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Abstract: This study examines variability across the age span in cognitive performance in a
cross-sectional, population-based, adult lifespan cohort from the Cambridge Centre for Ageing
and Neuroscience (Cam-CAN) study (n = 2680). A key question we highlight is whether using
measures that are designed to detect age-related cognitive pathology may not be sensitive to, or
reflective of, individual variability among younger adults. We present three issues that contribute
to the debate for and against age-related increases in variability. Firstly, the need to formally define
measures of central tendency and measures of variability. Secondly, in addition to the commonly
addressed location-confounding (adjusting for covariates) there may exist changes in measures of
variability due to confounder sub-groups. Finally, that increases in spread may be a result of floor
or ceiling effects; where the measure is not sensitive enough at all ages. From the Cam-CAN
study, a large population-based dataset, we demonstrate the existence of variability-confounding
for the immediate episodic memory task; and show that increasing variance with age in our general
cognitive measures is driven by a ceiling effect in younger age groups.

Keywords: cognitive variability; adult lifespan; heterogeneity; MMSE; ceiling effects; variance
confounders; verbal fluency; episodic memory

1. Introduction

Age-related changes in cognition can be informed by both changes in mean performance, a
measure of central tendency, and changes in variance, a measure of variability, within and between
subjects. Whereas declines in mean performance with age are in many cases expected, researchers
have been interested in age-related changes in variance as another way to understand changes in
cognition.

Cross-sectional studies of normal ageing typically find age-related declines in a range of
cognitive functions, including memory, attention, processing speed and executive function (see [1–3]
for recent reviews). In addition to declines in mean performance with age, it is often claimed that
groups of older adults have higher inter-subject variability than younger adults [4–9]. We assert that
some of the reported increases in variability in older adults can be explained by non-representative
samples and difficulties with the statistical properties of the scores. Age-related increases in
heterogeneity, if true, may reflect mechanisms that are important for understanding cognitive
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ageing, including the accumulation of sources of individual differences over the adult lifespan,
or age-related increases in intra-individual variability due to deterioration of cognitive functions
(e.g., [10]). Morse [11] conducted a meta-analysis of studies on response time, memory, and
intelligence and found that older groups were more variable in measures of response time, memory,
and fluid intelligence, but not for measures of crystallised intelligence. Shammi et al. [12] found
evidence for age-related increases in inter-subject variability in both psychomotor (e.g., choice RT)
and higher level cognitive functions, but also found that age differences were sensitive to specific task
demands. More recent studies provide similar evidence that while some measures show age-related
increases in inter-subject variability, others do not [5,13].

The mixed results from these studies may be due to a number of factors, including the use of
volunteer samples which are likely to be non-representative [11] and favour higher homogeneity
within younger groups who are often drawn from student populations or from populations with
above average educational attainment. Moreover, age-related increases in variance may reflect
biases in the nature of the tasks that are examined. Performance measures under examination in
ageing research tend to show age-related declines in mean performance (e.g., intelligence or episodic
memory; [11,13]). This likely reflects the focus of ageing research on understanding age-related
cognitive decline in domains that are affected in pathological ageing including dementia.

The current study examines variance across the age span in cognitive performance in a
cross-sectional, population-based, adult lifespan cohort from the Cambridge Centre for Ageing and
Neuroscience (Cam-CAN) study. A key question we highlight is whether using measures that are
designed to detect age-related cognitive pathology may not be sensitive to, or reflective of, individual
variance among younger adults.

Using the Cam-CAN study we consider six cognitive measures, as representative examples of
commonly used measures in cognitive studies, and measures that are claimed to exhibit age-related
increases in variability. We begin Section 2 by giving details of the study and our measures of interest.

In this paper we discuss three issues that contribute to the debate for and against age-related
increases in variability. Firstly that the term “variability” is not strictly defined, having a colloquial
usage. In Section 2.2 we explicitly define measures of central tendency, also known as measures of
location, and measures of variability, also known as measures of spread. Henceforth we reserve the
term variability to cover all forms of changing measures over the lifespan, and take care to specify
changing measures of location or spread as appropriate. Secondly, that increases in measures of
spread (e.g., variance) may actually be due to confounder sub-groups with stable spread but shifting
location; in Section 3.3 we illustrate this concept with simulated data and demonstrate the existence
of this effect for the immediate episodic memory. Finally, that increases in spread may be a result
of ceiling effects at earlier ages; where the measure is not sensitive enough and a large number of
individuals attain the maximum score. In Section 3.4 we discuss the problem of comparing variance
across the adult lifespan in the presence of a ceiling effect for both our general cognitive measures.

2. Methods

2.1. Cam-CAN Study

As recent years have observed dramatic increases in average life expectancy, there is an
ever-growing need to understand the factors involved in ageing healthily. The Cam-CAN study
was developed to explore the underpinnings of successful cognitive ageing. The data is a rare and
valuable resource as not only does it allow changes to be explored across the adult lifespan from age
18 upwards, but as individuals were recruited randomly from the general population via primary
care population lists, the study has the advantage of being as close as possible to a representative
sample of the population. This provides a unique opportunity to identify factors associated with
successful ageing in a non-volunteer cohort.
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The study design involved testing participants across three stages (see Shafto et al. [14] for further
details). Stage 1 recruited 2680 individuals with background measures such as age, gender and
education attainment being gathered as part of a questionnaire administered to participants within
their own homes by trained interviewers. The cognitive measures reported here were gathered as
part of a wider cognitive battery [14]. To attain a measure of general cognitive status, participants
undertook the Mini-Mental State Examination (MMSE; [15]), and the Addenbrooke’s Cognitive
Examination Revised (ACE-R; [16]). Episodic memory was assessed using measures of immediate
and delayed story recall from the logical memory sub-test of the Weschler Memory Scale Third UK
edition (WMS-III UK; [17]). Two measures of verbal fluency were also recorded: category fluency as
the number of unique animals produced in one minute; and letter fluency as the number of unique
words beginning with the letter P (not names of people or places) in one minute. The measures
presented within this paper were given to all individuals across the adult age range and were chosen
to demonstrate measures with continuous distributions and truncation.

Participants were asked their educational background, from which their education attainment
(highest qualification) was derived and coded as: None, GCSE/O-level, A-level, or Degree (see [14]
for details). Table 1 gives the participant counts by age-group, and subdivided by sex-group and
education-group.

Table 1. Cam-CAN first-stage participants by age-group, sex, and educational attainment. Individuals
were a random sample from the complete population until the end of the study accrual period.

Age Sex Highest Qualification Total

Female Male None GCSE A-Level Degree Unknown

18–27 117 87 3 38 57 106 0 204
28–37 207 157 5 34 47 277 1 364
38–47 194 153 7 44 57 239 0 347
48–57 131 120 11 34 56 150 0 251
58–67 199 160 48 55 73 182 1 359
68–77 191 207 90 58 78 168 4 398
78–87 374 246 193 73 153 188 13 620
88+ 95 42 55 12 32 31 7 137

Total 1508 1172 412 348 553 1341 26 2680

Ethical approval for the study was obtained from the Cambridgeshire 2 (now East of
England-Cambridge Central) Research Ethics Committee. Participants gave written informed consent.

2.2. Variability in Terms of Statistical Properties: Measures of Location and Measures of Spread

For a univariate outcome (e.g., total MMSE score) measured on a complete population there will
typically be a range of scores, and for clinically-relevant measures like the MMSE the range must be
reasonable, interpretable, and clinically-relevant for the measure to have utility. The collection of the
individual scores (the sample) will exhibit a distribution that should reflect the range of scores seen
in the complete population; it may follow one of the standard statistical distributions, e.g., normal,
binomial, Poisson, and may be continuous, discrete (counts,ordinal), or categorical.

Our question of interest is what the sample tells us about the variability of the score across the
adult lifespan, that is, how does the distribution of scores change over the age-groups and how do
different samples impact on the conclusions of variability?

The sample can be summarised in several ways, which can be generally grouped into two classes:
measures of location and measures of spread. The mean and median are two common measures of
location, representing in some sense a “typical” score. The inter-quartile-range, range, and variance
are common measures of spread, giving some information as to how similar or varied the set of scores

15518



Int. J. Environ. Res. Public Health 2015, 12, 15516–15530

are. Note that measures of spread may be defined with respect to a measure of location. For example,
the variance is a measure of spread with respect to the mean.

2.3. Statistical Multiple Group Tests for Median and Variance

In order to test for differences between age-groups we used statistical tests that did not make a
priori assumptions about distributions.

Many standard statistical tests such as the t-test for equality of means and the F-test for equality
of variances are so-called parametric tests. Their validity depends on a set of assumptions, typically
about the distributional form. In our setting, where we wish to investigate changes in location and
spread, we cannot a priori make these assumptions.

As an alternative we consider non-parametric statistical tests, these generally have weaker
(distributional) assumptions (often based on ranks or order statistics). However, there is a cost to
the increased flexibility from the weaker assumptions, typically these tests have a lower statistical
power to detect a true effect compared to a properly specified parametric test of the same hypothesis.

In order to test whether all age-groups have an equal median we use Mood’s median test [18].
Similarly, to test whether all age-groups have an equal variance we use Fligner’s test for equal
variance [19]. Both tests are non-parametric and make no assumptions about the shape of the
distribution. Importantly, Mood’s test does not require equality of spread, and Fligner’s test does
not require equality of location.

2.4. Illustrating Variability: The Box Plot

In order to visualise the spread of performance scores across age-groups, we used box plots to
convey multiple measures of location and spread across sub-groups.

It is difficult to convey sample distributions, especially across multiple sub-groups, with a view
to capturing the important aspects. A common illustration for a single sample would be a histogram
or (kernel) density plot, which conveys the location and spread of the scores. However, for comparing
many sub-groups the plots quickly become cluttered and difficult to assess.

Conversely, we can simply report single-number summaries by sub-group in a table, e.g., report
the mean and variance (or standard deviation) within each sub-group. However, reducing from
a distribution to a single-number, or pair of numbers, can drastically misrepresent the original
distributions. Summary statistics are, by their definition, a low dimensional summary of a more
complex object, in this case the population/sub-group distribution.

The box plot represents a compromise, being a coarser representation of the data than a
histogram, but conveying multiple measures of location and spread across sub-groups in a reasonably
concise way. Within each sub-group a box plot depicts: the median and inter-quartile-range as the
“box”, the size of the sub-group as the “box-width” (proportional to square-root of the sub-group size,
i.e.,
√

ni), the “whiskers” extend to the smallest/largest data value that is greater/less than 1.5× IQR
below/above the lower/upper quartile, and any outliers (i.e., data values beyond the whiskers) as
outlier-circles. Note, the definition of a box plot can vary, in particular the definition of the “whiskers”
and “outlier” may differ.

2.5. Truncation: Ceiling and Floor Effects

The range of some measures may not be appropriate across the adult lifespan, in particular the
MMSE as a measure of pathological ageing including dementia, was not necessarily designed to
be given to young adults. That is, the MMSE has little discriminatory power for high-functioning
individuals because they may all score near the top of scale (the maximum MMSE score is 30).

This is a so-called ceiling effect. Implicitly we are saying that the MMSE would need a wider
range of questions to be able to discriminate among the healthy respondents (such as the Modified
MMSE [20]). Thus we hypothesise that there exists a larger set of values for the MMSE that could
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discriminate among those individuals who are affected by the ceiling effect. Floor effects are the
opposite case, when individuals are at the bottom of the scale.

If there is a ceiling effect on the MMSE score then this will impact our measures of location
and spread; as these measures will reflect the truncated scores, not necessarily the “true” spread of
abilities. The degree to which the truncation causes the measure of spread to be a poor reflection of
the “true” spread directly impacts the interpretability of the measure.

We are interested in characterising the changing score distribution across the age-groups. If the
ceiling effect is consistent across the age-groups then the impact on the distributions would also be
consistent, implying tests comparing the distributions would be valid. However, if the ceiling effect
varies then we must take care to interpret any tests.

2.6. Simulated Data as Illustration

We use simulated data to illustrate some of the issues of interpreting output from statistical tests
and box plots. To help compare and interpret the Cam-CAN box plots, and measures of location and
spread, we generated the simulated dataset based on the Cam-CAN measure of category fluency;
with known properties we hope to recover in the tests and plots.

Also following the Cam-CAN data, we generated the simulated dataset (n = 2400)
with age-groups and education-groups such that nij = 150 for i = {18–27}, . . . , {88+} and
j = {≤GCSE}, {≥A-level}. Each individual, l, within an age-education-group (l = 1, . . . , nij) has
a score, x, generated according to a negative binomial, i.e., xijl ∼ NegBin(meanij, sdij).

We specify the baseline mean and standard deviation, mean = 30 and sd = 5.5. We can keep
these fixed across all sub-groups or vary by adding sub-group effects. Specifically, we add a constant
step for each age-group; the mean decreased in steps of 1.5, and the variance increased in steps of
1 (i.e., for the 88+ age-group the mean would be, 30− 7(1.5) = 30− 10.5 = 19.5, and the standard
deviation would be, 5.5 + 7(1) = 5.5 + 7 = 12.5). Scenario A is defined to have a fixed variance and
decreasing mean, Scenario B is defined to have a increasing variance and fixed mean, and Scenario C
is defined to have increasing variance and decreasing mean.

Simulated Scenario D uses the education-group to define a mixture score. We specified the
meanij to be fixed for j = {≥A-level} and varying for j = {≤GCSE}; the age-education-group
variance was held fixed.

3. Results and Discussion

In the following sections we consider evidence of variability across the adult lifespan using the
Cam-CAN study dataset and our simulated datasets. Continuing our main theme of explaining
whether there is evidence of variability, having discussed the concept in Section 2.2, we now use
box plots and statistical tests to investigate our datasets. Section 3.1 considers simple measures of
changing location and spread in the Cam-CAN dataset, where we discover very different looking
box plots for our six cognitive scores (two memory, two verbal fluency, two general cognition).

In Section 3.2 we illustrate box plots and statistical tests for our simulated dataset, thus we have
a known truth with which to assist our interpretation of the output. However, we have difficulty
relating our simulated Scenario D to the known truth, which leads us to Section 3.3 where we consider
the impact of confounders on measures of spread. We discover that our results on the memory scores
from Section 3.1 are altered by considering sex and education sub-groups.

Finally, in Section 3.4 we consider the issue of truncation, specifically ceiling effects, on the
general cognition scores (MMSE and ACE-R), comparing with our simulated truncation.

When considering statistical significance the commonly accepted “standard” is a p-value
threshold of 5%, this is a reasonable level of evidence against the null hypothesis (note for both Mood
and Fligner’s tests, the null hypothesis is that all groups have equal median or variance respectively).
However, we are performing a slightly exploratory analysis in this paper, which might lead us to
consider adjusting our required level of evidence due to some issues of multiple testing; without
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going so far as to apply formal adjustments, e.g., Bonferroni corrections [21]. Further, the Cam-CAN
dataset is very large (n = 2680) compared to many cognitive studies, so we can perhaps view our
evidence as needing to be slightly stricter. For these reasons, in the following sections we consider
evidence for or against the null hypothesis rather than a strict significant or non-significant statement;
although if we were to speak in terms of the latter we would be considering a 1% threshold as
evidence against the null, and less than 0.1% as strong evidence.

The simulated dataset, plots and analyses were generated using GNU R v3.2.0 [22].

3.1. Age and Heterogeneity: Challenging Perceived Wisdom about Ageing and Variability

A common belief in ageing research is that variability increases with age; that is commonly meant
to imply that the variance increases with age, for many cognitive traits [4–9].

Figure 1a,b show box plots of the immediate and delayed memory performance within
age-groups, which provides evidence of worse performance in older adults. However the box-height,
representing the inter-quartile-range, and whisker-length, representing the range, appears to remain
consistent - primarily on a visual inspection - across the age-groups. These plots seem to present
counter examples to the idea that there is always increasing variance in cognitive measures with age.
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Figure 1. Box plots of Cam-CAN data by age-groups: (a) Wechsler immediate story recall;
(b) Wechsler delayed story recall; (c) Mini-Mental State Examination; (d) Addenbrooke’s Cognitive
Examination Revised; (e) category fluency; (f) letter fluency. Note that the verbal fluency measures
are not within a bounded range, unlike the MMSE (0–30) or story recall (0–24); the plot ranges from
0–60 to reflect a limit of one response per second. Definition of box plot: box indicates the inter-quartile
range, mid-line indicates the median, box-width proportional to square-root of sample size (i.e.,

√
ni),

whiskers extend to largest data value within 1.5× IQR of the respective quartile, circles correspond to
outliers (i.e., data values beyond the whiskers).

To formally check our visual impressions we use Mood’s and Fligner’s tests. Table 2 gives
the p-values from these tests, Mood’s median test confirms our impression of a decline across the
age-groups with strong evidence against a constant median. Fligner’s test confirms our impression

15521



Int. J. Environ. Res. Public Health 2015, 12, 15516–15530

of constant variance for the Wechsler delayed story recall score, with no evidence against the
null hypothesis of equal variance across the age-groups. However, Fligner’s test gives strong
evidence against constant variance for the Wechsler immediate story recall score, counter to our
visual impression.

Table 2. Results of non-parametric statistical tests for equality of median and variance across all
groups for measures in Figure 1. For clarity, p-values less than 0.001 are reported as <0.001.

Figure Outcome Mood’s Median Test Fligner’s Variance Test

1a Wechsler immediate story recall <0.001 0.004
1b Wechsler delayed story recall <0.001 0.121
1c MMSE <0.001 <0.001
1d ACE-R <0.001 <0.001
1e Category fluency <0.001 0.013
1f Letter fluency <0.001 0.018

Despite the strong visual similarity between Figure 1a,b, the formal statistical test indicates
changes in spread across the adult lifespan. Recall that Mood’s and Fligner’s tests have an alternative
hypothesis that at least one sub-group is different. There is no indication whether it is one or more
groups, nor which specific groups are different.

In Figure 1e,f we compare category fluency and letter fluency, as measures of verbal fluency.
For letter fluency the location appears visually stable across all age-groups, but Mood’s test gives
strong evidence against equal medians. On visual inspection, Figure 1e,f show a relatively stable
variance. Fligner’s variance test indicates some evidence against equal variances (as discussed earlier,
at the “traditional” 5%-level, but not at a 1%-level).

Considering the stronger evidence threshold of 1% (larger dataset and multiple testing), we can
say that delayed memory recall and verbal fluency have little evidence of age differences in variance,
despite age-related declines in performance.

3.2. Simulated Data: What Do True Effects Look Like?

As illustrated in Section 3.1, our visual impressions can be misleading and inconsistent with
a formal statistical test. To help interpret box plots, and to illustrate some potential pitfalls, we
produced similar plots to those in Section 3.1 using our simulated dataset. Hence there is a known
truth to compare to.

Figure 2a–c illustrate the box plots for generated Scenarios A, B and C respectively, when the true
median and variance are either fixed or varying. The simulated data are based on category fluency
(see Figure 1e). Table 3 gives the corresponding Mood and Fligner tests alongside the “truth” in each
case. We see that Mood and Fligner’s tests give p-values as expected in each case.

Table 3. Results of non-parametric statistical tests for equality of median and variance across all
groups for measures in Figure 2. The “Truth” column indicates whether the median or variance are
fixed or varying (declining and increasing respectively) across the age-groups.

Figure Outcome Median Variance

Truth Mood’s Test Truth Fligner’s Test

2a Scenario A Varies <0.001 Fixed 0.779
2b Scenario B Fixed 0.179 Varies <0.001
2c Scenario C Varies <0.001 Varies <0.001
2d Scenario D Mixture <0.001 Fixed <0.001
2e Scenario D, ≤GCSE Varies <0.001 Fixed 0.909
2e Scenario D, ≥A-Level Fixed 0.884 Fixed 0.592
5a Scenario A, Truncated Varies <0.001 Fixed 0.001
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Figure 2. Box plots of simulated data by age-groups: (a) declining mean and fixed variance; (b) fixed
mean and increasing variance; (c) declining mean and increasing variance; (d) Simulated Scenario D
is a mixture of two sub-groups (≤ GCSE,≥A-level) with declining mean and fixed mean respectively,
and both with fixed variance; as illustrated in (e). As a result of this mixture of distributions, the
combined Scenario D appears similar to Scenario C; within (d) there is an unmeasured confounder.

Figure 2d for Scenario D looks very similar to Figure 2c for Scenario C, with similar statistical test
values (see Table 3). Thus our visual impression is confirmed by the formal test. However, Scenario
D is actually a mixture of fixed and varying medians. As described in Section 2.6, we have generated
two sub-groups based on education attainment (≤GCSE,≥A-level) with declining and fixed medians
respectively. The sub-groups are illustrated separately in Figure 2e.

This is an illustration of the fallacy of an unmeasured confounder, from Scenario D we would
conclude strong evidence against fixed variance. However, when we inspect Scenario D by sub-group
we see the truth reflected as no evidence against fixed variance, see Table 3.

3.3. Confounders and Variability

Although researchers are used to considering the role of confounds on mean performance
(i.e., nuisance factors and potential cohort differences), these confounders can also impact variance
as illustrated by our simulated data in Section 3.2.

As illustrated in Figure 2d,e, a key weakness of the box plot in depicting a distribution is the
failure to illustrate a multi-modal or mixture distribution. That is, if the distribution of outcome scores
is a mixture of several distinct sub-groups, then in that case, the distribution within the sub-groups
may be similar in location or spread, but when viewed as a combined set may be different in location
and different in spread.

With confounders in mind, we revisit the two memory recall tests as they have the no evidence
and the strongest evidence against equal variances. Firstly the delayed story recall score which
showed declining median and constant variance, and secondly the immediate story recall score which
showed declining median and varying variance.
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The delayed story recall (Figure 1b), which showed no evidence against constant variance, is
subdivided in Figure 3a by sex and in Figure 3b by education. At this point it is important to note
that the sample size within some of these sub-groups is substantially smaller than others. Thus there
is an increase in sampling-error in our comparisons. Table 4a indicates that when considering the sex
and education sub-groups there is a weakening of the evidence against equal variance for Females
and those with a Degree equivalent education. However the overall conclusion remains the same,
there is no evidence against a constant variance.
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Figure 3. Box plots of delayed story recall, subdividing age-groups by: (a) sex; (b) education attainment.

Table 4. Results of non-parametric statistical tests for equality of median and variance across all
age-groups for story recall, by sex and by education attainment, corresponding to Figures 3 and 4 for
the delayed and immediate tests respectively.

(a) Wechsler Delayed Story Recall (b) Wechsler Immediate Story Recall

Figure Sub-Group Mood’s Fligner’s Figure Sub-Group Mood’s Fligner’s
Median Test Variance Test Median Test Variance Test

1b All <0.001 0.121 1a All <0.001 0.004

3a Female <0.001 0.026 4a Female <0.001 0.002
3a Male <0.001 0.572 4a Male <0.001 0.561

3b None <0.001 0.054 4b None 0.010 0.155
3b GCSE <0.001 0.338 4b GCSE 0.016 0.355
3b A-level <0.001 0.292 4b A-level <0.001 0.441
3b Degree <0.001 0.026 4b Degree <0.001 0.121

The effect of considering sub-groups is far greater on the immediate story recall score, which
showed strong evidence against a constant median and strong evidence against a constant variance.
Table 4b shows that when considering education-groups, Fligner’s test indicates a reversal of
outcome such that there is no evidence against equal variance across the adult lifespan; and the
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characteristically strong evidence against equal medians in Mood’s test gives way to weaker evidence
for the None and GCSE/O-level education-groups.
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Figure 4. Box plots of immediate story recall, subdividing age-groups by: (a) sex; (b) education attainment.

When considering immediate story recall score by education-groups we conclude no age-related
change in variance and further, for the first measure in this paper, no evidence (at 1% level) of a
changing median in the None and GCSE/O-level sub-groups.

The effect of considering sex sub-groups is not as dramatic as the education-groups, but we see
no evidence against equal variances for Males.

3.4. Interpreting Variability in the Presence of Truncation: Floor Effects and Ceiling Effects

Inspecting Figure 1c,d we see strong indicators that the MMSE, and to a lesser extent the ACE-R,
measures might suffer from a ceiling effect.

To illustrate the impact a ceiling effect might have on variance across age groups we return to our
simulated dataset, specifically Scenario A (Figure 2a). We generate a truncated version of Scenario A,
such that any value greater than 33 is recoded as 33. Figure 5a shows the resulting box plot, for direct
comparison with Figure 2a, we see a similar box plot pattern as in the MMSE.

Figure 5b–g compare the histograms for the original and truncated scores across the first
six age-groups. The clear feature present in the early histograms is a significant spike at the
truncation point.

Ceiling effects will impact on measures of location and spread differently. Table 5 compares the
mean, median and standard deviation for the original and truncated Scenario A. The mean is, as
expected, underestimated whereas the median is more robust. However, the variance is significantly
biased. Recall that the variance is defined in terms of the mean, thus the truncation is having a double
impact on the estimated variance.
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Figure 5. Illustration of the effect of truncating the range of simulated Scenario A to [0, 33]
(original scale was unbounded, i.e., [0, ∞]). (a) Box plot of truncated score, contrast with original
in Figure 2a; (b–g) Comparisons of the histograms for the truncated and original scores over the first
six age-groups. All original scores above 33 are truncated, i.e., recoded, as 33. Hence the large spikes
in the truncated score histograms.

Table 5. Comparison of the mean, median and standard deviation across all age-intervals for the
original and truncated simulated Scenario A. The true distribution of simulated Scenario A has a
declining mean (and median) with constant variance. The median is robust to truncation, as long
as the true median is less than the truncated score. The mean is, as expected, under-estimated in the
lower age-groups; although in this example the effect is quite small. The variance (standard deviation)
is incorrectly estimated for the truncated score.

Age Mean Median Standard Deviation

All Truncated All Truncated All Truncated

18–27 29.84 28.96 30.00 30.00 5.31 4.13
28–37 28.11 27.57 28.00 28.00 5.28 4.44
38–47 26.79 26.32 27.00 27.00 5.68 4.80
48–57 25.71 25.47 25.50 25.50 5.27 4.81
58–67 23.80 23.74 23.50 23.50 4.99 4.88
68–77 22.95 22.82 23.00 23.00 5.48 5.19
78–87 20.51 20.47 20.00 20.00 5.33 5.22
88+ 19.59 19.56 19.50 19.50 5.52 5.44

Comparing our simulated Scenario A to Scenario D, where the former represents the “true”
ability of individuals, we would conclude from Figure 5a that the variance in Scenario D increases
across the adult lifespan; this is confirmed by Fligner’s test in Table 3. However, we know that
the variance is in fact constant across the adult lifespan. Hence, the ceiling effect results in a false
representation of the variance as a measure of spread.

We can compare our simulated ceiling effect in Figure 5 to the MMSE ceiling effect in Figure 6.
In our simulated ceiling effect we see “ceiling spikes” (the hatched bars in Figure 5b–g), where all
individuals with scores above 33 have been recoded to 33. Conversely, the MMSE plots do not
illustrate this type of “ceiling spike”–there are no clear peaks at an MMSE score of 30. However, in
the MMSE case there may be some dilution of the “ceiling spike” as not everyone who encounters the
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ceiling effect will get an MMSE score of 30; we expect some of these “ceiling individuals” to score 29,
or possibly even 28.
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Figure 6. (a) Repetition of Figure 1c, note the extended y-axis to indicate the likely ceiling effect on
the MMSE; (b–g) Histograms of the MMSE scores over the first six age-groups. The MMSE range is
[0, 30]. The 28–37 age-group (c) have a particularly large “spike” at the maximum score, indicative of
a ceiling effect.

The MMSE is designed to detect cognitive variability that is clinically relevant (e.g., dementia
risk) so it is not designed to be sensitive to individual differences within a normal/non-pathological
range of cognitive ability. In particular, the 28–37 age-group appear to show the greatest spike-effect,
which may reflect that age range having the best response to the MMSE measure.

In summary, despite the strong evidence against a constant variance for the MMSE and ACE-R
scores (see Table 2), the ceiling effect is potentially violating the validity of Fligner’s test for equality
of variances.

4. Conclusions

In this paper we have presented evidence and discussed several methodological issues in order
to contribute to the debate for and against age-related increases in inter-subject variability [7,23].
We have shown that some commonly used cognitive measures actually exhibit stable variance across
the adult lifespan, challenging a developing hypothesis from several ageing studies that variance
increases in older age.

We posited that some reported results of increasing variability in older adults may be due to
methodological issues: in Section 2.2 we consider the ill-defined concept of variability; in Section 3.3
we consider the increase in variance in an aggregated group actually being a divergence in location
within sub-groups (of a possibly unmeasured confounder); and in Section 3.4 we consider how ceiling
effects might impact the variance of younger age groups leading to an undefined comparison of
biased group variances (the same issue would exist with a floor effect in older age groups).

There are several other methodological issues that may support or undermine our possible
explanations. Firstly, it is well known that using inter-subject variability from cross-sectional data
is not a substitute for longitudinal repeated observations; we have no way to assess the intra-subject
variability over even a small time period without repeated observations. Secondly, the study may not
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accurately represent the population of interest; thus the observed changes in variance across the adult
lifespan may be a result of biased sampling with age-groups.

With regard to the Cam-CAN study, the issue of using cross-sectional data as a substitute for
observations across the adult lifespan remains. However the issue of biased sampling has been
mitigated by the use of a population-based sample for the Cam-CAN study; whereas many cognitive
studies utilise volunteer-cohort studies. The Cam-CAN study includes details of recruitment into
each stage of the design [14], meaning our stage one sample is representative of the population (as can
be seen by the wide education range represented).

As an aside, it is worth mentioning the issue of intra-individual variability which has recently
become a popular measure of variability (see Hultsch et al. for a discussion of different types of
variance [6]), e.g., using trial to trial, or session to session, variability as an explanation of increased
inter-subject variability. Although this is linked to the debate for and against age-related increases in
variability, it is a separate issue to our contribution.

We consider the box plot and two statistical tests, Mood and Fligner, as our methods to
assess changing location and spread across the adult lifespan. As discussed in Section 2.4, the
box plot is a sufficiently concise illustration to be useful in drawing comparisons across groups.
The choice of statistical tests is not as clear cut. Although we consider non-parametric tests with
minimal assumptions, whether these are the most statistically powerful in our situation is not
definitive [19,24]. Among non-parametric tests, the Wilcoxon (or Mann-Whitney) test is commonly
cited as a non-parametric equivalent of the t-test (the Kruskal-Wallis test being the generalisation to
multiple groups). However, the Wilcoxon is not a test of equal medians unless you make assumptions
on constant shape across groups, an assumption we cannot make in our setting. As indicated
previously, the chosen statistical tests are not informative about the type of departure from equal
means or variances, only that a departure has occurred.

We have shown that the delayed story recall exhibits constant variance across the adult lifespan,
as a direct counter example to the claim that variability increases in cognitive measures for older
adults, while the median delayed recall score declines with age [5]. However upon examining the
delayed recall box plot in Figure 1b, we note that there appears to be a floor effect at the older ages,
especially the 88+ age-group where the two whiskers are visually unlike the other age-groups. If we
exclude this age group Fligner’s test gives a p-value of 0.174, concluding that the variance is constant
across the other seven age-groups. The oldest age-group has two issues when comparing to the other
seven, firstly as the smallest (with almost half as many individuals as other groups) and secondly it
spans multiple deciles (age range is 88–102); we feel it is reasonable to conclude a constant variance
across the adult lifespan for delayed recall. However, given the deficiencies of our 88+ group we
cannot exclude that variability might increase among the very oldest adults. Both our measures
of verbal fluency (category and letter) showed only weak evidence of changing variance, and we
conclude that these fluency measures also exhibit a stable variance across the adult lifespan. The box
plots, Figure 1e,f, show that the lower fluency scores are very close to the minimum score of zero;
indicating a possible floor effect. However, unlike the delayed recall in Figure 1b, there appears to
be no visual change in the whiskers across age-groups. Also unlike delayed recall, out of the 2680
individuals, only 4 had a zero score for letter fluency and there were no zeros for category fluency;
compared to 15 zeros for story recall in the 88+ group and 38 in the 78–87 group. As discussed, we
conclude there is no strong evidence against a constant variance for both fluency measures.

As a real, and quite dramatic, example of the problem of confounders affecting the spread as
well as the location, the Wechsler immediate story recall initially showed a changing variance across
the adult lifespan. However, when accounting for education attainment in Section 3.3 the result
completely reversed, such that the variance within each education-group remained stable across the
adult lifespan.

Finally we investigated the MMSE and ACE-R scores as common measures of general cognitive
status. Both measures indicate increasing variance in older adults. However, upon inspection we
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see that both measures most likely suffer from a ceiling effect, making the comparison of variances
across the age-groups potentially ill-defined. It might be said that the MMSE is deficient as a measure
of global cognition across the adult lifespan due to its limited scale, (integer scores from 0 to 30),
rather than a ceiling effect per se. The ACE-R score, of which the MMSE is a subset of the measure,
has a finer scale (0–100) but still exhibits a ceiling effect for young adults, which may be driving the
apparent age-related increase in variance. It is likely that, since the MMSE and ACE-R were designed
as clinically-relevant scores, they may have issues with comparison across the adult lifespan. Future
work will consider methods to detect and adjust for ceiling effects, or even floor and ceiling effects
simultaneously, in variance comparisons; or if variance is the most appropriate measure of spread in
the presence of truncation. An interesting question for future research is whether a test for truncation
or even modified existing tests adjusting for truncation can be derived.

In summary, the Cam-CAN study is a large, population-based dataset with which we have
considered the question of cognitive variability across the adult lifespan. We have shown that the
question of variability depends on the specific measure, and that the simple calculation of changing
variance without considering confounders or truncation may be giving an inaccurate impression of
adult lifespan variability.

Acknowledgments: Emma Green was supported by the Medical Research Council CFAS II project (grant
number G0601022). Meredith A. Shafto was supported by the Cam-CAN project grant from the Biotechnology
and Biological Sciences Research Council (BBSRC) (grant number BB/H008217/1). Fiona E. Matthews was
supported by the Medical Research Council (Unit Programme number U105292687). Simon R. White was
supported by the Medical Research Council (Unit Programme number U105292687). The Cambridge Centre for
Ageing and Neuroscience (Cam-CAN) research was supported by the Biotechnology and Biological Sciences
Research Council (grant number BB/H008217/1). We are grateful to the Cam-CAN respondents and their
primary care teams in Cambridge for their participation in this study. We also thank colleagues at the MRC
Cognition and Brain Sciences Unit MEG and MRI facilities for their assistance. The Cam-CAN corporate author
consists of the project principal personnel: Lorraine K Tyler, Carol Brayne, Edward T Bullmore, Andrew C Calder,
Rhodri Cusack, Tim Dalgleish, John Duncan, Richard N Henson, Fiona E Matthews, William D Marslen-Wilson,
James B Rowe, Meredith A Shafto; Research Associates: Karen Campbell, Teresa Cheung, Simon Davis, Linda
Geerligs, Rogier Kievit, Anna McCarrey, Abdur Mustafa, Darren Price, David Samu, Jason R Taylor, Matthias
Treder, Kamen Tsvetanov, Janna van Belle, Nitin Williams; Research Assistants: Lauren Bates, Tina Emery,
Sharon Erzinclioglu, Andrew Gadie, Sofia Gerbase, Stanimira Georgieva, Claire Hanley, Beth Parkin, David Troy;
Affiliated Personnel: Tibor Auer, Marta Correia, Lu Gao, Emma Green, Rafael Henriques; Research Interviewers:
Jodie Allen, Gillian Amery, Liana Amunts, Anne Barcroft, Amanda Castle, Cheryl Dias, Jonathan Dowrick,
Melissa Fair, Hayley Fisher, Anna Goulding, Adarsh Grewal, Geoff Hale, Andrew Hilton, Frances Johnson,
Patricia Johnston, Thea Kavanagh-Williamson, Magdalena Kwasniewska, Alison McMinn, Kim Norman, Jessica
Penrose, Fiona Roby, Diane Rowland, John Sargeant, Maggie Squire, Beth Stevens, Aldabra Stoddart, Cheryl
Stone, Tracy Thompson, Ozlem Yazlik; and administrative staff: Dan Barnes, Marie Dixon, Jaya Hillman, Joanne
Mitchell, Laura Villis.

Author Contributions: Simon R. White and Fiona E. Matthews conceived the paper. Fiona E. Matthews and
Meredith A. Shafto are listed within the principal personnel for Cam-CAN and designed and undertook the
study. Emma Green and Simon R. White performed the analysis. Emma Green, Fiona E. Matthews, Meredith
A. Shafto and Simon R. White contributed to the writing of the manuscript. All authors read and approved the
final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Craik, F.I.M.; Salthouse, T.A. (Eds.) Handbook of Aging and Cognition, 3rd ed.; Psychology Press: New York,
NY, USA, 2008.

2. Drag, L.L.; Bieliauskas, L.A. Contemporary Review 2009: Cognitive Aging. J. Geriatr. Psychiatry Neurol.
2010, 23, 75–93.

3. Park, D.C. The basic mechanisms accounting for age-related decline in cognitive function. Cogn. Aging
A Prim. 2000, 11, 3–19.

4. Rabbitt, P. Does it all go together when it goes? The nineteenth Bartlett memorial lecture. Q. J. Exp. Psychol.
Sect. A 1993, 46, 385–434.

5. Ardila, A. Normal aging increases cognitive heterogeneity: Analysis of dispersion in WAIS-III scores across
age. Arch. Clin. Neuropsychol. 2007, 22, 1003–1011.

15529



Int. J. Environ. Res. Public Health 2015, 12, 15516–15530

6. Hultsch, D.F.; MacDonald, S.W.S.; Dixon, R.A. Variability in Reaction Time Performance of Younger and
Older Adults. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 2002, 57, P101–P115.

7. Rabbitt, P. Between-individual variability and interpretation of associations between neurophysiological
and behavioral measures in aging populations: Comment on Salthouse (2011). Psychol. Bull. 2011,
137, 785–789.

8. Christensen, H.; Mackinnon, A.; Jorm, A.F.; Henderson, A.S.; Scott, L.R.; Korten, A.E. Age differences and
interindividual variation in cognition in community-dwelling elderly. Psychol. Aging 1994, 9, 381–390.

9. Christensen, H.; Jorm, A.F.; Mackinnon, A.J.; Korten, A.E.; Jacomb, P.A.; Henderson, A.S.; Rodgers, B. Age
differences in depression and anxiety symptoms: a structural equation modelling analysis of data from a
general population sample. Psychol. Med. 1999, 29, 325–339.

10. Sylvain-Roy, S.; Belleville, S. Interindividual differences in attentional control profiles among younger and
older adults. Neuropsychol. Dev. Cogn. Sect. B Aging Neuropsychol. Cogn. 2015, 22, 259–279.

11. Morse, C.K. Does variability increase with age? An archival study of cognitive measures. Psychol. Aging
1993, 8, 156–164.

12. Shammi, P.; Bosman, E.; Stuss, D.T. Aging and Variability in Performance. Aging Neuropsychol. Cogn.
Neuropsychol. Dev. Cogn. Sect. B 1998, 5, 1–13.

13. Wisdom, N.M.; Mignogna, J.; Collins, R.L. Variability in Wechsler Adult Intelligence Scale-IV subtest
performance across age. Arch. Clin. Neuropsychol. 2012, 27, 389–397.

14. Shafto, M.A.; Tyler, L.K.; Dixon, M.; Taylor, J.R.; Rowe, J.B.; Cusack, R.; Calder, A.J.; Marslen-Wilson,
W.D.; Duncan, J.; Dalgleish, T.; et al. The Cambridge Centre for Ageing and Neuroscience (Cam-CAN)
study protocol: a cross-sectional, lifespan, multidisciplinary examination of healthy cognitive ageing. BMC
Neurol. 2014, 14, 204, doi:10.1186/s12883-014-0204-1.

15. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. Mini-mental state. J. Psychiatr. Res. 1975, 12, 189–198.
16. Mioshi, E.; Dawson, K.; Mitchell, J.; Arnold, R.; Hodges, J.R. The Addenbrooke’s Cognitive Examination

revised (ACE-R): A brief cognitive test battery for dementia screening. Int. J. Geriatr. Psychiatry 2006,
21, 1078–1085.

17. Wechsler, D. Wechsler Memory Scale, 3rd ed.; The Psychological Corporation: San Antonio, TX, USA,
1997–1999.

18. Mood, A.M. On the Asymptotic Efficiency of Certain Nonparametric Two-Sample Tests. Ann. Math. Statist.
1954, 25, 514–522.

19. Conover, W.J.; Johnson, M.E.; Johnson, M.M. A Comparative Study of Tests for Homogeneity of Variances,
with Applications to the Outer Continental Shelf Bidding Data. Technometrics 1981, 23, 351–361.

20. Teng, E.L.; Chui, H.C. The Modified Mini-Mental State (MMS) examination. J. Clin. Psychiatry 1987,
48, 314–318.

21. Bretz, F.; Hothorn, T.; Westfall, P. Multiple Comparisons Using R; Chapman and Hall/CRC: London, UK,
2010.

22. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical
Computing: Vienna, Austria, 2015.

23. Salthouse, T.A. Neuroanatomical substrates of age-related cognitive decline. Psychol. Bull. 2011,
137, 753–784.

24. Freidlin, B.; Gastwirth, J.L. Should the Median Test be Retired from General Use? Am. Stat. 2000,
54, 161–164.

c© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons by
Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

15530


	Introduction
	Methods
	Cam-CAN Study
	Variability in Terms of Statistical Properties: Measures of Location and Measures of Spread
	Statistical Multiple Group Tests for Median and Variance
	Illustrating Variability: The Box Plot
	Truncation: Ceiling and Floor Effects
	Simulated Data as Illustration

	Results and Discussion
	Age and Heterogeneity: Challenging Perceived Wisdom about Ageing and Variability
	Simulated Data: What Do True Effects Look Like?
	Confounders and Variability
	Interpreting Variability in the Presence of Truncation: Floor Effects and Ceiling Effects

	Conclusions

