from measurement burst design studies regarding the shape
of the PEs for the specific instrument.

Second, after choosing the preferred PE specification,
model a 2-way interaction to assess whether the exposure
of interest modifies the PEs. This model should include
both the exposure × PEs interaction and the exposure × time
interaction. We used only the visit 1 indicator model for PEs,
since we found this interaction variable and the exposure ×
time interaction variable to be highly correlated, causing prob-
lems with collinearity.

Third, if there is no evidence for an exposure × PEs inter-
action, drop this term.

Fourth, if there is an exposure × PEs interaction, further in-
vestigation is required, as there are multiple potential reasons
for this finding. Although it is difficult to disentangle aging
and PEs, exposure × PE interactions may indicate floor or ceil-
ing effects, in which case alternate modeling techniques may be
more appropriate (49–52). Alternately, especially in smaller data
sets, significant PE × exposure interactions may indicate overfit-
ting or unstable models. In this case, sensitivity analyses may
help place bounds on the consequences of any PE × exposure
interaction on the coefficients of interest. For example, investi-
gators may repeat analyses omitting the PE, as well as further
analyses which make other reasonable assumptions about the
size and variability of the PE across exposures. Finally, PEs
may truly differ by exposure status (5, 53, 54); in this case, it
may be reasonable to retain this interaction in the final model,
along with the exposure × time interaction, and critically con-
sider plausible explanations for the finding based on theory.

Our findings have 3 implications for researchers dealing
with PEs in studies of determinants of cognitive change. First,
by formally comparing substantive effect estimates across
diverse samples, exposures, and outcomes, we found limited
effects of PEs on estimated rates of cognitive change. We
then distinguished the importance of PE specification when
the primary scientific interest is in describing rates of change
(in which case different PE specifications lead to very differ-
ent estimates) from the importance of PE specification when
the primary scientific interest is in evaluating whether hy-
pothesized risk factors modify cognitive level and rate of
change (in which case different PE specifications may lead
to similar results). Finally, we offered a sequence of steps
to approach the choice of PE specification methodically.

By comparing 4 ways of handling PEs in 3 cohorts for 2
different exposures, we have demonstrated that the best way
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of modeling PEs—even when using the same cognitive in-
strument—may not be the same for all studies and situations.
All statistical models are to some extent inaccurate simplifi-
cations of complex data patterns; a key task facing researchers
is to select simplifying models that make analyses tractable
but do not bias the estimate of primary scientific interest.
We conclude that PEs are common in longitudinal studies.
Ignoring PEs is likely to result in misspecification of the
rate of cognitive change, but it does not necessarily produce
incorrect estimates of the associations between exposures and
level of cognition or rate of cognitive change. Nonetheless,
explicitly modeling PEs could improve studies of cognitive
change, by improving model fit and providing more realistic
estimates of rate of cognitive change.
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