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ABSTRACT

Aims To compare the acute effects of alcohol on set-shifting task performance (relative to sober baseline performance)
during ascending and descending limb breath alcohol concentration (BrAC), as well as possible moderation of these effects
by baseline individual differences. Design Shifting performance was tested during an initial baseline and a subsequent
drinking session, during which participants were assigned randomly to one of three beverage conditions (alcohol, placebo
or control) and one of two BrAC limb conditions [ascending and descending (A/D) or descending-only (D-only)].

Setting A human experimental laboratory on the University of Missouri campus in Columbia, MO, USA.

Participants A total of 222 moderate-drinking adults (ages 21–30 years) recruited from Columbia, MO and tested be-
tween 2010 and 2013.Measurements The outcomemeasurewas performance on set-shifting tasks under the different
beverage and limb conditions. Shifting performance assessed at baseline was a key moderator. Findings Although per-
formance improved across sessions, this improvement was reduced in the alcohol compared with no-alcohol groups
(post-drink latent mean comparison across groups, all Ps ≤ 0.05), and this effect wasmore pronounced in individuals with
lower pre-drink performance (comparison of pre- to post-drink path coefficients across groups, all Ps ≤ 0.05). In the alcohol
group, performance was better on descending compared with ascending limb (P ≤ 0.001), but descending limb perfor-
mance did not differ across the A/D and D-only groups. Conclusions Practising tasks before drinking moderates the
acute effects of alcohol on the ability to switch between tasks. Greater impairment in shifting ability on descending com-
pared with ascending breath alcohol concentration is not related to task practice.

Keywords Acute alcohol, baseline EF performance, executive functioning, latent-variable approach, limbs of the
BrAC, set-shifting.
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INTRODUCTION

A large literature describes an important role for higher-
order cognitive abilities in addiction, such as planning,
problem-solving and flexibility [1,2]. This broad class of
cognitive abilities is often referred to as ‘executive func-
tioning’ (EF). Many EF-related abilities are known to be
impaired under acute alcohol intoxication, both in the
laboratory [3–5] and in naturalistic settings [6–8]. This is
a major concern, given that impairment in the regulatory
processes represented by these EF abilities can promote
protracted alcohol and drug use despite their health
risks and contribute to a range of acute alcohol-related
problems.

To date, most studies investigating acute effects of alco-
hol on EF have focused on abilities related to response inhi-
bition or working memory; relatively few investigations
have tested alcohol’s effects on the ability to switch
between tasks [9]. This ability, often termed ‘shifting’
[10], represents the ability to perform a new operation in
the face of proactive interference (see [11]). Along with in-
hibition and working memory updating, shifting is consid-
ered one of the core EF abilities supporting self-regulatory
control [10], and although these three aspects of EF share
some common features, they are also theoretically and
empirically distinct [10]. Addressing this imbalance in the
literature on alcohol and EF is important, because
although alcohol’s effects on EF are extensive, they are far
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from uniform [9]. The purpose of the current study was to
provide the most thorough test to date of alcohol’s effects
on shifting.

Set-shifting paradigms involve a sequence of trials that
require either transitioning to a new task set or maintain-
ing the current one on successive trials. Outcomemeasures
in set-shifting paradigms include the switch cost—the
additional time [represented in response time (RT)] re-
quired to reconfigure successfully a new task set relative
to maintaining the current one—and perseverative errors
—responding to a stimulus according to a prior task set
configuration that is inappropriate in the current one.
Earlier studies showed that alcohol increases perseverative
errors both in laboratory [4,12,13] and in naturalistic
(bar) settings [7], but no previous studies have tested acute
alcohol effects on switch costs.

Extant studies in this literature have suffered from sev-
eral shortcomings, leading to uncertainty over their con-
clusions. First, in most studies alcohol’s effects on shifting
have been modeled using only a single behavioral task
[9]. Moreover, the tasks used in most of those studies (e.g.
Wisconsin Card Sort; Tower of London; Trails-making Test
part B) are cognitively complex, meaning that they tap
multiple EF abilities as well as other, non-EF processes
(language; visuospatial), introducing variability in perfor-
mance attributable to task stimuli but unrelated to shifting
ability [10,14]. Previous work [15] demonstrates how al-
cohol’s effects can vary according to such stimulus-driven
factors. The current study overcame this problem by
adopting a latent variable approach, in which three exem-
plar tasks selected to have different non-executive require-
ments but to tap the same underlying shifting ability were
administered. The resulting latent variable represents an
estimate of the latent variable of shifting ability with no
measurement error [16].

Two additional shortcomings of the extant literature
were addressed in this study. First, previous studies of alco-
hol’s effects on shifting, indeed on cognitive functionsmore
generally, have failed to investigate potential differences as-
sociated with ascending and descending breath alcohol
concentration (BrAC). This issue is important, in that re-
duced impairment during descending relative to ascending
BrAC has been reported for some EF abilities [17–22]; for
reviews, see [23,24]. However, this apparent recovery on
the descending limb of the BrAC curve has been observed
mainly inwithin-subjects comparisons, where the same in-
dividuals are tested during both limbs [17–22]. This design
makes it difficult to infer whether improvements during de-
scending BrAC merely reflect practice effects [7,25], but
also see [26]. Disentangling practice from acute tolerance
effects [23] requires a design in which some participants
complete EF tasks under both ascending and descending
BrAC (A/D group), whereas others complete the tasks only
under descending BrAC (D-only group). Better descending-

limb (DL) performance in the A/D group relative to the
D-only group would provide evidence of a practice effect;
equivalent DL performance in the two groups would
suggest that acute tolerance occurs.

Finally, very few studies have considered the moderat-
ing influence of individual differences in sober (baseline)
performance on the magnitude of alcohol’s effects on EF.
Low EF ability represents a dual hazard for harmful
drinking outcomes because not only does poor perfor-
mance on EF tasks predict escalation of alcohol involve-
ment [27–29] and risk-taking behaviors in youth [30],
but individuals with poor EF ability often experience
greater impairment from alcohol than their higher-EF
peers [31,32]. The current study included a sober baseline
testing session to permit modeling effects of individual
differences in shifting ability.

The primary aim of this study was to provide the most
comprehensive test to date of alcohol’s acute effects on
shifting, using a latent variable approach to isolate alco-
hol’s effects on shifting from non-EF processes (see [14]).
Based on the findings of earlier acute alcohol studies on
EF, we focused on the following questions: (a) is post-drink
performance in the alcohol group worse than post-drink
performance in the no-alcohol group; (b) is performance
on the DL significantly less impaired than performance
on the ascending limb (AL) in the alcohol group, which
might suggest acute tolerance or practice effects; and (c)
does post-drink performance vary according to both
pre-drink performance levels and beverage group, such
that individuals with poorer baseline shifting ability expe-
rience greater impairment from alcohol than those with
better baseline ability? We also wished to test (d) whether
any ostensible performance recovery on the DL appears
due to practice; a difference in DL performance between
the A/D and D-only groups would suggest a practice
effect.

METHOD

Design

The study consisted of a baseline session and a drinking
session; during the drinking session participants con-
sumed alcohol, a placebo beverage or a control beverage.
This design permitted comparison of shifting performance
(measured as a latent variable derived from performance
in three set-shifting tasks) as a function of alcohol phar-
macology (alcohol versus placebo and control) and alco-
hol expectancy (alcohol and placebo versus control) on
the ascending and descending limb of the breath alcohol
curve, as well as moderation of these effects by baseline
individual differences. Prior to data collection, the statisti-
cal power analysis of the structural models was assessed
using the Monte Carlo component of Mplus, and for each
combination of three effect size magnitudes (low,
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medium, high) for both alcohol and expectancy effects
based on previously published estimates for the updating
construct and assuming a sample size of 216 individuals.
The power to detect small, medium and large effects for
either construct were 0.19–0.20, 0.89–0.90 and 0.99,
respectively.

Sample

Two-hundred and fifty-eight participants between the
ages of 21 and 30 years were recruited from the Colum-
bia, MO community for a study examining effects of alco-
hol on cognition. Interested individuals were screened for

their eligibility (see Supporting information for exclusion
criteria). Participants were paid $35 for completion of
the first session and $14/hour for the second session
(and a $10 bonus for completing both sessions). Demo-
graphic characteristics of the sample are given in
Table 1.

Procedure

The baseline session started at 9:00 a.m. and took approx-
imately 3–4 hours; drinking sessions, which took place
1–3 weeks (mean = 19.1 days) later, started between
12:00 and 1:00 p.m. and lasted approximately 4 hours.

Table 1 Demographic characteristics of study sample.

Experimental group (n = 222)

Control Placebo Alcohol

D-only n = 40 A/D n = 40 D-only n = 35 A/D n = 37 D-only n = 37 A/D n = 33

% Male 57.5 42.5 57.14 56.75 43.24 39.39
Age (mean, SD) 22.57 (2.57) 22.3 (2.44) 22.71 (3.1) 22.73 (2.39) 22.97 (2.75) 23.24 (3.74)
% Caucasian 97.44 87.18 94.12 94.59 97.3 96.77
Smokinga 19/16/2/3 14/18/4/3b 17/16/2/0 19/15/2/1 10/18/3/6 15/13/0/5
(never/occasional/ex-/current smoker)
Drinks per week 6.54 (5.24) 9.52 (8.65) 7.16 (8.61) 5.79 (4.95) 7.97 (5.46) 6.19 (4.99)
(mean, SD)

D-only: participants tested only on the descending limb of the breath alcohol concentration (BrAC) curve; A/D: participants tested on both the ascending and
the descending limbs of the BrAC curve. aUnits of measurement: total number of subjects; bin the control A/D limb group, one subject’s smoking data were
missing. SD = standard deviation.

Table 2 Means and standard deviations of switch costs in the alcohol, placebo and control groups.

Experimental Group (n = 222)

Control Placebo Alcohol

D-only A/D D-only A/D D-only A/D

Baseline n = 40 n = 40 n =35 n = 37 n = 37 n = 33
Number-Letter 328.34 (193.92) 316.45 (170.73) 347.01 (182.37) 311.02 (186.41) 282.84 (182.81) 313.21 (159.34)
Color-Shape 199.28 (192.03) 220.61 (175.86) 228.79 (116.00) 183.19 (140.52) 213.64 (177.60) 185.31 (137.62)
Category-
switch

160.17 (125.98) 132.33 (85.05) 129.55 (119.52) 149.26 (132.96) 152.49 (125.06) 194.22 (112.87)

Ascending
Number-Letter – 226.67 (124.77) – 221.29 (144.95) – 303.05 (184.76)
Color-Shape – 201.16 (150.71) – 142.92 (133.63) – 254.46 (165.47)
Category-
Switch

– 117.32 (96.14) – 159.85 (139.29) – 189.71 (127.62)

Descending
Number-Letter 262.02 (158.50) 158.96 (95.41) 255.25 (155.58) 185.81 (126.28) 250.29 (187.57) 249.04 (143.73)
Color-Shape 199.61 (178.40) 106.66 (83.17) 156.45 (125.65) 121.75 (133.62) 170.93 (120.53) 181.55 (146.25)
Category-
Switch

148.39 (101.77) 118.88 (96.52) 144.93 (107.59) 110.97 (94.11) 120.17 (105.31) 117.17 (107.22)

A/D = completed tasks on the ascending and descending limb; D-only = completed tasks on the descending limb only.
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At the beginning of the baseline session, participants com-
pleted demographics and other self-report measures,
followed by completion of the three set-shifting tasks as well
as nine additional tasks assessing other EF abilities (not re-
ported here).When participants returned to the laboratory
for the drinking session they were assigned randomly to
one of three beverage conditions by a research assistant
using a computerized randomizer algorithm: a no-alcohol
control beverage (n = 80), an active placebo beverage
(n = 72; 0.04 g/kg ethanol) or an alcohol beverage
(n = 70; 0.80 g/kg ethanol for men, 0.72 g/kg ethanol
for women) (for alcohol administration procedure, see
Supporting information). Participants in the control condi-
tion were told that their drink contained no alcohol;
those in the placebo and alcohol conditions were told
that their drink contained ‘a moderate amount of
alcohol’.

To permit separate assessment of practice effects from
acute alcohol tolerance on the DL, a missing-by-design
method was employed [33,34] in which participants were
assigned randomly to one of two task completion condi-
tions. Participants in the A/D group completed the
shifting tasks on both the AL and DL, whereas those in
the D-only group completed the tasks only on the DL.
All participants completed the set-shifting tasks in a
predetermined order (category–switch, color–shape,
number–letter), followed by two unrelated tasks. Follow-
ing previous research [35], D-only participants watched
episodes of a popular television sitcom (The Office) during
ascending BrAC (in the alcohol condition, or until an
equivalent amount of time had elapsed post-drinking in
the placebo and control conditions). The order of the tasks
was reversed on the DL so that each task would be com-
pleted at equivalent breath alcohol concentrations on the
AL and DL.

Measures

Subjective effects of alcohol

At baseline and each post-drinking BrAC measurement,
participants completed measures of self-reported stimula-
tion, sedation and subjective intoxication. Stimulation
and sedation were assessed using the Biphasic Alcohol
Effects Scale (BAES) [36], and subjective intoxication
(‘How intoxicated do you feel right now?’) was assessed
using a 10-point scale (1 = not at all intoxicated, 10 =
more intoxicated than I’ve ever been).

Set-shifting paradigms

Participants performed three cued set-shifting tasks (num-
ber–letter, color–shape and category–switch) used previ-
ously in the study by Friedman and colleagues [14]. For
brevity, here we provide brief descriptions; complete details

are provided in the Supporting information. In all tasks,
each trial was preceded by an informative cue indicating
which one of the two subtasks should be performed on that
trial. Subjects were required to switch between the two
task-sets if the cue presented in the current trial differed
from the cue presented in the previous trial. In the
number–letter task [11], participants were presented with
a number–letter or letter–number pair (e.g. 7G) and were
expected tomake an ‘even/odd’ or ‘consonant/vowel’ judg-
ment depending on the pre-trial cue. In the color–shape
task [37], participants were presented with a circle or a tri-
angle in either red or green. They were expected to make a
‘red/green’ or ‘circle/triangle’ judgment depending on the
cue. In the category switch task [38], participants were
presented with a word and were asked either to make a
‘living/non-living’ or ‘smaller/bigger than a soccer ball’
judgment based on a symbol presented above the word.
The dependent measure in each task was the switch cost,
calculated as the difference between the average RTs of
the trials that required a task switch and the average RTs
of the trials in which no switch occurred (see Fig. 1). Each

Figure 1 Mean switch costs in the alcohol, placebo and control
groups. Vertical bars indicate standard errors
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Figure 2 Standardized parameter estimates for the multi-group covariance, longitudinal factor and MIMIC models for alcohol and no-alcohol
groups. For the parameter estimates: ***P< 0.001; *P< 0.05 (one-sample t-tests). Pre- and post-drink latent variables (ovals) are constructed from
scores on three set-shifting tasks (category–switch, color–shape and number–letter). For simplicity, individual indicators are not presented. Triangles
represent latent means (m), double-headed arrows on latent variables represent variances, double-headed arrows between latent variables represent
covariances, single-headed arrows between latent variables represent path coefficients (p) and small circles with single-headed arrows represent dis-
turbances; m: mean, p: path coefficient. Larger factor scores represent greater switch costs (i.e. worse performance)
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task consisted of an equal number of switch and no-switch
trials. The cue and the target were displayed on the screen
until the participant responded, followed by a 350 ms
response-to-cue interval. An auditory feedback (‘beep’)
was presented if subjects responded incorrectly. Each target
type and cue–target combination appeared equally often in
each block. No more than four switch trials occurred in a
row.

Statistical methods

For the analysis, a set of structural equation models (SEM)
were applied because (i) within these models, latent factors
(i.e. shifting ability) can be formed frommultiple indicators
(three set-shifting paradigms): in this way, measurement
error can be reduced, resulting in increased reliability;
and (ii) they allow us to estimate how these latent variables
are affected by other (latent) variable indices across multi-
ple groups.

Data preparation was performed as in previous re-
search [14]. After exclusion of outliers/dropouts, model
A–B and model C–D (for models, see Fig. 2) were estimated
with 218 and 222 participants’ data, respectively (see
Supporting information for data preparation and
exclusion/outliers criteria). SEMs were estimated with
Mplus version 7.2 [39] by using multi-group covariance,
longitudinal factor [40] and multiple-indicator–multiple-
cause (MIMIC) models [41]. In baseline models, all param-
eters were constrained to be equal across groups (strict
invariance models). Next, parameters of interest were freed
across groups and the difference likelihood ratio test (Δχ2)
was used to examine if nested models were significantly
better than the strict invariance models as described in
[42]. Models with incomplete data on the ascending limb
were tested by using missing data analysis with full infor-
mation maximum likelihood (FIML) estimation procedures

[43]. All other models were tested with maximum likeli-
hood estimation procedures. In addition, root mean square
error of approximation (RMSEA), comparative fit index
(CFI), and Tucker–Lewis index (TLI) were used to judge
the fit of individual models. All strict invariance models
fitted the data relatively well (for a list of models estimated
and statistics, see Tables 3 and 5).

The following specifications were the same in all SEMs
presented here (Fig. 3 presents measurement model for
model A2 as an example): the RT switch costs derived from
the three set-shifting tasks were used to construct the un-
observed latent variable, shifting, separately at pre-drink
(baseline) and post-drinkAL and DL. A dummy-coded alco-
hol variable, comparing the control and placebo groups
(coded 0) with the alcohol group (coded 1), was created
to test for pharmacological effects. For model identification
purposes, on the pre-drink shifting factor the mean and
variance were set to zero and 1, respectively, in both
groups. Note that freeing the pre-drink shifting latent
mean in the alcohol group resulted in a mean of zero for
the latent variable in the alcohol group, confirming equal
latent means in alcohol and no-alcohol groups at the pre-
drink baseline. The covariances between the three indica-
tors at pre- and post-drink were allowed, but constrained
to be equal across alcohol and no-alcohol groups. The
three factor loadings, intercepts and residual variances
for the three indicators were estimated freely, but were
constrained to be equal for pre- and post-drink shifting
factors and across alcohol and no-alcohol groups. Also
note that freeing factor loadings for the three indicators
across time and groups worsened the fit significantly
(model A3 in Table 3), corroborating that the same la-
tent construct was measured before and after beverage
administration. This provided a sufficient condition of
equal units of measurement and origin of scale to test la-
tent means across groups.

Table 3 Results from the models with baseline, ascending and descending limb data together (n = 218).

Models χ2 d.f. RMSEA (95% CI) CFI TLI Δχ2 P

Multi-group (alcohol/no-alcohol) covariance models
A1: Strict invariance 125.320*** 76 0.077 (0.052–0.101) 0.917 0.921
A2: Asc. & desc. post-drink factor mean 114.351** 74 0.071 (0.044–0.095) 0.932 0.934 10.969 < 0.01
A3: Factor loadingsa 198.863*** 66 0.136 (114–158) 0.776 0.755
Multi-group (alcohol/no-alcohol) longitudinal models
B1: Strict invariance 130.153*** 78 0.078 (0.054–0.101) 0.912 0.919
B2: Asc. & desc. post-drink factor mean 110.406** 76 0.064 (0.035–0.090) 0.942 0.945 43.476 < 0.001
B3: Asc. & desc. post-drink factor var. 109.898** 75 0.065 (036–0.090) 0.941 0.943 23.793 < 0.001
B4: Base-to-asc. & asc.-to-desc. path coefficients 102.497* 73 0.061 (029–0.087) 0.95 0.951 33.841 < 0.001

Under the Models column, parameters are listed which are estimated freely across groups. Note that the free parameters in each successive model also include
the parameters freed in previous steps. For example, in model B3, ascending and descending post-drink factor variance means that, in addition to the param-
eters freed earlier (i.e. factormeans inmodel B2), the ascending and descending limb factor varianceswere also estimated freely across groups. Likelihood ratio
difference tests (Δχ

2
) were reported in comparison to the strict invariance model. Base = baseline; Asc. = ascending limb; Desc. = descending limb; var. = var-

iance. *P< 0.05; **P<0.01; ***P<0.001. aFor model identification, the ascending and descending post-drink latent mean and variance were set to zero and
1, respectively. RMSEA = root mean square of approximation; CI = confidence interval; CFI = comparative fit index; TLI = Tucker–Lewis index.
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Note that we also tested whether performance on the
DL was affected by the expectancy that alcohol was con-
sumed, by using expectancy (0: control group, 1: pla-
cebo and alcohol groups) instead of alcohol dummy
coding for grouping. Nested models testing expectancy
effect were not significantly better than the strict invari-
ance models (see Supporting information), suggesting
that expectancy effects did not appear to influence per-
formance and are therefore not discussed in the remain-
der of this paper.

MODEL RESULTS

To determinewhether post-drink performance in the alcohol
group was worse than in the no-alcohol group and whether
performanceon theAL in the alcohol groupwas significantly
less impaired than performance on the DL, a covariance
model was estimated in which the covariances among the
three shifting latent factors were allowed, but constrained
to be equal across the alcohol and no-alcohol groups. Testing
hypotheses (a) and (b) requires comparison of group means

Figure 3 Standardized parameter estimates for the multi-group covariance model (model A2), presented as an example of measurement models
that are simplified in Fig. 2. Values under vertical arrows pointing to measurement variables (category–switch, color–shape, etc.) represent residual
variances, variance not explained by the latent variable. L1, L2, and L3 represent loadings constrained to be equal across time and groups. Triangles
represent latent means, double-headed arrows on latent variables represent variances, double-headed arrows between latent variables represent
covariances. Larger factor scores represent greater switch costs (i.e. worse performance). All parameters were significant at P < 0.05, except one
(indicated by ¥)
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across time and groups by freeing the post-drink shifting la-
tent means (Fig. 2A), which fitted the data significantly bet-
ter than the baseline model (Table 3, Model A). Comparing
the shifting latent mean across groups revealed that
post-drink performance (both on the AL and DL) was
worse (i.e. larger switch costs) in the alcohol group com-
pared to the no-alcohol group (also see Table 4). Compar-
ing the latent means across the limbs of the BrAC in the
alcohol group revealed an improvement in performance
from the AL to the DL in the alcohol group, suggesting
an acute tolerance effect on the DL. These findings indi-
cate support for hypotheses (a) and (b).

To address research question (c), whether post-drink
performance varies according to pre-drink performance
levels and beverage groups (specifically whether individ-
uals with poorer baseline shifting ability experience greater
impairment from alcohol than those with better baseline
ability), a multi-group longitudinal factor model was
estimated where the pre-drink component was regressed
on the post-drink component. The post-drink latent means
and variances, as well as the pre-drink-to-AL and AL-to-DL
path coefficients were estimated freely (Fig. 2B). In the no-
alcohol group, pre-drink performance fully explained AL
performance (path coefficient = 1), leaving no residual var-
iance to be explained by the AL data (disturbance = 0).
This is to be expected, given that no alcohol was adminis-
tered to participants in this group. In the alcohol group,
pre-drink performance also predicted AL performance but
to a lesser extent than in the no-alcohol group; this

difference across groups was significant (Tables 3 and 4,
model B). We then tested whether pre-drink performance
predicted DL performance differently in the alcohol and
no-alcohol groups. To do so, the same model was tested
without theAL data (Fig. 2C; Table 5,model C). Comparing
the path coefficients across groups revealed that pre-drink
shifting ability explained the variance in DL performance
more in the no-alcohol group than in the alcohol group
(also see Fig. 4).

To address research question (d), whether performing
the tasks on the AL affected performance on the DL in
the alcohol group, a MIMIC model was estimated by in-
cluding a practice dummy variable (1 = D-only group,
2 = A/D group) to the previous model and regressing
on the DL component (Fig. 2D). Freely estimating the re-
gression from the practice variable to the DL shifting var-
iable resulted in a significant improvement over the
baseline model (Table 5, model D). Significant negative
path coefficients from practice to the DL post-drink
shifting ability in the no-alcohol group (–0.33,
P < 0.001) imply that the switch cost at DL post-drink
was smaller (i.e. better shifting performance) in the A/D
group compared to the D-only group; however, the
analogous path for the alcohol group was not significant
(–0.08, P = 0.23), indicating that practice did not im-
prove DL performance in the alcohol group. Also, as
shown in Table 6, these coefficients across groups were
significantly different from each other. This finding is in-
consistent with hypothesis (d).

Table 4 Standardized parameters from the models with baseline, ascending and descending limb data together in the no-alcohol and
alcohol groups.

Models

Latent mean parameter estimates Path coefficient estimates

No-alcohol Alcohol No-alcohol Alcohol

Multi-group (alcohol/no-alcohol) covariance factor models Ascending
A1: Strict invariance –0.21 –0.21 – –

A2: Asc. & desc. post-drink factor mean –0.4**b 0.089b – –

Descending
A1: Strict invariance –0.61*** –0.61*** – –

A2: Asc. & desc. post-drink factor mean –0.71***a –0.46***a – –

A2: Asc. versus desc. limb a b – –

Multi-group (alcohol/no-alcohol) Longitudinal factor models Ascending Base-to-ascending
B1: Strict invariance –0.2 –0.2 0.98*** 0.98***
B2: Asc. & desc. post-drink factor mean –0.48***b 0.09b 1*** 0.85***
B4: Base-to-asc. & asc.-to-desc. path coefficient –0.61***b 0.06b 1***a 0.94***a

Descending Ascending-to-descending
B1: Strict invariance –0.44*** –0.44*** 0.91*** 0.91***
B2: Asc. & desc. post-drink factor mean –0.35* –0.51*** 0.88*** 0.91***
B4: Base-to-asc. & asc.-to-desc. path coefficient –0.25 –0.45*** 0.84*** 0.95***

Under the Models column, parameters are listed which are estimated freely across groups. Note that the parameters listed in each successive model also in-
clude parameters that are freed in previous steps. Significance levels represent whether estimated parameters are significantly different than zero: *P ≤ 0.05;
**P ≤ 0.01; ***P ≤ 0.001. Significance levels for the t-tests comparing parameter estimates for the no-alcohol versus alcohol groups and for the t-test compar-
ing ascending versus descending limb factor means are indicated as, aP ≤ 0.05; bP ≤ 0.01. Base = baseline; Asc.= ascending limb; Desc.= descending limb.
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DISCUSSION

This experiment investigated the acute effect of alcohol on
shifting. The study addressed limitations in the extant lit-
erature in several ways, including the use of a latent var-
iable framework informed by multiple indicators of set-
shifting ability, examining whether individual differences
in baseline shifting ability moderate alcohol effects on
shifting performance and testing whether alcohol expec-
tancy or practice (performing the tasks on both BrAC
limbs) would explain ostensible acute tolerance on the
DL of the BrAC curve. Several findings from this study
advance understanding of alcohol’s effects on shifting.
First, the good fit of our model with three indicators of
shifting provided evidence for a latent shifting factor
tapped by the three tasks we administered. Moreover,

the SEM in which factor loadings for the three indicators
were freed across time and groups worsened fit signifi-
cantly (model A3 in Table 3), corroborating that the same
latent construct was measured at baseline and after bev-
erage administration.

In both alcohol and no-alcohol groups, performance
was better at post-drink (lower switch costs and latent
mean), due possibly to performing the tasks a second time
(or third time for the A/D group). However, this improve-
ment in performance was greater in the no-alcohol group
than the alcohol group, suggesting that the pharmacologi-
cal effects of alcohol limited the effects of practice. However,
compared to the AL performance, DL performance was im-
proved in the alcohol group, a finding similar to that seen
in previous studies using within-subjects comparisons.

Additionally, baseline performance predicted post-drink
performance differentially according to beverage condition:
pre-drink performance explained AL performance more
clearly in the no-alcohol group than in the alcohol group.
Presumably, this occurred because alcohol interfered with
shifting performance on the AL, reducing the extent of im-
provement from pre-drink levels in the alcohol group. More
interestingly, the relative reduction in performance en-
hancement from pre- to post-drink in the alcohol condition
was more pronounced in individuals with lower pre-drink
performance (see Fig. 4). This could mean that individuals
with low EF ability not only have relatively weak EF when
sober, but they are also more susceptible to the detrimental
effects of acute alcohol exposure. In the long term, these in-
dividuals might carry a greater risk for alcohol abuse and,
ultimately, addiction.

The current study also investigated whether practice
and/or expectancy effects influence shifting performance
while BrAC is falling. There has been limited research on
whether alcohol affects shifting differentially under
ascending and descending BrAC. Previous studies have re-
ported impaired EF performance on the AL and a recovery
from this impairment on the DL, a finding that has been
interpreted as a sign of acute tolerance. Possibly to elimi-
nate individual variability in response to acute alcohol
and increase statistical power, most studies examining
such limb effects have utilized within-subjects designs in
which participants were tested both under ascending and
descending BrAC [17–22]. Conversely, one study compared
participants tested on the AL to those tested on the DL of
BrAC and reported no difference in shifting performance
[7]. In the current study, we scrutinized this issue by (a)
testing whether performing the tasks on the AL improves
DL performance (i.e. a within-subjects comparison) and
(b) testing whether DL performance differs according to
whether or not the tasks were performed on the AL (i.e. a
between-subjects comparison across the A/D and D-only
groups). Results showed a general performance improve-
ment on the DL compared to the AL. Moreover, performing

Figure 4 Post-drink shifting latent variable factor scores for the as-
cending limb (from model B4) and descending limb (from model C4)
as a function of beverage group (alcohol versus no alcohol) and baseline
task performance (pre-drink shifting latent variable factor scores). Larger
factor scores represent greater switch costs (i.e. worse performance)
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the tasks on the AL improved DL performance, but only in
the no-alcohol group. A lack of difference between the per-
formance of the A/D and D-only groups in the alcohol con-
dition suggests that the acute tolerance observed on the DL
cannot be explained as merely a practice effect. Regarding
the expectancy factor, the findings were inconclusive as to
whether or not expectancy influenced EF performance.

In summary, our results indicate that individuals low
in a key aspect of EF, switching, might experience loss of
executive control after initiation of a drinking episode.

However, whether individuals low or high in EF would
be more prone to initiate a drinking episode is a question
for future research. Limitations of the current study
should be noted, however. First, although this sample is
large by the standards of alcohol challenge studies, it
was not large enough to permit estimation of numerous
parameters in our models. Future studies with larger sam-
ples could test this possibility. Secondly, the alcohol effect
on shifting reported here is related to a broad, latent
shifting construct and may not generalize to specific tasks.

Table 6 Standardized parameters from the models with baseline and descending limb data together.

Models

Parameter estimates

Latent mean Latent variance Pre–post path Practice–post path

No-alcohol Alcohol No-alcohol Alcohol No-alcohol Alcohol No-alcohol Alcohol

Multi-group (alcohol/no-alcohol) longitudinal factor models
C1: Strict invariance –0.660*** –0.660*** 0.166 0.166 0.913*** 0.913*** – –

C2: Des. post-drink factor mean –0.751***a –0.476***a 0.174 0.174 0.909*** 0.909*** – –

C3: Des. post-drink factor
variance

–0.749***a –0.477***a 0.176 0.166 0.908*** 0.913*** – –

C4: Pre- to post-path coefficient –0.808***b –0.396***b 0.260* 0.019 0.860***a 0.988***a – –

Multi-group (alcohol/no-alcohol) MIMIC models (with practice variable)
D1: Strict invariance 0.029 –0.029 0.115 0.115 0.912*** 0.912*** –0.230*** –0.230***
D2: Limb path coefficient 0.009 0.009 0.121 0.126 0.902*** 0.921*** –0.257***b –0.159**b

D3: Des. post-drink factor
mean & var.

0.143 –0.265 0.097 0.181 0.901*** 0.902*** –0.602***a –0.150a

D4: Pre- on post-path coefficient 0.162 –0.157 0.166 0.010 0.853***b 0.992***b –0.326***a –0.081a

Names of parameters estimated freely across groups in each successivemodel are listed under theModels column. These parameters are successive in that they
include parameters freed in previous steps; e.g. in model C4, pre- to post-path coefficient means that, in addition to the parameters freed earlier (i.e. post-drink
factormean and variance inmodel C2 and C3), the path coefficient from pre- to post-drink latent variable was also estimated freely across groups. Significance
levels represent whether estimated parameters are significantly different from zero: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Significance levels for the t-tests com-
paring parameter estimates for the no-alcohol versus alcohol groups are indicated as: aP ≤ 0.05; bP ≤ 0.01. Desc. = descending limb; var. = variance; pre–post
path = pre- to post-drink (descending limb) path coefficient; practice–post path = practice to post-drink (descending limb) path coefficient.

Table 5 Results from the models with baseline and descending limb data together (n = 222).

Models χ2 d.f. RMSEA (95% CI) CFI TLI Δχ2 P

Multi-group (alcohol/no-alcohol) longitudinal factor models
C1: Strict invariance 49.801* 36 0.059 (0–0.096) 0.960 0.966 – –

C2: Desc. post-drink factor mean 44.840 35 0.050 (0–0.090) 0.971 0.975 5.0586 < 0.025
C3: Desc. post-drink factor var. 45.097 34 0.054 (0–0.093) 0.968 0.971 3.8219 > 0.1
C4: Pre- to post-path coefficient 39.656 33 0.043 (0–0.085) 0.981 0.982 8.1597 < 0.05
Multi-group (alcohol/no-alcohol) MIMIC models (with practice variable)
D1: Strict invariance 62.951* 47 0.055 (0–0.088) 0.959 0.963 – –

D2: Limb path coefficient 55.580 46 0.043 (0–0.080) 0.975 0.978 7.001 < 0.01
D3: Desc. post-drink factor mean & var. 53.836 44 0.045 (0–0.082) 0.975 0.976 8.233 < 0.05
D4: Pre- on post-path coefficient 46.635 43 0.028 (0–0.071) 0.991 0.991 14.692 < 0.01

Names of parameters in the Models columnwere estimated freely across groups in each successive model are listed. Note that free parameters in each succes-
sive model also include the parameters that are freed in previous steps; e.g. in model C4, pre- to post-path coefficient means that, in addition to the parameters
freed earlier (i.e. post-drink factormean and variance inmodel C2 and C3), the path coefficient from pre- to post-drink latent variable was also estimated freely
across groups. Likelihood ratio tests (Δχ

2
) were reported in comparison to the strict invariance models. Desc. = descending limb; var. = variance. *P< 0.05;

RMSEA = root mean square error of approximation; CI = confidence interval; CFI = comparative fit index; TLI = Tucker–Lewis index; MIMIC = multiple-in-
dicator–multiple-cause.
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However, our use of a latent variable approach to capture
an underlying shifting ability measured during both a so-
ber baseline and a subsequent drinking session represents
a significant advance over typical designs utilizing only a
single shifting task and measuring shifting at only one
(drinking) session, and stands as the most comprehensive
examination to date of the acute effect of alcohol on set-
shifting performance.
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Table S2 present model results for the Expectancy and
No-expectancy groups.
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ing and descending limb data together.
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in the no-expectancy and expectancy groups.
Table S3 Means (and standard deviations) of breath alco-
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