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Several models of neural compensation in healthy aging have been suggested to explain
brain activity that aids to sustain cognitive function. Applying recently suggested crite-
ria of "attempted” and “successful” compensation, we reviewed existing literature on
compensatory mechanisms in preclinical Huntington's disease (HD) and amnestic mild
cognitive impairment (aMCI). Both disorders constitute early stages of neurodegeneration
ideal for examining compensatory mechanisms and developing targeted interventions. We
strived to clarify whether compensation criteria derived from healthy aging populations
can be applied to early neurodegeneration. To concentrate on the close coupling of cog-
nitive performance and brain activity, we exclusively addressed task fMRI studies. First,
we found evidence for parallels in compensatory mechanisms between healthy aging and
neurodegenerative disease. Several studies fulfilled criteria of attempted compensation,
while reports of successful compensation were largely absent, which made it difficult to
conclude on. Second, comparing working memory studies in preclinical HD and aMCI, we
identified similar compensatory patterns across neurodegenerative disorders in lateral and
medial prefrontal cortex. Such patterns included an inverted U-shaped relationship of neu-
rodegeneration and compensatory activity spanning from preclinical to manifest disease.
Due to the lack of studies systematically targeting all criteria of compensation, we propose
an exemplary study design, including the manipulation of compensating brain areas by
brain stimulation. Furthermore, we delineate the benefits of targeted interventions by non-
invasive brain stimulation, as well as of unspecific interventions such as physical activity
or cognitive training. Unambiguously detecting compensation in early neurodegenerative
disease will help tailor interventions aiming at sustained overall functioning and delayed
clinical disease onset.
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INTRODUCTION

compensation. Then, we will compare evidence from preclinical

Two decades ago, first accounts of compensatory brain activity
in healthy aging emerged in the neuroimaging literature, when
an intriguing hyperactivity of several brain areas in the elderly
compared to young participants was identified (1, 2). Since then,
numerous studies across various cognitive domains have been con-
ducted to understand the nature of such hyperactivity. One of the
most important questions in this regard pertains to the interpre-
tation of over-recruitment of brain areas as “true” compensation
versus a sign of inefficiency due to pathology-related neural decline
(3). Several theoretical frameworks have been postulated to explain
adaptive processes in terms of compensation in aging and disease.

In the current review, we will first discuss existing models
of compensation predominantly emerging from cognitive neu-
roscience of aging. Here, we will focus on a recent compensation
model by Dennis and Cabeza (4), postulating explicit criteria of

and early manifest Huntington’s disease (HD) and amnestic mild
cognitive impairment (aMCI) patients to determine if compensa-
tion in neurodegeneration follows principles similar to compen-
sation in healthy aging. Furthermore, we will also collate potential
compensatory mechanisms across neurodegenerative disorders.
Based on the reviewed evidence, we will discuss implication for
targeted interventions to sustain compensation.

THEORIES ON COMPENSATORY MECHANISMS IN AGING

In a recent review, Barulli and Stern (5) provide a comprehensive
overview of compensation-related theories and their application
scope not only in healthy aging, but also in instances of brain dam-
age in general. They conclude that current theories of compensa-
tion do not contradict each other, but constitute closely related
concepts, each emphasizing different aspects of compensation (5).
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Moreover, underlining the important role of functional imaging to
capture the neural basis of compensatory processes, they describe
how individual theories embed hyperactivity of regions commonly
engaged during a task, on the one hand, and the recruitment of
alternative areas or networks, on the other hand.

Resulting from the observation that older adults seem to
recruit symmetric brain areas more extensively when compared
to younger adults showing more asymmetric patterns, the hemi-
spheric asymmetry reduction in older adults (HAROLD) model
was developed (6). It mainly pertains to lateralization reduction
of prefrontal cortex activity and the author sought to integrate
findings from declarative and working memory (WM), as well as
perception and inhibition. In more recent accounts (4), HAROLD
was found to be consistent with explicit criteria of compensation,
which we will describe in detail below.

Another intriguing finding of potentially compensating
brain activity in aging is the overall increased recruitment of
(pre-)frontal areas, while activity in occipital cortex is reduced.
Following these results first noticed in studies of perception,
attention, and recognition, the posterior—anterior shift in aging
(PASA) model was advanced (7, 8), which includes criteria for
compensation, as well (4).

While HAROLD and PASA emphasize on increased prefrontal
cortex activation, other theoretical concepts define trajectories of
compensatory mechanisms across the age span irrespective of
a specific location. A case in point is the compensation-related
utilization of neural circuits hypothesis [CRUNCH; (9)], which
emerged from age-related hyperactivity. CRUNCH describes pro-
gressing over-recruitment of brain areas usually involved in the
respective cognitive function across the life span. While there
was and still is a debate as to whether over-activation of the
HAROLD and PASA kind constitutes a compensation or rather
a dedifferentiation-related phenomenon (6), CRUNCH is more
explicitly viewed as a concept of compensation with implications
for interventions to sustain compensation (10, 11). According to
CRUNCH, hyperactivity in older adults happens “sooner;” i.e., at
lower task demands, compared to younger adults. Correspond-
ingly, the maximum of the load-activation function is reached at
a lower cognitive load level, followed by a breakdown in cognitive
performance, as well as in activity. Thus, the aging brain shows
plasticity in recruiting additional neural resources to sustain cog-
nitive functioning, but will inevitably fall short to do so beyond a
specific resource ceiling (9).

One of the most recent and flexible accounts of compensation
(5) is the scaffolding theory of aging and cognition [STAC; (12)].
Structural as well as functional alterations due to brain aging are
suggested to challenge cognitive functioning. The impact of such
challenges is compensated by scaffolding, which subsumes various
processes of plasticity, including neurogenesis and the HAROLD
and PASA patterns. Additionally, scaffolding can be enhanced by
interventions such as cognitive training, see e.g., recent work by
Goh and Park (13). The brain’s ability to scaffold in large parts
subsumes all above-mentioned compensation models.

A different overarching perspective on compensation, explic-
itly including neurodegenerative disease in addition to normal
brain aging, is expressed in the cognitive reserve (CR) framework
(14, 15). CR is defined as “differences in cognitive processes as a

function of lifetime intellectual abilities and other environmental
factors that explain differential susceptibility to functional impair-
ment in the presence of pathology or other neurological insult” (5).
Concerning the translation of CR to the brain, there are passive
models of CR (16), merely accounting for, e.g., difference in brain
size or number of neurons. In addition, active models of CR refer
to the brain’s reactions when facing cognitive challenges. Among
such active models, so-called “neural reserve” (NR) accounts for
the increased recruitment of usually task-positive networks by
impaired individuals (15). Another active account of CR is “neural
compensation” (NC), describing the recruitment of additional,
alternative regions, or networks to sustain performance (14, 15). It
has been shown that CR is more strongly correlated with regional
fMRI activity than regional volumes (17), suggesting fMRI to be an
ideal tool for investigating CR. Several reviews [see e.g., Ref. (18)]
focused on evidence for neural correlates of CR in aging and there
is another recent account of CR-related evidence in Alzheimer’s
disease (AD) (19). There are several qualitative and quantitative
reviews suggesting that all above-mentioned models of compen-
sation are suitable to account for the brain’s reactions when faced
with cognitive challenge at older age (20-22).

Despite the common interpretation of increased brain activ-
ity when facing cognitive challenges as compensatory, Grady (20),
following up on an earlier review (3), stresses a prominent gap
of knowledge across studies: in the majority of reports, authors
claim activity to be compensatory without explicitly relating it to
successful task performance. This is problematic, as the presence
of hyperactivity could be due to unspecific effects unrelated to
the cognitive function under investigation or a sign of dediffer-
entiation (6, 23). Moreover, Price and Friston point out that a
compensatory interpretation of increased brain activity is inap-
propriate if one cannot ensure that the “impaired” group under
investigation used the same cognitive strategies to perform a task
compared to a control group (24, 25). Therefore, it is a necessary
prerequisite to check for behavioral differences between groups,
e.g., regarding accuracy or response latencies. If these measures do
not differ between groups, activity differences can be interpreted
in the light of compensation. In addition, Grady (20) concludes
that the inclusion of task performance should be mandatory when
interpreting a result as compensatory. Grady recommends terms
such as “attempted” and “successful” compensation as suggested by
Dennis and Cabeza (4) to categorize imaging findings of increased
activation in aging or neurodegeneration to resolve discrepancies
in previous reports. In the remainder of the introduction, we will
describe the unifying account of compensation by Dennis and
Cabeza (4).

CRITERIA OF ATTEMPTED AND SUCCESSFUL COMPENSATION

Dennis and Cabeza (4) try to resolve contradictory interpreta-
tions of increased activity, as well as different terminology regard-
ing compensation, by first suggesting an overarching model and
then by postulating specific criteria to assess potential compen-
sation (Figure 1). Comparable to other models, their starting
point are receding overall “neural resources” (e.g., number of
neurons and their wiring) with advancing age. Following these
dwindling neural resources caused by brain aging, neural supply
to fulfill task requirements will be limited. The authors assume a
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FIGURE 1 | Schematic illustration of the compensation criteria by
Dennis and Cabeza (4). (A,B) depict the first and second criteria of
attempted compensation, namely the inverted U-shaped relations of
fMRI activity and neural decline as well as fMRI activity and task
demands, respectively. (C,D) depict the first and second criteria of
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successful compensation, namely a positive correlation between fMRI
activity and task performance as well as the alteration of this
relationship after disruption or enhancement of the compensating brain
region. (A,B) are adapted from Figure 37-3, p. 635, of the chapter by
Dennis and Cabeza (4).

mismatch between task demands and available cognitive process-
ing resources, which justifies the need for compensatory hyperac-
tivity. Ensuing from the existing ambiguity as to whether identified
hyperactivity should be termed “compensatory,” the authors dis-
tinguish “attempted” and “successful” compensation. They further
suggest two criteria for attempted as well as two for successful com-
pensation, allowing to judge past and forthcoming work along
these lines.

The first criterion for attempted compensation according to
Dennis and Cabeza (4) is an inverted U-shaped relationship
between increasing brain activity and structural brain decline
(Figure 1A). Assuming such a relationship, activity should be high-
est when neural resources subside. Furthermore, there is strong
evidence that a reversal point in this relationship exists, when the
burden of brain decline is too high and attempted compensation
will fail, yielding an inverted U-shaped curve [see e.g., Ref. (26)].
Second, attempted compensation is characterized by another
inverted U-shaped relationship with task demands (Figure 1B).
Resulting from a mismatch between available cognitive resources

and task demands, activity should rise when the task becomes more
complicated as manipulated by, e.g., increased cognitive load level,
until it reaches a plateau. The rise and plateau of the curve will be
reached at lower task demands at older age or in neurodegenerative
disease, compatible with the CRUNCH (9) and the NR model (15).
Similarly to the first criterion, a task can become too demanding
given limited capacity of neural resources and cognitive process-
ing at a certain point. This is when the curve will start to drift
downwards, again yielding an inverted U-shaped relationship.
When the attempt to equate a lack of neural resources is pos-
itively related to better cognitive performance, the authors speak
of “successful” compensation. Compared to attempted compen-
sation, the concept of successful compensation thus goes further
by requiring direct links with task performance. First, increased
activity or connectivity should be positively correlated with task
performance as measured by, e.g., reaction times or percent cor-
rect responses (Figure 1C). The second criterion for success-
ful compensation concerns the manipulability of a potentially
compensating region and resulting influence on task performance
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(Figure 1D). For compensation to be termed successful, the tem-
porary disruption of a specific region by, e.g., transcranial mag-
netic stimulation (TMS) or transcranial direct current stimulation
(tDCS) should yield a decline in performance.

Following the suggested criteria for attempted and successful
compensation, Dennis and Cabeza (4) reviewed evidence regard-
ing prefrontal cortex hyperactivity in aging and concluded that
most studies revealed hyperactivity patterns fulfilling their crite-
ria. Nevertheless, the second criterion of successful compensation,
requiring a disruption of functioning in the respective area and
a consequently declining performance, was clearly underrepre-
sented in studies of healthy aging, as few studies using stimulation
with, e.g., TMS and tDCS exist in the context of compensation.
Additionally, the investigation of the entire U-shape for both crite-
ria of attempted compensation is often not possible, as this would
require the investigation of a very large age span. Furthermore,
they concluded that PASA- and HAROLD-like patterns of hyper-
activity could be subsumed under the proposed compensation
model (4). As already mentioned above, an earlier recruitment of
additional neural resources in aging as postulated in CRUNCH
(9) is well compatible with attempted compensation. In addition
to Dennis’ and Cabeza’s (4) extensive review, we would like to
emphasize that STAC can be integrated in their compensation
model as well, as the model comprises high flexibility regard-
ing the actual form of scaffolding. Furthermore, NR and NC,
characterizing the increased recruitment of usually task-positive
networks versus the recruitment of alternative networks (5, 15)
can likewise be accommodated in the suggested compensation
framework, as Dennis and Cabeza include main as well as reserve
neural resources in their model. In contrast, their model does not
explicitly include a concept such as CR (14), hypothesized to be
protective when facing neuronal decline across the life span. This
is unproblematic for the current review, as the majority of studies
on compensation in preclinical and early manifest neurodegener-
ation, which constitute our scope, do not directly incorporate an
estimate of CR.

OBJECTIVES OF REVIEW
As mentioned above, we will use criteria suggested by Dennis
and Cabeza (4) as a proxy to judge systematically whether mod-
els of compensation originally postulated for healthy aging can
be applied to findings from preclinical and early manifest neu-
rodegeneration, as well and if there is evidence for attempted and
successful compensation in neurodegeneration. The application
of these criteria to neurodegenerative disease is warranted in our
opinion, as neuropathological processes that increase the need for
compensation accumulate in the aging as well as in the diseased
brain [see, e.g., Ref. (27, 28)]. Concerning brain structure, both
healthy older and cognitively impaired adults suffer from neuronal
loss, albeit with different trajectories (29-33). Correspondingly,
Prvulovic and colleagues (21) advocate an integrative view of com-
pensation for aging and neurodegeneration related brain changes
as changes in functional activation patterns seems to follow the
same rules in aging and dementia.

In addition, we will assess overlaps in compensating brain
regions in two neurodegenerative disorders of interest, namely
preclinical HD and aMCI. Finally, we will discuss implications

of successful compensation for tailored interventions to sustain
cognitive performance and at best delay disease onset.

RECENT ACCOUNTS OF COMPENSATION IN PRECLINICAL
AND EARLY MANIFEST NEURODEGENERATION

In the context of healthy aging, a vast amount of task-related as
well as task-free fMRI studies exist that investigate the nature of
altered activity and connectivity in healthy elderly [for reviews,
see e.g., Ref. (9, 12, 18, 20-22, 34)]. In neurodegenerative dis-
orders, evidence for activation patterns similar to healthy aging
begins to accumulate (35). Especially, the preclinical and early
manifest stages of these disorders constitute windows of opportu-
nity for successfully sustaining compensation with different kinds
of interventions (36—38). Therefore, the current review targets
two disorders representing specific phases of neurodegeneration,
namely preclinical HD and aMCIL.

Huntington’s disease is a genetically caused hereditary neurode-
generative disorder. The genetic mutation irrevocably leading to
manifestation of the disease can be tested for The Huntington’s
Disease Collaborative Research Group (39), raising the possibil-
ity of identifying gene carriers decades before symptom onset.
Gene carriers lacking overt motor symptoms are described as “pre-
clinical” or “preHD,” while their estimated years to clinical onset
can be calculated using a parametric survival model (40, 41). The
unequivocal determination of the disease by gene status at a very
early-stage renders HD, an ideal model to study preclinical neu-
rodegeneration (42). Clinical onset of HD is characterized by the
presence of motor symptoms (43), while cognitive decline and psy-
chiatric disturbances precede overt motoric signs by several years
[see e.g., Ref. (44—51)]. Compensation has been studied intensively
in animal models of HD (52). The limited number of available
studies in humans has been reviewed recently (47) but without
applying the compensation criteria by Dennis and Cabeza (4).

Patients diagnosed with amnestic MCI are prone to convert
to manifest Alzheimer’s disease (53, 54) and constitute the most
studied subtype of MCI before the revised definition of prodro-
mal AD was published (55-59). They exhibit cognitive decline in
single or multiple memory domains prior to potentially convert-
ing to AD, with declarative and WM being the first domains to
be affected (60). Relevant to task fMRI, patients with aMCI are
still able to perform cognitively demanding tasks in the scanner
environment. Recently, fMRI was established as a sufficiently reli-
able marker to monitor disease progression in aMCI, and fMRI
test—retest reliability seems to be comparable to reproducibility in
healthy elderly (61, 62). Reassuringly, this implies that compen-
satory mechanisms accompanying the disease should equally well
be detected in healthy older adults.

COMPENSATION IN PRECLINICAL NEURODEGENERATION:
HUNTINGTON'S DISEASE

First evidence of compensation in pre-symptomatic gene carriers
comes from a time discrimination fMRI task (63). Dividing preHD
patients in a “close to onset” and “far from onset” sub-groups and
comparing them to healthy controls, the authors found hyperac-
tivity of anterior cingulate cortex and preSMA in “far from onset”
preHD compared to both the controls and the “close to onset”
group, although neither group differed in their reaction times.
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This hyperactivity was suggested to compensate for neural decline
in the basal ganglia, reflecting the inverted U-shaped relationship
postulated for attempted compensation. Paulsen and colleagues
(63) did not compute correlations with performance and the rel-
atively low sample size of seven subjects per group are limitations
of that study.

As subtle motor abnormalities progress during the preclinical
stage of HD (51), simple motor tasks have been identified as suit-
able paradigms for PET and fMRI studies (64). In a finger sequence
tapping task with manipulations of speed and complexity, Kléppel
and colleagues (65) found differential patterns of activity in sup-
plementary motor area (SMA) and superior parietal lobe (SPL) in
a group of preHD patients relatively far from onset. With regard to
caudal SMA, the preHD group displayed increased activity across
all task conditions compared to controls. Moreover, activity of
caudal SMA was positively related to estimated years to onset, mir-
roring stronger attempted compensation with increasing neural
decline. In contrast, preSMA activity diminished when approach-
ing disease onset, pointing to differential processes in subregions
of SMA. In right SPL, preHD showed hyperactivity in all but the
most complex task condition, presumably reflecting the inverted
U-shaped relationship with task demands in attempted com-
pensation. Adding to these indices of attempted compensation,
Scheller and colleagues (66) found a positive correlation of task-
related effective connectivity from dorsal premotor cortex (PMd)
to SPL with years to estimated disease onset in a re-analysis of the
same dataset. This finding points to a potential U-shape regarding
increased connectivity with increased neural decline, and therefore
strengthens the assumption of attempted compensation.

WORKING MEMORY AND COMPENSATORY BRAIN ACTIVITY
IN preHD

The most studied cognitive domain regarding compensation in
preHD is WM, though studies differ concerning type of WM task,
sample size, and years to onset of preHD participants. Indices
of attempted compensation can be derived from functional con-
nectivity analyses (67), which revealed a decline of left DLPFC
connectivity only at high WM load levels in a modified Sternberg
paradigm. In a longitudinal WM study from the same group (68),
Wolf and colleagues did not find hyperactivity in the preHD group
but hypoactivity of left DLPFC compared to controls at equal per-
formance, which remained stable over 2 years. As their preHD
participants were about 20 years from clinical onset on average,
the finding suggests that a need for compensation might arise in a
later stage of the disease, which was not captured in the investigated
participants. Considering the right side of the inverted U-shaped
relation of neural decline and compensatory activity, manifest
HD participants showed declining WM performance accompa-
nied by hypoactivity of the WM network, which increased with
WM load (69). Concentrating on task-related deactivation, i.e.,
the “task-negative network,” Wolf and colleagues (70) conducted a
longitudinal study of WM function in far from onset preHD across
2 years. Over time, higher functional connectivity of left anterior
prefrontal cortex in preHD compared to controls remained stable.
In contrast, connectivity in dorsal cingulate cortex increased in
preHD, which was negatively correlated with motor functioning
as a marker of disease progression. Taken together, task-negative

regions typically display a compensatory increase in connectivity
even in far from onset preHD participants, though compensation
cannot be termed “successful,” as associations of this increase in
connectivity with performance were not reported (70).

More recently, WM has been studied longitudinally in preHD
and early manifest HD using a visuospatial n-back task (71)
in the IMAGE-HD study (72-74). Cross-sectionally, Georgiou-
Karistianis and colleagues found overall less activity in the WM
network in preHD and early HD compared to controls, which
further decreased with higher WM load, contradicting a compen-
satory reaction of core task-relevant regions (73). In a time-course
analysis of the BOLD response, they found that in low WM load
early HD seemed to recruit DLPFC more strongly than preHD
and controls at equal performance, which can be interpreted
as attempted compensation. The 18-months longitudinal data
(72) show a very different picture of compensation, especially
in preHD. When compared to baseline, hyperactivity in preHD
was identified in prefrontal, medial frontal, precentral, and tem-
poral regions, as well as in caudate and putamen. Moreover, such
over-recruitment was not present in early HD and controls, reflect-
ing the inverted U-shaped relation of hyperactivity and neural
decline in attempted compensation (72). Of note, longitudinal
over-recruitment of precentral gyrus and putamen was positively
correlated with reaction time during the WM task, which sug-
gests unsuccessful compensation, as hyperactivity was associated
with slower response. The authors further observed reductions
in cortico-cortical as well as cortico-subcortical functional con-
nectivity in preHD, interpreted as a sign of network dysfunction
potentially compensated by hyperactivity (72). Looking at the
30-month longitudinal data (74), the decline in functional connec-
tivity between DLPFC and caudate still increased longitudinally.
Conversely, patterns of hyperactivity in the above-mentioned
regions plus inferior parietal lobe were again present in preHD
in high WM load, confirming attempted compensation. Unfortu-
nately, the authors did not report correlations with performance,
preventing an interpretation concerning successful compensation.

FURTHER COGNITIVE DOMAINS AND COMPENSATORY
BRAIN ACTIVITY IN preHD

Apart from WM, there is recent evidence on increased frontal
activity in preHD across different cognitive domains. In a shifting
response-set task targeting prefrontal cortex function, also mea-
sured as part of the IMAGE-HD study, Gray and colleagues (75)
identified widespread hyperactivity in early HD and to a lesser
extent in preHD compared to controls. Over-recruited regions
in preHD included left inferior and superior frontal gyrus, left
anterior insula, and precentral gyrus, as well as left caudate head,
anterior putamen, and anterior pallidum. Apart from these indices
of attempted compensation, the authors found preserved execu-
tive functions as well as task accuracy to be positively associated
with DLPFC activity in early HD, but not in preHD (75). Thus,
successful compensation seemed to be present in early HD but
not in preHD, potentially reflecting a lack of need to compen-
sate in the shifting response-set task in this relatively far from
onset group (mean years to onset = 14.8 years). The importance of
taking mean years to onset into account when interpreting com-
pensation results is further underlined in a study investigating
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alertness (76), identifying hypoactivation in fronto-striatal net-
works in preHD close to onset, i.e., 10.8 years on average, compared
to controls and far from onset preHD, approximately 33 years from
onset. There is no definite convention in the field on the ascrip-
tion of “far” and “close” to onset, which emphasizes the absolute
necessity to report the exact measure of years to onset to enable
the comparison of studies.

Interestingly, Wolf and colleagues (77) re-analyzed the same
dataset with an emphasis on default-mode network (78, 79)
changes in preHD, without dividing preHD participants in close to
and far from onset. Taking two task-negative default-mode subsys-
tems into account, preHD seemed to have lower within-subsystem
connectivity, while between-subsystem connectivity was increased
compared to controls, interpretable as attempted compensation.
Moreover, lower connectivity in the left inferior parietal lobe was
associated with shorter reaction times, which was interpreted as
a mechanism to sustain performance by recruiting this usually
task-negative region to a greater extent (77), pointing to success-
ful compensation. Obtaining such a wealth of results with one
dataset by employing different analysis strategies makes decisions
on compensation challenging on the one hand, but on the other
leaves the door open to beneficial re-analysis of datasets, especially
when confirmation of successful compensation was missing.

Finally, specific frontal areas, namely superior and mid-
dle frontal gyrus, were further associated with compensatory
responses in preHD in an emotion recognition task (80), accom-
panied by hypoactivation in an extensive network across three
different emotion conditions. This additional recruitment of supe-
rior and middle frontal gyrus was positively associated with CAG
repeat numbers, representing another measure of disease load,
rendering the interpretation of frontal recruitment as compen-
satory more credible (80). Interestingly, medial frontal areas also
form part of the DMN, mirroring the above-mentioned interpre-
tation of sustained performance through supporting task-negative
regions by Wolf and colleagues (77).

COMPENSATION IN EARLY MANIFEST NEURODEGENERATION:
AMNESTIC MCI

One of the first cognitive functions to be impaired in MCI is
declarative memory (60, 81). From structural as well as func-
tional imaging studies, it is known that hippocampus and adjacent
medial temporal lobe (MTL) regions subserve episodic memory
and therefore play a key role in the progression of MCI to manifest
dementia (82—84). Therefore, we will emphasize on MTL-related
compensation reports in the following paragraphs. As there are
two reviews (85, 86) summarizing episodic memory findings in
MCI relating to MTL, we will emphasize on their conclusions. In
addition, we will provide a more detailed account of WM stud-
ies in aMCI (87), as WM is affected in during the course of the
disease as well. Finally, we will summarize reports regarding other
cognitive functions fulfilling at least one criterion of successful
compensation.

COMPENSATION IN EPISODIC MEMORY AND MEDIAL
TEMPORAL LOBE ACTIVITY IN aMClI

In the first of two qualitative reviews on MTL function, Dicker-
son and Sperling (85) describe hypo- as well as hyperactivity in

the declarative memory network across different stages of neu-
rodegeneration. In early MCI, hyperactivity of MTL, as opposed
to hypoactivity in late MCI and mild AD, shows the inverted U-
shaped relationship of neuronal decline and compensatory activ-
ity. Building on these observations in a second review, Sperling
and colleagues (86) embed MTL-related findings in the context
of the default-mode network and elaborate on the interplay of
MTL with other regions that form parts of DMN, e.g., the pre-
cuneus, and their role in memory functioning. They conclude that
it remains unclear if the increase in MTL activity is compensatory
or a sign of inefficiency or neuronal demise.

Several studies discussed in the review pointed to an inverted
U-shaped relationship of MTL activity and disease progression
(88-90). Miller and colleagues (90) found over-recruitment of
MTL during scene encoding to be exclusively predictive of future
cognitive decline. In addition to MTL, hyperactivity of the cor-
tical attention network was present in MCI and mild AD (88).
Furthermore, memory load has been found to regulate MTL activ-
ity in aMCI compared to controls, which might characterize the
right side of the inverted U-shape with a breakdown of attempted
compensation when task demands increase (91). In addition to
these reports of attempted compensation, Heun and colleagues
(92) specifically associated hyperactivity with successful trials. In
their work, increased activity in different areas of bilateral pre-
frontal cortex was identified for hit and correct rejection responses
in MCI patients, but not in controls. As both response categories
relate to successful performance of the task, the study comes closest
to fulfilling the first criterion for successful compensation, though
the authors did not explicitly correlate a measure of performance
and BOLD response in respective regions (92). Correspondingly,
hypermetabolism in DLPFC has been identified in a PET study of
highly educated aMCI patients that later converted to AD, while
the same patients exhibited hypometabolism of MTL (93).

Despite a considerable amount of studies linking MTL activa-
tion in episodic memory to compensatory mechanisms, there is
convincing evidence for the interpretation of such hyperactivity in
terms of inefficiency as well. In a recent study, MTL hyperactivity
was interpreted as a correlate of encoding dysfunction (94). This
interpretation was expanded by Bakker and colleagues (95), who
pharmacologically manipulated hippocampal hyperactivity. Par-
ticipants whose hyper-recruitment was reduced by applying an
antiepileptic drug showed better cognitive performance, clearly
arguing against successful compensation, which would require
a positive relation of performance and hyperactivity. Moreover,
MTL activity during encoding correlated with correct recogni-
tion in healthy controls but not in aMCI patients, objecting to
successful compensation (96).

Intriguingly, when analyzing large-scale brain networks instead
of focusing on MTL exclusively, a follow-up analysis of the same
data by Protzner and colleagues (97) revealed that activity in a
different network including inferior temporal gyrus was related
to performance in aMCI participants, potentially compensating
for deficient MTL functioning. In a different episodic memory
encoding and retrieval task, Clément and colleagues (98) found
increased left ventrolateral prefrontal activation during the encod-
ing phase, which positively correlated with successful retrieval
in aMCI patients. This evidence again points toward successful
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compensation of deficient MTL functioning [but see conflicting
results in Ref. (99)]. Recently, Parra and colleagues (100) identified
activation patterns consistent with both attempted and successful
compensation in an emotional memory fMRI task with a post-scan
recognition test. Activity in MTL structures, namely hippocampus
and parahippocampal gyrus, followed an inverted U-shape across
healthy controls, MCI, and mild AD patients. Moreover, MTL
activity was positively correlated with recognition performance
in all groups.

Latest evidence from a quantitative activation likelihood esti-
mation [ALE; see e.g., Ref. (101)] meta-analysis integrating above-
discussed and further studies [e.g., Ref. (102, 103)] of episodic
memory in preclinical and manifest AD, suggests a differential
course of activity across disease progression in several anterior
hippocampal subfields (104). As previous studies may sometimes
have failed to differentiate encoding and retrieval and did not
investigate hippocampal subfields in a fine-grained fashion, these
different hippocampal activity trajectories may help to resolve
above-mentioned contradictory conclusions on MTL activity in
aMCI to a certain extent. Moreover, precuneus, often reported
together with MTL, seems to be increasingly activated in encoding
tasks in mild AD, but not yet in MCI. To unambiguously determine
if MTL or other areas, such as DLPFC (92, 93, 102, 103) or pre-
cuneus (105), successfully compensate to sustain episodic memory
in aMCI, studies investigating broader ranges of neurodegenera-
tion with increased sample sizes and longitudinal observations
(106) are necessary. Taken together, there is evidence of attempted
as well as successful compensation of episodic memory function
in aMCIL.

COMPENSATION IN WORKING MEMORY IN aMCI
As WM function is often impaired in aMCI (107, 108) and might
be predictive for conversion to AD (109), it has been investigated
in task fMRI studies during the last years. One of the first indica-
tions of attempted compensation in WM was revealed by Yetkin
and colleagues (110), who investigated small samples of healthy
elderly, aMCI, and mild AD patients in a simple visual WM task,
in which groups reached equal performance. Applying rather lib-
eral statistical thresholds, they found frontal and temporal areas
to be hyperactivated in aMCI and mild AD compared to controls,
while AD patients showed reduced activity compared to aMCI.
To investigate whether emotional content differentially affects
WM performance, Dohnel and colleagues (111) used an n-back
task with emotional stimuli. Better WM performance within aMCI
specifically for negative emotional content was accompanied by
increasing activity in right precuneus as compared to control sub-
jects. Interestingly, right precuneus was found to be more activated
in aMCI compared to controls at low WM load in a different study
(112). Moreover, at higher WM load, activity in the same region
was reduced together with greater deactivation of a nearby cluster
in medial precuneus, fitting an inverted U-shaped relationship of
activity, and task demands required for attempted compensation.
Kochan and colleagues interpreted this sensitivity of precuneus
to WM load manipulations in the context of potential biomark-
ers of disease progression and showed that greater deactivation
in posteromedial cortex predicted decline in everyday function-
ing 2 years later (113). The involvement of default-mode network

regions in aMCI was followed up on by Migo and colleagues
(114), who found relative hyperactivity in the sense of reduced
task-related deactivations in right insula in a verbal N-back task,
which were also load-dependent, indicating attempted compensa-
tion. Such default-mode network changes are mirrored by studies
in preHD (77, 80), pointing toward a similarity of compensation
across disorders.

Further evidence for attempted and successful compensation
comes from a verbal delay match to sample WM task (115), though
aMCI and control samples were rather small (1 = 8, respectively).
They found hyperactivity of several regions in aMCI during
encoding and maintenance and additionally correlated activity
with response time. In the encoding phase of the task, activity
in right inferior occipital cortex and MTL was positively corre-
lated with performance, while the same was true for left middle
frontal gyrus and left precentral gyrus during maintenance. Dur-
ing recall, a positive relation was found in left hippocampus,
reflecting MTL involvement in successful WM performance [see
e.g., Ref. (116-118)] and further paralleling declarative memory
findings discussed above. Overall, the authors observed differential
correlation patterns in HC and aMClI, suggesting that alternative
neural resources subserve intact WM functioning in aMCI.

Inducing high WM load with a complex WM span task sug-
gested to be predictive for conversion to AD (109), Faraco and
colleagues (119) found hyperactivity of frontal, parietal, as well as
medial, and lateral temporal lobe regions. These activations are
consistent with previous studies on WM [e.g., Ref. (112, 115)]
and in parts on episodic memory (86), though the authors did
not restrict their MCI group to aMCI. This pattern of hyperactiv-
ity consistent with attempted compensation was accompanied by
overall greater dispersion of activity compared to controls, sup-
porting the HAROLD account of compensation (6). Again, the
authors observed an overlap of potentially compensating regions,
namely DLPFC and MTL, to those found in episodic memory
studies (see above). Furthermore, activity in superior temporal
gyrus, inferior frontal gyrus, and Heschl’s gyrus was positively
related to hit rate in the short term memory task, corresponding
to the first criterion of successful compensation (119).

Recently, compensation-related activity in WM has been inves-
tigated by directly enhancing cognitive functioning with caffeine
in a double-blind placebo-controlled study using a verbal 2-back
task (120). Comparing aMCI patients to controls, caffeine-related
activity was increased in posteromedial cortex, inferior parietal
cortex, occipital cortex as well as different subregions of MTL,
contrasting pronounced recruitment of frontal areas in controls,
compatible with PASA. Moreover, functional connectivity of the
well-established WM network (121, 122) was increased in aMCI,
but not in controls. These results suggest that regions previously
found in an attempted compensation context might be candi-
dates for enhancing interventions. Nevertheless, the authors did
not explicitly correlate performance and activity, which leaves the
question of successful compensation unanswered (120).

EVIDENCE OF SUCCESSFUL COMPENSATION IN aMCI
ACROSS DIFFERENT COGNITIVE DOMAINS

Attempted compensation criteria were fulfilled in studies
of episodic memory and WM (see above). Unfortunately,
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compensation has less extensively been assessed in other domains
[see e.g., Ref. (123)], hence, we restricted the preceding para-
graphs to episodic and WM. As it proved more difficult to find
accounts of successful compensation, we will summarize evidence
of successful compensation across different cognitive domains.
Reviewing these domains separately would not be useful due to
the limited number of studies. We will mainly focus on the first
criterion of successful compensation demanding a positive cor-
relation of task performance and hyperactivity, as studies on the
second criterion, requiring disturbance of compensatory areas,
scarcely exist.

Investigating single domain aMCl across four fMRI tasks exam-
ining language comprehension, visuospatial attention, episodic
memory and empathy, Lenzi and colleagues (124) identified
attempted compensation patterns in the sense of increased activ-
ity in aMCI compared to controls in all domains but empathy.
Furthermore, the authors correlated this hyperactivity with neu-
ropsychological scores quantifying performance in the respective
domains. Interestingly, Lenzi and colleagues found negative cor-
relations of hyperactivity and neuropsychological performance in
thelanguage comprehension, as well as episodic memory domains.
This contradicts successful compensation, though correlations did
not directly incorporate within-scanner task performance. Fur-
thermore, they found a positive correlation of right inferior frontal
gyrus hyperactivity and neuropsychological scores (i.e., Trail Mak-
ing Test A) in the visuospatial attention domain (124). This finding
comes closest to successful compensation, though as already men-
tioned above; the neuropsychological test does not constitute a
direct measure of task performance.

Focusing on parietal lobe function in aMCI, Jacobs and col-
leagues (125) studied a mental rotation task in aMCI patients
and matched healthy controls. They indeed observed higher pari-
etal activation in aMCI at a high load level, while both groups
performed equally well. Investigating this parietal hyperactivity
further in a Granger causality analysis, they found that increased
connectivity of left parietal lobe with posterior cingulate cortex,
middle occipital cortex, and inferior parietal cortex in aMCI cor-
related positively with performance, pointing to successfully com-
pensating by increasing connectivity between these areas (125).
Besides identifying successful compensation, this work reflects the
transferability of the suggested framework from pure activity to
functional and effective connectivity studies (4), broadening the
scope toward network-related interpretations.

In another study focusing on executive functions, Clément and
colleagues (126) investigated stimulus manipulation as well as
divided attention in two separate fMRI tasks, splitting their aMCI
participants in two groups according to cognitive performance as
in previous work (102, 103). The higher-cognition aMCI group
exhibited hyperactivity compatible with attempted compensation
compared to controls in both fMRI tasks, whereas the lower-
cognition aMClI group failed to recruit additional areas. Moreover,
during divided attention, fronto-striatal activity, namely in ante-
rior cingulate cortex, left caudate and putamen, left insula, as
well as left inferior frontal gyrus showed a positive relationship
with task performance, fulfilling the first criterion of successful
compensation (126). Restrictively, this correlation pertains to a
group of 12 aMCI participants and we think that more evidence of

successful compensation across various cognitive domains should
be gathered in larger groups of aMCI patients.

We have summarized compensation-related accounts with an
emphasis on episodic and WM in the preceding paragraphs. From
the reviewed studies, it is evident that certain regions may be part
of compensatory mechanism across different cognitive domains.
Prefrontal regions such as dorsolateral prefrontal gyrus and infe-
rior frontal gyrus were related to compensation in both episodic
and WM. The same is true for MTL, with an emphasis on episodic
memory. Moreover, prevalence of compensation in regions of the
DMN as already observed in preHD, seems to pertain to aMCI,
as well. Here, the precuneus was most often reported across stud-
ies as a promising candidate region and certainly warrants more
in-depth investigation. It would be too far-fetched to subsume the
mentioned regions in a common “compensatory network,” as large
heterogeneity across studies has to be acknowledged, as well. Nev-
ertheless the concept of certain regions concerting compensation
across cognitive domains remains of great interest (127).

INTEGRATION OF REVIEWED STUDIES

ATTEMPTED AND SUCCESSFUL COMPENSATION IN PRECLINICAL AND
EARLY MANIFEST NEURODEGENERATION

Corresponding to evidence of healthy elderly’s intrinsic brain
activity being more similar to AD patients’ than to healthy
young adults’ (35), our overview of compensation-related stud-
ies in preHD and aMCI strongly suggests similar mechanisms
of attempted and to a smaller extent of successful compensa-
tion in early neurodegeneration compared with healthy aging (4).
The most extensively investigated cognitive domain was declar-
ative memory in aMCI, with multiple accounts of attempted
compensation.

The first criterion of attempted compensation, the inverted
U-shaped relationship of hyperactivity and neural decline, was
most often identified in the reviewed studies (85, 86, 88—90, 98,
111, 114, 115), especially by work not only including preHD and
aMCI groups but also manifest HD and mild AD. This indi-
cates that the assumed inverted U-curve typically covers a broad
range of disease stages. The second criterion of attempted com-
pensation, which is represented by an inverted U-shaped rela-
tionship of hyperactivity and increasing task demands, was less
often fulfilled in the reviewed studies. In several accounts, both
criteria of attempted compensation were observed together, see,
e.g., Ref. (112, 114).

Regarding successful compensation, we faced a more mixed
picture, mostly due to the lack of reported correlations of hyper-
activity with performance as required in the first criterion of
successful compensation, and missing intervention studies target-
ing the second criterion of successful compensation. More recent
accounts, especially for aMCI, identified successful compensa-
tion (115, 119, 124—126), while evidence in preHD is virtually
not available, owing to overall smaller numbers of compensation-
related studies. Studies proving compensation through manipu-
lation of the proposed mechanisms remain rare in healthy aging
research, as well (4). Most authors report equal performance of
healthy controls and preHD/aMCI, though explicit reports of
positive associations between performance and hyperactivity are
needed to render the assumption of compensation less speculative.
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Extending the model of attempted and successful compensation
to early neurodegeneration, we further stress that the compen-
satory nature of correlations found in affected individuals should
be verified by contrasting them with results obtained from healthy
control groups. Such a contrast of positive activity-performance
correlations in affected individuals to a non-significant correla-
tion in healthy controls will help to underline a compensatory
interpretation. Ideally, correlations with markers of disease load
(e.g., estimated years to onset in preHD) can additionally be
computed for regions exhibiting task-related hyperactivity [see
e.g., Ref. (65, 66, 72, 80)]. A positive association of hyperactiv-
ity with disease load would further support the compensatory
nature (c.f. first criterion of attempted compensation) and make
it less likely that observed effects are a primary disease effect.
Altogether, criteria of compensation derived from compensation
models of healthy aging can very well be applied to early stages of
neurodegeneration.

MUTUAL PATTERNS OF COMPENSATION OF preHD AND aMCI IN WM
FUNCTION?

The differential nature of cognitive decline in preHD and aMCI
(48,128, 129) led to an emphasis of studies on cognitive functions
foremost disturbed in the respective disorder. WM has been inves-
tigated in both diseases and therefore allows a direct comparison.
As apparent from Table 1, there is weak evidence for successful
compensation in aMCI and none at all for preHD, which brings
our discussion to focus on attempted compensation.

Similarly to WM-related compensation in healthy aging, com-
pensating regions in preHD and aMCI were identified in prefrontal
cortex, in both lateral and medial parts. Such frontal findings were
present in four of seven studies in aMCI and six of seven studies in
preHD (Table 1). Additionally, midline structures such as medial
frontal cortex and precuneus were often identified, as were parts
of temporal gyrus and insular cortex, all areas that form part of
the default-mode network (78). Default-mode regions are usually
task-negative across a wide variety of tasks, while they concomi-
tantly exert task-sustaining functions (130). Interestingly, reduced
task-related deactivations have been linked to healthy aging and
neurodegeneration before (131-133). In a compensatory fashion,
reduced deactivation leading to increased recruitment of DMN
areas might sustain cognitive performance [see e.g., Ref. (77) for
preHD and Ref. (114) for aMCI]. Specifically, precuneus activ-
ity, as reported in studies of episodic and WM in aMCI, might
not only be part of the DMN, but may also be involved in con-
certing the interplay between DMN and task-positive networks
(127). It therefore represents a promising compensation candi-
date and should be investigated further across cognitive domains
and neurodegenerative disorders.

Unfortunately, statements about parallels in WM-related com-
pensation remain speculative concerning successful compensa-
tion, as correlations of hyperactivity and performance are mostly
missing (Table 1). Thus, we can only assume prefrontal task-
positive as well as DMN-related task-negative regions to overlap in
attempted compensation in both disorders. Overall, more studies
investigating WM in both MCI and preHD are needed to decide
on common compensating areas and to enable us to summarize
such accounts more systematically.

METHODOLOGICAL CONSIDERATIONS AND IMPLICATIONS FOR
FUTURE STUDIES

As different models of compensation have been suggested over
the last decade, it is not surprising to find high heterogeneity in
studies aiming at investigating compensatory neural mechanisms.
Moreover, sample size decreases when focusing on neurodegen-
erative disorders, which may lead to false negative, but also false
positive findings, when reported effects are driven by only few
cases (134-136). Such shortcomings can partly be resolved by
subsuming studies in quantitative meta-analyses, as was done
by Nellessen and colleagues (104) in the case of MTL in aMCI
(104). Furthermore, larger multicenter studies capturing a broad
range of neurodegeneration longitudinally (49, 54) may prevent
such dissent in the future. Large samples will open the door to
investigating preclinical and early neurodegenerative disorders as
continua, rather than artificially dividing them into more and
less severely impaired groups, providing the opportunity to follow
compensatory trajectories along with neural decline.

More sophisticated statistical analysis approaches to disam-
biguate potential compensatory effects are needed as well. Moder-
ating and mediating influences of different variables on compen-
satory hyperactivity could be investigated [see Ref. (5, 137) and,
e.g., Ref. (138) for an exemplary account of moderation analysis].
In addition, path analyses have already been applied to verify CR
accounts of compensation (139).

Moreover, modeling fMRI data to assess effective connectiv-
ity, e.g., with dynamic causal modeling (140) or Granger causality
(141), will provide more mechanistic insight into compensatory
mechanisms [see e.g., Ref. (66, 125)]. The interplay between nodes
of a task-relevant network expressed by decreases and increases
in effective connectivity to sustain task performance might espe-
cially be useful to identify targets for compensation-related
interventions (142, 143).

As fMRI provides an indirect measure of neural activity by
relying on the BOLD response, effects of neuropathology on neu-
rovascular coupling might influence resulting brain activity, even
to a greater extent in neurodegenerative disorders than in healthy
aging (144). The hemodynamic response function is altered in
certain cortical regions in these groups (145) and suggestions
have been made to account for such influences (146). Further-
more, cognitive tasks may have a different impact on BOLD signal
variability than motor tasks (147). To date, a way to account for
confounding influences on the hemodynamic response function
is to gather data on brain structure and vascular function together
with the fMRI task. An exemplary account of controlling for such
influences is the above-reviewed study by Haller and colleagues
(120) including voxel-based morphometry, tract-based spatial sta-
tistics, and arterial spin labeling measures. Besides accounting for
influences on the BOLD response, it is of upmost importance to
carefully select the fMRI task with regards to cognitive abilities of
the investigated patients (24). Ascertaining equal performance of
impaired and control groups and in addition linking performance
to increased activity, is a necessary prerequisite to unambiguously
assess compensation (3, 20, 24).

As an interim conclusion, we propose certain cornerstones to
design studies appropriate for the investigation of compensation
following the criteria by Dennis and Cabeza (4): ideally, a sample
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Table 1 | Summary of studies investigating working memory function in aMCI and preHD in chronological order.

Study Neurodegenerative Attempted compensation Successful compensation
disease
U-shaped relation of U-shaped relation of Positive correlation Decline in
neural decline and task demands and of performance and performance when
fMRI activity fMRI activity fMRI activity disrupting activity
Yetkin et al. aMCl/mild AD + (MCl and AD) right SFG, n/a n/a n/a
(110) bilateral MTG, bilateral MFG,
ACC, bilateral fusiform gyrus
Dohnel et al. aMCl + Right precuneus n/a n/a n/a
(111)
Kochan et al. aMCl + Right ACC, right precuneus + Right ACC, right precuneus, n/a n/a
(112) PCC
Bokde et al. aMCl + rMTG, ISTG, precuneus, left n/a + Right inf occipital, n/a
(115) fusiform gyrus, left lingual gyrus, rMTG, IMFG, left
PCC/ACC, left IFG, left MFG, precentral, left
right SFG, left caudate, right hippocampus
cerebellum
Faraco et al. MCI + Left Heschl's gyrus, left n/a + Heschl's gyrus, IFG, n/a
(119) amygdala, left planum temporale, STG
left parietal operculum, left
parahippocampus, left
hippocampus, left insula
Migo et al. aMCI + Right insula, right lingual + Right insula, right lingual n/a n/a
(114) gyrus, hippocampus gyrus
Haller et al. aMCI + Bilateral temporal gyrus, n/a n/a n/a
(120) bilateral parietal cortex
Wolf et al. (67) PreHD n/a + Left DLPFC n/a n/a
Wolf et al. (69) Early HD n/a + Left MFG, left IFG, right n/a n/a
IPL, bilateral precuneus, left
SPL, left putamen, right
cerebellum
Wolf et al. (68) preHD - n/a n/a n/a
Wolf et al. (70) preHD + Left middle frontal gyrus, n/a n/a n/a
dorsal cingulate cortex
Georgiou- preHD/early HD - + (Early HD only), bilateral n/a n/a
Karistianis DLPFC
etal. (73)2
Georgiou- preHD/early HD + (preHD), bilateral DLPFC, left  n/a — (Unsuccessful) n/a
Karistianis medial frontal cortex, ACC, right
etal. (72) primary motor cortex, right
temporal gyrus, right fusiform
gyrus, left insula, right precentral
gyrus, left putamen, left caudate
Poudel et al. preHD/early HD + (preHD), left DLPFC, left MFG, + (preHD), left MFG, bilateral n/a n/a
(74) bilateral caudate, bilateral caudate, bilateral putamen,

putamen, PCC, left MTG

left PCC, left MTG

aThis study is reported in a non-chronological fashion, as it represents baseline results of the two following studies.

+, criterion fulfilled, -, criterion not fulfilled, n/a, not assessed.

Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation

September 2014 | Volume 5 | Article 132 | 10


http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Scheller et al.

Compensation in early neurodegenerative disease

to investigate compensation should cover a large range of preclin-
ical and manifest disease stages to capture most of the inverted
U-shaped curve relating neural decline to compensatory activ-
ity. Moreover, this could be complemented by longitudinal studies
following the course of compensatory activity in the same indi-
viduals. Second, an experimental manipulation of task demands
represented by, e.g., different cognitive load levels should be com-
prised in the design to investigate the second inverted U-shaped
relation for attempted compensation. Moreover, including differ-
ent load levels precludes ceiling effects, as variance in performance
increases with difficulty, facilitating meaningful examination of
correlations. Such correlations of task performance and increased
activity should be computed in every study investigating com-
pensation and be reported regardless of being negative, positive,
or insignificant (see above). Concomitantly, finding a behavioral
measure that is sensitive enough to detect compensation proves to
be a great challenge with regards to task selection (47). An ideal
measure should show neither floor nor ceiling effects and thus
encompass enough variance to distinguish compensating individ-
uals within the sample. As already stated above, we recommend
correlating increased activity with markers of disease load if avail-
able, delineating compensatory recruitment along with increasing
neuropathology. Finally, to fulfill the second criterion of success-
ful compensation, study designs should include manipulations of
potentially compensating regions by, e.g., TMS or tDCS, to observe
disruption or enhancement of performance as a reaction to up-
or down-regulation of the respective region. We are aware that the
last criterion is most difficult to fulfill, as stimulation expertise has
to be gained and compensating target regions for stimulation as
well as suitable control regions have to be identified beforehand.
Nevertheless, fulfilling this criterion leads to most unambigu-
ous statements on compensation and outweighs simple correla-
tion coefficients. Linking such compensation-oriented stimula-
tion interventions with TMS or tDCS to current efforts on brain
stimulation in neurodegenerative disease, we will provide a brief
overview of these promising accounts in the following section.

IMPLICATIONS FOR DESIGNING INTERVENTIONS

Non-invasive brain stimulation

Both preHD and aMCI might be target stages for interventions
by stimulation or training to prolongate disease progression (36,
148). Therefore, it is of upmost importance to identify success-
fully compensating brain areas to sustain and possibly boost their
function with the help of precisely tailored interventions (149).
When successful compensation of a certain region is ensured, it
will constitute an ideal intervention target. Such attempts, mainly
in the prefrontal cortex in healthy elderly, have confirmed the
HAROLD effect in bilateral DLPFC (150, 151), and in old adults
with subjective memory impairment (152). Encouragingly, posi-
tive performance effects after rTMS have been observed in mild
AD, as well (153). Existing evidence suggests that brain stimulation
can enhance or sustain cognitive function to a certain extent [for
a review, see Ref. (154, 155)]. When focusing on compensatory
connectivity rather than activity, TMS further provides an ideal
means of enhancing connections between areas sustaining perfor-
mance (143, 156). Being less aversive for participants and easier
to apply for the experimenter, first studies hint toward a beneficial

effect of tDCS stimulation protocols on learning and memory in
MCI (157); for a review, see Ref. (158).

Physical activity and cognitive training

A more indirect, purely non-invasive way to enhance compensa-
tion is represented by interventions, which are not localized to a
specific brain area of interest. Such interventions often consist in
physical activity or cognitive training programs. Physical activ-
ity seems to have a positive effect on cognition in intact older
adults, as well as in MCI (159, 160). Additionally, interventions
combining physical exercise and cognitive training seem to have
a maintenance effect on cognitive function in HD patients (161,
162). Most studies on cognitive training interventions focus on
healthy elderly and MCI or mild to moderate AD, with the idea to
possibly delay onset of manifest dementia (163) by boosting com-
pensation (164). There are several systematic literature reviews and
meta-analyses on cognitive interventions in MCI (165-168). First
promising accounts of monitoring training effects with fMRI exist
(169), as well as attempts to foster WM function in aMCI (170).
Parallel to the lack of systematic studies to investigate explicit
criteria of compensation, there is an even bigger lack of studies
systematically evaluating training interventions in large groups
of patients with sufficient follow-up periods. Moreover, exercise
and cognitive training interventions do not target a specific brain
region. Observing their effect on established compensatory mech-
anisms, ideally measured by fMRI activity changes, may clarify if
such mechanisms can be modified.

CONCLUSION

In the current review, we sought to disambiguate the interpretation
of over-recruitment of certain brain areas in early neurodegener-
ative disease as “true” compensation. To this end, we, presented
criteria for attempted and successful compensation emerging from
research on healthy elders (4) and reviewed recent compensation-
related evidence from task fMRI studies on preclinical HD as well
as aMCI according to these criteria. Having evaluated all stud-
ies regarding the above-mentioned criteria, we mostly identified
attempted compensation in early neurodegeneration, while fewer
studies contained evidence for successful compensation, due to
missing reports of task performance correlations. Such a lack
of evidence for successful compensation was most prominent in
preHD. Furthermore, tentative parallels in compensatory mecha-
nisms of working and episodic memory within aMCI, as well as in
WM between aMCI and preHD were identified.

Due to the lack of studies fulfilling criteria of successful
compensation, we suggest a study design following these crite-
ria to unequivocally determine compensation in future studies.
Therewith, evidence of recent intervention studies was discussed
toward manipulation of successfully compensating regions by
non-invasive brain stimulation or cognitive training. Through
tailoring interventions to such compensating regions, we are con-
fident that impact of interventions will be more precise, leading
to overall increased efficacy. Overall, models of compensation
along with explicit criteria of compensation from cognitive neu-
roscience of aging are suitable to characterize evidence from early
neurodegeneration and to form a basis for future intervention
studies.

www.frontiersin.org

September 2014 | Volume 5 | Article 132 | 11


http://www.frontiersin.org
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Scheller et al.

Compensation in early neurodegenerative disease

REFERENCES

1.

[S8]

w

'S

w

.0\

~

el

Nel

10.

1

—

12.

13.

14.

15.

17.

18.

19.

20.

2

—_

22.

23.

Cabeza R, McIntosh AR, Tulving E, Nyberg L, Grady CL. Age-related differ-
ences in effective neural connectivity during encoding and recall. Neuroreport
(1997) 8:3479-83. d0i:10.1097/00001756-199711100-00013

. Grady CL, Maisog JM, Horwitz B, Ungerleider LG, Mentis MJ, Salerno JA, et al.

Age-related changes in cortical blood flow activation during visual processing
of faces and location. | Neurosci (1994) 14:1450-62.

. Grady CL. Cognitive neuroscience of aging. Ann N Y Acad Sci (2008)

1124:127-44. doi:10.1196/annals.1440.009

. Dennis NA, Cabeza RE. Frontal lobes and aging: deterioration and compensa-

tion. In: Stuss DT, Knight RT, editors. Principles of Frontal Lobe Function. New
York: Oxford University Press (2013). p. 628-52.

. Barulli D, Stern Y. Efficiency, capacity, compensation, maintenance, plastic-

ity: emerging concepts in cognitive reserve. Trends Cogn Sci (2013) 17:502-9.
do0i:10.1016/j.tics.2013.08.012

Cabeza R. Hemispheric asymmetry reduction in older adults: the
HAROLD model. Psychol Aging (2002) 17:85-100. doi:10.1037//0882-7974.
17.1.85

. Davis SW, Dennis NA, Daselaar SM, Fleck MS, Cabeza R. Qué PASA? The

posterior—anterior shift in aging. Cereb Cortex (2008) 18:1201-9. doi:10.1093/
cercor/bhm155

. Dennis NA, Cabeza RE. Neuroimaging of healthy cognitive aging. In: Craik

FIM, Salthouse TA, editors. Handbook of Aging and Cognition. Mahwah, NJ:
Erlbaum (2008). p. 1-54.

. Reuter-Lorenz PA, Cappell KA. Neurocognitive aging and the compensation

hypothesis. Curr Dir Psychol Sci (2008) 17:177-82. doi:10.1111/j.1467-8721.
2008.00570.x

Reuter-Lorenz PA, Lustig C. Brain aging: reorganizing discoveries about the
aging mind. Curr Opin Neurobiol (2005) 15:245-51. doi:10.1016/j.conb.2005.
03.016

. Reuter-Lorenz PA, Mikels JA. The aging mind and brain: implications of endur-

ing plasticity for behavioral and cultural change. In: Baltes PB, Reuter-Lorenz
PA, Rosler F, editors. Lifespan Development and the Brain. Cambridge: Cam-
bridge University Press (2006). p. 255-78.

Park DC, Reuter-Lorenz PA. The adaptive brain: aging and neurocognitive
scaffolding. Annu Rev Psychol (2009) 60:173-96. doi:10.1146/annurev.psych.
59.103006.093656

Goh JO, Park DC. Neuroplasticity and cognitive aging: the scaffolding the-
ory of aging and cognition. Restor Neurol Neurosci (2009) 27:391-403.
doi:10.3233/RNN-2009-0493

Stern Y. What is cognitive reserve? Theory and research application of the
reserve concept. J Int Neuropsychol Soc JINS (2002) 8:448-60. doi:10.1017/
S1355617702813248

Stern Y. Cognitive reserve. Neuropsychologia (2009) 47:2015-28. doi:10.1016/
j.neuropsychologia.2009.03.004

. Satz P. Brain reserve capacity on symptom onset after brain injury: a formu-

lation and review of evidence for threshold theory. Neuropsychology (1993)
7:273-95. doi:10.1037/0894-4105.7.3.273

Solé-Padullés C, Bartrés-Faz D, Junqué C, Vendrell P, Rami L, Clemente IC,
et al. Brain structure and function related to cognitive reserve variables in nor-
mal aging, mild cognitive impairment and Alzheimer’s disease. Neurobiol Aging
(2009) 30:1114-24. doi:10.1016/j.neurobiolaging.2007.10.008

Steffener J, Stern Y. Exploring the neural basis of cognitive reserve
in aging. Biochim Biophys Acta BBA (2012) 1822:467-73. doi:10.1016/j.bbadis.
2011.09.012

Xu W, Yu J-T, Tan M-S, Tan L. Cognitive reserve and Alzheimer’s disease. Mol
Neurobiol (2014):1-22. doi:10.1007/s12035-014-8720-y

Grady CL. The cognitive neuroscience of ageing. Nat Rev Neurosci (2012)
13:491-505. doi:10.1038/nrn3256

. Prvulovic D, Van de Ven V, Sack AT, Maurer K, Linden DE]J. Functional acti-

vation imaging in aging and dementia. Psychiatry Res Neuroimaging (2005)
140:97-113. doi:10.1016/j.pscychresns.2005.06.006

Spreng RN, Wojtowicz M, Grady CL. Reliable differences in brain activity
between young and old adults: a quantitative meta-analysis across multiple
cognitive domains. Neurosci Biobehav Rev (2010) 34:1178-94. doi:10.1016/j.
neubiorev.2010.01.009

Duverne S, Motamedinia S, Rugg MD. The relationship between aging, perfor-
mance, and the neural correlates of successful memory encoding. Cereb Cortex
(2009) 19:733-44. doi:10.1093/cercor/bhn122

24.

2

(82

26.

27.

2

[

29.

30.

3

—

32.

3

[3Y

34.

3

(5

36.

3

~

3

[

39.

40.

4

—_

42.

43.

44.

4

v

Price CJ, Friston KJ. Scanning patients with tasks they can perform. Hum
Brain Mapp (1999) 8:102-8. doi:10.1002/(SICI)1097-0193(1999)8:2/3<102:
:AID-HBM6>3.0.CO;2-]

. Friston KJ, Price CJ. Degeneracy and redundancy in cognitive anatomy. Trends

Cogn Sci (2003) 7:151-2. doi:10.1016/S1364-6613(03)00054-8

Dickerson BC, Salat DH, Greve DN, Chua EF, Rand-Giovannetti E, Rentz DM,
et al. Increased hippocampal activation in mild cognitive impairment com-
pared to normal aging and AD. Neurology (2005) 65:404—11. doi:10.1212/01.
wnl.0000171450.97464.49

Whalley LJ. Brain ageing and dementia: what makes the difference? Br J Psy-
chiatry (2002) 181:369—71. doi:10.1192/bjp.181.5.369

. Ball MJ. Neuronal loss, neurofibrillary tangles and granulovacuolar degener-

ation in the hippocampus with ageing and dementia. Acta Neuropathol (Berl)
(1977) 37:111-8. doi:10.1007/BF00692056

Katzman R. Education and the prevalence of dementia and Alzheimer’s disease.
Neurology (1993) 43:13-20. doi:10.1212/WNL.43.1_Part_1.13

Katzman R, Aronson M, Fuld P, Kawas C, Brown T, Morgenstern H, et al. Devel-
opment of dementing illnesses in an 80-year-old volunteer cohort. Ann Neurol
(1989) 25:317-24. doi:10.1002/ana.410250402

. Kaye JA, Swihart T, Howieson D, Dame A, Moore MM, Karnos T, et al. Volume

loss of the hippocampus and temporal lobe in healthy elderly persons destined
to develop dementia. Neurology (1997) 48:1297-304. doi:10.1212/WNL.48.5.
1297

Bartzokis G, Cummings JL, Sultzer D, Henderson VW, Nuechterlein KH, Mintz
J. White matter structural integrity in healthy aging adults and patients with
Alzheimer disease: a magnetic resonance imaging study. Arch Neurol (2003)
60:393-8. doi:10.1001/archneur.60.3.393

. Frisoni GB, Fox NC, Jack CR, Scheltens P, Thompson PM. The clinical use

of structural MRI in Alzheimer disease. Nat Rev Neurol (2010) 6:67-77.
doi:10.1038/nrneurol.2009.215

Rajah MN, D’Esposito M. Region-specific changes in prefrontal function with
age: areview of PET and fMRI studies on working and episodic memory. Brain
J Neurol (2005) 128:1964-83. doi:10.1093/brain/awh608

. Pasquini L, Tonch A, Plant C, Zherdin A, Ortner M, Kurz A, et al. Intrinsic brain

activity of cognitively normal older persons resembles more that of patients
both with and at-risk for Alzheimer’s disease than that of healthy younger
persons. Brain Connect (2014) 4:323-36. doi:10.1089/brain.2013.0213
Hampel H, Wilcock G, Andrieu S, Aisen P, Blennow K, Broich K, et al. Biomark-
ers for Alzheimer’s disease therapeutic trials. Prog Neurobiol (2011) 95:579-93.
doi:10.1016/j.pneurobio.2010.11.005

. Kloppel S, Henley SM, Hobbs NZ, Wolf RC, Kassubek J, Tabrizi SJ, et al. Mag-

netic resonance imaging of Huntington’s disease: preparing for clinical trials.
Neuroscience (2009) 164:205-19. doi:10.1016/j.neuroscience.2009.01.045

. Weir DW, Sturrock A, Leavitt BR. Development of biomarkers for Hunting-

ton’s disease. Lancet Neurol (2011) 10:573-90. doi:10.1016/S1474-4422(11)
70070-9

The Huntington’s Disease Collaborative Research Group. A novel gene contain-
inga trinucleotide repeat that is expanded and unstable on Huntington’s disease
chromosomes. Cell (1993) 72:971-83. doi:10.1016/0092-8674(93)90585-E
Langbehn DR, Brinkman RR, Falush D, Paulsen JS, Hayden MR. A new model
for prediction of the age of onset and penetrance for Huntington’s disease
based on CAG length. Clin Genet (2004) 65:267—77. doi:10.1111/j.1399-0004.
2004.00241.x

. Langbehn DR, Hayden MR, Paulsen JS. CAG-repeat length and the age of

onset in Huntington disease (HD): a review and validation study of statistical
approaches. Am | Med Genet B Neuropsychiatr Genet (2010) 153B:397-408.
doi:10.1002/ajmg.b.30992

Ross CA, Aylward EH, Wild EJ, Langbehn DR, Long JD, Warner JH, et al. Hunt-
ington disease: natural history, biomarkers and prospects for therapeutics. Nat
Rev Neurol (2014) 10:204-16. doi:10.1038/nrneurol.2014.24

Walker FO. Huntington’s disease. The Lancet (2007) 369:218-28. doi:10.1016/
S0140-6736(07)60111-1

Beglinger LJ, O’Rourke JJF, Wang C, Langbehn DR, Duff K, Paulsen JS. Earliest
functional declines in Huntington disease. Psychiatry Res (2010) 178:414-8.
doi:10.1016/j.psychres.2010.04.030

. Chatterjee A, Anderson KE, Moskowitz CB, Hauser WA, Marder KSA. Compar-

ison of self-report and caregiver assessment of depression, apathy, and irritabil-
ity in Huntington’s disease. ] Neuropsychiatry Clin Neurosci (2005) 17:378-83.
doi:10.1176/appi.neuropsych.17.3.378

Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation

September 2014 | Volume 5 | Article 132 | 12


http://dx.doi.org/10.1097/00001756-199711100-00013
http://dx.doi.org/10.1196/annals.1440.009
http://dx.doi.org/10.1016/j.tics.2013.08.012
http://dx.doi.org/10.1037//0882-7974.17.1.85
http://dx.doi.org/10.1037//0882-7974.17.1.85
http://dx.doi.org/10.1093/cercor/bhm155
http://dx.doi.org/10.1093/cercor/bhm155
http://dx.doi.org/10.1111/j.1467-8721.2008.00570.x
http://dx.doi.org/10.1111/j.1467-8721.2008.00570.x
http://dx.doi.org/10.1016/j.conb.2005.03.016
http://dx.doi.org/10.1016/j.conb.2005.03.016
http://dx.doi.org/10.1146/annurev.psych.59.103006.093656
http://dx.doi.org/10.1146/annurev.psych.59.103006.093656
http://dx.doi.org/10.3233/RNN-2009-0493
http://dx.doi.org/10.1017/S1355617702813248
http://dx.doi.org/10.1017/S1355617702813248
http://dx.doi.org/10.1016/j.neuropsychologia.2009.03.004
http://dx.doi.org/10.1016/j.neuropsychologia.2009.03.004
http://dx.doi.org/10.1037/0894-4105.7.3.273
http://dx.doi.org/10.1016/j.neurobiolaging.2007.10.008
http://dx.doi.org/10.1016/j.bbadis.2011.09.012
http://dx.doi.org/10.1016/j.bbadis.2011.09.012
http://dx.doi.org/10.1007/s12035-014-8720-y
http://dx.doi.org/10.1038/nrn3256
http://dx.doi.org/10.1016/j.pscychresns.2005.06.006
http://dx.doi.org/10.1016/j.neubiorev.2010.01.009
http://dx.doi.org/10.1016/j.neubiorev.2010.01.009
http://dx.doi.org/10.1093/cercor/bhn122
http://dx.doi.org/10.1002/(SICI)1097-0193(1999)8:2/3<102::AID-HBM6>3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1097-0193(1999)8:2/3<102::AID-HBM6>3.0.CO;2-J
http://dx.doi.org/10.1016/S1364-6613(03)00054-8
http://dx.doi.org/10.1212/01.wnl.0000171450.97464.49
http://dx.doi.org/10.1212/01.wnl.0000171450.97464.49
http://dx.doi.org/10.1192/bjp.181.5.369
http://dx.doi.org/10.1007/BF00692056
http://dx.doi.org/10.1212/WNL.43.1_Part_1.13
http://dx.doi.org/10.1002/ana.410250402
http://dx.doi.org/10.1212/WNL.48.5.1297
http://dx.doi.org/10.1212/WNL.48.5.1297
http://dx.doi.org/10.1001/archneur.60.3.393
http://dx.doi.org/10.1038/nrneurol.2009.215
http://dx.doi.org/10.1093/brain/awh608
http://dx.doi.org/10.1089/brain.2013.0213
http://dx.doi.org/10.1016/j.pneurobio.2010.11.005
http://dx.doi.org/10.1016/j.neuroscience.2009.01.045
http://dx.doi.org/10.1016/S1474-4422(11)70070-9
http://dx.doi.org/10.1016/S1474-4422(11)70070-9
http://dx.doi.org/10.1016/0092-8674(93)90585-E
http://dx.doi.org/10.1111/j.1399-0004.2004.00241.x
http://dx.doi.org/10.1111/j.1399-0004.2004.00241.x
http://dx.doi.org/10.1002/ajmg.b.30992
http://dx.doi.org/10.1038/nrneurol.2014.24
http://dx.doi.org/10.1016/S0140-6736(07)60111-1
http://dx.doi.org/10.1016/S0140-6736(07)60111-1
http://dx.doi.org/10.1016/j.psychres.2010.04.030
http://dx.doi.org/10.1176/appi.neuropsych.17.3.378
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Scheller et al.

Compensation in early neurodegenerative disease

46.

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

62.

63.

Harrington DL, Smith MM, Zhang Y, Carlozzi NE, Paulsen JS. Cognitive
domains that predict time to diagnosis in prodromal Huntington disease. J
Neurol Neurosurg Psychiatry (2012) 83:612-9. doi:10.1136/jnnp-2011-301732
Papoutsi M, Labuschagne I, Tabrizi S, Stout JC. The cognitive burden in Hunt-
ington’s disease: pathology, phenotype, and mechanisms of compensation. Moy
Disord (2014) 29:673-83. d0i:10.1002/mds.25864

Stout JC, Jones R, Labuschagne I, O’Regan AM, Say MJ, Dumas EM, et al. Evalu-
ation of longitudinal 12 and 24 month cognitive outcomes in premanifest and
early Huntington’s disease. J Neurol Neurosurg Psychiatry (2012) 83:687-94.
doi:10.1136/jnnp-2011-301940

Tabrizi S], Langbehn DR, Leavitt BR, Roos RA, Durr A, Craufurd D, etal.
Biological and clinical manifestations of Huntington’s disease in the longitudi-
nal TRACK-HD study: cross-sectional analysis of baseline data. Lancet Neurol
(2009) 8:791-801. doi:10.1016/S1474-4422(09)70170-X

Tabrizi SJ, Scahill RI, Durr A, Roos RA, Leavitt BR, Jones R, et al. Biological
and clinical changes in premanifest and early stage Huntington’s disease in the
TRACK-HD study: the 12-month longitudinal analysis. Lancet Neurol (2011)
10:31—42. doi:10.1016/S1474-4422(10)70276-3

. Tabrizi SJ, Scahill RI, Owen G, Durr A, Leavitt BR, Roos RA, et al. Predictors of

phenotypic progression and disease onset in premanifest and early-stage Hunt-
ington’s disease in the TRACK-HD study: analysis of 36-month observational
data. Lancet Neurol (2013) 12:637—49. doi:10.1016/S1474-4422(13)70088-7
Nithianantharajah J, Hannan AJ. Mechanisms mediating brain and cognitive
reserve: experience-dependent neuroprotection and functional compensation
in animal models of neurodegenerative diseases. Prog Neuropsychopharmacol
Biol Psychiatry (2011) 35:331-9. doi:10.1016/j.pnpbp.2010.10.026

Panza F, D’Introno A, Colacicco AM, Capurso C, Del Parigi A, Caselli RJ, et al.
Current epidemiology of mild cognitive impairment and other predementia
syndromes. Am ] Geriatr Psychiatry (2005) 13:633—44. doi:10.1097/00019442-
200508000-00002

Petersen RC, Aisen PS, Beckett LA, Donohue MC, Gamst AC, Harvey DJ,
etal. Alzheimer’s disease neuroimaging initiative (ADNI). Neurology (2010)
74:201-9. doi:10.1212/WNL.0b013e3181cb3e25

Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The
diagnosis of mild cognitive impairment due to Alzheimer’s disease: recommen-
dations from the National Institute on Aging-Alzheimer’s Association work-
groups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement |
Alzheimers Assoc (2011) 7:270-9. doi:10.1016/j.jalz.2011.03.008

Dubois B, Feldman HH, Jacova C, Cummings JL, DeKosky ST, Barberger-
Gateau P, et al. Revising the definition of Alzheimer’s disease: a new lexicon.
Lancet Neurol (2010) 9:1118-27. doi:10.1016/S1474-4422(10)70223-4

Jack CR, Albert M, Knopman DS, McKhann GM, Sperling RA, Carillo M,
etal. Introduction to revised criteria for the diagnosis of Alzheimer’s dis-
ease: National Institute on Aging and the Alzheimer Association Workgroups.
Alzheimers Dement ] Alzheimers Assoc (2011) 7:257—62. d0i:10.1016/j.jalz.2011.
03.004

McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Kawas CH,
et al. The diagnosis of dementia due to Alzheimer’s disease: reccommendations
from the National Institute on Aging-Alzheimer’s Association workgroups on
diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement ] Alzheimers
Assoc (2011) 7:263-9. doi:10.1016/j.jalz.2011.03.005

Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et al. Toward
defining the preclinical stages of Alzheimer’s disease: recommendations from
the National Institute on Aging-Alzheimer’s Association workgroups on diag-
nostic guidelines for Alzheimer’s disease. Alzheimers Dement (2011) 7:280-92.
doi:10.1016/j.jalz.2011.03.003

Wilson RS, Leurgans SE, Boyle PA, Bennett DA. Cognitive decline in prodro-
mal Alzheimer disease and mild cognitive impairment. Arch Neurol (2011)
68:351—6. doi:10.1001/archneurol.2011.31

. Clément F, Belleville S. Test—retest reliability of fMRI verbal episodic memory

paradigms in healthy older adults and in persons with mild cognitive impair-
ment. Hum Brain Mapp (2009) 30:4033—47. d0i:10.1002/hbm.20827

Zanto TP, Pa J, Gazzaley A. Reliability measures of functional magnetic res-
onance imaging in a longitudinal evaluation of mild cognitive impairment.
Neuroimage (2014) 84:443-52. doi:10.1016/j.neuroimage.2013.08.063
Paulsen JS, Zimbelman JL, Hinton SC, Langbehn DR, Leveroni CL, Benjamin
ML, et al. fMRI biomarker of early neuronal dysfunction in presymptomatic
Huntington’s disease. Am ] Neuroradiol (2004) 25:1715-21.

64.

65.

66.

67.

68.

69.

70.

7

—

72.

73.

74.

75.

76.

77.

78.

79.

80.

8

—

82.

Feigin A, Ghilardi M-F, Huang C, Ma Y, Carbon M, Guttman M, et al. Preclin-
ical Huntington’s disease: compensatory brain responses during learning. Ann
Neurol (2006) 59:53-9. doi:10.1002/ana.20684

Kloppel S, Draganski B, Siebner HR, Tabrizi SJ, Weiller C, Frackowiak RSJ.
Functional compensation of motor function in pre-symptomatic Huntington’s
disease. Brain (2009) 132:1624-32. doi:10.1093/brain/awp081

Scheller E, Abdulkadir A, Peter J, Tabrizi SJ, Frackowiak RSJ, Kloppel S.
Interregional compensatory mechanisms of motor functioning in progressing
preclinical neurodegeneration. Neuroimage (2013) 75:146-54. doi:10.1016/j.
neuroimage.2013.02.058

Wolf RC, Sambataro F Vasic N, Schoénfeldt-Lecuona C, Ecker D,
Landwehrmeyer B. Altered frontostriatal coupling in pre-manifest Hunt-
ington’s disease: effects of increasing cognitive load. Eur J Neurol (2008)
15:1180-90. doi:10.1111/j.1468-1331.2008.02253.x

Wolf RC, Sambataro F, Vasic N, Wolf ND, Thomann PA, Landwehrmeyer
GB, etal. Longitudinal functional magnetic resonance imaging of cogni-
tion in preclinical Huntington’s disease. Exp Neurol (2011) 231:214-22.
doi:10.1016/j.expneurol.2011.06.011

Wolf RC, Vasic N, Schonfeldt-Lecuona C, Ecker D, Landwehrmeyer GB.
Cortical dysfunction in patients with Huntington’s disease during working
memory performance. Hum Brain Mapp (2009) 30:327-39. doi:10.1002/hbm.
20502

Wolf RC, Sambataro F, Vasic N, Wolf ND, Thomann PA, Landwehrmeyer
GB, etal. Longitudinal task-negative network analyses in preclinical Hunt-
ington’s disease. Eur Arch Psychiatry Clin Neurosci (2013) 264(6):493-505.
doi:10.1007/s00406-013-0447-7

. Callicott JH, Egan ME, Mattay VS, Bertolino A, Bone AD, Verchinksi B,

etal. Abnormal fMRI response of the dorsolateral prefrontal cortex in cog-
nitively intact siblings of patients with schizophrenia. Am J Psychiatry (2003)
160:709-19. doi:10.1176/appi.ajp.160.4.709

Georgiou-Karistianis N, Poudel GR, Dominguez DJF, Langmaid R,
Gray MA, Churchyard A, et al. Functional and connectivity changes during
working memory in Huntington’s disease: 18 month longitudinal data from
the IMAGE-HD study. Brain Cogn (2013) 83:80-91. d0i:10.1016/j.bandc.2013.
07.004

Georgiou-Karistianis N, Stout JC, Dominguez DJFE, Carron SP, Ando A, Church-
yard A, et al. Functional magnetic resonance imaging of working memory in
Huntington’s disease: cross-sectional data from the IMAGE-HD study. Hum
Brain Mapp (2014) 35:1847—64. doi:10.1002/hbm.22296

Poudel GR, Stout JC, Dominguez DJF, Gray MA, Salmon L, Churchyard A,
etal. Functional changes during working memory in Huntington’s disease:
30-month longitudinal data from the IMAGE-HD study. Brain Struct Funct
(2013):1-12. doi:10.1007/500429-013-0670-z

Gray MA, Egan GE, Ando A, Churchyard A, Chua P, Stout JC, etal. Pre-
frontal activity in Huntington’s disease reflects cognitive and neuropsychi-
atric disturbances: the IMAGE-HD study. Exp Neurol (2013) 239:218-28.
doi:10.1016/j.expneurol.2012.10.020

Wolf RC, Gron G, Sambataro E Vasic N, Wolf ND, Thomann PA, etal.
Brain activation and functional connectivity in premanifest Huntington’s dis-
ease during states of intrinsic and phasic alertness. Hum Brain Mapp (2012)
33:2161-73. doi:10.1002/hbm.21348

Wolf RC, Sambataro F, Vasic N, Wolf ND, Thomann PA, Saft C, et al. Default-
mode network changes in preclinical Huntington’s disease. Exp Neurol (2012)
237:191-8. doi:10.1016/j.expneurol.2012.06.014

Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default network.
Ann N'Y Acad Sci (2008) 1124:1-38. doi:10.1196/annals.1440.011

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL.
A default mode of brain function. Proc Natl Acad Sci U S A (2001) 98:676—82.
doi:10.1073/pnas.98.2.676

Novak MJU, Warren JD, Henley SMD, Draganski B, Frackowiak RS, Tabrizi SJ.
Altered brain mechanisms of emotion processing in pre-manifest Huntington’s
disease. Brain (2012) 135:1165-79. doi:10.1093/brain/aws024

. Welsh K, Butters N, Hughes J, Mohs R, Heyman A. Detection of abnormal

memory decline in mild cases of Alzheimer’s disease using cerad neuropsycho-
logical measures. Arch Neurol (1991) 48:278-81. doi:10.1001/archneur.1991.
00530150046016

Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes.
Acta Neuropathol (Berl) (1991) 82:239-59. doi:10.1007/BF00308809

www.frontiersin.org

September 2014 | Volume 5 | Article 132 | 13


http://dx.doi.org/10.1136/jnnp-2011-301732
http://dx.doi.org/10.1002/mds.25864
http://dx.doi.org/10.1136/jnnp-2011-301940
http://dx.doi.org/10.1016/S1474-4422(09)70170-X
http://dx.doi.org/10.1016/S1474-4422(10)70276-3
http://dx.doi.org/10.1016/S1474-4422(13)70088-7
http://dx.doi.org/10.1016/j.pnpbp.2010.10.026
http://dx.doi.org/10.1097/00019442-200508000-00002
http://dx.doi.org/10.1097/00019442-200508000-00002
http://dx.doi.org/10.1212/WNL.0b013e3181cb3e25
http://dx.doi.org/10.1016/j.jalz.2011.03.008
http://dx.doi.org/10.1016/S1474-4422(10)70223-4
http://dx.doi.org/10.1016/j.jalz.2011.03.004
http://dx.doi.org/10.1016/j.jalz.2011.03.004
http://dx.doi.org/10.1016/j.jalz.2011.03.005
http://dx.doi.org/10.1016/j.jalz.2011.03.003
http://dx.doi.org/10.1001/archneurol.2011.31
http://dx.doi.org/10.1002/hbm.20827
http://dx.doi.org/10.1016/j.neuroimage.2013.08.063
http://dx.doi.org/10.1002/ana.20684
http://dx.doi.org/10.1093/brain/awp081
http://dx.doi.org/10.1016/j.neuroimage.2013.02.058
http://dx.doi.org/10.1016/j.neuroimage.2013.02.058
http://dx.doi.org/10.1111/j.1468-1331.2008.02253.x
http://dx.doi.org/10.1016/j.expneurol.2011.06.011
http://dx.doi.org/10.1002/hbm.20502
http://dx.doi.org/10.1002/hbm.20502
http://dx.doi.org/10.1007/s00406-013-0447-7
http://dx.doi.org/10.1176/appi.ajp.160.4.709
http://dx.doi.org/10.1016/j.bandc.2013.07.004
http://dx.doi.org/10.1016/j.bandc.2013.07.004
http://dx.doi.org/10.1002/hbm.22296
http://dx.doi.org/10.1007/s00429-013-0670-z
http://dx.doi.org/10.1016/j.expneurol.2012.10.020
http://dx.doi.org/10.1002/hbm.21348
http://dx.doi.org/10.1016/j.expneurol.2012.06.014
http://dx.doi.org/10.1196/annals.1440.011
http://dx.doi.org/10.1073/pnas.98.2.676
http://dx.doi.org/10.1093/brain/aws024
http://dx.doi.org/10.1001/archneur.1991.00530150046016
http://dx.doi.org/10.1001/archneur.1991.00530150046016
http://dx.doi.org/10.1007/BF00308809
http://www.frontiersin.org
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Scheller et al.

Compensation in early neurodegenerative disease

83.

84.

85.

86.

87.

88.

89.

90.

9

—_

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

jort

Rombouts SARB, Barkhof E Veltman DJ, Machielsen WCM, Witter MP, Bier-
laagh MA, et al. Functional MR imaging in Alzheimer’s disease during memory
encoding. Am ] Neuroradiol (2000) 21:1869-75.

Sperling R, Bates J, Chua E, Cocchiarella A, Rentz D, Rosen B, et al. fMRI stud-
ies of associative encoding in young and elderly controls and mild Alzheimer’s
disease. J Neurol Neurosurg Psychiatry (2003) 74:44-50. doi:10.1136/jnnp.74.
1.44

Dickerson BC, Sperling RA. Functional abnormalities of the medial temporal
lobe memory system in mild cognitive impairment and Alzheimer’s disease:
insights from functional MRI studies. Neuropsychologia (2008) 46:1624-35.
doi:10.1016/j.neuropsychologia.2007.11.030

Sperling RA, Dickerson BC, Pihlajamaki M, Vannini P, LaViolette PS, Vitolo OV,
et al. Functional alterations in memory networks in early Alzheimer’s disease.
Neuromolecular Med (2010) 12:27-43. doi:10.1007/s12017-009-8109-7
Belleville S, Sylvain-Roy S, de Boysson C, Ménard M-C. Characterizing the
memory changes in persons with mild cognitive impairment. In: Vincent J-
CL, Castellucci F, Sossin SBWS, editors. Progress in Brain Research Essence of
Memory. Elsevier (2014). p. 365—75. Available from: http://www.sciencedirect.
com/science/article/pii/S0079612307000234

Celone KA, Calhoun VD, Dickerson BC, Atri A, Chua EE, Miller SL, et al. Alter-
ations in memory networks in mild cognitive impairment and Alzheimer’s
disease: an independent component analysis. J Neurosci (2006) 26:10222-31.
doi:10.1523/JNEUROSCI.2250-06.2006

Kircher TT, Weis S, Freymann K, Erb M, Jessen F, Grodd W, et al. Hippocam-
pal activation in patients with mild cognitive impairment is necessary for
successful memory encoding. J Neurol Neurosurg Psychiatry (2007) 78:812-8.
doi:10.1136/jnnp.2006.104877

Miller SL, Fenstermacher E, Bates ], Blacker D, Sperling RA, Dickerson BC.
Hippocampal activation in adults with mild cognitive impairment predicts
subsequent cognitive decline. | Neurol Neurosurg Psychiatry (2008) 79:630-5.
doi:10.1136/jnnp.2007.124149

. De Rover M, Pironti VA, McCabe JA, Acosta-Cabronero J, Arana FS, Morein-

Zamir S, etal. Hippocampal dysfunction in patients with mild cogni-
tive impairment: a functional neuroimaging study of a visuospatial paired
associates learning task. Neuropsychologia (2011) 49:2060-70. doi:10.1016/j.
neuropsychologia.2011.03.037

Heun R, Freymann K, Erb M, Leube DT, Jessen E Kircher TT, et al. Mild
cognitive impairment (MCI) and actual retrieval performance affect cere-
bral activation in the elderly. Neurobiol Aging (2007) 28:404-13. doi:10.1016/
j.neurobiolaging.2006.01.012

Morbelli S, Perneczky R, Drzezga A, Frisoni GB, Caroli A, Berckel BNM, et al.
Metabolic networks underlying cognitive reserve in prodromal Alzheimer Dis-
ease: a European Alzheimer disease consortium project. J Nucl Med (2013)
54:894-902. doi:10.2967/jnumed.112.113928

Yassa MA, Stark SM, Bakker A, Albert MS, Gallagher M, Stark CEL. High-
resolution structural and functional MRI of hippocampal CA3 and dentate
gyrus in patients with amnestic mild cognitive impairment. Neuroimage (2010)
51:1242-52. doi:10.1016/j.neuroimage.2010.03.040

Bakker A, Krauss GL, Albert MS, Speck CL, Jones LR, Stark CE, et al. Reduction
of hippocampal hyperactivity improves cognition in amnestic mild cognitive
impairment. Neuron (2012) 74:467-74. doi:10.1016/j.neuron.2012.03.023
Mandzia JL, McAndrews MP, Grady CL, Graham SJ, Black SE. Neural correlates
of incidental memory in mild cognitive impairment: an fMRI study. Neurobiol
Aging (2009) 30:717-30. doi:10.1016/j.neurobiolaging.2007.08.024

Protzner AB, Mandzia JL, Black SE, McAndrews MP. Network interactions
explain effective encoding in the context of medial temporal damage in MCI.
Hum Brain Mapp (2011) 32:1277-89. doi:10.1002/hbm.21107

Clément E Belleville S, Mellah S. Functional neuroanatomy of the encod-
ing and retrieval processes of verbal episodic memory in MCI. Cortex (2010)
46:1005-15. doi:10.1016/j.cortex.2009.07.003

Dannhauser TM, Shergill SS, Stevens T, Lee L, Seal M, Walker RWH, et al. An
fMRI study of verbal episodic memory encoding in amnestic mild cognitive
impairment. Cortex (2008) 44:869—80. doi:10.1016/j.cortex.2007.04.005
Parra MA, Pattan V, Wong D, Beaglehole A, Lonie J, Wan HI, et al. Medial tem-
poral lobe function during emotional memory in early Alzheimer’s disease,
mild cognitive impairment and healthy ageing: an fMRI study. BMC Psychiatry
(2013) 13:76. doi:10.1186/1471-244X-13-76

. Eickhoff SB, Laird AR, Grefkes C, Wang LE, Zilles K, Fox PT. Coordinate-

based activation likelihood estimation meta-analysis of neuroimaging data: a

102.

103.

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

random-effects approach based on empirical estimates of spatial uncertainty.
Hum Brain Mapp (2009) 30:2907-26. doi:10.1002/hbm.20718

Clément F, Belleville S. Compensation and disease severity on the memory-
related activations in mild cognitive impairment. Biol Psychiatry (2010)
68:894-902. doi:10.1016/j.biopsych.2010.02.004

Clément F, Belleville S. Effect of disease severity on neural compensation of
item and associative recognition in mild cognitive impairment. | Alzheimers
Dis (2012) 29:109-23. doi:10.3233/JAD-2012-110426

Nellessen N, Rottschy C, Eickhoff SB, Ketteler ST, Kuhn H, Shah NJ, et al. Spe-
cific and disease stage-dependent episodic memory-related brain activation
patterns in Alzheimer’s disease: a coordinate-based meta-analysis. Brain Struct
Funct (2014):1-17. doi:10.1007/s00429-014-0744-6

Woodard JL, Seidenberg M, Nielson KA, Antuono P, Guidotti L, Durgerian
S, et al. Semantic memory activation in amnestic mild cognitive impairment.
Brain (2009) 132:2068-78. doi:10.1093/brain/awp157

O’Brien JL, O’Keefe KM, LaViolette PS, DeLuca AN, Blacker D, Dickerson
BC, et al. Longitudinal fMRI in elderly reveals loss of hippocampal activa-
tion with clinical decline. Neurology (2010) 74:1969-76. doi:10.1212/WNL.
0b013e3181e3966e

Brandt J, Aretouli E, Neijstrom E, Samek J, Manning K, Albert MS, et al. Selec-
tivity of executive function deficits in mild cognitive impairment. Neuropsy-
chology (2009) 23:607-18. doi:10.1037/a0015851

Saunders NLJ, Summers MJ. Longitudinal deficits to attention, executive, and
working memory in subtypes of mild cognitive impairment. Neuropsychology
(2011) 25:237-48. doi:10.1037/a0021134

Gagnon LG, Belleville S. Working memory in mild cognitive impairment and
Alzheimer’s disease: contribution of forgetting and predictive value of complex
span tasks. Neuropsychology (2011) 25:226-36. doi:10.1037/a0020919

Yetkin FZ, Rosenberg RN, Weiner MF, Purdy PD, Cullum CM. FMRI of working
memory in patients with mild cognitive impairment and probable Alzheimer’s
disease. Eur Radiol (2006) 16:193—-206. doi:10.1007/s00330-005-2794-x

. Déhnel K, Sommer M, Ibach B, Rothmayr C, Meinhardt ], Hajak G. Neural cor-

relates of emotional working memory in patients with mild cognitive impair-
ment. Neuropsychologia (2008) 46:37—48. doi:10.1016/j.neuropsychologia.
2007.08.012

Kochan NA, Breakspear M, Slavin MJ, Valenzuela M, McCraw S, Brodaty H,
et al. Functional alterations in brain activation and deactivation in mild cogni-
tive impairment in response to a graded working memory challenge. Dement
Geriatr Cogn Disord (2010) 30:553—68. doi:10.1159/000322112

Kochan NA, Breakspear M, Valenzuela M, Slavin M]J, Brodaty H, Wen W,
et al. Cortical responses to a graded working memory challenge predict func-
tional decline in mild cognitive impairment. Biol Psychiatry (2011) 70:123-30.
doi:10.1016/j.biopsych.2011.03.006

Migo EM, Mitterschiffthaler M, O’Daly O, Dawson GR, Dourish CT, Craig
KJ, et al. Alterations in working memory networks in amnestic mild cogni-
tive impairment. Aging Neuropsychol Cogn (2014):1-22. doi:10.1080/13825585.
2014.894958

Bokde ALW, Karmann M, Born C, Teipel SJ, Omerovic M, Ewers M, etal.
Altered brain activation during a verbal working memory task in subjects
with amnestic mild cognitive impairment. ] Alzheimers Dis (2010) 21:103-18.
doi:10.3233/JAD-2010-091054

Axmacher N, Mormann F, Ferndndez G, Cohen MX, Elger CE, Fell J. Sustained
neural activity patterns during working memory in the human medial temporal
lobe. J Neurosci (2007) 27:7807-16. doi:10.1523/JNEUROSCI.0962-07.2007
Axmacher N, Henseler MM, Jensen O, Weinreich I, Elger CE, Fell J. Cross-
frequency coupling supports multi-item working memory in the human hip-
pocampus. Proc Natl Acad Sci U S A (2010) 107:3228-33. doi:10.1073/pnas.
0911531107

Leszczynski M. How does hippocampus contribute to working memory pro-
cessing? Front Hum Neurosci (2011) 5:168. doi:10.3389/fnhum.2011.00168
Faraco CC, Puente AN, Brown C, Terry DP, Stephen Miller L. Lateral temporal
hyper-activation as a novel biomarker of mild cognitive impairment. Neuropsy-
chologia (2013) 51:2281-93. doi:10.1016/j.neuropsychologia.2013.07.023
Haller S, Montandon M-L, Rodriguez C, Moser D, Toma S, Hofmeister J, et al.
Acute caffeine administration effect on brain activation patterns in mild cogni-
tive impairment. J Alzheimers Dis (2014) 41:101-12. doi:10.3233/JAD- 132360
Owen AM, McMillan KM, Laird AR, Bullmore E. N-back working memory
paradigm: a meta-analysis of normative functional neuroimaging studies. Hum
Brain Mapp (2005) 25:46-59. doi:10.1002/hbm.20131

Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation

September 2014 | Volume 5 | Article 132 | 14


http://dx.doi.org/10.1136/jnnp.74.1.44
http://dx.doi.org/10.1136/jnnp.74.1.44
http://dx.doi.org/10.1016/j.neuropsychologia.2007.11.030
http://dx.doi.org/10.1007/s12017-009-8109-7
http://www.sciencedirect.com/science/article/pii/S0079612307000234
http://www.sciencedirect.com/science/article/pii/S0079612307000234
http://dx.doi.org/10.1523/JNEUROSCI.2250-06.2006
http://dx.doi.org/10.1136/jnnp.2006.104877
http://dx.doi.org/10.1136/jnnp.2007.124149
http://dx.doi.org/10.1016/j.neuropsychologia.2011.03.037
http://dx.doi.org/10.1016/j.neuropsychologia.2011.03.037
http://dx.doi.org/10.1016/j.neurobiolaging.2006.01.012
http://dx.doi.org/10.1016/j.neurobiolaging.2006.01.012
http://dx.doi.org/10.2967/jnumed.112.113928
http://dx.doi.org/10.1016/j.neuroimage.2010.03.040
http://dx.doi.org/10.1016/j.neuron.2012.03.023
http://dx.doi.org/10.1016/j.neurobiolaging.2007.08.024
http://dx.doi.org/10.1002/hbm.21107
http://dx.doi.org/10.1016/j.cortex.2009.07.003
http://dx.doi.org/10.1016/j.cortex.2007.04.005
http://dx.doi.org/10.1186/1471-244X-13-76
http://dx.doi.org/10.1002/hbm.20718
http://dx.doi.org/10.1016/j.biopsych.2010.02.004
http://dx.doi.org/10.3233/JAD-2012-110426
http://dx.doi.org/10.1007/s00429-014-0744-6
http://dx.doi.org/10.1093/brain/awp157
http://dx.doi.org/10.1212/WNL.0b013e3181e3966e
http://dx.doi.org/10.1212/WNL.0b013e3181e3966e
http://dx.doi.org/10.1037/a0015851
http://dx.doi.org/10.1037/a0021134
http://dx.doi.org/10.1037/a0020919
http://dx.doi.org/10.1007/s00330-005-2794-x
http://dx.doi.org/10.1016/j.neuropsychologia.2007.08.012
http://dx.doi.org/10.1016/j.neuropsychologia.2007.08.012
http://dx.doi.org/10.1159/000322112
http://dx.doi.org/10.1016/j.biopsych.2011.03.006
http://dx.doi.org/10.1080/13825585.2014.894958
http://dx.doi.org/10.1080/13825585.2014.894958
http://dx.doi.org/10.3233/JAD-2010-091054
http://dx.doi.org/10.1523/JNEUROSCI.0962-07.2007
http://dx.doi.org/10.1073/pnas.0911531107
http://dx.doi.org/10.1073/pnas.0911531107
http://dx.doi.org/10.3389/fnhum.2011.00168
http://dx.doi.org/10.1016/j.neuropsychologia.2013.07.023
http://dx.doi.org/10.3233/JAD-132360
http://dx.doi.org/10.1002/hbm.20131
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Scheller et al.

Compensation in early neurodegenerative disease

122.

123.

124.

125.

126.

127.

128.

129.

130.

13

—

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Rottschy C, Langner R, Dogan I, Reetz K, Laird AR, Schulz JB, et al. Model-
ling neural correlates of working memory: a coordinate-based meta-analysis.
Neuroimage (2012) 60:830—46. doi:10.1016/j.neuroimage.2011.11.050

Saur R, Milian M, Erb M, Eschweiler GW, Grodd W, Leyhe T. Cortical activation
during clock reading as a quadratic function of dementia state. | Alzheimers
Dis (2010) 22:267-84. doi:10.3233/JAD-2010-091390

Lenzi D, Serra L, Perri R, Pantano P, Lenzi GL, Paulesu E, et al. Single domain
amnestic MCI: a multiple cognitive domains fMRI investigation. Neurobiol
Aging (2011) 32:1542-57. doi:10.1016/j.neurobiolaging.2009.09.006

Jacobs HIL, Boxtel MPJV, Heinecke A, Gronenschild EHBM, Backes WH,
Ramakers ITHGB, etal. Functional integration of parietal lobe activity in
early Alzheimer disease. Neurology (2012) 78:352-60. doi:10.1212/WNL.
0b013e318245287d

Clément F, Gauthier S, Belleville S. Executive functions in mild cognitive
impairment: emergence and breakdown of neural plasticity. Cortex (2013)
49:1268-79. doi:10.1016/j.cortex.2012.06.004

Utevsky AV, Smith DV, Huettel SA. Precuneus is a functional core of the default-
mode network. J Neurosci (2014) 34:932—40. doi:10.1523/J]NEUROSCI.4227-
13.2014

Petersen RC, Smith GE, Waring SC, Ivnik R], Tangalos EG, Kokmen E. Mild cog-
nitive impairment: clinical characterization and outcome. Arch Neurol (1999)
56:303-8. doi:10.1001/archneur.56.3.303

Paulsen JS, Zhao H, Stout JC, Brinkman RR, Guttman M, Ross CA, et al. Clin-
ical markers of early disease in persons near onset of Huntington’s disease.
Neurology (2001) 57:658-62. doi:10.1212/WNL.57.4.658

Shapira-Lichter I, Oren N, Jacob Y, Gruberger M, Hendler T. Portraying
the unique contribution of the default mode network to internally dri-
ven mnemonic processes. Proc Natl Acad Sci U S A (2013) 110:4950-5.
doi:10.1073/pnas.1209888110

. Persson J, Pudas S, Nilsson L-G, Nyberg L. Longitudinal assessment of

default-mode brain function in aging. Neurobiol Aging (2014) 35:2107-117.
doi:10.1016/j.neurobiolaging.2014.03.012

Lustig C, Snyder AZ, Bhakta M, O’Brien KC, McAvoy M, Raichle ME, et al.
Functional deactivations: change with age and dementia of the Alzheimer type.
Proc Natl Acad Sci U S A (2003) 100:14504-9. doi:10.1073/pnas.2235925100
Hansen NL, Lauritzen M, Mortensen EL, Osler M, Avlund K, Fagerlund B,
et al. Subclinical cognitive decline in middle-age is associated with reduced
task-induced deactivation of the brain’s default mode network. Hum Brain
Mapp (2014) 35:4488-98. doi:10.1002/hbm.22489

Ingre M. Why small low-powered studies are worse than large high-powered
studies and how to protect against “trivial” findings in research: comment on
Friston (2012). Neuroimage (2013) 81:496-8. doi:10.1016/j.neuroimage.2013.
03.030

Lindquist MA, Caffo B, Crainiceanu C. Ironing out the statistical wrinkles in
“ten ironic rules.” Neuroimage (2013) 81:499-502. doi:10.1016/j.neuroimage.
2013.02.056

Friston K. Sample size and the fallacies of classical inference. Neuroimage (2013)
81:503—4. doi:10.1016/j.neuroimage.2013.02.057

Jones RN, Manly J, Glymour MM, Rentz DM, Jefferson AL, Stern Y. Conceptual
and measurement challenges in research on cognitive reserve. J Int Neuropsychol
Soc (2011) 17:593-601. doi:10.1017/S1355617710001748

Kaller CP, Heinze K, Mader I, Unterrainer JM, Rahm B, Weiller C, et al. Linking
planning performance and gray matter density in mid-dorsolateral prefrontal
cortex: moderating effects of age and sex. Neuroimage (2012) 63:1454—63.
doi:10.1016/j.neuroimage.2012.08.032

Steffener J, Reuben A, Rakitin B, Stern Y. Supporting performance in the face
of age-related neural changes: testing mechanistic roles of cognitive reserve.
Brain Imaging Behav (2011) 5:212-21. doi:10.1007/s11682-011-9125-4
Friston KJ, Harrison L, Penny W. Dynamic causal modelling. Neuroimage
(2003) 19:1273-302. doi:10.1016/S1053-8119(03)00202-7

Goebel R, Roebroeck A, Kim D-S, Formisano E. Investigating directed cortical
interactions in time-resolved fMRI data using vector autoregressive model-
ing and Granger causality mapping. Magn Reson Imaging (2003) 21:1251-61.
doi:10.1016/j.mri.2003.08.026

Rowe JB. Connectivity analysis is essential to understand neurological disor-
ders. Front Syst Neurosci (2010) 4:144. doi:10.3389/fnsys.2010.00144

Grefkes C, Fink GR. Connectivity-based approaches in stroke and recovery
of function. Lancet Neurol (2014) 13:206-16. doi:10.1016/S1474-4422(13)
70264-3

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

D’Esposito M, Deouell LY, Gazzaley A. Alterations in the BOLD fMRI signal
with ageing and disease: a challenge for neuroimaging. Nat Rev Neurosci (2003)
4:863-72. doi:10.1038/nrn1246

Buckner RL, Snyder AZ, Sanders AL, Raichle ME, Morris JC. Functional brain
imaging of young, nondemented, and demented older adults. ] Cogn Neurosci
(2000) 12:24-34. doi:10.1162/089892900564046

Hillary FG, Biswal B. The influence of neuropathology on the fMRI sig-
nal: a measurement of brain or vein? Clin Neuropsychol (2007) 21:58-72.
doi:10.1080/13854040601064542

Kannurpatti SS, Motes MA, Rypma B, Biswal BB. Neural and vascular vari-
ability and the fMRI-BOLD response in normal aging. Magn Reson Imaging
(2010) 28:466-76. doi:10.1016/j.mri.2009.12.007

Ross CA, Tabrizi §J. Huntington’s disease: from molecular pathogenesis to clin-
ical treatment. Lancet Neurol (2011) 10:83-98. doi:10.1016/S1474-4422(10)
70245-3

Reis J, Robertson EM, Krakauer JW, Rothwell J, Marshall L, Gerloff C, et al. Con-
sensus: can transcranial direct current stimulation and transcranial magnetic
stimulation enhance motor learning and memory formation? Brain Stimulat
(2008) 1:363-9. doi:10.1016/j.brs.2008.08.001

Manenti R, Cotelli M, Miniussi C. Successful physiological aging and episodic
memory: a brain stimulation study. Behav Brain Res (2011) 216:153-8.
doi:10.1016/j.bbr.2010.07.027

Rossi S. Age-related functional changes of prefrontal cortex in long-term mem-
ory: a repetitive transcranial magnetic stimulation study. J Neurosci (2004)
24:7939-44. doi:10.1523/J]NEUROSCI.0703-04.2004

Solé-Padullés C, Bartrés-Faz D, Junqué C, Clemente IC, Molinuevo JL,
Bargall6 N, et al. Repetitive transcranial magnetic stimulation effects on brain
function and cognition among elders with memory dysfunction. A randomized
sham-controlled study. Cereb Cortex (2006) 16:1487-93. doi:10.1093/cercor/
bhj083

Cotelli M, Manenti R, Cappa SE, Zanetti O, Miniussi C. Transcranial magnetic
stimulation improves naming in Alzheimer disease patients at different stages
of cognitive decline. Eur ] Neurol (2008) 15:1286-92. doi:10.1111/j.1468-1331.
2008.02202.x

Demirtas-Tatlidede A, Vahabzadeh-Hagh AM, Pascual-Leone A. Can
noninvasive brain stimulation enhance cognition in neuropsychiatric
disorders? Neuropharmacology (2013) 64:566—78. doi:10.1016/j.neuropharm.
2012.06.020

Miniussi C, Cappa SE, Cohen LG, Floel A, Fregni F, Nitsche MA, et al. Effi-
cacy of repetitive transcranial magnetic stimulation/transcranial direct current
stimulation in cognitive neurorehabilitation. Brain Stimulat (2008) 1:326-36.
doi:10.1016/.brs.2008.07.002

Grefkes C, Nowak DA, Wang LE, Dafotakis M, Eickhoff SB, Fink GR. Mod-
ulating cortical connectivity in stroke patients by rTMS assessed with fMRI
and dynamic causal modeling. Neuroimage (2010) 50:233—42. doi:10.1016/j.
neuroimage.2009.12.029

Hampstead BM, Gopinath K. Behavioral and fMRI changes associated with
combined tDCS and cognitive rehabilitation in a case series of patients with
mild cognitive impairment. Clin Neurophysiol (2013) 124:e123—4. doi:10.1016/
j.clinph.2013.04.202

Floel A. tDCS-enhanced motor and cognitive function in neurological diseases.
Neuroimage (2014) 85(Pt 3):934—47. doi:10.1016/j.neuroimage.2013.05.098
Lautenschlager NT, Cox K, Kurz AF. Physical activity and mild cognitive impair-
ment and Alzheimer’s disease. Curr Neurol Neurosci Rep (2010) 10:352-8.
do0i:10.1007/s11910-010-0121-7

Hahn EA, Andel R. Nonpharmacological therapies for behavioral and cognitive
symptoms of mild cognitive impairment. | Aging Health (2011) 23:1223—45.
doi:10.1177/0898264311422745

Piira A, van Walsem MR, Mikalsen G, Nilsen KH, Knutsen S, Frich JC. Effects
of a one year intensive multidisciplinary rehabilitation program for patients
with Huntington’s disease: a prospective intervention study. PLoS Curr Hun
Dis (2013). doi:10.1371/currents.hd.9504af71e0d 1f87830c25¢394be47027
Zinzi P, Salmaso D, Grandis RD, Graziani G, Maceroni S, Bentivoglio A,
et al. Effects of an intensive rehabilitation programme on patients with Hunt-
ington’s disease: a pilot study. Clin Rehabil (2007) 21:603-13. doi:10.1177/
0269215507075495

Valenzuela M, Sachdev P. Can cognitive exercise prevent the onset of dementia?
Systematic review of randomized clinical trials with longitudinal follow-up. Am
] Geriatr Psychiatry (2009) 17:179-87. doi:10.1097/JGP.0b013e3181953b57

www.frontiersin.org

September 2014 | Volume 5 | Article 132 | 15


http://dx.doi.org/10.1016/j.neuroimage.2011.11.050
http://dx.doi.org/10.3233/JAD-2010-091390
http://dx.doi.org/10.1016/j.neurobiolaging.2009.09.006
http://dx.doi.org/10.1212/WNL.0b013e318245287d
http://dx.doi.org/10.1212/WNL.0b013e318245287d
http://dx.doi.org/10.1016/j.cortex.2012.06.004
http://dx.doi.org/10.1523/JNEUROSCI.4227-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.4227-13.2014
http://dx.doi.org/10.1001/archneur.56.3.303
http://dx.doi.org/10.1212/WNL.57.4.658
http://dx.doi.org/10.1073/pnas.1209888110
http://dx.doi.org/10.1016/j.neurobiolaging.2014.03.012
http://dx.doi.org/10.1073/pnas.2235925100
http://dx.doi.org/10.1002/hbm.22489
http://dx.doi.org/10.1016/j.neuroimage.2013.03.030
http://dx.doi.org/10.1016/j.neuroimage.2013.03.030
http://dx.doi.org/10.1016/j.neuroimage.2013.02.056
http://dx.doi.org/10.1016/j.neuroimage.2013.02.056
http://dx.doi.org/10.1016/j.neuroimage.2013.02.057
http://dx.doi.org/10.1017/S1355617710001748
http://dx.doi.org/10.1016/j.neuroimage.2012.08.032
http://dx.doi.org/10.1007/s11682-011-9125-4
http://dx.doi.org/10.1016/S1053-8119(03)00202-7
http://dx.doi.org/10.1016/j.mri.2003.08.026
http://dx.doi.org/10.3389/fnsys.2010.00144
http://dx.doi.org/10.1016/S1474-4422(13)70264-3
http://dx.doi.org/10.1016/S1474-4422(13)70264-3
http://dx.doi.org/10.1038/nrn1246
http://dx.doi.org/10.1162/089892900564046
http://dx.doi.org/10.1080/13854040601064542
http://dx.doi.org/10.1016/j.mri.2009.12.007
http://dx.doi.org/10.1016/S1474-4422(10)70245-3
http://dx.doi.org/10.1016/S1474-4422(10)70245-3
http://dx.doi.org/10.1016/j.brs.2008.08.001
http://dx.doi.org/10.1016/j.bbr.2010.07.027
http://dx.doi.org/10.1523/JNEUROSCI.0703-04.2004
http://dx.doi.org/10.1093/cercor/bhj083
http://dx.doi.org/10.1093/cercor/bhj083
http://dx.doi.org/10.1111/j.1468-1331.2008.02202.x
http://dx.doi.org/10.1111/j.1468-1331.2008.02202.x
http://dx.doi.org/10.1016/j.neuropharm.2012.06.020
http://dx.doi.org/10.1016/j.neuropharm.2012.06.020
http://dx.doi.org/10.1016/j.brs.2008.07.002
http://dx.doi.org/10.1016/j.neuroimage.2009.12.029
http://dx.doi.org/10.1016/j.neuroimage.2009.12.029
http://dx.doi.org/10.1016/j.clinph.2013.04.202
http://dx.doi.org/10.1016/j.clinph.2013.04.202
http://dx.doi.org/10.1016/j.neuroimage.2013.05.098
http://dx.doi.org/10.1007/s11910-010-0121-7
http://dx.doi.org/10.1177/0898264311422745
http://dx.doi.org/10.1371/currents.hd.9504af71e0d1f87830c25c394be47027
http://dx.doi.org/10.1177/0269215507075495
http://dx.doi.org/10.1177/0269215507075495
http://dx.doi.org/10.1097/JGP.0b013e3181953b57
http://www.frontiersin.org
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

Scheller et al.

Compensation in early neurodegenerative disease

164.

165.

166.

167.

168.

169.

Konsztowicz S, Anton J, Crane J, Moafmashhadi P, Koski L. A pilot study
of training and compensation interventions for mild cognitive impairment.
Dement Geriatr Cogn Disord EXTRA (2013) 3:192-201. doi:10.1159/000350026
Li H, LiJ, Li N, Li B, Wang P, Zhou T. Cognitive intervention for persons with
mild cognitive impairment: a meta-analysis. Ageing Res Rev (2011) 10:285-96.
doi:10.1016/j.arr.2010.11.003

Jean L, Bergeron M-E, Thivierge S, Simard M. Cognitive intervention pro-
grams for individuals with mild cognitive impairment: systematic review of
the literature. Am J Geriatr Psychiatry (2010) 18:281-96. doi:10.1097/JGP.
0b013e3181c37ce9

Simon SS, Yokomizo JE, Bottino CMC. Cognitive intervention in amnestic
mild cognitive impairment: a systematic review. Neurosci Biobehav Rev (2012)
36:1163-78. doi:10.1016/j.neubiorev.2012.01.007

Stott J, Spector A. A review of the effectiveness of memory interventions
in mild cognitive impairment (MCI). Int Psychogeriatr (2011) 23:526-38.
doi:10.1017/S1041610210001973

Hampstead BM, Stringer AY, Stilla RE, Deshpande G, Hu X, Moore AB,
et al. Activation and effective connectivity changes following explicit-memory
training for face—name pairs in patients with mild cognitive impairment
a pilot study. Neurorehabil Neural Repair (2011) 25:210-22. doi:10.1177/
1545968310382424

170. Carretti B, Borella E, Fostinelli S, Zavagnin M. Benefits of training working
memory in amnestic mild cognitive impairment: specific and transfer effects.
Int Psychogeriatr (2013) 25:617-26. doi:10.1017/51041610212002177

Conflict of Interest Statement: The authors receive funding from the CHDI
foundation.

Received: 09 July 2014; accepted: 08 September 2014; published online: 29 September
2014.

Citation: Scheller E, Minkova L, Leitner M and Kloppel S (2014) Attempted and suc-
cessful compensation in preclinical and early manifest neurodegeneration — a review of
task fMRI studies. Front. Psychiatry 5:132. doi: 10.3389/fpsyt.2014.00132

This article was submitted to Neuropsychiatric Imaging and Stimulation, a section of
the journal Frontiers in Psychiatry.

Copyright © 2014 Scheller, Minkova, Leitner and Kloppel. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation

September 2014 | Volume 5 | Article 132 | 16


http://dx.doi.org/10.1159/000350026
http://dx.doi.org/10.1016/j.arr.2010.11.003
http://dx.doi.org/10.1097/JGP.0b013e3181c37ce9
http://dx.doi.org/10.1097/JGP.0b013e3181c37ce9
http://dx.doi.org/10.1016/j.neubiorev.2012.01.007
http://dx.doi.org/10.1017/S1041610210001973
http://dx.doi.org/10.1177/1545968310382424
http://dx.doi.org/10.1177/1545968310382424
http://dx.doi.org/10.1017/S1041610212002177
http://dx.doi.org/10.3389/fpsyt.2014.00132
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation
http://www.frontiersin.org/Neuropsychiatric_Imaging_and_Stimulation/archive

	Attempted and successful compensation in preclinical and early manifest neurodegeneration – a review of task fMRI studies
	Introduction
	Theories on compensatory mechanisms in aging
	Criteria of attempted and successful compensation
	Objectives of review

	Recent accounts of compensation in preclinical and early manifest neurodegeneration
	Compensation in preclinical neurodegeneration: Huntington's disease

	Working memory and compensatory brain activity in preHD
	Further cognitive domains and compensatory brain activity in preHD
	Compensation in early manifest neurodegeneration: amnestic MCI

	Compensation in episodic memory and medial temporal lobe activity in aMCI
	Compensation in working memory in aMCI
	Evidence of successful compensation in aMCI across different cognitive domains
	Integration of reviewed studies
	Attempted and successful compensation in preclinical and early manifest neurodegeneration
	Mutual patterns of compensation of preHD and aMCI in WM function?
	Methodological considerations and implications for future studies
	Implications for designing interventions
	Non-invasive brain stimulation
	Physical activity and cognitive training


	Conclusion
	References


