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Abstract: Subjective Cognitive Decline (SCD) is possibly one of the earliest detectable signs of
dementia, but we do not know which mental processes lead to elevated concern. In this narrative
review, we will summarize the previous literature on the biomarkers and functional neuroanatomy
of SCD. In order to extend upon the prevailing theory of SCD, compensatory hyperactivation, we
will introduce a new model: the breakdown of homeostasis in the prediction error minimization
system. A cognitive prediction error is a discrepancy between an implicit cognitive prediction and
the corresponding outcome. Experiencing frequent prediction errors may be a primary source of
elevated subjective concern. Our homeostasis breakdown model provides an explanation for the
progression from both normal cognition to SCD and from SCD to advanced dementia stages.

Keywords: subjective cognitive decline; preclinical dementia; fMRI; compensation

1. Introduction

Subjective Cognitive Decline (SCD) refers to an individual’s perception that their cognitive
performance has declined, despite having no significant objective cognitive impairment. SCD may
reflect one of the earliest signs of dementia, as it is a risk factor for developing mild cognitive
impairment (MCI) and Alzheimer’s disease (AD) [1,2]. However, SCD is quite understudied—which
mental processes lead to SCD and the neural basis of SCD are yet to be understood. Here, we will
provide a narrative review of the current literature for biomarkers, and the functional neuroanatomy
associated with SCD. Then, we will propose a new model that integrates existing findings in SCD into
a new neural system dysfunction model, which involves heightened prediction of error-signaling and
homeostatic breakdown.

2. AD Biomarkers (Neurodegenerative Factors) and SCD

In order to investigate whether SCD represents a pre-clinical state of AD, the relationships between
AD biomarkers in individuals with SCD were examined. In the traditional AD biomarker cascade,
amyloid (Aβ) accumulation occurs prior to neurodegeneration and cognitive decline [3]. The most
promising evidence that SCD precedes MCI and AD is that Aβ deposition is associated with SCD
symptom severity, but not with objective memory performance [4–6]. Vogel and colleagues [7] found
that amyloid status predicted future cognitive decline (on average, four years) among individuals
with SCD. However, a larger longitudinal study [8] concluded that the Aβ-status by itself does not
predict the progression of AD over a relatively brief time span of 2.5 years. More longitudinal studies
are necessary to better understand the relationship between Aβ and objective cognitive decline in SCD.
In addition to the accumulation of amyloid plaques, AD is also associated with neurofibrillary tangles
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composed of tau protein. Tau accumulation is believed to be more closely related to neurodegeneration
and cognitive decline in AD, as compared with amyloid [9]. Tau has been shown to be more associated
with SCD than with non-amnestic MCI [10]. Thus, like Aβ, the tau markers support the role SCD as an
AD risk group.

Brain atrophy and white matter hyperintensities have been also reported in SCD, as seen in the
early pre-clinical stages of AD progression. Several studies consistently reported cortical volume
loss and thinning in the medial temporal regions in those with SCD [11–15], indicating the decreased
structural integrity of the memory system. Longitudinal observations also reported the association
between atrophy and future cognitive decline in SCD [16,17]. Whole-brain analysis by Verfaillie
and colleagues [17] suggested that a steeper decline in cognition was not only associated with a
thinner cortex of the temporal region but also the frontal and occipital cortices in SCD. Increased
amounts of white matter hyperintensities in widespread regions have also been reported in SCD [18,19].
These studies provide support for the idea that SCD may be an early transitional stage prior to the
onset of dementia (i.e., MCI and AD), especially as seen with the perturbations in the memory systems.

3. Functional Neuroanatomy and Compensation Theory in SCD

The neural basis of elevated subjective concern for cognitive decline among older individuals
with normal cognition is the least investigated, but it represents a growing area of research (Table 1).
Four functional magnetic resonance imaging (fMRI) studies investigated brain activation during
memory-related tasks [20–23]. Most of these studies did not find group differences between participants
with and without SCD in the behavioral performance of the task, but observed different functional
brain activation patterns. The first study by Rodda and colleagues [23] measured brain activity while
participants were encoding a list of semantically related words, which were later tested through a
recognition paradigm. Whole-brain analysis demonstrated increased activation in the lateral part
of the prefrontal cortex (PFC) in those with SCD. The level of the PFC activation was positively
correlated with task performance. The authors interpreted that increased PFC activation served as
neural compensation for the decreasing function of the primary hippocampal memory system, as
indicated in previous structural imaging studies (summarized in the previous section). To test this
compensation hypothesis, Erk et al. (2011) [20] investigated activation in the hippocampus and the PFC
during memory encoding of faces and associated occupations, through a region-of-interest approach.
Their results demonstrated decreased activation in the hippocampus, and increased activation in the
dorsolateral PFC (dlPFC). Task performance was positively correlated with dlPFC activation only in
the SCD group, which provided support for the compensation hypothesis in SCD.
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Hu et al. (2017) [22] utilized a task that emulated memory processes that were relevant to activities
in daily life (future-oriented choice tasks). Brain activation was measured, while participants were
required to select an immediate or delayed reward regarding a personally relevant episodic future
event. Successful selection of the future-oriented choice (i.e., delayed reward) over the immediate
reward requires the crucial involvement of episodic memory and valuation systems [26]. Unlike other
studies, their study is the only one which observed group differences in task performance. The SCD
group showed reduced preference for future-oriented choice, which was previously demonstrated in
those with MCI [27]. A priori region-of-interest analysis showed that only participants in the control
group showed an association between greater hippocampal activation and more future-oriented
choices. The whole-brain analyses found reduced activation in medial frontal regions (medial frontal
pole and anterior cingulate cortex (ACC)) and the insula in the SCD group, suggesting diminished
valuation functioning. The authors suggested that reduced involvement in the episodic memory and
valuation system in SCD during the decision-making process may reflect the attenuating attention and
subjective evaluation system.

To address the possibility that increased PFC activation reflects a general cognitive processes
rather than only memory encoding, Hayes et al. (2017) [21] used an event-related design to compare
brain activation for high-confidence successful recall versus failed recall. The SCD group showed an
increased activation for failed recall (i.e., negative subsequent memory) in the posterior areas (occipital,
superior parietal, and precuneus). They also regressed activation on a continuous SCD symptom
severity to identify the neural correlates of SCD, by combining participants in both groups. Participants
with more severe SCD symptoms showed increased activation for failed recall in both the frontal and
posterior nodes of the default mode network, which normally suppress its activity during cognitive
tasks. They concluded that individuals with SCD rely on the altered neural system for successful
memory encoding to maintain normal cognitive function.

Cognitive concerns in SCD mainly reflect the perceived decline of memory function, but the
other domains of cognitive function may also contribute to elevated concerns [28]. There are two
fMRI studies with non-episodic memory tasks. Dumas and colleagues [25] measured brain activation
in SCD by using the n-back working memory task. Although this study was limited to females
(i.e., a comparison between those with and without cognitive concerns among postmenopausal women
without hormone therapy), their study is the first to report that activation increased with increasing
cognitive load/effort among those with SCD. These effects were found in the extended working
memory system, including middle frontal (BA 9/10), anterior cingulate cortex (BA 24/32), and the
precuneus (BA 13). Both groups showed the same levels of behavioral performance. Another study
by Rodda et al. (2011) [24] investigated brain activation during a divided attention task, where
participants with SCD were required to respond to target stimuli while processing sequences of both
visual and auditory information. Behavioral performance did not show group differences, but the
SCD group demonstrated increased activation in two medial posterior regions: one in the cerebellum,
and another in the thalamus, extending to the posterior cingulate cortex and the medial temporal
lobe (hippocampus and parahippocampus). These two studies are consistent with the idea that early
functional changes (i.e., increased activation) in executive function may manifest in SCD, despite the
lack of impairment in behavioral performance or in the neuropsychological tests.

In summary, previous fMRI studies, along with the structural imaging studies (summarized in the
previous section) have suggested three neural phenomena in SCD: (1) loss of integration of the memory
system, (2) compensatory hyperactivation in the prefrontal cortex or the use of other alternative
neural resources to maintain normal performance, and (3) decreased prefrontal activation for subtle
yet declining higher-order cognitive functions. In other words, the direction of neural activation
(increased or decreased) observed in SCD depends on whether the expected level of performance
can be maintained. However, it is important to note that the sample sizes and statistical power in
these studies were relatively low; likewise, inconsistencies between studies may have been partially
due to sampling error. To extend our understanding of the functional neuroanatomy of SCD, more

4



Brain Sci. 2018, 8, 228

mechanistic and cohesive frameworks that can provide explanations for dysfunctional processes are
necessary, regardless the level of task performance or cognitive domain. Furthermore, it is not yet
understood which specific cognitive processes rely upon compensation, and how these processes are
directly associated with SCD symptoms.

4. Current Theories of the Neural Basis of SCD

Compensatory hyperactivation of the prefrontal region is currently the most popular theory of
the neural basis of SCD. Another theory is brain reserve [29], which proposes a structural basis for
functional compensatory capacity. Alternatively, the dedifferentiation [30], a loss of specialization of
neural function resulting in diffuse brain activations, is a theory which may explain hyperactivation in
the prefrontal cortex. All of these versions of compensatory hyperactivation describe only the temporal
transition from the pre-SCD state to the SCD state, and do not describe the dynamics of post-SCD
neurodegeneration. Further, they do not describe how hyperactivation may contribute to post-SCD
decline via harmful biological effects on the neural system, such as neurotoxicity or excitotoxicity. Here,
we introduce homeostasis breakdown, a new mechanistic framework for comprehensive temporal
dynamics in SCD and progression to AD.

5. Background of the Prediction Error Theory

Our brain functions as a statistical optimization engine that constantly makes implicit predictions
of sensory inputs [31,32]. That is, rather than passively receiving sensory information, it is actively
making inferences. These inferences are propagated as predicted expectations to heteromodal
association areas and the PFC. These expectations are compared with the current environment, and
a behavior is chosen. Moreover, the difference between predicted and observed behavior is used as
learning signal to adapt for better performance in the future. This constant process of comparing
internally generated predictions with external reality is called “predictive coding” [33]. This is why we
think of the brain as learning and adapting across all behaviors.

Prediction errors refer to the mismatch between the internally generated prediction and the
external reality. The most prominent brain region that responds to such errors is the dorsal anterior
cingulate cortex (dACC). Both animal and human studies have demonstrated the increased activity in
dACC to response to prediction errors [34,35]. Similar terms for prediction errors are conflict [34,36]
and free-energy [37]. Although there is a general consensus that dACC mediates error-related signals;
neuroscientists have different opinions about the specific processes in the dACC and the primary
goal of the function [38]. Nonetheless (regardless of the diverse terminology and theories of dACC
function), the minimization of prediction error is a core organizing principal for computational function
at the local neural circuit. This error minimization optimizes our internal predictions, which facilitates
successful goal-directed behaviors and survival.

6. Prediction Error and SCD Symptoms

Suppose a man who is very experienced with a computer notices that he is making more typing
errors. If he experiences subtle yet frequent errors between his prediction (“I thought I typed out
‘experience’”) and actual outcome (“I accidentally typed ‘exprience’”), his level of SCD symptoms may
rise. This type of error signal raises the activation in the dACC, resulting in varying levels of awareness.
We believe that an uncharacteristic accumulation of implicit errors may gradually lead to more effort
being required to maintain cognitive performance, and then to having more explicit levels of error
awareness. Another example that may highlight the relationship between error monitoring and the
experience of cognitive tasks being more effortful in SCD would be the following: an individual may
be accustomed to finishing the “New York Times” crossword puzzle in 20 minutes (their prediction).
However, if that individual finds that they are now needing 30 minutes or more to complete the puzzle,
this reflects both a prediction error and the experience of increased effort. Such awareness of errors
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could occur not only in memory, but rather across multiple cognitive domains, including attention,
task switching, language, and mathematical operations.

Awareness of one’s internal cognitive system is called metacognition. According to Nelson
(1990) [39], metacognition has two primary operations: monitoring and control. Monitoring refers
to the introspection of incoming sensory information and one’s own performance, whereas control
refers to an allocation of an action (i.e., self-regulation). These two operations are independent, but
reciprocally interacted. Both the prediction error [31,32] and conflict monitoring [34,36] frameworks
provide mechanistic models for the monitoring of errors or conflicts. These models, however, differ in
the level of information processing that they are meant to explain. Prediction error refers to the process
that can occur throughout the cortical network. Prediction errors provide a signal that our internal
model need to be updated, and the signal is generated by distributed processes of our incoming
sensory information [40]. These local prediction errors influence the local Hebbian learning model [41].
In this way, correct predictions are strengthened, and incorrect predictions are weakened [42]. On the
other hand, conflict-monitoring framework refers to how the more extended controlled yet implicit
cognitive process integrates generated error signals, such as prepotent response suppression. Unlike
prediction error, which is a general network learning signal, conflict monitoring refers to the specific
monitoring and control functions in the dACC. The prediction error [31,32] process may specifically
infer to the earlier operation of monitoring, whereas conflict-monitoring [34,36] may associate with
both monitoring and control operations, suggested in Nelson’s framework [39].

In the framework of metacognition, SCD can be interpreted as the impairment of both monitoring
and the early stages of control. The accumulated subjective experience of prediction errors and
perceived increase in an effort to complete tasks may eventually lead to the elevated self-awareness
of cognitive decline, as reflected in SCD. As these individuals develop frank cognitive decline,
conflict-monitoring processes may then decrease, leading to an opposite pattern of decreased
self-awareness of cognitive functioning. Experimental tasks that are sensitive to the suppression
of the inappropriate responses to implicit prediction error may be able to capture an earlier objective
process of decline in SCD. Furthermore, neuroimaging studies with these tasks will provide detailed
neural mechanisms of dysfunctional metacognition in SCD.

7. Prediction Error and SCD Characteristics

Previous studies suggest that the cognitive implications of SCD symptoms depend on the level of
education achievement [28]. Since higher level of education is considered to be a marker of cognitive
reserve, Stern [43,44] postulated that cognitive reserve provides resilience to neurodegeneration.
Levels of cognitive reserve may represent the sensitivity to prediction errors, and the utility of the
error signals. Individuals with high cognitive reserve may be highly sensitive to prediction errors, and
interpret them as important learning signals to update the internal model. These individuals constitute
a lifestyle of using these learning signals more frequently and effectively to make higher achievements,
resulting in having a high cognitive reserve.

Individuals with SCD are often highly anxious, and characterized by their tendency to worry [1],
usually expressed as high neuroticism in the Big Five personality trait model [45]. It has been
demonstrated that individuals with high neuroticism are highly sensitive to prediction errors [46].
In the course of progression of neurodegeneration, these individuals may start noticing prediction
errors earlier than those with low neuroticism. The frequent experience of errors may not only raise
an awareness, but may also elicit concern. Individual with high neuroticism may then interpret the
perceived errors as important learning signals, resulting in symptoms of SCD.

The high prevalence of depressive symptoms is another characteristic that has been reported
consistently in SCD [1]. Neuroticism is also highly associated with depression; however, the symptoms
associated with neuroticism and depression may relate to different aspects of SCD. Neuroticism
may serve as a predictor of how an individual may interpret prediction errors, whereas depressive
symptoms may reflect the affective response to an individual’s interpretation of their prediction errors.
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Depressive symptoms in SCD, therefore, may be translated as a negative affective response (i.e., sad
feeling) to frequently experiencing errors (i.e., the “monitoring” component of metacognition), leading
to the persistence of depressive moods over time [47]. Depressive symptoms may also be a form of
adjustment disorder, where an individual may have an emotional reaction to their new experience of
difficulty in both internal prediction and performance (i.e., the “control” component of metacognition).

8. Homeostasis Breakdown

Homeostasis—or homeostatic regulation—is the ability to maintain stability and equilibrium
of the system. As a classical example, the stability of our body temperature is a consequence of
homeostatic processes that coordinate the activity of muscles, blood vessels, and sweat glands. When
a cold environment decreases body temperature, the hypothalamus releases a signal to the skeletal
muscles, promoting shivering as a mechanism of thermogenesis and a signal to the blood vessels to
increase resistance of blood flow (i.e., vasoconstriction). Both of these responses minimize heat loss,
helping to maintain body temperature.

Prior work by Li et al. has suggested that homeostatic dysregulation in multiple systems occur in
aging, and may also serve as a key contributor to the biological mechanisms of aging [48]. While the
authors have provided evidence in the systems of lipids, immune function, oxygen transport, liver
functioning, vitamin levels, and electrolyte levels, they suggest that homeostatic dysregulation is not
limited to these systems, and may occur in other systems in aging.

Thus, we propose that compensatory hyperactivation may represent a homeostatic process
that serves to maintain the stability of cognition in a changing neurobiological environment.
Homeostasis in the context of cognition serves to maintain cognitive functioning, despite the presence
of neurodegeneration. Neurodegeneration may lead to prediction errors and corresponding SCD
symptoms, much like the body temperature falling just enough to cause a sensation of coldness. Finally,
the compensatory hyperactivation is one of the main homeostatic processes that we are currently
aware of in cognition, and this is analogous to the onset of vasoconstriction of blood vessels to
prevent hypothermia.

However, homeostatic processes can have negative side effects. For example, extreme
vasoconstriction for an extended period of time can lead to vascular cell loss. Similarly, compensatory
hyperactivation may lead to glutaminergic excitotoxicity, which may lead to neuronal death [49] or
the production of Aβ [50]. Thus, although homeostasis can slow the onset of cognitive decline, this
may come at the cost of negative side effects that weaken the core cognitive infrastructure. This may
explain why individuals with SCD tend to experience a relatively rapid decline into AD [51].

This homeostatic model of SCD represents an extension of the prevailing compensatory
hyperactivation model, as it may provide a mechanistic explanation for differing levels of neural
activity. The compensation model is unclear as to what entity “drives” the change in activation
levels, whereas the homeostatic model provides a dynamic control system that maintains cognitive
functioning that is dependent on prediction error and conflict monitoring.

9. Future Directions

Clinicians do not yet have a standard intervention protocol for individuals with SCD. If the
neural basis for SCD were better understood, an effective intervention may be developed. A recent
meta-analysis of experimental interventions for SCD suggested that cognitive restructuring therapies
may improve metacognition (i.e., alleviate self-perceived cognitive challenges) [52], indicating that
SCD could be a modifiable risk factor of dementia. Alleviating SCD symptoms, along with associated
psychological distress may slow neurodegeneration, such as atrophy and Aβ accumulation, by
reducing hyperactivation.

More studies investigating the markers of neurotoxicity in SCD are necessary to provide basic
evidence for psychotherapeutic interventions in the earliest stages of dementia. In this narrative review,
we have proposed a homeostatic prediction error model for understanding how the progression of
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neural system dysfunction can manifest as SCD. fMRI studies can help in validating that increases
in error prediction, and conflict monitoring is central to the subjective perception of cognitive
impairment. Further research is also necessary to identify the working elements (neural control
system, sensors, set point, etc.) of the homeostatic prediction error model. Moreover, fMRI studies
coupled with behavioral interventions can be used as an outcome measure. This would help in the
development and adaptation of behavioral interventions targeting SCD, and potentially mitigating the
accelerated neurodegeneration that may be associated with hyperactivated stressed system that is out
of homeostatic balance.

10. Conclusions

In common scientific practice, the term subjective may generally be disfavored, because it connotes
a lack of objectivity, as the self-assessments that are used to diagnose SCD, presumably include
individual biases. However, the presence of SCD symptoms appears to contain valuable information
regarding cognitive decline over time and underlying neurophysiological pathologies. More studies
and theoretical frameworks that can comprehensively explain temporal dynamics, including the
positive and negative by-products of compensatory hyperactivation, are necessary. In this review,
we proposed that prediction error, a metacognitive process, potentially leads to SCD symptoms.
We also introduced homeostatic breakdown as a new framework that incorporates and integrates
the current findings with the new prediction error perspective, to describe the cascading effect of
neurodegeneration and cognitive decline in SCD. This framework has the potential to motivate new
standard therapies for SCD that focus on alleviating not only the subjective symptoms, but also slow
the progression of dementia, due to neurotoxicity from compensatory hyperactivation.
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Abstract: Although ageing is known to affect memory, the precise nature of its effect on retrieval and
encoding processes is not well understood. Here, we examine the effect of ageing on the free recall
of word lists, in which the semantic structure of word sequences was manipulated from unrelated
words to pairs of associated words with various separations (between pair members) within the
sequence. We find that ageing is associated with reduced total recall, especially for sequences with
associated words. Furthermore, we find that the degree of semantic clustering (controlled for chance
clustering) shows an age effect and that it interacts with the distance between the words within a pair.
The results are consistent with the view that age effects in memory are mediated both by retrieval
and by encoding processes associated with frontal control and working memory.

Keywords: ageing; memory encoding; memory retrieval; free recall; semantic clustering

1. Introduction

Episodic memory is known to decline with age, and this decline affects some tasks and processes
more than others. For example, the largest age-related declines are found in tasks, such as free recall,
which depend on retrieval strategies, while smaller deficits are found in recognition memory [1].
This conclusion is supported by studies of free recall [2], which reported that older adults have lower
temporal contiguity effects (a reduction in the conditional probability of sequentially reporting items in
proximal list positions). This is an effect which is associated with the use of retrieved context to guide
subsequent retrieval [3]. Furthermore, an ageing retrieval deficit is suggested by verbal fluency studies,
showing that older adults retrieve fewer words in a semantic fluency task, in which as many animal
names as possible have to be generated within a fixed time period [4]. As no encoding is required in
verbal fluency, this strongly supports an ageing effect on memory retrieval. While such studies suggest
that age-related decline in episodic memory is due to a retrieval deficit, encoding deficits have also
been demonstrated, as older participants are less likely to form rich, elaborative memory traces [5].
Furthermore, smaller age differences in memory are found when the initial encoding is equated [6].

The ageing deficit has been explained in terms of a reduction in frontal lobe functioning [7].
This hypothesis is supported by significant correlations between neuropsychological measures of
frontal lobe functions and memory tests sensitive to ageing [8]. Morphological [9] and neuroimaging
studies [10,11] give further support to this hypothesis by showing reduced activation in the left
prefrontal cortex (PFC, associated with memory encoding and the processing of semantic information)
during memory encoding and semantic processing. Further support for the “ageing as PFC reduction”
perspective comes from the observation that like older adults, frontal patients show clear deficits
in tests of free recall but not in memory recognition [12,13] and source memory (more than in item
memory [14]).
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Moscovitch [15] argued that both encoding and retrieval of consciously apprehended information
are supported by the medial temporal lobes and hippocampus [16–18], and that these processes are
under voluntary control. He noted that the frontal lobes operate on these structures and guide the
encoding, retrieval, monitoring, and organisation of information: “By operating on the medial temporal
and diencephalic system, the frontal lobes act as working-with-memory structures that control the
more reflexive medial temporal and diencephalic system and confer a measure of intelligence and
direction to it” ([15], p. 8, see also [19]).

Although evidence suggests that ageing affects both encoding and retrieval, a recurrent problem
of interpretation is that different tasks and methods are used to provide support in favour of the
encoding or retrieval interpretation. Here, we focus on the task of free recall (a single task from which
metrics of encoding and retrieval can be extracted) in which the effect of age can be investigated.

Free recall of word list sequences can be used to quantify the contributions of encoding and
retrieval processes in ageing. In a typical experimental paradigm, participants memorise a sequence of
words consisting of exemplars from a small number of categories (e.g., four words from each of four
categories). The words may be presented sequentially in a blocked-by-category fashion or randomized,
and the recall is scored both in terms of the total number of correctly reported words and in terms of the
degree of semantic clustering (see Section 2.4). One rationale for examining clustering performance is
that it could provide a measure of retrieval strategies and memory organisation [20], uncontaminated
by differences in total recall. Ageing studies have shown that semantic clustering scores are lowered
for older adults and frontal patients compared with controls [20,21], but the evidence on the ageing
effect remains mixed [22,23]. However, differences in semantic clustering scores in free recall may
reflect both encoding and retrieval processes [24]. For example, memorising a word is easier when
a semantically related word was just committed to memory. In that case, the semantics will help to
encode the words in an episodic chunk, which during retrieval leads to a clustered output. In the
absence of a semantically supported chunk, having just retrieved a word might prime the retrieval of a
semantically related word. This would also produce a clustered output. Both processes are sensitive to
ageing effects, but relative sensitivities are unclear.

The aim of our study is to estimate whether age deficits in a single task of word free recall are
mediated by retrieval, by encoding processes, or by both. Based on previous studies [21,25], we
expect to find age-related differences in both total recall and clustering. These studies, however, were
able to assess only encoding or retrieval effects, but not both. To dissociate or isolate encoding and
retrieval deficits within a single task, we employed a method that is sensitive to associative processes
at encoding, while keeping the retrieval demands constant. This design is created by systematically
varying the separation between semantic associates within a word list as part of a free recall paradigm,
which is adapted from Glanzer [26] (see also [27]), who presented participants with lists made of pairs
of weakly associated words (e.g., “stomach–liver”).

The critical manipulation is the separation between associated pair members in the list. There are
four conditions: Three related and one unrelated. The related ones are divided into three separation
levels, i.e., the number of unrelated intervening words between a pair of associates. Thus, for the
related conditions, each list contains one separation condition: separation-0 corresponds to a1, a2, b1,
b2...; separation-1 to a1, b1, a2, b2 . . . ; and separation-5 to a1, b1, c1, d1, e1, f1, a2, b2 . . . . Using such
a design, Glanzer [26] reported that memory recall was higher for lists with associated, compared
with unrelated words, and was higher when the associates were separated by fewer unrelated words
(small separation). As proposed by Glanzer, and demonstrated in simulation models [27,28], this
separation effect can be explained as a result of semantic-associative processes during encoding in a
capacity-limited working memory [27,29]. We have shown how encoding processes supported by the
prefrontal cortex (PFC) operate on sequences that include an associative structure [24]. Specifically,
when members of a pair reside in working memory simultaneously, the associative link between the
words is increased (see also [30]), by recruiting category units that are linked with the list context and
support subsequent retrieval. Thus, total recall, as well as semantic clustering, are predicted to be
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higher for word pairs whose members are separated by fewer unrelated words, as they are more likely
to co-occupy working memory. Such a differential effect observed with a separation design is thus an
encoding effect.

Using this paradigm, the separation-1 condition (i.e., one intervening item between pair members)
is critical in demonstrating the age deficits that are in part due to declines in working memory assisted
encoding. At separation-1, older participants may be more strongly affected in their recall of related
words, because those words were less likely to have been maintained within their reduced working
memory. Therefore, if ageing affects memory encoding, we predict an age-related reduction in semantic
clustering at separation-1, which will differ from separation-5, as recall of word pairs separated by five
intervening words is not assumed to be mediated by working memory. Thus, with this paradigm, we
can demonstrate the additional influence of encoding processes on top of retrieval within a single task,
based on the separation between associates.

To summarise, we expect age differences at encoding to result in an interaction between age
and separation, either on total recall or on clustering, while age differences at retrieval to result in an
interaction between age and relatedness with a long-separation (separation-5).

2. Materials and Methods

2.1. Participants

Forty native English speakers, who reported being in good health, took part in this study.
The younger (n = 20, age range 19–35, mean 27) and older (n = 20, age range 55–65, mean 61)
groups were balanced in educational background (young: 55% high-school; 45% university; older:
50% high-school, 50% university). Both groups were tested on a Test Of English as Foreign Language
(TOEFL) as part of a standard test of general knowledge. The Quick test format used in the study
was composed of 10 words, each followed by a four-alternative multiple choice question probing the
word’s meaning. The vocabulary test was administered after the free recall memory task. The mean
score for young adults was 6.05 (SD = 2.19) and for the older adults it was 5.4 (SD = 2.52). No group
differences were present (t < 1). Thus, any group differences in memory recall or clustering cannot be
attributed to group differences in background vocabulary. The study was approved by the Birkbeck
ethics committee.

2.2. Materials

For the memory task, we used a pool of 240 words consisting of common one- and two-syllable
nouns with 90 pairs of weak associates (e.g., “stomach–liver”, see [28]); weak associates were used
in order to avoid guessing strategies. The words have a mean written word frequency of 66.9 per
million, and the average associative strength was 0.15 (SD = 0.14; [31]). Each memory list consisted
of 12 words and was constructed in accordance with one of four separation conditions. The five lists
in the unrelated condition contained twelve words that did not have a semantic relation. We created
three types of related lists by varying the number of intervening unrelated n items separating the
members of a pair. We used separation-0, -1, and -5. With separation-0, the members of an associated
pair, a1–a2, appeared in temporally adjacent list positions (e.g., a1, a2, b1, b2, c1, c2, d1, d2, e1, e2, f1,
f2). In separation-1, the pair members were separated by one unrelated word, which was a member of
a different pair (e.g., a1, b1, a2, b2, c1, d1, c2, d2, e1, f1, e2, f2), whereas in the separation-5 condition,
five words separated the pair members (e.g., a1, b1, c1, d1, e1, f1, a2, b2, c2, d2, e2, f2). There were a
total of 23 lists: three practice trials and 20 experimental trials.

2.3. Procedure

Participants were tested individually in noise-attenuated conditions and presented with the
computerised memory task followed by the vocabulary test. Instructions were presented on the
computer screen as well as verbally to ensure comprehension. Presentation of the memory test was
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visual. Participants were seated in front of the monitor, fixating the centre of the screen. Each trial
started with a row of three question marks in the middle of the screen. These were replaced by words
presented at a rate of one word per second. Participants were required to read each word silently
and immediately after the final word to perform the arithmetic distractor task. This distractor task
consisted of a mix of 12 additions and subtractions of the form A +/− B = C, where A, B and C were
positive single digit numbers such as e.g., “1 + 2 = 3”. The participant was instructed to quickly press
the “k” (when correct) or “s” button on the keyboard to indicate the accuracy of the mathematical
expression. A row of three question marks prompted the participants to recall aloud as many words
from the list as possible, in any order. The experimenter wrote down the recalled items.

2.4. Semantic Clustering Scores

Semantic clustering was estimated using the pair frequency score, which is identical to the
original clustering metric proposed by Bousfield and Bousfield [32]. This metric looks at the memory
recall protocol and focuses on the number of within-category repetitions. To illustrate, consider a
two-category word list, made of cat, dog, rabbit, fork, knife, spoon, with a recall output of cat, dog, fork,
knife, rabbit. The pair frequency is the difference between the observed number of within-cluster
transitions, which is 2 (cat → dog, fork → knife) and the expected number of within-cluster transitions,
which is calculated using the following formula:

Nc

∑
i=1

ni(ni − 1)
r

(1)

where ni is the number of correct words for category i, out of Nc recalled categories, and r is the total
recall. In the example, i = 2, n1 = 3 (cat, dog, rabbit), n2 = 2 (fork, knife), and r is 5. This leads to an
expected number of within-cluster transitions of 3 × 2/5 + 2 × 1/5 = 1.6, and the overall clustering
score of 2 − 1.6 = 0.4.

In addition, we also estimated semantic clustering, using the California Verbal Learning Test
(CVLT: [33]) measure. As the results are the same, we only report the pair-frequency measure here.

3. Results

Figure 1A,B show the average number of words recalled in the four conditions (three separations
and one unrelated) and for the related (averaged across separation) and unrelated conditions, for young
and older adults, respectively. Participants recalled more words in the related than in the unrelated
condition. Younger adults reported more words than older adults, especially in the related condition.
A 2 (age: young, older) × 2 (association: related, unrelated) mixed ANOVA revealed a main effect of
age (F (1,38) = 15.83, MSe = 1.16, p < 0.001, η2 = 0.29), a main effect of association (F (1,38) = 102.85,
MSe = 0.31, p < 0.001, η2 = 0.73), and an interaction (F (1,38) = 5.23, MSe = 0.31, p < 0.05, η2 = 0.12).
The interaction was due to a larger increase in total recall with related lists for younger than for older
adults (t (38) = 2.29, p < 0.05). The same conclusions were obtained when the ANOVA was limited to
unrelated versus separation-5.

Both groups showed equivalent decrease in recall performance with increasing separation between
pair members. A 2 (age: young, older) × 3 (separation: 0, 1, 5) mixed ANOVA revealed a significant
main effect of age (F (1,38) = 18.42, MSe = 2.52, p < 0.001, η2 = 0.33) and a main effect of separation
(F (2,76) = 12.25, MSe = 0.74, p < 0.001, η2 = 0.24). The interaction between age and separation was not
significant (F < 1).

We computed, for each separation, a semantic clustering score. Several metrics have been
developed to measure semantic clustering [20,34]. Here, we use the pair frequency, which is identical
to the original clustering metric proposed by Bousfield and Bousfield [32]. If, for example, a participant
saw the words light1 man2 candle1 father2 hat3 river4 cap3 lake4 door5 thief6 wall5 crook6 (separation-1)
and then reported lake4 river4 light1 man2 candle1 (numbers are only added for illustration and were
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not present in the experiment), the clustering score would be 0.20 (OBS − EXP = 1 − (2 × 1/5 + 2 × 1/5
+ 1 × 0/5) = 0.2). See Methods for details.

(A) 

 

(B) 

 

(C) 

Figure 1. (A) Average number of words recalled as a function of the separation between the members
of an associated pair and age. The separations in the related condition are presented. (B) The same as
in panel A, but the related condition is averaged across separations. (C) Clustering scores in the related
conditions as a function of the separation between pair members and age. The error bars represent
standard error of the mean.

Figure 1C presents the clustering scores for each separation. Younger adults (filled circles)
clustered the members of a pair more often than older adults (open circles). In addition, increasing the
separation between pair members during encoding lowered the clustering effect for both age groups.
A 2 (age: younger, older) × 3 (separation: 0, 1, 5) mixed ANOVA revealed a significant main effect
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of separation (F (2,76) = 39.39, MSe = 0.11, p < 0.001, η2 = 0.51) and age (F (2,76) = 7.34, MSe = 0.31,
p < 0.01, η2 = 0.16) and an interaction between separation and age (F (2,76) = 4.29, MSe = 0.11, p < 0.05,
η2 = 0.10). This interaction was due to an absence of an age effect for separation 5 (p > 0.34). Also, older
adults did not cluster the words when the pair members were separated by one or more unrelated
words (all ps > 0.10).

4. Discussion

We tested for age-related differences in memory recall of word lists made of associated pairs, with
various degrees of separation (number of unrelated intervening words) between the pair members.
First, we found that lists containing associated pairs are recalled better than lists of un-associated
words in both age groups and that this difference is larger for young adults. In particular, we found
only small age differences for lists of unrelated words (0.67 words) and we found larger age differences
for lists containing associated pairs (1.32 words). This interaction is also present when comparing the
unrelated and separation-5 conditions. As word associates, which are separated by five intervening
unrelated words, are not likely to co-occupy working memory, this interaction is likely to indicate
a retrieval deficit: younger participants might be better in using the last word recalled, as a cue to
memory search [2].

Second, we found that for both age groups, the association effect (better recall of associated
than unrelated words) also depends on the separation of the pair members in the memory list, with
better performance at short separation. This replicates the results by Glanzer [26], indicating that the
encoding of the list is more effective when associated pairs co-occupy a capacity-limited working
memory [27,29]. If older participants have reduced working memory capacity, one could expect that
they will benefit less of associated pairs at separation-1; in both conditions, the pairs are unlikely
to co-occupy working memory. Although the difference in total recall for separations 1 and 5 was
numerically larger for young than for older participants, this difference was not statistically significant.

Third, we examined the clustering measures, of the two age groups, at each level of separation.
Participants produced more clustered output, at short separations, consistent with an encoding
mechanism (co-occupation of the associates in working memory, enhances their association). As we
predicted, younger participants produced more clusters at separation-1 than at separation-5, consistent
with an age-dependent working memory-assisted encoding. The clustering frequency for the old
group at separation-1 was not different from that at separation-5, which was at chance level. Thus,
older adults show reduced beneficial effect of closer temporal proximity, as expected from a reduced
encoding of relations between words that co-occupy working memory. The absence of clustering at
separation-1 critically supports the suggestion that older adults’ working memory capacity is just
too small to have both members of a pair active simultaneously after a single intervening unrelated
item. This prevents the detection of the semantic similarity and the associative boost that is needed
for these items to be recalled consecutively. While we report the pair frequency measure for semantic
clustering, we also looked at other clustering measures such as the one used for the CVLT. Age-effects
at separation-1 were present in these measures at separation-1, with older adults showing no clustering
beyond what is expected by chance.

We suggest that the results indicate age effects in both the retrieval and encoding of a list of
words, which are due to a reduced ability to encode relations between list-words (see also [35] for
similar findings using a memory recognition paradigm). This is consistent with previous age studies of
clustering, which used the CVLT [33], reporting marked age-related decline [25]. In a previous study,
we have shown that ageing is associated with a significant deficit in a test that shares some features with
the CVLT—The conceptual-span task [36]. Furthermore, our results parallel those obtained in memory
studies in frontal patients, who do not show enhanced recall with related, compared with unrelated
word lists [37], and who do not spontaneously utilise cues to enhance their memory encoding and
retrieval, and show reduced semantic clustering [12]. These frontal memory deficits are well accounted
for by neuropsychological models of memory, such as Hemispheric Encoding-Retrieval Asymmetry
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(HERA) [38], which postulate a role for the left PFC in semantic processing and memory encoding
and by computational models that unpack the PFC mechanisms involved in memory encoding and
retrieval [24,39]. For example, in the Categorization–Activation–Novelty (CAN; [24]) model, the
PFC detects the semantic differences and similarities among list items that co-occupy WM. Semantic
associates get an encoding boost, but only if their relatedness has been detected.

We believe that these similarities are explained best by the hypothesis that ageing deficits
in memory are caused by a frontal mechanism [7,40]. As previously reviewed, this hypothesis is
supported by neuropsychological, neurological, and neuroimaging evidence, showing changes in
frontal lobe structures and functioning with advancing age. This interpretation is also consistent with
the finding that older adults are less likely to form rich, elaborative memory traces [5]. The results
presented here provide convergent evidence within a single paradigm suggesting that age-related
declines in total recall are associated with a decrease in the use of associative information during both
encoding and retrieval.
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Abstract: We investigated age differences in memory for spatial routes that were either actively
or passively encoded. A series of virtual environments were created and presented to 20 younger
(Mean age = 19.71) and 20 older (Mean age = 74.55) adults, through a cardboard viewer. During
encoding, participants explored routes presented within city, park, and mall virtual environments,
and were later asked to re-trace their travelled routes. Critically, participants encoded half the virtual
environments by passively viewing a guided tour along a pre-selected route, and half through
active exploration with volitional control of their movements by using a button press on the viewer.
During retrieval, participants were placed in the same starting location and asked to retrace the
previously traveled route. We calculated the percentage overlap in the paths travelled at encoding
and retrieval, as an indicator of spatial memory accuracy, and examined various measures indexing
individual differences in their cognitive approach and visuo-spatial processing abilities. Results
showed that active navigation, compared to passive viewing during encoding, resulted in a higher
accuracy in spatial memory, with the magnitude of this memory enhancement being significantly
larger in older than in younger adults. Regression analyses showed that age and score on the Hooper
Visual Organizational test predicted spatial memory accuracy, following the passive and active
encoding of routes. The model predicting accuracy following active encoding additionally included
the distance of stops from an intersection as a significant predictor, illuminating a cognitive approach
that specifically contributes to memory benefits in following active navigation. Results suggest that
age-related deficits in spatial memory can be reduced by active encoding.

Keywords: aging; spatial memory; active exploration; virtual reality

1. Active Navigation in Virtual Environments Benefits Older Adults’ Spatial Memory

Spatial navigation deficits are frequently experienced in the older adult population [1–3].
For example, age-related deficits are commonly observed in the memory for locations, landmarks,
routes, and maps [2,4]. Such declines in navigation and spatial memory are critical, because they
pose a potential threat to independent living for older adults [5–9], prompting the need to find ways
to lessen these age-related deficits. The assessment of age-related impairments in spatial cognition
has been facilitated by recent advancements in virtual reality (VR) technology [10], allowing for the
efficient examination of navigation performance in virtual environments. In the current study, we
took advantage of VR methodology to investigate ways for improving spatial memory performance
in a navigation task, in older and younger adults. Specifically, the goal of the current study was to
determine whether age-related differences in memory for virtual routes are reduced following active
exploration, compared to passive guidance. Additionally, we examined whether individual differences
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in visuo-spatial ability, and cognitive indices during route exploration, meaningfully contributed to
spatial memory performance.

2. Active vs. Passive Encoding of Spatial Information

The term active navigation refers to a condition wherein the participant has motor and/or
volitional control of their movement through an environment, whereas passive navigation generally
consists of a guided tour [11]. Active navigation has been described to contain both cognitive (mental
manipulation of spatial information, allocation of attention, and decision-making) and physical (motor
control for locomotion and proprioceptive and vestibular sensory information) components [11], which
combine to create rich multi-modal associations that benefit subsequent memory performance [12].
A variety of past studies in young adults suggest significant spatial memorial benefits when encoding
is active, rather than passive [13–16].

The memory benefit from active, relative to passive, navigation can be conceptualized as a
subject-performed task effect (SPT effect) [17,18]. The SPT effect describes a pattern of superior
memory performance when encoding involves the direct engagement of the participant, such as when
performing rather than watching an action that is associated with a to-be-remembered word [19].
Importantly, the SPT effect remains unchanged with aging, enhancing memory performance in older
adults [20–22]. The encoding tasks that involve an SPT have been described to have a high degree of
environmental support, accounting for a boost in memory in seniors [23,24]. With regard to encoding
manipulations, the environmental support refers to a situation in which older adults do not need
to self-initiate encoding operations. By this account, active navigation should provide a good form
of environmental support, as it involves the SPT of physically and cognitively engaging with the
to-be-remembered spatial information. Past studies, however, have reported inconsistent results
regarding the benefits of active relative to passive navigation in older adults. Specifically, benefits from
active navigation are sometimes observed in older adults [15,25,26], but there is also evidence showing
that active encoding hinders memory performance in seniors [2,27].

The degree of involvement of both decision-making processes and motor processing in active
exploration conditions could be critical for explaining the inconsistencies regarding age differences in
active/passive manipulation. It is well-known that older adults have to allocate additional cognitive
resources to control their locomotion [28,29], suggesting that the physical components of active
navigation are unlikely to be the reason for any memory benefit in seniors. Indeed, active navigation
with low levels of motor control benefits spatial memory, whereas a high degree of motoric requirement
creates an additional cognitive load that impairs memory in older adults [27].

Some have suggested that the cognitive components of active navigation benefit the memory
(for directions and the locations of landmarks), more so than physical motor processing [29–31].
Decision-making in particular has been shown to be beneficial in older adults for episodic memory of
landmarks and objects [15] and it may elicit a self-reference effect that is known to benefit older adults’
spatial memory [32–34]. In other words, the engagement of cognitive and decision-making processes
during active navigation conditions could be particularly beneficial for older adults. Likewise, factors
related to decision-making, such as intrinsic motivation or curiosity [35,36] may also contribute to
the memory benefit from active exploration. As recently claimed by [37], momentary feelings of
curiosity can help older adults’ memories and executive functions, because the phasic activation of the
noradrenergic and dopaminergic systems modulate hippocampal activity [38], facilitating memory
and learning. As such, it may be that the cognitive components of active navigation drive the observed
active encoding memory benefits in older adults.

Related to this, it is possible that the cognitive processes engaged by the active exploration of an
environment allow for more unique associations to be formed with landmarks, and thus enhance the
memory for the links between certain environments and paths travelled. Others have suggested that
such relational knowledge is critical, as retrieval becomes more likely when the target is part of a rich
network of associations, as opposed to being encoding in isolation [12]. This relational encoding can
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take the form of distinctive sensorimotor associations, and increased elaboration during encoding, due
to goal-directed exploration. By actively encoding an experience, and thereby increasing the amount
of associations that are credited to an episodic memory, later memory recall can be expected to be
improved [12].

3. Using Virtual Reality to Examine Spatial Memory

In recent years, VR technology has become widely used for studying spatial cognition and
navigation performance in both younger [39–42], and older adults [10,12,43]. One of the major
advantages of VR is the high degree of experimental control that is afforded, to investigate the
cognitive and behavioral components that are involved in spatial navigation. For example, VR
provides the ability to control for variables that differ between age groups, such as physical fatigue
and mobility issues during navigation. Furthermore, the use of VR in the current study allowed for the
creation of a series of environments with controlled parameters, including environment size, number of
intersections, and visual content, as well as the novel approach of examining spatial memory following
trials of either active or passive encoding. Additionally, we developed a means to precisely measure
the overlaps in the routes travelled at encoding and retrieval, to provide a measure of memory accuracy
in re-tracing a previously travelled route.

Research into the effects of aging on route navigation have largely focused on differences in
learning performance and the assessment of knowledge for a highly familiar environment. However,
it is not the case that we will only ever need to navigate through familiar environments; rather we
frequently encounter new spaces by we need to successfully navigate after brief encounters. As such,
in the present study, we took the novel approach of investigating the age difference in memory for
routes that were previously travelled on only one occasion. We created a set of virtual environments
in which participants traveled routes, and then later re-traced those routes to assess spatial memory
performance. During the encoding, participants either traveled routes by actively exploring through
volitional control of their own movements, by passively viewing a guided tour. This paradigm was
analogous to drivers and passengers in a car, with active trials affording the control that a driver has in
deciding on the route and manipulating movement, whereas the passive trials are akin to a passenger
simply viewing the route travelled within the environment. We expected that our active encoding
manipulation would provide a higher degree of environmental support, as it constitutes a SPT; given
that environmental support is particularly helpful to seniors [23,24], active versus passive encoding
should benefit older adults’ memories more so than younger adults.

4. Method

4.1. Participants

Twenty-two younger (Mage = 19.71, SD = 2.19, 11 females) and 22 older (Mage = 74.55, SD = 7.82,
10 females) adults participated in our study. Younger adults were undergraduate students at the
University of Waterloo who signed up for the study and received partial course credit for their
participation. Older adults were recruited from the Waterloo Research in Aging Participant (WRAP)
database, and received $10.00 remuneration for their participation. WRAP is a database of healthy
seniors residing in the Kitchener–Waterloo area recruited by means of newspaper ads, flyers, and
local television segments to participate in research studies taking place on campus at the University of
Waterloo. All older adults completed the Montreal Cognitive Assessment (MoCA) to assess cognitive
decline [44]. The average MoCA score was 26.95 out of 30 (SD = 2.29), with a range of 20 to 30. Two
participants fell below the cut-off a score of 26 (obtaining scores of 24 and 20); which was generally
used to indicate normal healthy aging; however, we opted to include all older adults who were tested,
as we are not aiming to make a distinction between normal healthy aging and MCI in the current study.
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4.2. Materials

VR equipment. The VR program was run on an Asus© Zenfone 3 Laser ™ (see specificities
on www.asus.com, Asus, Taipei, Taiwan) and a lightweight hand-held cardboard VR headset for
viewing. The VR application run on the Android phone was designed using the 3D engine Unity©
(ver. 2017.2.0.f3, Unity Technologies ApS, San Francisco, CA, USA). Twelve virtual environments (VE)
were built according to three styles of: city streets, mall hallways, and park trails (see Figure 1
for samples). The virtual environments were topographically similar, with an average area of
234 square meters. Additionally, each environment had six intersections, which is a point where
3+ roads converge.

 

Figure 1. First-person view and bird’s-eye view of the three virtual environment styles. For each
style, we created 4 exemplars, though only one from each is shown here. The Stars are visible
in the environments during encoding, but not during retrieval. Participants only experienced the
environments from a first-person perspective.

Neuropsychological assessments. Spatial visualization ability was evaluated with the Hooper
Visual Orientation test [45], which had good internal reliability, as indicated by a coefficient α of
0.88 [46]. This test is scored out of 30; it contains 30 line drawings of common objects that are portrayed
as having been cut up and misaligned; participants had to mentally rotate and piece together the
visual information, to identify the depicted object. Performance on the Hooper test was included to
determine whether spatial visualization abilities were related to, and predictive of, spatial memory
performance following active and passive encoding.

The spatial orientation ability was measured with the Santa Barbara Sense-of-Direction scale,
which has good internal reliability, as indicated by a coefficient α of 0.88 [47]. For this, the test
participants rated their endorsement of 15 statements about spatial orientation abilities, such as “I am
good at giving directions’, indicating whether they strongly agreed or disagreed, using a 7-point
scale. After reverse scoring the necessary items, the responses were summed and divided by 15 to
provide an average score of between 1–7 [47]. This measure was included to determine whether the
perceived spatial orientation abilities were related to spatial memory performance following active
and passive encoding.

5. Procedure

The study received clearance from the ethics review board at the University of Waterloo; all
participants gave their written informed consent prior to beginning the experiment. Throughout the
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entire experiment, participants were seated in comfortable chairs that could turn a full 360◦ circle,
which was placed in the center of a testing room. Following a verbal explanation of how to use the VR
headset, participants were given unlimited time to complete a training phase with the VR equipment
designed to help them learn how to move in the virtual space. Specifically, they were told that to move
forward in VR, they should press a button on the headset, and to change their direction within VR,
they were to physically rotate in the spinning chair with their legs. Participants were advised to take
as much time as needed in the training phase, to become comfortable with the environment and the
movement mechanism. Immediately following the training phase, the experimental session began.

In the experimental session, participants completed 12 cycles of encoding-filler-retrieval phases.
The encoding phase was 30 seconds in duration. Once 30 seconds elapsed, the screen turned black and
the participant immediately performed a filler task which involved counting backwards by 7’s from 100,
for 20 seconds, in order to reduce recency effects [48]. In the retrieval phase, participants were placed
within the VR environment at the same starting point as the environment they had just experienced.
Participants were told that they had 30 seconds to re-trace the exact path just previously travelled
in the environment. Participants were given a 1- to 5-min break halfway through the experimental
session (i.e., after completing six encoding-filler-retrieval cycles), resuming when they indicated they
were ready.

Active vs. passive manipulation. The within-subjects active/passive navigation manipulation
was implemented during the encoding phase. Of the 12 virtual environments, six were actively
encoded, and six were passively encoded. The order of active and passive trials was mixed, with an
instruction appearing at the beginning of each new encoding-filler-retrieval cycle, indicating whether
the participant was to explore the environment (active) or watch a guided tour (passive). Participants
knew that they would subsequently be asked to retrace the travelled route. In the active trials, the
participant had full volitional control of their movement along the paths in the environment, and they
were free to choose the route they traveled. To motivate participants to continue to move and explore
the environment in the active condition (and not to simply walk back and forth so that their route was
later easier to remember) they were told to ‘collect’ as many star icons along the path as possible, by
walking over the stars. Each environment had 10 stars dispersed throughout the environment, along
the paths (as shown in Figure 1). On the passive trials, the participant did not control their movement,
or route, in the environment, and instead experienced a recording from the active exploration of a
previous participant. Using a previous participant’s active exploration for the passive trials, in this
yoked control manner, was purposely done to equate route length, pauses along the path, and the
number of turns, across the active and passive trials.

6. Results

Participant Characteristics. While age differences in spatial abilities were of primary interest in
the current study, we also wanted to determine whether any sex differences that we presented in our
data, given the previous work, suggested that males perform better than females on a variety of spatial
processing measures [49]. To determine whether there were differences between the age groups and
sexes, on the neuropsychological assessments included in the study, we ran two 2 (Age: younger, older)
× 2 (Sex: male, female) ANOVAS separately, for the performance on the Hooper Visual Orientation
test [45] and on the Santa Barbara Sense-of-Direction scale [47]. The analysis on the Hooper Visual
Organization performance revealed a main effect of Age, F(1, 40) = 26.12, MSE = 0.26, p < 0.001, and
η2 = 0.40, such that the scores were higher for younger than for older adults, but there was no effect of
Sex, F(1, 40) = 2.09, MSE = 0.02, p = 0.16, η2 = 0.05. There were no main effects of Age, F(1, 40) = 0.06,
MSE = 0.14, p = 0.80, η2 = 0.002, or Sex, F(1, 40) = 0.48, MSE = 1.07, p = 0.50, η2 = 0.01 on the Santa
Barbara Sense-of-Direction scale, and no interactions on either measure.

Calculation of Route Overlap. The dependent variable of interest was the accuracy in re-tracing
the same route at retrieval that had been traveled during encoding. To obtain this measure of spatial
memory performance, the overlap between the routes travelled by each participant at encoding and
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retrieval, for each trial type, was calculated, to produce a ‘percent overlap’ value for each environment.
The percent overlap values were computed by using the Python programming language (https:
//www.python.org/), Python Software Foundation, Wilmington, DE, USA), to first normalize the
routes travelled (during both encoding and retrieval) against the established paths in the environments,
and then to compare those normalized routes. The process of normalizing the participant’s paths
involved removing positional data points that corresponded to the subject travelling between specified
points on the pathways in the environments. The normalized path that this process produced is a
distilled representation of the position data, which allowed us to measure the overlap values that
were not obscured by other effects (such as a participant travelling in a straight line during encoding,
versus a sinusoidal path in retrieval). See Figure 2 for a visual representation of the normalized paths
used in the calculation of the Route Overlap values. This process resulted in 12 values for percent
overlap scores per person, 6 of which corresponded to active trials, and six to passive trials. For each
participant, the averages were calculated for the active and passive trials separately, resulting in one
measure representing performance following active encoding, and another following passive encoding.
See the example in Figure 2.

Figure 2. Example of the paths travelled in one of the virtual environments at encoding and retrieval
before and after normalization.

Route overlap analyses. A mixed measures ANOVA (Analysis of variance) (2 (Age: younger,
older) × 2 (Trial type: active, passive) × 2 (Sex: male, female)) was conducted on the Route Overlap
values, with the Trial type as a within-subjects factor, and Age and Sex as between-subjects factors.
The analysis revealed a significant main effect of Trial type, F(1, 40) = 23.07, MSE = 0.27, p < 0.001,
η2 = 0.37, such that the Route Overlap was more accurate for active than passive encoding. A main
effect was also found for Age, F(1, 40) = 83.44, MSE = 1.99, p < 0.001, η2 = 0.68, such that the Route
Overlap was higher for younger than for older adults. No main effect was found for Sex, F(1, 40) = 0.03,
MSE = 0.001, p = 0.86, η2 = 0.06. There was a significant two-way interaction between Trial type and
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Age F(1, 40) = 5.65, MSE = 0.07, p = 0.03, η2 = 0.12. The Age × Sex interactions was non-significant,
F(1, 40) = 2.42, MSE = 0.06, p = 0.13, η2 = 0.06, as was the Trial type × Sex, F(1, 40) = 1.38, MSE = 0.02,
p = 0.25, η2 = 0.03. The 3-way interaction was also non-significant, F(1, 40) = 0.38, MSE = 0.005, p = 0.54,
η2 = 0.01.

To better understand the interaction between Age and Trial type, two paired-sample t-tests were
conducted on with Route Overlap accuracy, separately for younger and older adults. For younger
adults, there was a marginally significant difference, t(21) = 1.98, p = 0.06, d = 0.35, such that the Route
Overlap was higher following active encoding, compared to passive encoding. For older adults, the
Route Overlap was significantly higher following active encoding, compared to passive encoding,
t(21) = 4.55, p < 0.001, d = 0.61. See Figure 3 for the mean values.

Figure 3. Average percent Route Overlap values for active and passive encoding in younger and older
adults. Error bars represent the standard error. The star represents significant differences between
active and passive conditions for older adults.

Correlations with neuropsychological assessments. To determine whether spatial memory
performance was related to performance in the Hooper Visual Orientation test [45] and the Santa
Barbara Sense-of-Direction scale [47], we ran a series of partial correlations separately, for active and
passive encoding, while controlling for age. A significant and positive relationship was found between
Route Overlap accuracy and the Hooper Visual Orientation test, for both active (r = 0.51, p = 0.001) and
passive (r = 0.42, p = 0.005) Trial types, suggesting, as expected, that better spatial visualization abilities
are related to superior spatial memory performance, regardless of whether one actively or passively
encodes a route. Correlations with the Santa Barbara Sense-of-Direction scale were non-significant.

Correlations with cognitive indices. Given our goal of determining the factors underlying the
benefits of Active encoding, we conducted exploratory analyses on a number of measures obtained
from our virtual reality program. Specifically, a number of partial correlations were analyzed. Table 1
shows the factors considered, along with the correlation and the statistical significance values. Given
the large number of correlations, we applied both the Bonferroni [50] and Benjamini–Hochberg
corrections [51], the latter of which was included as an alternative to the highly conservative Bonferroni
correction. Three correlations remained significant after the Benjamini–Hochberg correction. As the
number of stars collected during the active trials increased, so did memory accuracy (r = 0.39, p = 0.009);
this relationship held only for active but not passive encoding trials. During encoding, there were
occasions where the participant stopped along the route (during both active and passive trial types);
we measured the distance of a stop from the nearest intersection, and found that as this distance got
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smaller, memory accuracy increased (r = −0.39, p = 0.01). Similarly, we measured this distance during
the retrieval phase (when a participant was re-tracing their route), and found the same relationship
(r = −0.38, p = 0.01). The relationships the distances of the stops from the intersections and Route
Overlap held only for the active, and not the passive encoding trials.

Table 1. Correlations between memory accuracy (percent overlap values) following active and passive
encoding, and various neuropsychological factors, as well as task performance measures.

Active Passive

SBSD r = −0.07, p = 0.62 r = 0.11, p = 0.48
Hooper r = 0.51, p = 0.001 a,b r = 0.42, p = 0.005 b

Number of stars passed during encoding r = 0.39, p = 0.009 b r = 0.09, p = 0.57
Number of intersections passed during encoding r = −0.006, p = 0.97 r = 0.10, p = 0.52
Length of the path travelled at encoding r = −0.09, p = 0.57 r = 0.03, p = 0.83
Length of the path travelled at retrieval r = −0.004, p = 0.98 r = −0.13, p = 0.41
Total duration of stopped movement during encoding r = 0.06, p = 0.72 r = 0.03, p = 0.86
Number of stops during encoding r = 0.14, p = 0.36 r = −0.03, p = 0.85
Distance of stops from the nearest intersection during encoding r = −0.39, p = 0.01 b r = −0.01, p = 0.96
Total duration of stopped movement during retrieval r = −0.23, p = 0.13 r = 0.06, p = 0.70
Number of stops during retrieval r = 0.04, p = 0.82 r = 0.01, p = 0.95
Distance of stops from the nearest intersection during retrieval r = −0.38, p = 0.01 b r = −0.25, p = 0.11

Both the Bonferroni and Benjamini–Hochberg corrections for multiple comparisons were conducted; SBSD = Santa
Barbara Sense of Direction scale; a Correlations were significant following Bonferroni correction; b Correlations
were significant following Benjamini–Hochberg correction.

Regression analyses. Step-wise regression analyses were used to examine whether any of the
factors considered in the correlational analyses (see Table 1) significantly predicted participants’ Route
Overlap accuracies following active or passive encoding.

In Step 1 of the analysis of performance following active encoding, Age entered into the regression
equation, and was significantly related to Route Overlap, F(1,42) = 75.86, p < 0.001. At Step 2, the
Hooper Visual Orientation test performance was entered into the equation, t = 3.05, p = 0.004, and at
Step 3, the distance of participants’ stops from the nearest intersection during encoding was entered,
t = −2.18, p = 0.035. At Step 4, the number of stars collected failed to be entered into the equation,
t = 1.94, p = 0.06. The final model significantly predicted Route Overlap, F(3, 40) = 38.00, p < 0.001,
with an R2 of 0.740, decreasing with Age (β = −0.56) and distance from the nearest decision point
(β = −0.19), and increasing with the Hooper performance (β = 0.27).

In Step 1 of the passive encoding analysis, Age entered into the regression equation and was
significantly related to Route Overlap, F(1,42) = 101.82, p < 0.001. At Step 2, the Hooper Visual
Orientation test performance was entered into the equation, t = 2.24, p = 0.031, and at Step 3, the length
of the path travelled at retrieval failed to be entered into the equation, t = −1.60, p = 0.12. The final
model significantly predicted Route Overlap, F(2, 41) = 58.26, p < 0.001, with an R2 of 0.74, decreasing
with Age (β = −0.68) and increasing with Hooper performance (β = 0.24).

7. Discussion

In this study we created a series of virtual environments in which younger and older adult
participants travelled routes and then later re-traced those routes, allowing us to assess spatial
memory performance. Critically, participants either traveled routes during encoding by active
exploration through the volitional control of their movements, or by passively viewing a guided
tour. As expected, we found that actively navigating through virtual environments resulted in more
accurate performances in re-tracing the travelled routes, than passively viewing a recorded navigation
during encoding. As expected, those with higher scores on the Hooper Visual Organizational test
had more accurate spatial memories, regardless of how the routes were encoded. Importantly, we
showed that the memory enhancement from active encoding was larger for older than younger
adults, indicating that age-related deficits in spatial memory can be reduced by active encoding. Our
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analysis also revealed that the cognitive approach of stopping close to an intersection benefitted
later spatial memory following active encoding. We suggest that active encoding provides a high
degree of environmental support for older adults, by prompting cognitive engagement with the route
information, which can serve to improve encoding and subsequent retrieval of that information.

The positive relationship found between memory accuracy and scores on the Hooper Visual
Orientation test suggests that individuals who can create better mental visualizations are better at
creating a mental image of the travelled routes, which benefits performance when retracing those
routes. The Hooper Visual Orientation test measures one’s ability to mentally rotate and piece together
misarranged visual information to identify the depicted object [45,46]. As such, it may be the case that
individuals with higher scores on this test are better at mentally translating and combining the visual
components of travelled sections of the route, to create a survey representation of the environment.
Indeed, this relationship emerged for both active and passive encoding, which indicates that regardless
of how one interacts with an environment, the ability to visualize a mental map supports the memory
retrieval of route information.

The finding that older adults’ spatial memory performance was enhanced following active
relative to passive encoding, is consistent with other findings in the literature [15,25,26]. For example,
Sauzéon and colleagues [26] demonstrated that older adults had better memories for objects in a
virtual apartment following active exploration rather than a passively guided tour. Additionally, active
encoding has been found to benefit older adults’ memory for spatial information [15,25] showing that
when participants are active ‘drivers’, their memory is better than when they act as passive ‘passengers’
in virtual environments. Our findings build on this previous work, by demonstrating that when
attempting to retrace a route that is encountered on only one previous occasion, having actively been
in control of the initial navigation benefitted memory more than passive guidance. These findings
contribute to the literature, suggesting that age-related deficits in spatial memory abilities can be
ameliorated through the use of active encoding strategies for navigation.

The finding that memory accuracy was related to the number of stars collected following active,
but not passive encoding suggests that during active navigation, attention is indeed oriented towards
information that is relevant to the traveled route. Notably, no relationship was found between memory
accuracy and the length of the path traveled, meaning that the collection of stars must have provided
a unique benefit towards encoding. One possibility is that a memory benefit was obtained through
intrinsic motivation or curiosity [35,36] associated with collecting the stars. As described in the
introduction, it has been suggested that momentary feelings of curiosity boost memory and executive
functions [37], because phasic activation of the noradrenergic and dopaminergic systems modulate
hippocampal activity [38]. Regardless of the potential mechanism, it is clear from our results that
having a larger number of interesting or notable targets in the environment during encoding enhanced
memory recall.

We also found a relationships between mental accuracy and the distance of stops from the nearest
intersection during encoding and retrieval, such that stopping near an intersection was related to
better performance in retracing the route. Furthermore, in the regression analysis, stopping near
an intersection during active encoding was found to be predictive of the accuracy in route overlap.
When participants stopped moving near an intersection within the environment during encoding, it
facilitated their later memory in recalling the spatial route travelled. It may also be the case that the
intersections, or decision points, are critical components of the overall spatial representation of the
route. Enhanced encoding of these points likely led to a better spatial representation of the details
of the route. When the participants stopped moving in the environment during retrieval, they were
possibly attempting to remember the decisions that were previously made at the intersection during
encoding, and correcting their planned route if necessary. However, it is important to note that only
stopping near an intersection during active encoding, and not retrieval, was a significant predictor
of route overlap accuracy. This finding suggests that stopping to focus attention on decision points
during exploration in the environment aids spatial memory performance.
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In older adults, links have been found between poor spatial representation abilities and declines
in both executive functioning [52,53] and episodic memory [27]. The effortfulness hypothesis [54],
which states that, because of age-related sensory limitations, there are more cognitive resources
that are allocated to the identification of perceptual information, rather than to the encoding of
meaningful content, could explain why spatial memory deficits occur in older adults. For example,
if limited cognitive resources are directed towards the identification or perceptual processing of
a landmark, encoding of the spatial location of the landmark or of the route travelled would be
hindered. Indeed, navigational strategies are effortful and cognitively demanding, requiring executive
functioning, spatial abilities, and memory [43], which are well-documented as being in decline in older
adults. Critically, however, it should be possible to reduce age-related differences in spatial memory
performance by implementing encoding strategies that direct cognitive resources specifically to the
encoding of spatial information. While our task involved physical components (motor control for
locomotion, proprioceptive, and vestibular sensory information) from pressing the movement button
and spinning the chair to change directions, it was likely not difficult or demanding enough to create a
cognitive burden on the older adults. It would be interesting for future work, to include a divided
attention condition, in which participants need to respond to a secondary task while simultaneously
navigating during encoding, to determine if heavily taxing their available cognitive resources results
in a diminished effect of active encoding.

Notably, we found that older adults had significantly poorer spatial visualization abilities than
younger adults, which may be linked to a common deficit that is associated with the poorer spatial
memory performance observed in this age group. Older adults have been found to rely more on
egocentric rather than allocentric representations during navigation [55,56], the latter of which involves
a more highly developed survey representation of space [57], and this is possibly supported by
processes that are similar to those supporting general spatial visualization functions. Evidence
suggests that degradation in the hippocampal region is related to declines in survey abilities in older
adults [58,59] and also to visual perceptual processing [60], which may be involved in spatial scene
construction abilities that are supported by the hippocampus [61,62]. Indeed, older adults have been
shown to have worse performances than younger adults in both spatial and scene construction tasks
that involve imagining an event [63]. An interesting avenue for future work would be to investigate
the links between visual imagery abilities, scene construction, and spatial representations, and how
these change in the aging brain.

8. Conclusions

The results from this study demonstrate that actively navigating, rather than passively encoding
environments results in a more accurate performance when re-tracing a travelled route. Importantly,
the magnitude of the memory enhancement from active relative to passive encoding was larger for
older than younger adults, reducing the commonly observed age-related deficit in spatial memory
performance. Additionally, our findings demonstrate that higher scores on the Hooper Visual
Organizational test, and pausing near intersections during active encoding are related to, and
predictive of, route overlap accuracy, illuminating the cognitive components that contribute to the
benefits of active navigation memory. Overall, our findings suggest that older adults can improve
their spatial memory performance for travelled routes by actively controlling their exploration of
new environments.
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Abstract: Previous research suggests declines in emotion perception in older as compared to younger
adults, but the underlying neural mechanisms remain unclear. Here, we address this by investigating
how “face-age” and “face emotion intensity” affect both younger and older participants’ behavioural
and neural responses using event-related potentials (ERPs). Sixteen young and fifteen older adults
viewed and judged the emotion type of facial images with old or young face-age and with high-
or low- emotion intensities while EEG was recorded. The ERP results revealed that young and
older participants exhibited significant ERP differences in two neural clusters: the left frontal and
centromedial regions (100–200 ms stimulus onset) and frontal region (250–900 ms) when perceiving
neutral faces. Older participants also exhibited significantly higher ERPs within these two neural
clusters during anger and happiness emotion perceptual tasks. However, while this pattern of activity
supported neutral emotion processing, it was not sufficient to support the effective processing of
facial expressions of anger and happiness as older adults showed reductions in performance when
perceiving these emotions. These age-related changes are consistent with theoretical models of
age-related changes in neurocognitive abilities and may reflect a general age-related cognitive neural
compensation in older adults, rather than a specific emotion-processing neural compensation.

Keywords: emotion perception; ageing; neural compensation; electroencephalogram

1. Introduction

The perception of emotional facial expression plays an important role in interpersonal
communication [1,2]. Emotional expression can alter the meaning of speech and the ability to
accurately identify emotional content is particularly important in social interactions [2]. Difficulties
with emotion perception are associated with specific types of social impairment, including poor
interpersonal interaction, reduced social competence and loneliness (e.g., [3,4]). These outcomes
can have negative impacts on health and wellbeing (e.g., [5]), thus establishing how the capacity for
emotion perception is affected as a function of normal adult aging is an important challenge.

Most studies have consistently demonstrated that older adults appear to have declined perception
of some negative facial expressions of emotions, such as anger, sadness, fear and surprise (e.g., [6–10]).
In contrast, age-related decline in the perception of happiness is less consistent: early studies suggested
similar performance levels for young and older adults when using prototypical emotions [8,11,12]
(see [1] for a review), but recent work suggests that there may be differences when more subtle
emotional stimuli are used [13].
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In addition, one issue involved in previous studies comparing both young and older people’s
face perceptual abilities is the other-age effect—participants tend to show superior performance in
the perception of own versus other age faces [14–17]. Therefore, the decline in the performance of
older adults might be due to the use of young adult actors in the task, which favours young adult
participants. It is also known that irrespective of the age of the perceiver, processing different age faces
expressing the emotion can also influence emotion perception more broadly. For instance, in some
studies, emotion perceptual accuracy of older faces was reported to be lower than young faces, as the
wrinkles and folds of older faces can reduce the signal clarity of facial expressions [18–20]. Further,
some researchers proposed that smile/happiness was easier to be perceived in young faces than older
faces (e.g., [21]), whereas decoding facial expression of anger was higher in older faces than younger
faces [22].

Age-Related Neural Compensation in Emotion Perception

Functional neuroimaging studies have found that older participants exhibit a different neural
activation pattern from younger participants during emotion perception [23–26]. Generally, older people
tend to recruit more frontal cortical regions during emotion perception. For example, Gunning-Dixon,
Gur, and Perkins [23] investigated age-related neural activations in cortical and limbic regions using
functional magnetic resonance imaging (fMRI) by presenting facial stimuli of a mixture of negative
emotions to both young and older participants. They observed neural activation in the amygdala
and surrounding temporolimbic regions in younger participants, whereas older participants showed
neural activations in left inferior and middle frontal regions. Similar results were found by Tessitore
and colleagues [24] who compared older and younger participants’ neural processing of fearful and
threatening stimuli using fMRI and found older participants were associated with increased prefrontal
cortical neural responses and lower neural responses in the amygdala and posterior fusiform gyri
relative to younger adults.

These studies have uncovered important age-related neural correlates of emotion processing;
however, there are limitations. Firstly, most neuroimaging studies have typically investigated
facial displays of only negative emotions [23–26]; therefore, it is not entirely clear whether the
age-related compensation patterns reflect older people’s general emotion processing or processing
of negative emotions only. Second, perceptual biases may have influenced previous neuroimaging
results, since most have only used younger faces, which may lead to the other-age effect influencing
performance [14,17]. Another set of issues that have largely been overlooked in most previous studies is
the variation of emotional intensity or task difficulty. Previous studies have found that older adults have
more difficulty than younger adults at labelling facial emotion with less intensity [27]. Further, recent
work has suggested that age-related differences in emotion matching might be limited to low-intensity
expressions [28]. However, high-intensity facial emotions displays that are typically linked with
high performance have been used in most neuroimaging studies. This may potentially mask group
differences in performance (e.g., see [13]), which leads to two issues: (1) it is unclear how older people’s
perception of subtle/low-intensity facial expressions are linked with brain activity; and (2) it is unclear
how task difficulty/face emotion intensity interacts with age-related neural activation changes.

In addition, much prior work using neuroimaging to investigate emotion processing in ageing
has used fMRI [23–36]. Electroencephalography (EEG) has better temporal resolution than fMRI and
enables inference about the neural time course of emotional facial expression processing. However,
most previous ERP studies focused on studying young people’s ERPs during perceiving emotions
(e.g., [20,29]). Those ERP studies that have compared young versus older neural activation differences
mostly investigated neural activations within specific emotion-related ERP components that were
previously defined by studying younger people (e.g., early posterior negativity (EPN)). For example,
in one study, the late positive potentials (LPP) amplitudes were investigated as a function of age
(between 18–81 years) and revealed that the LPP for negative images decreases linearly with age,
but LPP for positive images is age-invariant across most of the adult life span [31]. Wieser et al. [32]

38



Brain Sci. 2020, 10, 61

compared young and older people’s early posterior negativity (EPN, an index of early emotion
discrimination) during emotion (neutral, positive and negative) discrimination tasks. They found that
EPN (168–232 ms) was delayed in older adults compared to younger adults, but a later component
(232–296 ms) was unaffected. This study suggested an age-related delay of early visual emotion
discrimination, but the delay does not seem to influence the discrimination of emotional stimuli.
Tsolaki et al. [33] compared older and younger adults’ neural responses within face-selective ERP
component N170 during viewings of facial images of anger and fear. They found that the N170 early
component was modulated by the type of emotions and tends to have larger amplitudes in the elderly
than the young during the viewing of negative stimuli (such as “anger” and “fear”). Although these
studies have revealed important age-related neural activation differences during emotion processing,
it is still not clear: (1) whether older people also recruit additional frontal neural regions during the
perception of neutral emotion, and (2) what the effects of face emotion intensity and face-age are in
modulating the neural compensation patterns.

With these in mind, the aim of this study is to compare older and young adults’ neural activation
patterns and behavioral responses during the perception of both low- and high- emotional intensities of
anger and happiness facial emotions. In particular, the present study seeks to compare older and young
people’s compensation patterns at neutral (baseline), easy (high emotional intensities) and hard (low
emotional intensities) conditions of anger and happiness emotion perception. By doing so, we seek to
learn more about older adults’ neural compensation patterns in processing positive (happiness) and
negative (anger) facial emotions with different task difficulties, which could speak to contemporary
theoretical models. One model of interest is the compensation-related utilization of the neural circuits
hypothesis (CRUNCH) model [37]. This model suggests that older people’s processing inefficiencies
lead the ageing brain to recruit additional neural resources to perform at the level of younger adults:
at lower levels of task demand, older adults exhibit a region-specific neural overactivation pattern but
they can achieve similar or equivalent behavioural performance as younger adults (successful neural
compensation); however, beyond a certain level of task demand, the older adult brain falls short of
sufficient neural activation and their behavioural performance declines compared to younger people
(neural compensation failure). Based on the predictions of the CRUNCH model, we expect to find that
different task demands (face emotion images with low- and high- emotional intensities) might require
different levels of neural compensation in older adults.

2. Materials and Methods

2.1. Participants

Thirty-one adult human volunteers participated in our study. Participants were divided into
two groups: younger adults (N = 16, 12 female, mean ± SD of age: 24 ± 6 years), and older adults
(N = 15, 12 female, mean ± SD of age: 69 ± 9 years). The study was conducted in the U.K., and all
participants were native English speakers, with no known history of neurological problems, dyslexia
or other language-related problems. They had normal or corrected-to-normal vision (self-reported).
They gave written informed consent prior to beginning the experiment. The experimental protocol
was approved by the local ethics committee of the Department of Psychology at Goldsmiths.

Level of education, premorbid intelligence (National Adult Reading Test, NART) [34], handedness,
screening tests of working memory (digit span) [35], and alexithymia trait [36] were recorded for all
participants. Further, we also administered the Mini-Mental State Examination (MMSE) as screening
for possible dementia in the older adults group [38]; all participants had scores higher than 24, a usual
cut-off limit for dementia [39].

2.2. Stimuli

The stimuli used in this study consisted of computer-generated human faces created by the
FaceGen software ((www.facegen.com/products.htm), [40]), which were used in previous studies
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on emotion perception [18,41,42]. The facial stimuli had no hair or facial hair to avoid gender cues
other than facial structure and features. All images were three-dimensional, greyscale, front profile
Caucasian faces. Faces of thirty young (18–40 years; 15 female) and thirty old (65 years and above; 15
female) individuals were used. Each facial stimulus displayed anger or happiness in five emotional
intensities: 0%, 15%, 30%, 60% and 75%. For both angry and happy faces, we formed two groups:
faces with high intensities (60% and 75%), faces with low intensities (15% and 30%), corresponding to
easy and difficult trials, respectively (see Figure 1 for examples). Faces with zero intensity correspond
to neutral trials. Therefore, we had ten conditions in total (young/old face × angry/happy emotion ×
low/high intensity, and young/old face × neutral). Each condition comprised 60 experimental trials.

Figure 1. Example of emotional facial stimuli of anger (a) and happiness (b) used in the experiment.
Hard task conditions contain facial stimuli with lower emotional intensities (15% and 30%), and easy
task conditions contain facial stimuli with higher emotional intensities (60% and 75%).

2.3. Experimental Procedure

Participants were seated approximately 50 cm in front of a computer screen in a dimly lit,
sound-attenuated room, and completed an emotion perception task. In each trial (Figure 2), a face was
briefly presented for 500 ms, followed by a fixation cross for 500 ms, and then participants reported
emotional category of the earlier face by pressing a key out of three options (anger, happiness, and
neutral). The next trial started 1500 ms after the response (see Figure 2). At the beginning of the
experiment, participants were informed that some facial expressions were subtle. There was a practice
block (30 trials) before the experiment.

Figure 2. An outline of a trial. In each trial, a face was presented for 500 ms, followed by a blank
screen with a fixation cross for 500 ms, and then followed by a prompt, asking participants to provide a
response on the emotion category, happy or angry or neutral. The inter-trial interval was 1500 ms.
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2.4. EEG Recording and Analysis

EEG signals were recorded with sixty-four Ag-AgCl electrodes placed according to the extended
10–20 electrode placement system, and amplified by a BioSemi ActiveTwo amplifier (www.biosemi.com).
Four additional electrodes were placed above and below each eye, and at the outer canthus of each eye,
to record vertical and horizontal eye movements, respectively. The sixty-four EEG signals were recorded
with a sampling frequency of 512 Hz, bandpass filtered between 0.16–100 Hz. For the sixty-four EEG
signals, MATLAB toolbox EEGLAB [43] was used for data preprocessing, and FieldTrip [44] for data
analysis and statistical comparisons.

2.5. Preprocessing

The EEG data were algebraically re-referenced to a common average reference for ERP analyses
because it is a less biased reference for comparing across scalp topographies [45,46]. The continuous
data were high-pass filtered at 0.5 Hz and subsequently epoched from −1500 to 1500 ms time-locked to
the onset of a face stimulus. The artifacts were treated in a semi-automated fashion. Visual inspection
was initially made to remove any large artifacts, followed by an independent component analysis
for correcting the eye blink-related artifacts. Subsequently, epochs containing amplitudes exceeding
±75 μV were discarded from future analysis. Each condition comprised of 60 trials; after artifact
rejection, each condition had on average 42 trials remaining. The signals were further low-pass filtered
at 35 Hz and epoched from −200 to 1000 ms following the stimulus presentation. The EEG signal of the
epochs were averaged to obtain the ERP signals per condition. The ERPs were subsequently baseline
corrected (−200 to 0 ms).

2.6. ERP Analysis

To identify the regions of interest (ROIs) on the Electrode x Time Space in the ERP differences
between groups (old vs. young) while perceiving happy or angry emotion, we used a data-driven
exploratory approach using a neutral emotion condition as a baseline. The ERPs of older and
younger adults while perceiving neutral faces were compared by a non-parametric cluster-based
permutation test [47], which is hypothesis-free, that controls the Type I error rate, and is widely used to
analyse multidimensional EEG/MEG data [48–50]. The method consists of two steps as follows. First,
the multidimensional (time, amplitude and electrode) clusters were detected by grouping neighboring
data points that showed a significant effect (p < 0.05) of group (young vs. old) by independent t-tests,
and a cluster-level statistic was subsequently calculated by summing the t-values in each cluster. Here,
we considered electrodes with a distance of less than 5 cm as neighbors, yielding on average 4.2
neighbors per electrode. Second, Monte Carlo randomisation was used to calculate the exact probability
that a cluster with the maximum cluster-level statistic was observed under the assumption that the
ERP values of the two compared groups or conditions were not significantly different. A histogram of
maximum cluster-level statistics was obtained by calculating the cluster-level statistic by repeating
the entire analysis a large number of times (=500 in the current study) on random permutation of the
pooled data of the two groups or conditions; this histogram was subsequently used to calculate the
exact p-value for that cluster, and these procedures were subsequently carried out for the lower ranking
cluster-level statistics [48]. The clusters thus obtained were subsequently used as the ROIs to find the
main differences between the younger and older adults by standard factorial mixed ANOVA on the
mean ERP amplitudes at these ROIs. By choosing a neutral condition as the baseline, this method can
show the role of emotion type, task difficulty and face-age in modulating the same spatiotemporal
brain profiles. Specifically, it can help revealing the participants’ neural changes from baseline to
easy and hard emotion conditions, which provides the evidence for validating the age-related neural
compensation hypothesis.
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3. Results

3.1. Participants’ Characteristics

Demographic characteristics of the two groups are listed in Table 1. The two groups did not
significantly differ (p> 0.05) in level of education, premorbid intelligence (NART), handedness, working
memory (digit span), or Toronto Alexithymia Scale (TAS-20).

Table 1. Basic demographic and descriptive characteristics of the two study groups.

Old (n = 15) Young (n = 16)

Gender (male/female) 3/12 4/12
Age (years) 69.20 (8.809) 24.19 (5.576)

Education (years) 15 (3) 16 (2)
Handedness (right/left) 14/1 15/1
Premorbid IQ (NART) 120.07 (8.430) 115.44 (10.295)

Working memory (digit-span) 105.27 (16.867) 106.63 (12.209)
TAS-20 score 43.00 (7.329) 44.75 (9.692)

3.2. Behavioral Results

Prior to data analysis, accuracy outliers were excluded from further analysis (using a criteria
of >3 standard deviations from the mean on any individual variable of interest and significance
using Grubb’s test). Specifically, two datasets from older face_neutral condition, one dataset from older
face_anger_easy condition, one dataset from younger face_neutral condition, one dataset from younger
face_anger_easy condition, and two datasets from younger face_happy_easy condition were identified
as outliers and excluded from further analysis. No RT outliers were found. Participants’ perceptual
performance (accuracy and RTs) on each task were analysed.

3.2.1. Perception of Neutral Facial Expression

Perceptual performance on neutral emotion condition was analysed by a 2 × 2 mixed factorial
ANOVA with group (young, old) as a between-participants factor and face-age (young, old) as a
within-participants factor. Older adults showed marginally higher accuracy on recognizing neutral
emotion than younger adults (F(1, 26) = 4.195, p = 0.051, η 2= 0.139; Figure 3). No other significant
main effect or interaction was found (see Supplementary Material).
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Figure 3. Older (patterned bars) and younger (solid bars) participants’ perceptual performance
(accuracy) in anger (a) and happiness (b) experimental trials at different task difficulties (neutral
(baseline), easy and hard). Bars in red represent trials with older face stimuli, bars in blue represent
trials with younger face stimuli. (1) Anger perception (a): older group performed worse than younger
group in both easy (old face stimuli condition and young face stimuli condition) and hard (old face
stimuli condition and young face stimuli condition) levels. (2) Happiness perception (b): older adults
performed poorer in hard condition using younger face stimuli, but not in other conditions. (3) In
addition, within-group comparison revealed that younger participants’ performance on young and
old face stimuli were significantly different for only hard level of anger and happiness perception
tasks, with superior performance on younger face stimuli in happiness perceptual tasks and superior
performance on older face stimuli in anger perceptual tasks. Error bars represents S.E. (*** represents
p < 0.001. ** represents p < 0.01. * represents p < 0.05).

3.2.2. Perception of Anger and Happiness Facial Expressions

Perceptual performance on anger and happiness trials were analysed by a 2 × 2 × 2 × 2 mixed
ANOVA with group (young, old) as the between-participants factor, and emotion type (anger,
happiness), face-age (young, old), and task difficulty (easy, hard) as within-participants factors.
Younger adults showed overall better performance than the older adults (F(1, 26) = 30.357, p < 0.001,
η2 = 0.539; Figure 3). The main effect of task difficulty was also significant (F(1, 26) = 381.512, p < 0.001,
η2 = 0.936), which was due to the overall accuracy for easy trials being significantly higher than hard
trials. The main effects of emotion type and face-age were not significant. The interaction of emotion
type × face-age was significant (F(1, 26) = 24.495, p < 0.001, η2 = 0.485). Pairwise comparisons (with
Bonferroni correction) revealed that this was due to the overall accuracy for older face stimuli being
significantly higher than younger face stimuli for anger emotion (anger: p < 0.001; d = 1.699). For the
happy facial emotion, the overall accuracy for younger face stimuli was significantly higher than for
older face stimuli (happiness: p = 0.008, d = 1.441, Bonferroni corrected).

The interaction of emotion type × face-age × task difficulty was also significant (F(1, 26) = 15.085,
p = 0.001, η2 = 0.367). Pairwise comparison (Bonferroni-corrected) revealed that participants’ overall
accuracy for older face stimuli was significantly higher than younger face stimuli in the hard level
of anger perceptual tasks (p < 0.001, d = 1.744). In the hard level of happiness perceptual tasks,
participants’ overall accuracy for younger face stimuli was significantly higher than older face stimuli
(p < 0.001, d = 1.538).
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The interaction of emotion type × face-age × task difficulty × group was also significant (F(1,
26) = 4.893, p = 0.036, η2 = 0.158). Pairwise comparison (Bonferroni-corrected) revealed that the
older group performed worse than the younger group at anger perception in both easy (old face
stimuli condition: p < 0.001, d = 1.608; young face stimuli condition: p < 0.001, d = 1.865) and hard
(old face stimuli condition: p = 0.032, d = 1.203; young face stimuli condition: p = 0.008, d = 1.463)
levels (Figure 3a). Older adults also performed poorer in hard condition of happiness perception
using younger face stimuli (p = 0.008, d = 1.443), but not in other conditions (Figure 3b). In addition,
within-group comparison revealed that younger participants’ performance on young and old face
stimuli were significantly different for only the hard level of anger and happiness perception tasks
(anger: p = 0.008, d = 1.438; happiness: p < 0.001, d = 1.512), with superior performance on younger
face stimuli in happiness perceptual tasks and superior performance on older face stimuli in anger
perceptual tasks. In contrast, older participants’ performances on younger and older face stimuli were
not significantly different in both easy and hard levels of anger and happiness perception tasks.

3.3. ERP Analysis

3.3.1. Selections of ERP Clusters that Showed Difference between Old and Young Group

In order to select the ROIs, we compared young and older participants’ ERPs (young vs. old) on
neutral emotion condition by using the non-parametric cluster permutation tests (ERPs corresponding
to the old and young faces stimuli trials of neural condition were merged). The significant clusters
are shown in Figure 4. We identified two significant clusters: the first cluster was a left-frontal and
centromedial cluster between 100–200 ms (Figure 4a), and the second cluster was over the frontal
region between 250–900 ms (Figure 4b). These two spatiotemporally distinct clusters served as our
two ROIs.

Figure 4. Significant clusters of the nonparametric cluster randomisation test comparing the two
groups (young minus old) on neutral condition. First cluster time window: 100–200 ms, left-frontal
and centromedial area (F1, F3, F5, F7, Fc5, Fc5, C1, C3, Cp1, Pz, Cpz, Fc4, Cz, C2, C4); second cluster
time window: 250–900 ms; frontal area (AF3 F1, F3, F5, Fc1, Fz, F2, F4, Fcz).

3.3.2. The Effect of Emotion, Face-age and Task Difficulty in Modulating ERPs

For each cluster, we computed individual participant mean ERP amplitudes, and the data were
subsequently analyzed by a mixed 2 × 2 × 2 × 2 ANOVA with emotions (anger, happiness), face-age
(young and old), task difficulty (easy, hard) as within-participants factors, and group (young, old) as a
between-participants factor.

Cluster one

The results revealed that older participants exhibited significantly higher overall mean ERP
amplitudes than younger group (main effect of group, F(1, 26) = 20.273, p < 0.001, η2 = 0.438; Figure 5).
In addition, the easy condition (high-intensity facial expressions) elicited significantly higher overall
mean ERP amplitudes in left frontal and centromedial regions (100–200 ms) than the hard condition
(low-intensity facial expression) [the main effect of task difficulty, F(1, 26) = 4.974, p = 0.035, η2 = 0.161].
The main effects of emotion type and face-age were not significant.
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Figure 5. Older (bars in blue) and younger (bars in red) participants’ cluster one mean ERP amplitude
for anger (a) and happiness (b) experimental trials at different task difficulties (neutral (baseline), easy
and hard). Solid bars represent trials with older face stimuli; patterned bars represent trials with
younger face stimuli. The overall left-frontal and centromedial mean ERP amplitude (100–200 ms)
of easy condition was significantly higher than the hard condition in anger task, regardless of group.
Error bars represents S.E. (*** represents p < 0.001).

The interaction of face-age × group was significant [F(1, 26) = 5.775, p = 0.024, η2 = 0.182]. Pairwise
comparison (with Bonferroni correction) revealed that older participants exhibited significantly higher
mean ERP amplitudes in left frontal and centromedial regions (100–200 ms) than younger participants
in both older and younger face stimuli conditions (older face stimuli, p < 0.001, d = 1.764; younger
face stimuli, p < 0.001, d = 1.583). No significant results was found in within-group comparisons (old
group: p = 0.054 and young group: p = 0.172; with Bonferroni correction; Figure 5). The interaction of
emotion type × difficulty was significant (F(1, 26) = 6.632, p = 0.017, η2 = 0.201). Pairwise comparison
revealed that the mean left-frontal and centromedial ERP amplitude (100–200 ms) of the easy condition
was significantly higher than the hard condition in anger task (p < 0.001, d = 1.537) (Figure 5).

Cluster two

A 2 (emotion type) × 2 (task difficulty) × 2 (face-age) × 2 (group) mixed ANOVA on the ERP
amplitudes of the second cluster (250–900 ms) revealed significant main effect of group (F(1, 26) =
17.051, p < 0.001, η2 = 0.396), which was due to older participants exhibiting significantly higher overall
mean ERP amplitudes than younger group (Figure 6). The main effect of task difficulty was significant
(F(1, 26) = 6.813, p = 0.015, η2 = 0.208), which was due to the easy condition (high-intensity facial
expressions) eliciting significantly higher overall mean ERP amplitudes in frontal regions (250–900 ms)
than the hard condition (low-intensity facial expression) (Figure 6). The main effects of emotion type
and face-age were not significant.
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Figure 6. Older (bars in blue) and younger (bars in red) participants’ cluster two mean ERP amplitude
for anger (a) and happiness (b) experimental trials at different task difficulties (neutral (baseline), easy
and hard). Solid bars represent trials with older face stimuli; patterned bars represent trials with
younger face stimuli. (1) Older participants exhibited significantly higher frontal ERP amplitudes
(250–900 ms) in both easy and hard levels of anger and happiness perceptual tasks compared to
younger participants. (2) Within-group comparison revealed that younger participants’ mean frontal
ERP amplitudes (250–900 ms) for the easy condition was significantly higher than the hard condition
in anger perception, but not significantly different in the happiness perceptual tasks; whereas older
participants did not show significant different ERPs across easy and hard task conditions in both
the happiness and anger perceptual tasks. Error bars represents S.E. (significances are marked by
*** p < 0.001, ** p < 0.01, and * p < 0.05).

The interaction of face-age× group was significant, F(1, 26)= 5.468, p= 0.027, η2 = 0.174, which was
due to older adults exhibiting significantly higher ERPs than younger adults in both older (p < 0.001,
d = 1.641) and younger (p = 0.008, d = 1.428, Bonferroni corrected) face stimuli (Figure 6). In addition,
within-group comparison revealed that the older group’s mean ERP amplitude for younger faces was
significantly lower than for older faces (p = 0.047, d = 0.216), whereas the younger group’s mean ERP
for young and old face stimuli did not differ (p = 0.221).

The interaction of emotion type × task difficulty × group was significant (F(1, 26) = 5.781, p = 0.024,
η2 = 0.182). Pairwise comparison (with Bonferroni correction) revealed that older participants exhibited
significantly higher frontal ERP amplitudes (250–900 ms) in both easy and hard levels of anger (easy:
p = 0.048, d = 1.367; hard: p < 0.001, d = 1.766) and happiness (easy: p < 0.001, d = 1.540; hard:
p < 0.001, d = 1.511) perceptual tasks. In addition, the within-group comparison revealed that younger
participants’ mean frontal ERP amplitudes (250–900 ms) for the easy condition was significantly higher
than the hard condition in anger perception (p = 0.008, d = 1.487), but not significantly different in the
happiness perceptual tasks, whereas older participants did not show significant different ERPs across
easy and hard task conditions in both the happiness and anger perceptual tasks (Figure 6).

4. Discussion

The aim of the present study is to examine age-related changes in emotion perception and to
further reveal the underlying neural mechanisms. Our study contributes to the current literature in two
main ways. First, most neuroimaging studies have typically investigated people’s emotion perception
by using facial displays of (1) only negative emotions, (2) only young faces, or (3) only high-emotional
intensity. To overcome these limitations, we used an integrative approach by considering how
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“emotion type”, “face-age” and “face emotion intensity” affect younger and older participants’ emotion
perception, all in the same study. Second, one of the main strengths and novelty of our study is related to
our data-driven approach. We used an entirely data-driven approach to explore the age-related neural
differences during emotion perception—this is an important contribution as we did not limit ourselves
to the known ERP components (e.g., [29,30]). Our study provides additional insights by showing that:
(1) older participants exhibited neural differences in the left frontal and centromedial region (100–200
ms stimuli onset) and frontal region (250–900 ms stimuli onset) at neutral condition, which suggests
that older people’s neural compensation may start at the neutral (baseline) condition; (2) within the
same neural clusters, older participants also exhibited similar patterns of neural activity during anger
and happiness emotion perceptual tasks; (3) older people’s compensation was successful in processing
neutral emotion as they exhibited similar behavioural performance as younger participants; however,
this was not enough for them to successfully apply the compensation strategy in processing facial
expressions of anger and happiness (hard condition). We now discuss these in more detail below.

4.1. Age-Related Behavioural Perceptual Performance Differences

For the perception of anger, older participants’ mean accuracy was significantly lower than younger
participants in both hard and easy conditions. This finding suggests that older participants show
declined abilities in processing both low- and high-intensities of anger facial expressions. This finding
adds confirmation to prior work indicating that older participants show declined perception of anger
(see [1] for review). For the perception of happiness, older participants showed poorer performance
than younger participants in perceiving low-intensity/subtle happiness from younger faces; however,
their perception of high-intensity happiness remain intact. This is consistent with previous findings
that older participants exhibit significantly poorer performance in perceiving low-intensity happiness
from older faces (e.g., [13]), but relatively intact performance on prototypical emotions displayed by
younger adults [7–9,51]. Furthermore, it has recently been found that older adults are associated with
larger congruency sequence effect [52,53] in the Stroop task compared to younger adult controls [54].
In future studies, it will be interesting to investigate the trial-to-trial carryover effect in emotion
perception and to see how typical aging affects this interference effect.

4.2. Effect of Face-Age on Behavioural Perceptual Performance

For anger, younger participants’ accuracy for perceiving anger from old face stimuli was
significantly higher than from younger faces in the hard condition, which is consistent with Hühnel
et al.’s [22] finding that facial expression of anger is easier to detect from older faces than from young
faces. This might suggest that some facial features (e.g., winkles around eyes and mouths) of older faces
may exaggerate subtle expressions of anger. However, the superior performance in perceiving subtle
anger from older faces was not found in older participants, as their performance on younger and older
face stimuli was not significantly different in easy or hard levels of anger. It will be important to explore
this question further in future work using alternative stimuli to those used in the current design.

For happy emotion, within-group comparison revealed that the younger participants’ performance
in perceiving low-intensity happiness from younger faces was significantly better than from older faces,
which is consistent with Murphy et al.’s finding [21] that smile/happiness is easier to perceive in young
than older faces, whereas, older participants’ performance in perceiving happiness from younger and
older faces did not significantly differ in either low or high intensity. Younger participants’ superior
performance on younger faces trials (in low emotion intensity condition) might reflect “own-age bias”
where people are better at perceiving faces of their own ages [55]. However, this “own-age bias” was
not shown in older participants. Younger participants’ superior performance in perceiving subtle
happiness from younger faces might partially account for the perceptual performance gap between
younger and older participants. In other words, the reported poorer performance of older participants
might not be entirely due to their perceptual decline, but younger participants’ superior perception of
their own-age faces.
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4.3. Facial Emotion Perception and Neural Compensation in Older People Revealed by ERPs

Previous ERP studies have revealed three major facial emotion-related components, which are early
frontocentral positivity (around 120 ms stimulus onset), a later broadly distributed sustained positivity
beyond 250 ms post-stimulus, and enhanced negativity at lateral posterior sites (EPN) [30,56,57].
The results of the current study revealed that older participants showed significantly higher early
frontal and centromedial ERP positivity (100–200 ms) and a later sustained positivity beyond 250 ms
post-stimulus across all facial emotions types including neutral emotion.

Based on earlier studies of Eimer et al. [29,30], the early and late frontal and centromedial positivity
can be interpreted to reflect a non-automatic and attentive approach of emotion processing, which do
not appear to be modulated by emotion type. Older people’s significantly higher early (100–200 ms)
and late (250–900 ms) frontal and centromedial positivities compared to younger participants during
emotion processing may be interpreted as evidence to suggest that older adults require more cortical
neural resources than younger people in all types of emotion perception. This additional recruitment
of frontal regions during processing facial emotional expression is in parallel with previous fMRI
studies, which also found that older people showed significantly higher frontal neural activations
compared to younger adults during emotion perception tasks (e.g., [24,25]).

One aim of the present study is to examine the relationship between emotion task difficulty
(emotional intensity) and older participants’ age-related neural compensation patterns. The ERP
results revealed that older participants exhibited significantly higher activations in the left frontal
and centromedial regions (100–200 ms stimuli onset) and frontal region (250–900 ms stimuli onset)
compared to young participants when perceiving neutral facial expression. This might suggest that
neural differences between young and old participants may start at the neutral (baseline) condition in
order to compensate for cortical processing inefficiency. In addition, older participants also exhibited
similar patterns during perceiving easy- and hard- levels of anger and happiness facial expressions.
When combined with the behavioural results, the findings seem to suggest efficient processing of
neutral emotion as they performed equally well as younger participants on neutral emotion perceptual
trials. A similar level of neural resources was not enough for older adults to successfully process facial
expressions of anger (both easy and hard conditions) and happiness (hard condition), where they
showed significantly poorer perceptual performance on both happiness (only hard condition) and
anger (both easy and hard conditions) perceptual trials. This pattern of results seems in line with the
CRUNCH model [37], which proposes that at a lower level of task demand, older participants exhibit a
region-specific neural overactivation pattern, but they can achieve similar or equivalent behavioural
as younger participants (successful neural compensation). However, beyond a certain level of task
demand, there is insufficient neural activation and their behavioural performance declines compared
to the young people (neural compensation failure).

It should be noted that the neural overactivation in left frontal and central regions (100–200 ms
stimuli onset) and frontal region (250–900 ms stimuli onset) might not reflect emotion-specific neural
compensation. Other aging studies have also shown that older people tend to recruit more frontal
cortical regions than younger people when performing identical cognitive tasks, especially effortful
tasks [58,59]. This has been found in other brain imaging studies, including melodic expectancy
processing [60], attention [61–63], working memory [64,65] and executive functioning [66]. Therefore,
the neural overactivation in frontal-centro regions might reflect a top-down and controlled neural
compensation to suppress or inhibit irrelevant information rather than emotion-specific neural
compensation (e.g., [67]). It is also important to note that we only compared the ERP amplitudes of the
same clusters (young–old neural activation difference extracted from neutral condition), which might
potentially ignore some emotion-specific neural compensation patterns.

4.4. Effects of “Emotion Type”, “Task Difficulty” and “Face-Age” on ERPs

The results showed that the effect of emotion type (happiness and anger) did not significantly
modulate younger and older participants’ early (100–200 ms) or late (250–900 ms) positivities during
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facial emotion perceptual tasks. These findings are in line with previous studies that claimed the
early and late positivities are not modulated by emotion type [29,30]. The effect of face-age seems to
modulate older people’s frontal region ERP between 250–900 ms. Older group’s mean ERP amplitude
for older faces was significantly higher than for younger faces, which might be due to that the facial
expressions portrayed by older faces are harder to be processed compared to those portrayed by
younger faces [18–20], whereas younger group mean ERP for young and old face stimuli did not differ,
which might suggest that younger people’s neural processing for young and older emotional faces is
similar and they need to recruit more neural regions to process older emotional faces. This finding is
novel and awaits further replication.

In contrast, the effect of task difficulty (or facial emotional intensities) significantly modulated the
overall ERP amplitudes of both early (100–200 ms) frontal and centromedial and late (250–900 ms) frontal
brain regions in anger tasks, but not in happiness tasks. Specifically, the overall mean left-frontal and
centromedial ERP amplitudes (100–200 ms) of easy condition (high emotion intensity) was significantly
higher than hard condition (low emotion intensity) in anger task, regardless of group and face-age.
In other words, higher intensities of anger elicited significantly higher early (100–200 ms) frontal and
centromedial positivities in participants, regardless of group and face-age. Furthermore, younger
participants’ mean frontal ERP amplitudes (250–900 ms) for the easy condition was significantly
higher than the hard condition (low emotion intensity) in anger perception, but this pattern was not
shown in the happiness condition. Whereas, older participants did not show significant different
ERPs across easy and hard conditions in both happiness and anger perceptual tasks. In other words,
higher intensities of anger elicited significantly higher late (250–900 ms) frontal positivities in younger
participants only. These findings suggest that higher intensities of anger can trigger higher early
(100–200 ms) frontal and centromedial positivities and late (250–900 ms, only in younger participants)
frontal positivities. These findings seem consistent with Eimer et al.’s [29,30] interpretation that these
two positivity components may contribute to attention-regulated emotional processing, as higher
intensities of anger signal potential threat and they are normally associated with a higher level devotion
of attention [68]. In addition, a recent study has also shown that anger elicits significantly higher late
P3 component (350–450 ms at temporo-occipital and parieto-occipital channel locations) compared
to happiness in both younger and older adults [69]. The present finding also partially agrees with a
previous proposal suggesting high intensities of emotional images elicited larger late positive potentials
than lower intensities of emotional images [70], as it is not the case for happiness perception in the
present study.

4.5. Limitations and Future Avenues

Most of the emotion-related ERP components were conceptualized by observing younger adults’
ERPs (e.g., [29,30]). Later EEG studies that investigated older people’s emotion processing only
compared young–old neural differences within these previously defined electrodes and time windows
(e.g., [32,33]). However, ageing can lead to older people recruiting additional neural regions during
emotion processing (neural compensation), that may extend beyond these already defined EEG neural
sites. Recently, some ageing studies started to investigate how ageing affects the previously defined
emotion-related components [31–33], but fewer studies have investigated how ageing and other factors
(task difficulty, emotion type) affect the ERPs of other neural sites during perceiving facial emotions.
In this study, instead of focusing on specific ERP components a priori, we adopted a data-driven
approach and selected the ROIs based on the differences between younger and older adults for the
neutral condition; therefore, the neutral condition serves as a baseline and helps to reveal the changes in
participants’ neural responses from baseline to easy and hard emotion conditions. By using the neutral
condition, we can examine the effects of emotion type and task difficulty in modulating participants’
age-related neural compensation patterns when processing facial expressions, which provides the
evidence to demonstrate the age-related neural compensation. There is some evidence that even
neutral is processed as an expression [71,72], therefore contrasting the ERP responses between young
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and older participants on neutral condition gave us the signal differences related to age when trying
to recognize emotion in general. In addition, contrasting young and old neural responses to neutral
faces enabled us to compare their responses to emotional faces which makes the analyses non-circular
to avoid the danger of double-dipping as we tested the differences between the groups on data that
we did not use to explore the age-related differences [73]. This is our second reason—as by doing
this, we were able to use a data-driven approach to explore the data as a first step (using appropriate
methods taking into account the multiple comparison problem) and to test these differences, an unseen
dataset when stronger emotions of high and low intensity were being presented.

While useful to address this question, our approach might have ignored the group ERP differences
in response to specific emotions, as prior studies have suggested that neutral, anger and happiness
facial emotions are processed by different neural regions (e.g., [74,75]). In addition, our selections
might have neglected emotion-specific neural compensation in other brain areas, which awaits further
neuroimaging studies (e.g., fMRI) to investigate in depth.
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Abstract: (1) Background: Mild cognitive impairment (MCI) is a diagnostic label in which stability
is typically low. The aim of this study was to examine temporal changes in the diagnosis of MCI
subtypes by using an overlapping-time strategy; (2) Methods: The study included 435 participants
aged over 50 years with subjective cognitive complaints and who completed at least one follow-up
evaluation. The probability of transition was estimated using Bayesian odds ratios; (3) Results:
Within the different time intervals, the controls with subjective cognitive complaints represented the
largest proportion of participants, followed by sda-MCI at baseline and in the first five intervals of the
follow-up, but not in the last eight intervals. The odds ratios indicated higher odds of conversion to
dementia in sda-MCI and mda-MCI groups relative to na-MCI (e.g., interval 9–15 months—sda-MCI
OR = 9 and mda-MCI OR = 3.36; interval 27–33—sda-MCI OR = 16 and mda-MCI = 5.06; interval
42–48—sda-MCI OR = 8.16 and mda-MCI = 3.45; interval 45–51—sda-MCI OR = 3.31 and mda-MCI =
1); (4) Conclusions: Notable patterns of instability consistent with the current literature were observed.
The limitations of a prospective approach in the study of MCI transitions are discussed.

Keywords: cognitive aging; mild cognitive impairment; subjective cognitive complaints; conversion
to dementia; Bayesian odds ratios; time overlapping intervals; screening and diagnosis

1. Introduction

Mild cognitive impairment (MCI) is the diagnostic entity used to describe a condition
in middle-aged and old adults who experience cognitive decline but without impaired daily
functioning [1]. MCI has been indicated as a focal concept for understanding pre-dementia stages
in relation to cognitive ageing [2]. Despite some controversy, the following are generally accepted
as the core MCI criteria: (i) Evidence of subjective cognitive complaints from patients or their close
contacts; (ii) evidence of cognitive impairment in one or more cognitive domains that is greater than
expected for the patient’s age and educational background; (iii) preservation or minimal impairment of
instrumental activities of daily living; and (iv) non-fulfillment of diagnostic criteria for dementia [3–7].
This consensus also extends to the different subtypes of MCI (amnestic and non-amnestic, single and
multi-domain) proposed by Petersen and colleagues [3,6]. Apart from its importance in research on
cognitive impairment, MCI is also a multifaceted clinical label, characterized by complex cognitive
changes and diagnostic instability in MCI subtypes, conversion to dementia and recovery to normal
cognitive aging [8–10].
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Although major advances in research have led to corresponding changes in the diagnostic criteria
for MCI, it remains unclear how cognitive deficits increase over time and how these deficits affect
progression to dementia in different MCI subtypes [1,11]. According to Gersteneker and Mast [1],
the relationship between MCI subtypes and transition and conversion patterns is not as linear as
initially proposed. Amnestic MCI is considered to be the MCI subtype most likely to progress to AD.
The diagnostic guidelines produced by the National Institute on Aging- Alzheimer’s disease working
groups [5] indicate that the ‘MCI, due to AD’, refers to the symptomatic pre-dementia phase of AD
and is characterized by impairment in one or more cognitive domains, typically including episodic
memory. Different studies have already shown that multi-domain amnestic MCI (mda-MCI) is the most
reliable MCI subtype, with a lower chance of reversion and a higher risk of conversion to dementia
over time [12,13].

Although MCI is understood to be an unstable stage and the passage of the time is relevant in its
cognitive and clinical manifestations, scant attention has been given in the literature to the time between
assessments -but see [9,14]. Establishing this interval may have a considerable impact on the findings
of MCI research. For example, longitudinal studies have developed non-linear, plateau models of
decline that are dependent on the time of measurement [15]. In the current literature on MCI, the date
of initial diagnosis and subsequent measurement points are determined as a function of the study start
date; this is problematic as the moment at which participants report subjective cognitive complaints
(SCCs) is intrinsically variable [6]. To address this problem, Cloutier et al. [11] suggested aligning the
moment retrospectively according to the year in which participants received their diagnosis of AD.
Facal et al. [9] proposed an alternative, complementary approach involving an overlapping interval
strategy that considers different mid-point stages depending on the time between the baseline and
follow-up assessment.

The aim of the present study was to test the capacity of an overlapping time interval strategy to
address changes in MCI, by including supplementary follow-up evaluations and broader time intervals.
The overlapping interval strategy was applied in the current sample of each time interval to explore
whether changes (decline, stability, recovery) are temporally stable or vary according to different time
intervals, and also to examine the trajectories of cognitive function in different MCI subtypes within
different intervals.

2. Materials and Methods

2.1. Participants

The current research included 435 participants over 50 years old (range 50–88) included
in the on-going Compostela aging study and who completed baseline and at least one follow-up
evaluation [16]. All participants were referred to us by general practitioners after attending primary
care health centers with subjective cognitive complaints, but with no prior diagnosis of dementia,
psychiatric or neurological disorders.

At baseline, the sample comprised 40 participants in the mda-MCI group (multi-domain amnestic
MCI), 34 participants in the na-MCI group (no amnestic MCI), 68 participants in the sda-MCI,
and 293 participants in the control group with subjective cognitive complaints (SCCs). Age, years
of education and results of the cognitive assessment at baseline are shown in Table 1. Group
differences were calculated using non-parametric tests (Kruskal-Wallis and Mann-Whitney test)
given the differences in sample size between the groups. Diagnoses were made following the
Petersen criteria [3,4] updated by Albert et al. [5] and were reached by consensus at research team
diagnostic meetings.
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Table 1. Mean values and standard deviations (in parentheses) of the demographic and cognitive
measures in each group at baseline.

mda-MCI na-MCI sda-MCI SCCs
Group

Differences
χ2 (gl)

Group Comparisons

Age 72.42 (8.33) 67.12 (8.82) 69.29 (9.36) 65.49 (9.05) 24.83 ** mda-MCI > naMCI,
SCCs; sda-MCI>SCCs

Years of education 9.68 (8.82) 8.29 (3.75) 9.40 (4.17) 9.92 (4.70) 1.81
Memory

complaints—participant 19.43 (4.69) 20.35 (3.45) 19.03 (4.69) 18.81 (4.51) 8.53 * naMCI > SCCs

Memory
complaints—proxy 17.97 (4.54) 18.03 (4.76) 16.84 (4.46) 15.49 (4.23) 17.03 **

mda-MCI, naMCI >
sdaMCI, SCCs;

sda-MCI > SCCs

CVLT Short Delay Free
Recall 3.10 (2.03) 9.18 (2.21) 3.88 (2.05) 10.34 (2.70) 228.58 **

SCCs, na-MCI >
mda-MCI, sda-MCI;

sda-MCI >mda-MCI

CVLT Long Delay Free
Recall 3.82 (3.19) 9.76 (2.69) 5.12 (3.06) 11.14 (2.83) 184.80 **

SCCs, sda-MCI,
na-MCI >mdaMCI;

SCCs> na-MCI,
sda-MCI;

na-MCI>sda-MCI

CAMCOG-R memory 15.50 (3.80) 18.56 (2.87) 18.53 (3.88) 21.26 (2.78) 99.18 **

SCCs, sda-MCI,
na-MCI >mdaMCI;

SCCs > na-MCI,
sda-MCI

CAMCOG-R orientation 7.98 (1.46) 9.29 (0.80) 9.31 (0.83) 9.64 (0.63) 79.19 **

SCCs, sda-MCI,
na-MCI >mdaMCI;

SCCs > na-MCI,
sda-MCI

CAMCOG-R language 22.77 (2.36) 23.53 (2.00) 24.90 (2.43) 25.60 (2.40) 54.55 ** SCCs, sda-MCI >
mdaMCI, na-MCI

CAMCOG-R attention -
calculation 5.03 (2.21) 4.29 (1.73) 7.25 (1.70) 7.05 (1.97) 100.90 ** SCCs, sda-MCI >

mdaMCI, na-MCI

CAMCOG-R praxis 9.10 (2.53) 10.03 (1.71) 10.71 (1.47) 11.14 (1.19) 48.01 ** SCCs, sda-MCI >
mdaMCI, na-MCI

CAMCOG-R perception 5.97 (1.64) 6.50 (1.28) 6.53 (1.48) 7.06 (1.44) 21.68 **
SCCs, sda-MCI >
mdaMCI; SCCs >
na-MCI, sda-MCI

CAMCOG-R
executive function 13.22 (3.94) 15.35 (4.20) 15.93 (4.28) 18.42 (4.20) 58.84 **

SCCs, sda-MCI >
mdaMCI; SCCs >
na-MCI, sda-MCI

** p < 0.01 * p < 0.05. Note: CVLT = california verbal learning test; CAMCOG-R = cambridge cognitive
assessment-revised; mda-MCI = multi-domain amnestic Mild Cognitive Impairment; na-MCI = non-amnestic
mild cognitive impairment; sda-MCI = single-domain amnestic mild cognitive impairment; SCCs = subjective
cognitive complaints.

In the final sample that completed at least one follow up evaluation, 415 participants completed the
first follow-up around 11/2 year after baseline (mean = 17.92 months, S.D. = 3.87, range 10–31 months),
and 330 participants completed the second follow up assessment around 3 years after baseline (mean
= 37.13 months, S.D. = 5.43, range 27–51 months; this includes 20 participants who did not complete
the first follow-up assessment, but who did participate in the second follow-up). Reasons for deviation
from the reference times include holidays, health issues and work issues.

2.2. Procedure

The baseline evaluations were made between 2 January 2008 and 11 November 2012. Participants
undertook wide-ranging cognitive and neuropsychological evaluations, including the Spanish versions
of the California Verbal Learning Test (CVLT) [17], the Mini-Mental State Examination (MMSE) [18] and
the Cambridge Cognitive Examination—Revised (CAMCOG-R), which include subscales in several
cognitive domains (memory, orientation, language, attention and calculation, praxis, perception and
executive functioning) [19]. Within the follow-up assessments, all participants again underwent the
assessment and were re-diagnosed by the same research team, again by consensus at specific meetings.

At all three evaluation times, the cut-offwas 1.5 standard deviations (SDs) below age and education
norms on the corresponding tests. All participants who displayed normal cognitive performance (scores
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higher than cut-off scores on cognitive status and cognitive functioning, including memory) were
included in the SCCs group, as they all reported subjective memory complaints. For all MCI participants,
the general criteria outlined by Albert et al. [5] were applied: (a) Presence of complaints corroborated
by an informant; (b) impairment in one or more cognitive functions; (c) independence in daily living
with minimum support or help; and (d) absence of dementia according to the NINCDS-ADRDA and
DSM-IV standards. For the specific diagnosis of MCI subtypes, the criteria proposed by Petersen and
colleagues [3,6] were applied, including (b1) a score of 1.5 SDs below age standards for short-term and
long-term recall measures of the Spanish version of the CVLT for amnestic MCI (aMCI). Two different
types of aMCI were diagnosed: Sda-MCI in those participants (b2) who performed 1.5 SDs below age
norms in the Spanish version of the CVLT, but performed normally in the MMSE and the CAMCOG-R
subscales; and mda-MCI in those participants (b3) who performed 1.5 SDs below norms in the MMSE
and at least two sub-scores of the CAMCOG-R representing at least two cognitive functions. Finally,
na-MCI was diagnosed in those participants (b4) who performed within the normal range in the
Spanish version of the CVLT, but 1.5 SDs below average in at least one of the other subscales of the
CAMCOG-R. Single- and multi-domain na-MCI were not differentiated, because of the small sample
size in the single-domain na-MCI group. Probable AD or other types of dementia were diagnosed
according to the NINCDS-ADRDA and DMS-IV criteria. Progression to dementia was confirmed by
consultation of the medical history, and the date of neurological diagnosis was recorded.

The study received approval from the Ethics in Clinical Research Committee of the Galician
Government and was conducted in accordance with the provisions of the Declaration of Helsinki as
revised in Brazil 2013. Written informed consent was obtained from all participants.

2.3. Overlapping Intervals Procedure

According to the variability in the time between the baseline and follow-up evaluations, and the
potential effect of time in the study of MCI according to its variability, a time-overlapping interval
approach was taken [20] considering 13 mid-point time intervals with a range of 6 months across each
interval. This approach enabled a wide range of time distributions to be covered between assessments
and also consideration of all participants evaluated, irrespective of the time at which the follow-up was
carried out and whether they participated in the first follow up assessment (about one year and a half
after the baseline assessment) and/or the second follow up (about three years after the baseline). Seven
intervals were included within the time-lapse established for the first follow up assessment (9–15,
12–18, 15–21, 18–24, 21–27, 24–30, 27–33), and seven intervals were also included within the time-lapse
established for the second follow up assessment (27–33, 30–36, 33–39, 36–42, 39–45, 42–48, 45–51).

According to this overlapping-interval design, and in order to maximize sample sizes and temporal
distributions across successive evaluations, the sample size was different for each interval (see Table 2).
According to the reference times for the first (18 months) and the second (36 months) follow-up
assessments, the sample sizes tended to be larger in the intervals closer to these times and smaller
in the intervening intervals. This approach allows overlapping counts between time intervals, avoiding
double-counting of participants by considering the participants only once in those intervals in which
months between assessments are included. The range around each mid-point interval was six months,
so that adjacent intervals differ in mean time between assessments, but overlap in the time range.
Therefore, the mid-point of the 9–15 month group was 12, the mid-point for the 12–18 month group
was 15, and so on. The results can, thus, be consulted with the maximum temporal continuum (13 time
groups) or with the minimum overlap (seven and six time groups, 9–15, 15–21, 21–27, 27–33, 33–39,
39–45, 45–51 months and 12–18, 18–24, 24–30, 30–36, 36–42, 42–48, respectively). Overlapping intervals
are used as independent sample estimates.
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Table 2. Sample size in each overlapped time interval.

Interval mda-MCI na-MCI sda-MCI SCCs

9–15 months 6 3 10 35
12–18 months 14 15 30 125
15–21 months 16 16 31 155
18–24 months 13 11 22 105
21–27 months 5 8 13 49
24–30 months 4 4 7 25
27–33 months 6 3 11 47
30–36 months 9 7 21 98
33–39 months 10 15 21 98
36–42 months 8 12 14 56
39–45 months 8 8 9 51
42–48 months 6 3 9 27
45–51 months 4 4 9 18

2.4. Statistical Analysis

The probability of transition from one state to another was estimated using Bayesian estimates,
calculated as follows:

P(Ai|B) = p(B|Ai)P(Ai)/Σk=1 P(B|Ak)P(Ak),

where P(Ai) represents the a priori probability, P(B|Ai) represents the probability of transition from Ai
to B and, finally, P(Ai|B) represents the a-posteriori probability. In the present study, event Ai assumes
the state of the diagnosis at a given time (t), and B is the state of diagnosis at time (t +1). Evidently,
transitions from states Ai to Ak and then to the next state B draw all combinations existing between
the diagnostic categories at a given moment and the same categories at the next time. Models of these
transitions were generated using P(Ai) and P(Ai|B) from estimates of the proportions observed in the
original distributions.

In addition, as the demands of the Bayes’ theorem require exhaustiveness, the odds ratio was
obtained from the contrasts, as follows:

ORij = P(Ai|B)/P(Aj|B),

with the aim of evaluating the most probable transitions of the pair (i,j) as in the previous expression.
Thus, apart from the estimated values of the Bayesian probabilities, more applied values of higher
clinical value were obtained. Details of all of the calculations, including those made to obtain Odds
Ratios in each interval, are available to readers in Supplementary File S1.

All the mathematical procedures were generated by Excel routines and specific programming
in MatLab.

3. Results

The diagnostic probabilities for the different MCI subtypes are presented in Figures 1 and 2.
Figure 3 shows those participants whose diagnosis did not change in the follow-up assessments and
those participants in the different groups who progressed to dementia. The number of participants
in the mda-MCI group who progressed to dementia was 4 at the first follow-up assessment and 7 at
the second follow-up assessment; the corresponding numbers in the na-MCI group were 0 at the first
follow-up and 1 at the second follow-up assessment; the numbers in the sda-MCI group were 3 at
the first follow-up and 5 at the second follow-up; and finally, the corresponding numbers in the SCCs
group were 0 at the first follow-up and 4 at the second follow-up. Cases recorded at the first follow-up
were also counted at the second follow-up, so that the numbers are cumulative.
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SCCs

Figure 1. Diagnostic probabilities at baseline (inner circle) and at first follow-up (outer circle). Diagnostic
probabilities are presented numerically, as proportions, with the total sum of proportions in the inner
and outer circles equaling 1. The naMCI group is absent from the outer circle, but corresponds to the
mdaMCI group in the inner circle as no transitions from mdaMCI to naMCI were recorded. SCCs =
Subjective cognitive complaints; MCI =mild cognitive impairment; mda =multidomain amnestic; na
= non-amnestic; sda = single domain amnestic.
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SCCs

Figure 2. Diagnostic probabilities at first follow-up (inner circle) and at second follow-up (outer
circle). Diagnostic probabilities are presented numerically, as proportions, with the total sum of
proportions in the inner and outer circles equaling 1. The naMCI group is absent from the outer circle,
but corresponds to the mdaMCI group in the inner circle as no transitions from mdaMCI no naMCI
were recorded. SCCs = Subjective cognitive complaints; MCI = mild cognitive impairment; mda =
multi-domain amnestic; na = non-amnestic; sda = single domain amnestic.
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Figure 3. The number of participants whose diagnosis did not change at the follow-up assessments,
and the number of participants who converted to dementia. SCCs = Subjective cognitive complaints;
MCI =mild cognitive impairment; mda =multi-domain amnestic; na = non-amnestic; sda = single
domain amnestic.

According to the overlapping time interval strategy, the diagnostic probabilities for the different
MCI subtypes at different times are presented in Figure 4. Similar trends were observed for the
different time intervals, as follows: (a) SCCs represented the largest proportion of participants, and the
proportion tended to increase at follow-up assessments; (b) sda-MCI participants comprised the second
largest group at baseline and in the first five intervals of the follow-up, but not in the last eight intervals
of the follow-up continuum; (c) the probabilities of diagnosis of mda-MCI and na-MCI were similar at
both baseline and follow-up, with slight variations across the time intervals; and (d) there was a small,
but increasing, probability of conversion to dementia, represented in the right column of the follow-up
section in Figure 3. In this figure, only the cases of conversion to dementia recorded during each time
interval are counted.

According to the higher, but temporally variable, probability of sda-MCI at follow-up and to test
the theoretical relevance of mda-MCI as the closest point to dementia within the MCI continuum,
odds ratios were calculated for each time interval and for sda-MCI and mda-MCI relative to na-MCI.
This enabled the probability of conversion to dementia to be determined by comparing the two different
amnestic subtypes and considering the non-amnestic subtype as the reference subtype. The conversion
odds (Table 3) revealed a higher probability of conversion to dementia in sda-MCI than in na-MCI,
which would be expected according to the higher proportion of sda-MCI participants at baseline, and
also a higher probability of conversion to dementia in mda-MCI than in na-MCI.
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SCCs

Figure 4. Diagnostic probabilities at baseline P(A) and at follow-up P(B). Months between baseline
and follow-up assessments are represented on the right-hand side of the diagram. Each line represents
one time interval, with brackets in the column on the right showing the overlapping nature of the
intervals (e.g., time interval 1 is indicated by the bracket encompassing months 9 to 15 and overlaps
with interval 2, indicated by the bracket encompassing months 12 to 18). Diagnostic probabilities
are represented at baseline in light grey and at follow-up in dark grey. SCCs = subjective cognitive
complaints; MCI =mild cognitive impairment; mda =multidomain amnestic; na = non-amnestic; sda
= single domain amnestic.
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Table 3. Odds ratios for conversion to dementia in sda-MCI and mda-MCI groups relative to na-MCI.

Interval
sda-MCI

OR (95% CI)
mda-MCI

OR (95% CI)

9–15 months 9
(8.20–9.80)

3.36
(3.06–3.66)

12–18 months 4
(3.35–4.65)

1
(1.00–2.12)

15–21 months 1.62
(1.22–2.02)

0.41
(0–1.21)

18–24 months 5.22
(4.67–5.77)

1.31
(1.08–1.34)

21–27 months 2.39
(1.45–3.34)

0.41
(0–1.21)

24–30 months 2.89
(2.10–3.68)

1
(1.00–2.12)

27–33 months 16
(12.10–19.90)

5.06
(4.85–5.27)

30–36 months 11.56
(10.10–12.45)

1.96
(1.52–2.40)

33–39 months 2.25
(1,10–3.40)

0.49
(0–1.21)

36–42 months 1.51
(1.10–1.92)

0.48
(0–1.21)

39–45 months 1.19
(1.00–1.77)

1
(1.00–2.12)

42–48 months 8.16
(6.80–9.54)

3.45
(2.90–4.05)

45–51 months 3.31
(2.80–3.82)

1
(1.00–2.12)

4. Discussion

This study overcomes some limitations of previous research considering diagnostic transition
within MCI subtypes and conversion to dementia within different time frames. For example, it includes
longer follow-up periods than in previous studies e.g., [9,13] and it uses Bayesian estimates to illustrate
the diagnostic transitions more clearly and accurately, representing the reality of daily practice by
avoiding an artificial balance of the probability of diagnosis at baseline. In daily gerontological
and geriatric practice, longitudinal follow-up and serial cognitive assessments are recommended
as they provide a clearer picture of the patient’s baseline and trajectory of cognitive function over
time [21], although the optimal timing and cost-effectiveness of longitudinal cognitive assessments
remain unclear. In this regard, the transition probabilities calculated using the Bayesian approach with
overlapping-interval design are similar to current daily practice in which the time of assessment is
variable (i.e., the higher odds in sda-MCI than in mda-MCI compared to na-MCI can be explained by
the higher proportion of sda-MCI participants at baseline, in parallel to the higher number of patients
with sda-MCI that professionals diagnose in daily practice).

The increase in number of participants classified as SCCs and the decrease in those diagnosed
as sda-MCI in the second part of the follow-up assessments indicates the instability of this MCI
subtype, as previously highlighted by Malek-Ahmadi in a meta-analysis [22], in which the rate of
reversion to normal cognition was approximately 24%. The increase may indicate an excess number of
false-positives in diagnosing this particular MCI subtype, which includes patients with impairments
only in memory. Nonetheless, the higher odds ratios for conversion to dementia of sda-MCI relative
to na-MCI also indicate an important risk of progression of cognitive impairment in the sda-MCI
subtype [5,7]. The current clinical criteria, which include a cut-off of <1.5 SD below mean only
in memory scores, indicate an unstable subtype, especially when the follow-up assessments are carried
out after short intervals. This confirms that other functional, behavioral and biological markers should
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be included for more accurate diagnosis, as recommended by the American Academy of Neurology
(AAN) guidelines on MCI [7]. Follow-up studies are needed because studies that test the actual
cognitive status of middle-aged and older adults living in the community with subjective memory
complaints appear to be susceptible to false-positive diagnostic errors, mainly regarding single domain
MCI subtypes. In this respect, Han et al. [10] recommended considering the diagnostic stability over
time and the multiplicity of impaired cognitive domains for managing MCI.

Regarding the rates of conversion to dementia, longitudinal studies have found that non-linear,
plateau models of decline (initial decline in memory, followed by a temporary plateau occurring prior
to a final rapid decline immediately prior to AD diagnosis) are more accurate than linear models,
at least for memory performance [15]. The small, but increasing, probability of conversion to dementia
between time intervals observed in our study does not support these findings, although the intervals are
relatively short and a slight increase in the case of cognitive decline was detected in the final intervals.
However, the rates of conversion to dementia in this study are relatively low [9,23]. Accordingly,
adjusting the overlapping time interval strategy included here by including longer intervals and
successive follow-up assessments may help to clarify these trends in conversion, e.g., [24].

As already mentioned, this study has some limitations, due to the temporal approach and the
rate of variability in the diagnosis of MCI subtypes. Regarding the first limitation, this study used
a prospective approach to the complex phenomena of MCI transition and conversion to dementia,
adopting overlapping intervals to study the role of time in the MCI diagnostic process. Although
the prospective approach has traditionally been used in this field, retrospective approaches involving
analysis of data from the moment when patients are diagnosed with Alzheimer’s disease or other
types of dementia are increasingly common [6]. For the diagnosis of MCI subtypes, Klekociuk and
Summers [13] indicate that it may be necessary to wait until single-domain variants transition to
multiple-domain variants in order to identify genuine cases, particularly when recruiting prospective
samples with subjective memory complaints—as in the present study. Regarding the variability
in diagnosis of MCI subtypes, in this study, we measured verbal learning and memory with the Spanish
version of the CVLT [9] and other cognitive functions with the CAMCOG-R. The use of other specific
cognitive measures of memory and non-memory functions [25,26], as well as functional, behavioral and
biological measures, could minimize the diagnostic instability [7]. It has been suggested that the number
of false-positive can also be reduced by using empirical statistical approaches to identify MCI, such as
cluster analysis based on the actual cognitive performance of the participants rather than previously
established cut-off scores [27–29]. In this regard, Edmonds et al. [27] suggest that the inclusion of
self-reported cognitive complaints as a core MCI diagnostic criterion may yield higher false-positive
rates, as amnestic MCI participants tend to underestimate the level of cognitive impairment.

5. Conclusions

In summary, use of the time-overlapping intervals strategy enabled us to study the diagnostic
instability in MCI subtypes, contributing further knowledge about temporal effects and the time
between follow-up assessment on MCI trajectories, and revealing distinctive trajectories of diagnostic
changes, especially in the sda-MCI subtype. Nevertheless, the classical prospective approach has some
limitations in relation to studying diagnostic instability in MCI. These limitations must be addressed
in future studies by using a more comprehensive neuropsychological and biological approaches,
longer time intervals between successive follow-ups, and combining prospective and retrospective
diagnostic approaches.
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