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Abstract

Background—~Calorie restriction increases longevity in many organisms, and calorie restriction
or its mimetic might increase longevity in humans. It is unclear if calorie restriction/dieting
contributes to cognitive impairment. During this randomized controlled trial, the effect of 6 months
of calorie restriction on cognitive functioning was tested.

Methods—~Participants (n = 48) were randomized to one of four groups: (1) control (weight
maintenance), (2) calorie restriction (CR; 25% restriction), (3) CR plus structured exercise (CR +
EX, 12.5% restriction plus 12.5% increased energy expenditure via exercise), or (4) low-calorie diet
(LCD; 890 kcal/d diet until 15% weight loss, followed by weight maintenance). Cognitive tests
(verbal memory, visual memory, attention/concentration) were conducted at baseline and months 3
and 6. Mixed linear models tested if cognitive function changed significantly from baseline to months
3 and 6, and if this change differed by group. Correlation analysis was used to determine if average
daily energy deficit (quantified from change in body energy stores) was associated with change in
cognitive test performance for the three dieting groups combined.

Results—No consistent pattern of verbal memory, visual retention/memory, or attention/
concentration deficits emerged during the trial. Daily energy deficit was not significantly associated
with change in cognitive test performance.

Conclusions—This randomized controlled trial suggests that calorie restriction/dieting was not
associated with a consistent pattern of cognitive impairment. These conclusions must be interpreted
in the context of study limitations, namely small sample size and limited statistical power. Previous
reports of cognitive impairment might reflect sampling biases or information processing biases.

INTRODUCTION

CALORIE RESTRICTION EXTENDS the lifespan of a number of organisms1 and, in one of
the first trials of calorie restriction in humans, 6 months of calorie restriction improved two
biomarkers of longevity (lowered fasting insulin levels and lowered 24-hour body
temperature).2 As calorie restriction research moves from animal models to human trials, it is
important to measure the full effect of calorie restriction on cognition, including learning and
memory.

Calorie restriction inhibits age-related cognitive decline in rats,4 yetanumber of human studies
report that self-reported dieting or calorie restriction is associated with cognitive impairment,
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e.g., memory, attention, processing speed, and concentration deficits.>™9 However, cognitive
impairment is frequently mediated by self-reported dieters’ preoccupying thoughts about food
and body Weight/shape.6'8’10’ll Additionally, when calorie restriction is initiated through
experimental manipulations or documented by weight loss, the association between dieting
and cognitive deficits is absent or diminished. For example, Green et al.12 report that 24-hour
food deprivation only affected one test, a low processing load tapping task, and did not affect
sustained attention, attention focus, reaction time, or immediate memory. Similarly, a 12-week
diet that produced mean weight loss of 7.9 kg among obese women had little effect on cognitive
performance compared to controls, 13 and 50% calorie restriction among obese women did not
result in long-term impairment of immediate memory or attention, rather, slower reaction time
was the only consequence of calorie restriction.14 Finally, no signs of cognitive impairment
were found in a group of wrestlers who lost 5% of their body weight in 5 to 10 days prior to
the competition, compared to wrestlers who lost less than 1% of body Weight.15

The reasons for the aforementioned discrepant findings are not clear, but it is possible that the
selection of self-reported dieters affected the results. Many of the studies relied on samples of
young females who reported dieting, and their performance on cognitive or neuropsychological
tests were compared to people who did not report dieting. Such designs do not allow the
researcher to conclude whether differences in cognitive function are due to dieting or to other
characteristics of the self-reported dieters. Randomized controlled trials in which dieting or
calorie restriction can be quantified are needed to clarify the relation between dieting and
cognitive function.

The purpose of this study was to examine the effects of 6 months of calorie restriction on
cognitive functioning during a randomized controlled trial in a sample of healthy men and
women who did not report dieting upon entry into the study. Participants were randomized to
one of three calorie restriction/dieting conditions or a control condition for 6 months and
neuropsychological/cognitive tests, including verbal memory, visual memory, and attention/
concentration, were performed at baseline and after 3 and 6 months of intervention. Change in
performance on the neuropsychological tests was examined between groups, and the
associations between daily energy deficit, measured by change in body energy stores, and
changes in cognitive function were examined.

METHODS

Participants

Participants were 48 overweight (25 < body mass index < 30) adult (25 years < age < 45 years
for females; 25 years < age < 50 years for males) participants enrolled in a multisite calorie
restriction study entitled Comprehensive Assessment of Long-term Effects of Reducing Intake
of Energy (CALERIE). Data were collected at the Pennington Biomedical Research Center
and a description of this Center’s CALERIE trial is reported elsewhere.2 Briefly, the primary
aim of CALERIE was to test for metabolic adaptation, or a reduction in metabolic rate beyond
that predicted by change in body composition, during calorie restriction. Therefore, the sample
size and statistical power were determined based on measures of 24-hour energy expenditure,
and cognitive function was measured to test if calorie restriction negatively impacted cognitive
performance. Participants provided written informed consent and the study was approved by
the Institutional Review Board. Participants were provided with monetary compensation for
participation.

Twelve participants were randomized to each of the following treatment groups for the 6-month
study: (1) control (weight maintenance diet), (2) calorie restriction (CR; 25% CR based on
baseline energy requirements), (3) CR plus structured exercise (CR + EX; 12.5% CR plus
12.5% increase in energy expenditure via structured exercise), and (4) low-calorie diet (LCD;
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890 kcal/d liquid formula diet until 15% of body weight is lost, followed by weight
maintenance). The randomization procedure was stratified by sex and body mass index (BMI;
below or above BMI = 27.5). Participants in the CR + EX group gradually increased structured
exercise over 6 weeks until a 12.5% increase above baseline energy expenditure was achieved.
Energy intake was modified during this period to produce a 25% total energy deficit. Energy
expenditure during exercise was closely monitored by measuring the energy costs of different
levels of exercise (Vmax Sensormedics, Yorba Linda, CA) to determine the required exercise
duration. Heart rate was monitored (Polar S-610, Polar Beat, Port Washington, NY) also during
all exercise sessions.

The methods of the study are described elsewhere.2 Briefly, the energy required for weight
maintenance at baseline was calculated from two 14-day doubly labeled water (DLW)
assessments and 2 weeks of providing a weight maintenance diet at the center. During the
intervention, participants were provided with meals from the Center’s Metabolic Kitchen from
weeks 1 to 12 and 22 to 24 to tightly control the level of calorie restriction. During weeks 13
to 22, participants ate a self-selected diet based on their individual calorie prescriptions.
Participants attended weekly group meetings led by psychologists throughout the 24-week trial
where they learned techniques and a calorie counting system to adhere to their calorie target.

Daily energy deficit calculated by change in energy stores

The relation between change in cognitive function and average daily energy deficit was
evaluated. As an index of calorie restriction, the energy balance of participants was quantified
by calculating the change in body energy stores (fat mass and fat-free mass, measured by the
mean of two consecutive measurements using dual x-ray absorptiometry at baseline and weeks
12 and 24) versus the energy intake required for weight maintenance at baseline. To convert
the changes in fat mass (FM) and fat-free mass (FFM) to energy, the following energy
coefficients were used: for weight loss, 1 g of FM = 9.3 kcal and 1 g of FFM = 1.1 kcal; for
weight gain, 1L g FM =13.1 kcaland 1 g FFM = 2.2 kcal 16 Therefore, the mean daily change
in body energy stores from baseline to week 12 and baseline to week 24 is equal to the change
in energy stored in FM plus the change in energy stored in FFM, divided by the number of
days between body composition assessments. Average daily energy balance is then determined
by dividing the daily change in energy stores by the daily energy intake required for weight
maintenance and expressed as a percentage of baseline energy intake. Note that the above
calculations did not consider the change in energy expenditure induced by weight changes.

Tests of cognitive function

Rey Auditory and Verbal Learning Test gRAVLT)—The RAVLTL7 is considered a
reliable and valid measure of verbal memory.1 -19 When completing the RAVLT, the
experimenter reads a list of 15 words and the participant recalls as many words as possible.
Thisis repeated for five trials (Trial I through V). A distracter trial (Trial B) is then administered
and memory for 15 new words is tested. Trial VI is then administered, and the participant is
asked to recall words from the original list. After a 30-minute delay, the participant is asked
to recall as many words as possible from the original list (Delayed Recall). Finally, a
Recognition test is administered, during which participants are presented with a list that
contains words that were and were not on the original list. Performance on the RAVLT is
expressed in z scores (mean = 0, standard deviation [SD] = 1) based on normative data. The
RAVLT has alternate forms; therefore, it can be used in serial evaluations. The RAVLT was
used to quantify: (1) short-term verbal memory (Trial I-V Total score), (2) memory for stimuli
presented during a distracter task (Trial B), (3) memory following the distracter task (Trial V1),
(4) Delayed Recall, and (5) Recognition memory. Alternate forms were used at months 0
(baseline), 3, and 6.
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Auditory Consonant Trigram (ACT)—The ACT20:21 js a test of short-term memory and
retention. Three consonants, e.g., Q-D-N, are read by the examiner and the participant is asked
to count backwards from a given number to prevent rehearsal of the consonants. After 9, 18,
or 36 seconds, the participant recalls the three consonants. Responses are translated into z scores
based on normative data. The ACT is useful for identifying short-term memory deficits?2 and
is a valid measure of memory functioning across age and education level, and is appropriate
for serial evaluations.23

Benton Visual Retention Test (BVRT)—The BVRTZ24 s a reliable and valid measure of
visual perception and memory.24'2 Participants are exposed to a figure for 10 seconds and
are asked to reproduce the figure as accurately as possible after removal of the figure. Correct
and Error scores are converted to Correct Deviation and Error Deviation scores by subtracting
the participant’s score from the expected score, which is based on age and intelligence quotient.
Intelligence quotient was estimated from the formula of Barona and Chastain. 7 The BVRT
has alternate forms and serial testing is appropriate. Different forms were used at months 0, 3,
and 6. Correct Deviation and Error Deviation scores are reported. Correct Deviation scores
that are 4 points less than expected (-4) are indicative of impairment. Error Deviation scores
5 or more points above expected indicate impairment.

Conners’ Continuous Performance Test-Il (CPT-Il)—Attention/concentration,
inattentiveness, and impulsivity were measured with the CPT-11,28 a 15-minute computer-
based test that measures an individual’s ability to attend to and concentrate on prompts of visual
stimuli. The CPT-II has been found to be reliable and valid and is appropriate for serial
evaluations.28 Performance on the CPT-I1 is expressed in t scores (mean = 50, SD = 10)
generated from normative data. Higher t scores on all scales indicate worse performance; t
scores 60 to 64 are considered moderately atypical and t scores = 65 are markedly atypical.
Low t scores on only two scales, Beta (Response Style) and Reaction Time (RT), are indicative
of possible deficits, as outlined below. In the present study, the following scores were
examined.

Performance profile score

Beta (Response Style) is the trade-off between speed and accuracy, and t scores > 60
suggest a cautious response style and t-scores < 40 indicate that the participant is
responding to all targets and is less concerned if he/she is correct.

Inattentiveness

Impulsivity

Omissions are the number of targets to which the participant did not respond. Higher
t scores indicate sluggish responses and inattention.

Detectability is the ability to discriminate between target and nontargets.

Reaction Time (RT) is the mean reaction time for all target responses. High t scores
indicate slow reaction time and inattentiveness.

Reaction Time Standard Error (RT Std. Error) is the consistency of reaction times to
targets. High t scores indicate variability in reaction times due to inattentiveness.

Commissions are the number of nontarget items to which the participant responds.
Higher t scores indicate impulsivity.

Reaction Time (RT) is described above. Low t scores reflect a fast reaction time and,
in conjunction with a large percentage of commission errors, indicate impulsivity.
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Perseverations are physiologically improbable responses (< 100 msec) following
stimulus presentation. High t scores indicate anticipatory responding or random
responding.

Reaction Time (RT) Block Change is the slope of change in reaction times over the
time blocks. Higher t scores suggest a slower reaction time and a loss of vigilance.

Participants completed tests of cognitive function during a 5-day inpatient stay during baseline,
and months 3, and 6. Data on a number of end points were collected, including psychological
variables, neuroendocrine function, metabolism, and muscle and fat biopsies. With few
exceptions, the order of procedures was maintained for each inpatient stay. Neuropsychological
tests were conducted in the early afternoon.

Data analysis

RESULTS

Change scores for each outcome variable from baseline to month 3 and 6 were calculated
(change scores = performance at follow-up minus baseline). A mixed linear model was used
to test for change in performance over time, and differences among the four groups on change
over time. Baseline values were entered as covariates and « was set at 0.05 for these analyses.
Because the sample sizes were relatively small among the four groups (n = 12), the results
were expressed also in terms of effects sizes (ES). Generalized #2, an effect size measure, was
used to express the proportion of variance in change scores accounted for by treatment.29 This
ES was selected since it is less affected by study design, can be compared across studies, is
preferred when analysis of variance is used, and adheres to Cohen’s 0 guidelines on
interpreting the size of ES.29:31 cohen’s guidelines suggest that ES of 0.02, 0.13, and 0.26
represent small, medium, and large ES, respectively.

Correlation analysis was used to examine the association between mean daily energy deficit
at month 6 and change in cognitive function. This correlation analyses included the combined
data of participants in the three dieting groups. o was set at 0.01 for the correlation analysis.

Demographic characteristics of the study sample

The descriptive characteristics of the study sample at baseline and weight loss at month 6 are
summarized in Table 1. The three dieting groups (CR, CR + EX, LCD) lost weight compared
to the control group. One person dropped out of the control group for personal reasons and one
LCD participant was lost to follow-up.

Tests of cognitive function

RAVLT—Mean performance on the RAVLT at baseline for the four groups of participants
was within normal limits (mean performance at baseline is depicted in Table 1). Subsequent
performance on the RAVLT indicated no consistent verbal memory performance decrements
during the calorie restriction trial. Short-term verbal memory (Trial 1-V) did not change
significantly at month 3 (p = 0.06) or month 6 (p = 0.88), and change in performance on Trial
I-1V did not differ among the groups. Table 2 contains p values for the mixed linear models
that tested if change in performance at months 3 and 6 differed by group. Memory performance
on the Distracter task (Trial B) decreased at months 3 and 6, indicated by marginally significant
time effects (p = 0.05), although change in performance on Trial B did not differ among the
groups at month 3 or 6 (Table 2) and the control group experienced a decrease in performance
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that was commensurate with the three dieting groups (Fig. 1A). Memory performance on Trial
VI improved significantly at month 3 (p < 0.01), but not at month 6 (p = 0.89). Change in
performance on Trial VI did not differ among the groups at month 3 or month 6. Memory
performance on the Delayed Recall and Recognition tasks did not change during the trial (p >
0.09), and change in performance on these tasks did not differ among the groups at month 3
or 6.

Effect sizes (generalized 52) for the RAVLT are depicted in Table 2. The proportion of variance
in change scores accounted for by treatment is small (0.00 to 0.07), indicating that treatment
condition had little effect on change in memory performance over time.

ACT—Participants’ mean performance on the ACT at baseline was within normal limits (see
Table 1). Performance on the ACT 9-second and 18-second Delay conditions improved
significantly at months 3 (p < 0.05), and 6 (p < 0.01), but this effect was not significant for the
36-second Delay condition (p > 0.05). Change in performance on the 9-second, 18-second, and
36-second Delay conditions did not differ among the groups at month 3 or 6 (Table 2). An
illustration of change in performance on the ACT 9-second Delay condition over time for each
group is provided in Figure 1B. Table 2 includes effect sizes that demonstrate that the
proportion of variance in change scores accounted for by treatment is small (0.00 to 0.06).

BVRT—At baseline, participants’ visual perception and visual memory performance were not
impaired, as indicated by Correct Deviation and Error Deviation scores that were within normal
limits (Table 1). Visual perception and memory was not negatively affected during the trial.
The Correct Deviation and Error Deviation scores did not change significantly at month 3 (p
> 0.25) or month 6 (p > 0.20), and change in performance did not differ among the groups at
month 3 or 6. Additionally, ES calculations indicated that only 1% of the variance in change
in visual memory performance over time was attributable to group (Table 2). An illustration
of change in performance on the BVRT over time for each group is provided in Figure 1C.

CPT-l—Attention and concentration at baseline was within normal limits; none of the t scores
exceeded the cut-score for “moderately atypical” (t score > 60; see Table 1). The results of the
CPT-II at month 3 and 6 indicate that attention and concentration were not impaired during
the calorie restriction trial, and ES calculations indicated that only a small proportion (0.00 to
0.04) of the variance in change scores was attributable to group (Table 2).

CPT-II, Performance Profile—Participants Response Style (Beta) did not change
significantly at month 3 (p = 0.99) or month 6 (p = 0.06). Change in Beta did not differ among
the groups at months 3 or 6 (Table 2), and Figure 1D indicates that the change scores were
similar among groups.

CPT-II, Inattentiveness—The t score for Omissions decreased significantly at month 3 (p
< 0.01), indicating improved performance (fewer Omissions). This effect was not significant
atmonth 6 (p = 0.81), and change in Omission scores did not differ among the groups at months
3 or 6 (Table 2). Detectability t scores decreased (improved) significantly at months 3 and 6
(p < 0.01), and change in Detectability scores did not differ among the groups at months 3 or
6. Reaction Time (RT) scores increased significantly at month 3 and month 6 (p values < 0.05).
Change in RT scores did not differ significantly among the groups at months 3 or 6. Despite
the increase in RT, the scores were within normal limits and were between t-scores of 41 and
53. Reaction Time Standard Error (RT Std. Error) t scores did not change at months 3 or 6
(p > 0.36), and the change scores did not differ among the groups at month 3 or 6.

CPT-II, Impulsivity—The Commissions t score decreased (improved) significantly at month
3and 6 (p < 0.001), but these change scores did not differ significantly among groups. As noted
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earlier, Reaction Time (RT) scores increased at months 3 and 6, but change in RT scores did
not differ among the groups and the scores were within normal limits. Perseveration t scores
decreased (improved) significantly at month 3 (p < 0.01) and month 6 (p = 0.05), and change
in Perseveration t scores did not differ among the groups at months 3 or 6.

CPT-II, Vigilance—The Reaction Time (RT) Block Change t scores did not change
significantly at months 3 or 6 (p > 0.80). The change in RT Block Change scores did not differ
among groups. These results suggest that there was no change in vigilance performance.

Correlation analyses

The correlation analysis indicated that daily energy deficit was not significantly associated
with change in cognitive function at month 6 (« = 0.01). With the exception of an r value of
0.39 (p = 0.02) between change on Trial VI (RAVLT) and average daily energy deficit, all
other r values were between -0.25 and 0.23 (p > 0.15).

DISCUSSION

The results of this randomized controlled trial indicate that calorie restriction or dieting, marked
by significant weight loss and quantification of average daily energy deficit from change in
energy stores, is not associated with a consistent pattern of deficits in verbal memory, visual
memory, or attention/concentration performance. Only one of the verbal memory subtests,
Trial B on the RAVLT, demonstrated a decrease in performance during the trial, but change
in verbal memory was not a function of group assignment and the control group experienced
a decrease commensurate with the three dieting groups (see Fig. 1A). Verbal memory
performance, measured with the ACT, improved during the trial and change scores did not
differ among the groups. Performance on the BVRT indicated that visual perception and
memory was not negatively affected by calorie restriction/dieting. Additionally, attention/
concentration was not negatively affected by calorie restriction, as demonstrated by improved
performance on four of the CPT-II subtests. Change in performance on the CPT-11 was not
associated with group assignment. Lastly, effect size calculations (generalized eta squared)
indicated that the proportion of variance in change scores accounted for by treatment was small
across cognitive tests (0.00 to 0.07), and daily energy deficit was not associated with change
scores on any test.

The results of this randomized controlled trial do not support previous studies reporting that
self-reported dieting was associated with cognitive functioning deficits.>9 Rather, this study
supports research that found no relation or small inconsistent relations between dieting/calorie
restriction and cognitive impairment.lz'15

Daily energy deficit or calorie restriction in this study was documented through weight loss
and change in body energy stores. Interpretation of the results of this study in the context of
previous findings suggests that overt calorie restriction is not the reason for diminished
cognitive function among self-reported dieters. Rather, self-reported dieters appear to have
greater preoccupation with food and their body size/shape, and this greoccupation frequently
mediates the association between dieting and cognitive impairment. -11 Therefore, cognitive
deficits among self-reported dieters could be due to the allocation of mental resources to task
irrelevant cognitions, which limits mental resources for other cognitive tasks.10 If this is true,
it suggests that cognitive deficits of self-reported dieters are similar to information processing
biases that have been demonstrated in eating disorder samples and people who are overly
concerned about their body Weight/shape,:"’2 many of whom score high on measures of dietary
restraint. Indeed, self-reported restraint has been found to influence performance on cognitive
tests. Green et al.33 found that high restraint dieters had the worst performance on cognitive
tests, with a high restraint/nondieting group performing intermediately between nondieters and
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the high-restraint dieters. These results demonstrate the effect of restraint on cognitive function,
even in the absence of self-reported dieting.

This study represents an important step toward examining the full effect of calorie restriction
on cognition, which is necessary when studying calorie restriction in humans.3 The results of
the present study add to the literature by addressing some of the limitations of previous studies.
First, a group of nondieting middle-age men and women were recruited for this randomized
controlled trial. Second, participants were randomized to one of three dieting conditions or a
control condition, and cognitive function was measured at baseline (before dieting) and follow-
up with validated neuropsychological instruments that are appropriate for serial evaluations.
Third, daily energy deficit was quantified by change in body energy stores and the association
between average daily energy deficit and change in cognitive function was examined.

The results of the present study must be interpreted in the context of its limitations. The most
significant limitation includes the small sample size of each group (n = 12) and limited
statistical power to detect group differences. This weakness affects the confidence with which
the conclusions of the study are supported by the results. Effect sizes were calculated for each
cognitive test to obtain a quantitative measure of the proportion of variance in change scores
accounted for by treatment. The effect sizes are independent of sample size and consider
variability, and they indicated that the proportion of variance in change scores accounted for
by treatment was small. To further explore the extent to which the conclusions of the study
were limited by small sample size, the number of participants per group needed to detect
significant (o = 0.05) differences between groups was calculated based on the observed effect
size.

The calculations for the verbal memory tests indicated that 32 participants per group were
needed for the RAVLT Trial VI subtest, which had the largest effect size (0.07). For the RAVLT
Trial I-V score and the ACT 36 second delay subtests, 51 and 72 participants per group were
needed to detect a significant difference between groups. Nevertheless, the ACT 36-sec delay
data indicated that every group except the CR group experienced increased performance. All
other verbal memory tests required 87 (RAVLT, Delayed Recall) to more than 167 participants
per group to detect significant differences. These analyses suggest that group differences could
be detected with relatively large group sample sizes for two or three of the verbal memory
subtests, but the other five to six subtests require quite large sample sizes that would likely be
considered impractical in randomized controlled trials.

Furthermore, the small effect sizes for these tests (effect sizes range from 0.00 to 0.07) suggest
that the effect of CR on cognitive function may not be clinically meaningful. Consequently,
the conclusion that no consistent pattern of verbal memory performance deficits was apparent
during the trial appears valid, although this conclusion is qualified by low statistical power and
additional research with larger sample sizes is needed.

The visual memory measures had very small effect sizes (0.01) and required more than 492
participants per group to detect changes. Similarly, the attention/concentration subtests of the
CTP-11 had small effect sizes (0.00 to 0.04) and the number of participants per group required
to detect significant differences ranged from 90 for the CPT-II Perseverations subtest to more
than 190 for the other seven subtests. Therefore, it appears that the conclusion that no consistent
patterns of visual memory or attention/concentration deficits are present is valid, although this
conclusion is qualified by the small sample size of the study. Future research is needed that
includes larger samples and additional tests of visual memory.

The small sample size also limited the ability to examine potential differences in change in
cognitive function between dieting groups (CR and LCD) and participants who achieved
similar energy deficit through exercise. Exercise has been found improve psychological well-
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being, particularly among men, 34 but differential effects of energy deficit from exercise and
dieting on cognitive function have not been thoroughly examined.

In conclusion, this study found no consistent evidence of deficits in verbal memory, visual
memory, or attention/concentration associated with calorie restriction or dieting. Further
research is needed with larger sample sizes to determine if self-reported dieters display
information processing biases that occupy mental resources and negatively impact
performance on certain cognitive tests.
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FIG. 1.
Mean change scores by group for one subtest from each of the neuropsychological tests

administered in the study.
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