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A B S T R A C T

Cognitive decline is a symptom of healthy ageing and Alzheimer’s disease. We examined the effect of real-time
fMRI based neurofeedback training on visuo-spatial memory and its associated neuronal response.

Twelve healthy subjects and nine patients of prodromal Alzheimer’s disease were included. The examination
spanned five days (T1–T5): T1 contained a neuropsychological pre-test, the encoding of an itinerary and a fMRI-
based task related that itinerary. T2–T4 hosted the real-time fMRI neurofeedback training of the para-
hippocampal gyrus and on T5 a post-test session including encoding of another itinerary and a subsequent fMRI-
based task were done. Scores from neuropsychological tests, brain activation and task performance during the
fMRI-paradigm were compared between pre and post-test as well as between healthy controls and patients.

Behavioural performance in the fMRI-task remained unchanged, while cognitive testing showed improve-
ments in visuo-spatial memory performance. Both groups displayed task-relevant brain activation, which de-
creased in the right precentral gyrus and left occipital lobe from pre to post-test in controls, but increased in the
right occipital lobe, middle frontal gyrus and left frontal lobe in the patient group.

While results suggest that the training has affected brain activation differently between controls and patients,
there are no pointers towards a behavioural manifestation of these changes. Future research is required on the
effects that can be induced using real-time fMRI based neurofeedback training and the required training duration
to elicit broad and lasting effects.

1. Introduction

Alzheimer’s disease (AD) is a major worldwide public health issue.
With increasing life expectancy, the number of people affected is rising,
but despite extensive research there is no cure yet [1,2].

The main symptom of AD is progressive cognitive decline caused by
widespread neurodegeneration. While eventually all domains of cog-
nition become affected, the first domain to show impaired functioning
is usually visuo-spatial memory – a subdomain of episodic memory.
This cognitive domain has been associated with the parahippocampal

gyrus [3,4]. As this region is among the earliest affected by the pro-
gressive neurodegeneration of AD [5], the early impairment of visuo-
spatial memory is straightforward. Impaired visuo-spatial memory af-
fects daily living tremendously, as the ability to navigate both familiar
and novel environments is critical for independent living. Decline of
visuo-spatial memory is also a concern in healthy ageing, albeit to a
much smaller extent than in AD [6–8].

Throughout the past decade research using real-time functional MRI
(rtfMRI) neurofeedback has demonstrated that both cognitive abilities
of various domains and symptoms of diseases with central nervous
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involvement can be improved using this method [9–11]. While open
questions remain and targeted clinical trials for routine application of
rtfMRI in clinical settings have not been carried out yet, results from
these studies are promising and warrant further research into this field.

Especially considering results from studies targeting memory it
seems like various domains of memory can be trained and cognitive
performance improved using rtfMRI training paradigms [12,13]. Fur-
thermore, studies implementing rtfMRI paradigms targeting the para-
hippocampal gyrus have demonstrated that this region is indeed a
feasible target for those paradigms and its activation can be voluntarily
modulated [13].

Based on preceding results, we here aimed to implement a proof-of-
concept study that investigated brain activation in a visuo-spatial na-
vigation task during fMRI that was embedded into a rtfMRI neuro-
feedback training paradigm [14]. The present work focuses on the fMRI
task before and after the training, while the previously published
manuscript addressed the rtfMRI training itself as well as changes in
neuropsychological tests. In addition to brain changes we were also
interested in potential behavioural changes manifesting in the fMRI
task after the training. Of course, changes in neuropsychological per-
formance were also of interest in the context of the present setting, but
these changes were already reported in-depth in the literature [14].

We hypothesised that (1) both groups would elicit memory-related
activation before the training, but healthy elderly more extensively
than patients; (2) task performance would show ceiling effects in
healthy subjects but be considerably worse in patients and (3) brain
activation would change after rtfMRI neurofeedback training and ad-
ditionally in patients task performance would be improved.

2. Methods

2.1. Subjects

In total, 26 subjects completed the paradigm, split into a group of
healthy controls and a group of patients of prodromal Alzheimer’s
disease [15,16]. Four healthy subjects and one patient had to be ex-
cluded from the analysis due to technical problems or excessive motion
during scanning, leading to a final sample of 21 subjects. The sample
included here is a subsample of the sample included in the previous
paper focusing on the training [14].

General inclusion criteria were absence of metallic implants for MRI
safety, right-handedness as assessed by a simplified version of the
Edinburgh Handedness Inventory [17] no psychiatric and neurological
diseases in a person’s medical history, no use of psychotropic medica-
tion and the ability to provide written informed consent into partici-
pation. All procedures were approved by the local institutional review
board (reference EK 049/11) and conducted in accordance with the
declaration of Helsinki [18].

Healthy subjects were recruited using postings and leaflets in and
around the University Hospital of Aachen. Patients of pAD were re-
cruited from the memory clinic of the neurological department of the
University Hospital of Aachen. Diagnosis was established using cogni-
tive testing, MRI and most importantly by cerebrospinal fluid markers,
namely amyloid β1−42 amyloid β1−40, the ratio of amyloid β1−42 and
amyloid β1−40 as well as total tau and phospho-tau.

2.2. Study design and protocol

The entire study spanned five examination days (T1–T5). T1 and T5
were pre and post-test sessions, while T2–T4 contained the rtfMRI
neurofeedback training. Pre and post-test both encompassed a neu-
ropsychological test battery as well as the spatial navigation task,
consisting of a real-world part and a task during fMRI (see below for
details). Details of the neurological, psychopathological and neu-
ropsychological testing and the neurofeedback paradigm were de-
scribed elsewhere [14] and are thus only briefly summarised below.

2.3. Neurological, psychopathological and neuropsychological testing

The neuropsychological battery used on pre and post-test days in-
cluded tests primarily focusing on domains of memory. Key measures
were the visual and verbal memory test (VVM) assessing visuo-spatial
and verbal memory [19] and the Montreal Cognitive Assessment
(MoCA) [20,21]. To assess pre-morbid intelligence the MWT-B – mul-
tiple choice word selection test – was used [22]. Moreover, on T1 only a
short screening assessing neurological and psychiatric symptoms was
performed, including the BDI-II a commonly used questionnaire to as-
sess experienced symptoms of depression [23]. Furthermore we as-
sessed tasks of the Wechsler Memory Scale Revised (WMS-R), namely
on logical, visual as well as short term and working memory, the visual
patterns test (VPT) as well as Trail-Making-Tests A and B (TMT-A/B).
Detail on these tasks are given in the previously published work fo-
cusing on the rtfMRI neurofeedback training [14]. To avoid effects due
to repeated testing, we employed alternate test versions for follow-up
on T5, where available.

2.4. Spatial navigation task

The spatial navigation task contained two parts, a behavioural en-
coding part in which a novel route in an unknown environment was
learned and then later a task during fMRI in which the route was to be
recalled. The task took place on T1 and T5.

2.4.1. Encoding
For each subject one out of three routes (north, central and west)

was randomly chosen. Each route was a tour of 1.5–2 km length on the
campus of the Research Centre Jülich (Jülich, Germany). Routes were
mostly exclusive and crossed only in few points. Subjects were guided
along the path by the examiner and instructed to memorise as much
detail as possible. At ten pre-defined waypoints a stop was made; the
examiner then told the subject the name of the waypoint and asked the
subject to memorise that location particularly well. Each tour lasted
about 30min per subject. For each of the two test days a different route
was chosen. See Table 1 for an overview of the distribution of paths per
time point and group.

2.4.2. Memory task
Before the scanning session, subjects were asked to recall and de-

scribe the previously encoded route. In addition, all subjects watched a
3-min time-lapse video of the previously encoded route to ensure suf-
ficient memory. The task during scanning was split up into two parts,
each containing five cycles of rest/recall (navigation)/decide (lasting
20/30/5 s). During rest subjects were asked to count backwards from
100. For recall, subjects were asked to recall a specified part of the
encoded real-world route and to imagine walking along that route
again. Then finally for decide, two pictures were presented to subjects
and they were asked to decide by pressing a button, which of the dis-
played images was part of the route. After each part of the memory task
a short debriefing was done enquiring the subjects whether they had
difficulties to recall the previously learned route. In addition to the
functional scan, a T1-weighted high-resolution anatomical scan of the
brain was acquired as well.

Table 1
Distribution of paths by group and time point. Subjects were assigned to paths
in a randomised manner.

Healthy controls Patients

T1 T5 T1 T5

Central 5 3 3 1
North 3 4 1 6
West 4 5 5 2
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2.5. Neurofeedback training

In brief, on T2 through T4 subjects trained to regulate activation of
the left parahippocampal gyrus while recalling the footpath encoded on
T1. The training consisted of four real-time runs per scanning session of
which the first was used as a functional localiser identifying the target
region for the training. The other three runs were actual training runs.
During the training, rest and activation trials alternated each lasting
40 s with each run containing each trial eight times. Brain activation
was visualised as a thermometer bar, with subjects being asked to fill it
as much as possible during activation phases and empty it during rest
phases. The results of the training itself were reported in detail in an
earlier publication [14].

2.6. Brain imaging

All brain imaging was performed on a Siemens (Erlangen, Germany)
MAGNETOM Trio whole-body 3T MR scanner using standard gradients
and a 32-channel phased-array head coil for signal reception and the
body coil for radio-frequency transmission. Participants laid head-first
supine in the scanner. Foam padding was used within the head coil to
limit movement. An MR-compatible mirror system was attached to the
coil so that subjects could look out to the back of the scanner where an
MR-compatible LED screen was mounted. To capture task responses a
MR-compatible human input device was given to subjects. On all ex-
amination days, high-resolution anatomical scans using a magnetisa-
tion-prepared rapid gradient echo (MP-RAGE) sequence were acquired
(TR = 2250 ms, TE = 3.03 ms, flip angle = 9°, slice thickness = 1 mm,
256×256 in-plane matrix, acquisition time: 5 min 14 s). For the fMRI
spatial navigation task, rtfMRI neurofeedback and functional localiser
runs, an echo planar imaging sequence was used (TR = 2000 ms, TE =
62 ms, flip angle = 79°, field-of-view = 192×192, 64× 64 in-plane
matrix, 32 slices with 3 mm thickness and an inter-slice-gap of 1.2 mm,
140 whole brain volumes and 4min 40 s acquisition time for the spatial
navigation task, 240 whole-brain volumes and 8min acquisition time
for rtfMRI sessions).

2.7. Analysis

Analysis was focused on identifying differences in central tendency
of responses between groups and over time points. The commonly used
threshold of p< .05 was used merely as an orientation, but not as a
hard cut-off due to the numerous problems associated with such an
approach [for an extensive discussion see [24], and the related works].

2.7.1. Behavioural data
Behavioural data analysis was carried out using the statistical soft-

ware and programming language R version 3.5 [25]. To assess differ-
ences in means between groups and time points a linear mixed model
was fitted for each neuropsychological test limited to these subjects that
were included in the spatial navigation data analysis. Both predictors
were factors with two levels, here representing post-test and patients
explicitly, thus the respective other level implicitly.

2.7.2. Imaging data
Brain imaging data was processed and analysed using the FSL

[26–29] suite of imaging analysis tools. Functional images were slice
scan time corrected, motion corrected, and motion parameters re-
gressed out of the functional time courses, skull stripped and co-regis-
tered to skull-stripped anatomical images and a reference brain (MNI).
Additionally, time courses from white matter and cerebrospinal fluid
were regressed out of the data, which was then bandpass filtered (cut-
offs 0.01 and 0.08 Hz) and spatially smoothed with a Gaussian kernel of
6mm FWHM.

For analysing data within groups data from all subjects and time
points was averaged within a group and contrasted against rest-phases.

Results were thresholded at Z≥ 2 and cluster level p < .05.
As for analysing changes over time and differences between groups,

we introduced random effects modelling. Here, results were thre-
sholded at Z≥ 2 and cluster level p < .05. Due to their brevity of only
5 s per trial we did refrain from analysing activation during decision
phases.

An additional analysis comparing groups at each time point under
each condition was subsequently carried out making use of mixed
modelling.

3. Results

3.1. Sample characteristics

Of the 21 subjects that were included in this analysis 12 were part of
the healthy control group (6 female, 6 male) and 9 formed the patient
group (2 female, 7 male). The mean age of healthy controls was 65.25
years (standard deviation [SD] = 6.326), while the mean age of pa-
tients was 64.667 years (SD = 8.261).

As for the assessment of symptoms of depression, the mean BDI-II
score in healthy controls was 3 (SD = 3.643), while in patients it was
5.778 (SD = 5.167). The pre-morbid intelligence quotient as assessed
with the MWT-B was 126 (SD = 9.341) in healthy controls and 107.333
(SD= 14.832) in patients. An overview of sample characteristics can be
found in Table 2.

3.2. Neuropsychology

As this was described in detail for a larger sample in a previous
publication [14], we only summarise the most important results for the
subsample included here. Estimates are given for the patient group and
the post-test.

Linear mixed models using time point and groups as predictors on
the respective neuropsychological tests suggest an effect over time for
the MoCA (estimate (est.) = 0.667, error (err.) = 0.311, t(20)= 2.142,
p= .045) as well as a difference between groups (est. =−2.514,

Table 2
Sample characteristics. Shown are either counts and range for categorical data
or mean and SD for numeric data. Numeric data available in both groups were
screened for differences between groups using t-tests, which suggested a dif-
ference between means for the MWT-B pre-morbid intelligence (marked by *).
Categories for school years correspond to standard levels in the German
Education system.

Healthy controls Patients

n 12 9
Age 65.25 (± 6.33) 64.67 (± 8.26)
Female 6 2
Male 6 7

Education
Higher education 4 2
13 school years 4 2
12 school years 2 0
10 school years 2 2
9 school years or less 0 3

Psychometrics
BDI-II 3 (± 3.64) 5.78 (±5.17)
MWT-B IQ* 126 (± 9.43) 107.33 (± 14.82)
MoCA 26.8 (±2.22) 25.1 (±3.26)

Cerebrospinal fluid markers
Amyloid β1−42 (pg/ml) n/a 597.13
Amyloid β1−40 (pg/ml) n/a 14,536.86
β1−42/β1−40 Ratio n/a 0.50
Total tau (pg/ml) n/a 361.63
Phospho tau (pg/ml) n/a 75.5
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err. = 1.085, t(19)=−2.318, p= .032), here reflecting an improve-
ment in controls but not patients. For the VVM visuo-spatial memory
task of the model suggested mainly an effect over time (est. = 16.952,
err. = 6.133, t(20)= 2.764, p= .012), but not group (est. =−10.819,
err. = 10.043, t(19)=−1.077, p= .295). In the delayed recall condi-
tion in that task the pattern was similar over time (est. = 16.000,
err. = 5.385, t(20)= 2.971, p= .008) and group (est. =−13.208,
err. = 9.645, t(19)=−1.369, p= .187). Modelling for all other ad-
ministered neuropsychological tests is not reported here, for details on
the further tests and how results changed over time in the supersample
please see the respective paper [14].

3.3. fMRI spatial navigation task

3.3.1. Behavioural
The median amount of correct answers in the healthy control group

was 8.5 at both T1 and T5, while in the pAD group it was 9 at T1 and 8
at T5. For the full breakdown of answers in the spatial navigation task
during fMRI see Table 3.

3.3.2. fMRI results
In patients, brain activation was found bilaterally in the inferior and

middle frontal gyrus, prefrontal gyrus, the precuneus, medial temporal
lobe and hippocampus formation, the posterior division of the cingu-
late, occipital lobe and cerebellar areas. Brain activation in controls
generally was compatible with the findings in patients, but more pro-
nounced and with larger clusters. Average activation in each group is
visualised in Fig. 1.

When comparing time points within groups, controls showed bigger
activation during the recall phase of the experiment in the pre-test
compared to the post-test. Larger activation at the pre-test was found in
the right precentral gyrus (BA 6) as well as the left occipital lobe. In
patients, activation was increased in the post-test. Here, the right oc-
cipital lobe, middle frontal gyrus as well as the left frontal lobe showed
increased activation compared to the pre-test. Additionally, the cere-
bellum contained clusters of increased activation bilaterally. For the
directions post> pre in controls and pre> post in patients no differ-
ences were found.

Assessing differences between groups, for the navigation phase it
was found that in the pre-test controls displayed greater activation in
the left lingual gyrus and the right middle frontal gyrus. Patients
showed larger activation in the left middle temporal gyrus and left
medial frontal gyrus as well as in the cingulate gyrus and medial tem-
poral lobe in the right hemisphere. In the post-test these patterns re-
mained largely unchanged. Differences between groups are visualised
in Figs. 2 and 3. Additionally, all details regarding differences between
groups and over time in activation during navigation phases can be
found in Table 4.

3.4. Subjective rating

Regarding the subjective rating of the difficulty of the task the re-
sults were as follows: in the healthy control group one subject reported
difficulties to recall the learned itinerary at one time point (T1), while
in the pAD group one subject reported difficulties at both time points

and another subject reported difficulties for one run at one time point
(T1). All other subjects reported that they were able to recall the route
well.

4. Discussion

The present work describes a task on visuo-spatial memory com-
bined with visual imagery of spatial navigation in a novel environment.
Herein, subjects first encoded a previously unknown real-world itin-
erary in an unfamiliar environment into memory and were then asked
to recall and imagine it during a subsequent task employing fMRI.
Additionally, the task was carried out before and after a rtfMRI neu-
rofeedback-based training of the left parahippocampal gyrus that re-
used the itinerary encoded into memory on T1 to elicit targeted acti-
vation in the left parahippocampal gyrus and induce improvements in
the cognitive domain of visuo-spatial memory (as measured by the VVM
neuropsychological test).

Results show that brain activation in both healthy control subjects
as well as patients of prodromal AD was related to the task’s cognitive
demands, but differences over time showed different patterns between
the groups. Also, activation during the task was generally weaker in
patients suffering from AD than in controls, which is a documented
effect in manifest AD [30,31]. In both groups, activation of the left
parahippocampal gyrus remained unchanged between T1 and T5 in the
fMRI spatial navigation task and it did not display activation during the
fMRI spatial navigation task in general.

Overall, not many changes over time and differences between
groups were found. Nonetheless, the few changes that were found were
directed differently between the groups. Activation was larger in the
pre-test than in the post-test in controls but the opposite pattern was
found for patients.

The behavioural results from the fMRI task suggest that it was re-
latively easy for both included groups. This notion is further supported
by elderly adults showing difficulties with more complex navigation
tasks [32], which were not found in the present work. Observing po-
tential changes in cognitive performance within the context of this task
is thus difficult as there is not too much room for improvement.

However, considering the range of values of correct responses in the
patient group, the task likely was more difficult for patients and
probably became more difficult with increased symptom severity. This
line of thought appears straightforward as deteriorating performance in
cognitive tests is well-documented in this disease [33,34] and general
cognitive decline is an unquestionable hallmark symptom of it [35].
Considering the subjective rating of the task’s difficulty there does not
seem to be any difference between the groups but it is established that
patients of AD often display anosognosia [36–38]. However, note that
the presence of anosognosia in patients of AD was not assessed in the
context of this study, so research in the future should consider including
such an assessment.

Brain activation patterns found during the navigation phases of the
fMRI spatial navigation task were generally compatible with what was
previously reported regarding cognitive demands for the visuo-spatial
memory portion of the employed task [39–41]. Activation patterns
further resemble those found during the previously published data on
the rtfMRI neurofeedback training sessions [14], which also required
recalling visuo-spatial memory contents. The training sessions were in
fact based on the itinerary from T1. However, both the present task and
the rtfMRI paradigm did not only require subjects to recall the mem-
orised itinerary, but subjects were explicitly instructed to imagine
walking along it. The array of occipital, inferior parietal and frontal
regions which were found to be activated during the task were pre-
viously reported in the literature as being active in paradigms in-
corporating visuo-spatial memory and visual imagery [42–44]. Also,
cerebellar activation has been reported in settings of motor imagery
[45], which is without doubt a component of the task requirements and
straightforward given the role of the cerebellum in planning of motor

Table 3
Results from the spatial navigation task during fMRI. Given are median values
with median absolute deviation (MAD) scores in parentheses.

Healthy controls Patients

T1 T5 T1 T5

Correct 8.5 (2.22) 8.5 (0.741) 9 (1.48) 8 (2.97)
Incorrect 0.5 (0.741) 1 (1.48) 1 (1.48) 2 (1.48)
No response 0 (0) 0 (0) 1 (1.48) 0 (0)
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actions [46–48]. Admittedly, the region the training focused on, the left
parahippocampal gyrus was not part of the regions that displayed ac-
tivation changes in the presently discussed fMRI paradigm. Why this is
the case remains unclear, but considering that parahippocampal acti-
vation did remain essentially constant over the course of the training
despite being subjects being able to activate the region when asked to
[14]. This is at least in line with the data and further points towards the
notion that the training here appeared to have more effect on associated
regions and networks (see below).

Regarding the regions that display larger activation in patients
compared to controls there is some overlap with the default mode
network [49,50]. Here, these regions encompass frontal areas, the
cingulate and also the medial temporal lobe. In patients of AD, it has
been established that connectivity of the default mode network is im-
paired [51–53] – in fact this is the most reproducible and robust finding
regarding fMRI-based functional connectivity in AD. In addition to

potential involvement of the default mode network a spatial navigation
network has also been suggested in the literature [54]. This network is
thought to be consisted to a large extent of frontal loci and to be pri-
marily recruited in elderly when performing spatial navigation tasks
[54]. The concept of the spatial navigation network also appears to be
in line with the here reported main fMRI findings, when considering the
larger activation in the regions related to the default mode network in
patients compared to controls as part of a compensatory response to a
disintegrating connectivity to meet the task’s demands – but given the
available data this cannot be concluded with certainty. The concept of
compensatory brain activation to work against the damage incurred by
the neurodegeneration of AD is not new and has previously been dis-
cussed [55,6]. Due to the fact that patients included in this study were
primarily in rather early stages of the disease, explaining the observed
effect on activation with this kind of response is straightforward. That
the activation in the aforementioned regions is even larger after the

Fig. 1. Average activation for both groups during navigation phases. Activation is averaged across all subjects and time points within each group. Results are
thresholded at Z > 3 and cluster-level p < .05. Data is projected onto the ICBM Average Brain, copyright (C) 1993–2009 Louis Collins, McConnell Brain Imaging
Centre, Montreal Neurological Institute, McGill University.
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rtfMRI training could further be seen as an effect of the training on the
compensatory response within the default mode and spatial navigation
networks, but given the data available here this conclusion has to re-
main speculative.

In controls there is not much activation that is larger than in pa-
tients and additionally only few longitudinal changes. Generally, the
longitudinal change observed in this group can be seen as an increase of
cerebral efficiency induced by the training [56]. This interpretation
would also be compatible with the previously reported findings re-
garding the activation during rtfMRI neurofeedback training [14],
which largely remained constant for controls while cognitive changes
were nonetheless found in the targeted domain.

The lingual gyrus is one region displaying greater activation in
healthy controls compared to patients. It has been linked to visual at-
tention [57] and furthermore, it has been associated with visual ima-
gery and creativity [58,59]. Assuming that the task was considerably

easier for healthy subjects than for patients it seems reasonable that this
region was consistently more activated during the fMRI spatial navi-
gation task in controls compared to patients. Due to likely better
memory of the encoded itinerary in controls, visual imagery of it should
be easier and accomplished more successfully, potentially explaining
the larger activation here.

With regards to longitudinal effects in controls there is larger acti-
vation in the pre-test in the left cuneus and right precentral gyrus.
Involvement of both regions makes sense for the present task, but the
lack of notable changes might again simply be because the task was
much too easy for a healthy person, which is being supported by the
behavioural data. The overall duration of the training should also be
considered here. Real-time fMRI neurofeedback training spanned three
training days, with the added pre and post-test the entire protocol
usually lasted about 2.5 weeks. This might be too short to elicit broad
effects and more training – in the form of more training days and/or

Fig. 2. Activation at pre and post-test for patients> controls. Activation is thresholded at Z > 3 and cluster-level p < 0.5. Data is projected onto the ICBM Average
Brain, copyright (C) 1993–2009 Louis Collins, McConnell Brain Imaging Centre, Montreal Neurological Institute, McGill University.
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longer individual sessions – might be needed. Previous cognitive
training studies have used much longer paradigms [60] and a link be-
tween duration of training and training success has been established
[61].

The behavioural task during fMRI was mainly designed as a proof-
of-concept to ensure that brain activation relevant to the task is elicited
and to ensure that subjects were indeed able to remember the pre-
viously learned itinerary. The paradigm was thus not very challenging
especially to healthy controls, but some patients of AD seemed to face
difficulties as indicated by the amount of correct responses given. It is
clear that at some point in the progression of AD pathology the task
does eventually become challenging. Regardless, the subjective rating
of the task’s difficulty did not indicate any influence of disease pro-
gression or any other measure on how challenging subjects perceived
the task. Given that the subjective rating of the task’s difficulty was a
dichotomous choice, caution is however advised in interpretation of

this finding and a more fine-grained scale would likely have shown
more variance.

Differences in prerequisites before beginning the training are an
additional issue that is highlighted by the present paper. From the data
on pre-morbid intelligence and depression as well as when considering
levels of education it is apparent that both groups had different starting
conditions, which could very well affect the outcome. In the context of
AD this is a somewhat serious issue as it is known that certain factors,
like the level of education, are risk factors for an eventual onset of AD
[62], future studies should thus consider matching patients and controls
based on demographic variables.

The current task did not employ a control group receiving sham
feedback, which limits the generalisability of the present proof-of-
concept results. Such a group, despite being small, was included in the
design [14], but due to additional missing data could not be included in
the analysis of the fMRI spatial navigation task. While this makes it

Fig. 3. Activation at pre and post-test for controls> patients. Activation is thresholded at Z > 3 and cluster-level p < 0.5. Data is projected onto the ICBM Average
Brain, copyright (C) 1993–2009 Louis Collins, McConnell Brain Imaging Centre, Montreal Neurological Institute, McGill University.
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difficult to delineate which results are mere effects due to practice and
repeated testing, we are confident that the results cannot be explained
as mere repetition effects due to the diverging findings between the
groups and the use of alternate tests wherever possible. Nonetheless this
is clearly a limitation of the present paradigm and should be sorted out
in subsequent works.

Finally, as touched upon in our paper that focused on the rtfMRI
neurofeedback training [14], the question of transfer is raised in the
context of the present paradigm. Transfer is the application of an ability
that was learned in one domain in another, different domain [63,64].
As outlined above we have found improved performance in both groups
in a neuropsychological test on visuo-spatial memory. That specific task
required subject to encode a path outlined on a map for 2min into
memory and then draw it from memory into an empty map directly
immediately afterwards and after a delay of 45–60min. While the
cognitive requirements of that neuropsychological task surely overlap
to some extent with the cognitive requirement of the training task, one
would assume that the fMRI spatial navigation task employed here is
even closer to the training task. However, there does not seem to be an
improvement in task performance. Possibly, the recall performance

itself was improved, but the effect was too subtle to affect the forced
choice task, but this has to remain speculation. Generally, whether ef-
fects induced by rtfMRI neurofeedback training transfer into other do-
mains has so far not been researched well. However, especially in a
context like AD it is crucial that effects not only do persist, but also
generalise into other cognitive domains to enable an overall quality of
life improvement for affected persons. Future research, especially when
targeting cognition with rtfMRI neurofeedback training, should aim to
sort out under which conditions transfer can be achieved in such a
setting and how it generalises into real-world tasks.

While results of enhanced cognition in AD are encouraging and
should be further researched, it should be kept in mind that a rtfMRI
neurofeedback training approach is unlikely to halt neurodegeneration
and cognitive decline, both in healthy adults and in patients of AD, but
instead may provide a training or enhancement of cognitive reserve [for
a discussion of the concept of cognitive reserve see [65]]. As long as no
cure is available for AD any approach that prolongs a state of proper
cognitive functioning might be desirable.

Possible routine clinical use of this technique requires further re-
search and this paper as well as the preceding one focusing primarily on
the properties of the neurofeedback training itself can only provide first
insight into this matter. Recent works have shown that effects from
rtfMRI neurofeedback training can persist for an extended amount of
time [66–68], pointing towards the potential feasibility and fruitfulness
of clinical use of this method. A major downside of rtfMRI training is
the relatively high cost involved and the large amount of time required
to carry it out even in a single subject, so future studies should aim at
optimising study protocols. Additionally, subsequent work should in-
clude larger amounts of subjects to enhance statistical power, enable
detection of small effects and also gather more long-term data.

5. Limitations

This work has some limitations. First, the ceiling effects present in
the healthy control group render interpretation of data for this group
difficult. As a comparison between healthy subjects and patients of
prodromal AD was the goal here, the task had to be suitable for the
patient group as well. Future works should seek to employ more fine-
grained measurements allowing more variance in the healthy group
whilst maintaining comparability between both groups. Second, sample
sizes are limited, consequently illustrating the preliminary nature of
this work. Especially for the patient group recruitment turned out to be
rather difficult, suggesting that in this context real-time fMRI neuro-
feedback studies need to make sure not to overstrain patients (but at the
same time conduct proper training).

6. Conclusions

This work shows that while rtfMRI neurofeedback training can lead
to improvements in cognitive ability in healthy elderly and patients of
AD, these effects may not transfer broadly. Additionally, it appears that
the conducted training impacted brain functioning with regards to the
compensatory response elicited by deteriorating cerebral organisation..
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