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Abstract.
Background: Research in rodents identified specific neuron populations encoding information for spatial navigation with
particularly high density in the medial part of the entorhinal cortex (ERC), which may be homologous with Brodmann area
34 (BA34) in the human brain.
Objective: The aim of this study was to test whether impaired spatial navigation frequently occurring in mild cognitive
impairment (MCI) is specifically associated with neurodegeneration in BA34.
Methods: The study included baseline data of MCI patients enrolled in the Alzheimer’s Disease Neuroimaging Initiative
with high-resolution structural MRI, brain FDG PET, and complete visuospatial ability scores of the Everyday Cognition
test (VS-ECog) within 30 days of PET. A standard mask of BA34 predefined in MNI space was mapped to individual native
space to determine grey matter volume and metabolic activity in BA34 on MRI and on (partial volume corrected) FDG
PET, respectively. The association of the VS-ECog sum score with grey matter volume and metabolic activity in BA34,
APOE4 carrier status, age, education, and global cognition (ADAS-cog-13 score) was tested by linear regression. BA28,
which constitutes the lateral part of the ERC, was used as control region.
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Results: The eligibility criteria led to inclusion of 379 MCI subjects. The VS-ECog sum score was negatively correlated
with grey matter volume in BA34 (␤ = –0.229, p = 0.022) and age (␤ = –0.124, p = 0.036), and was positively correlated with
ADAS-cog-13 (␤ = 0.175, p = 0.003). None of the other predictor variables contributed significantly.
Conclusion: Impairment of spatial navigation in MCI is weakly associated with BA34 atrophy.
Keywords: Entorhinal cortex, 18 F-fluorodeoxyglucose, grid cells, magnetic resonance imaging, mild cognitive impairment,
positron emission tomography, spatial navigation, volumetry

INTRODUCTION
Volumetric brain analyses based on structural magnetic resonance imaging (MRI) and assessment of
regional cerebral glucose metabolism by positron
emission tomography (PET) with the glucose analog
18 F-fluorodeoxyglucose (FDG) as surrogate marker
of signaling-related synaptic activity [1] have been
widely used to study associations between neurodegeneration/neuronal dysfunction and cognition [2, 3].
Many MRI studies have focused on hippocampus
atrophy and its relationship with memory performance [4–9]. Other brain regions and other cognitive
domains are less well studied.
The entorhinal cortex (ERC), which constitutes
the anterior part of the parahippocampal gyrus in
the medial temporal lobe, serves as a gateway providing input from frontal, parietal, occipital, and
other parts of the temporal cortex to the hippocampus [10–12]. Research in rodents identified spatially
modulated neurons such as grid and head direction
cells that encode information for spatial navigation
and that are primarily located in the medial part of
the ERC [13–15]. The lateral ERC primarily supports temporal orientation [16] as well as olfactory
and somatosensory processing [17, 18].
A study on the functional topography of the ERC in
humans using high-field, high-resolution functional
MRI during a virtual reality task with spatial and
non-spatial stimuli identified two clusters in the ERC
with different connectivity patterns [12]. One cluster
was more strongly connected to a posterior-medial
network, including occipital and posterior-parietal
cortex, that was sensitive to spatial stimuli [12]. This
cluster was located more medially comprising parts
of the ERC that may be approximated by Brodmann
area 34 (BA34) [19]. The second cluster was more
strongly connected to an anterior-temporal network,
including medial-prefrontal and orbitofrontal cortex,
that was sensitive to non-spatial stimuli [12]. This
cluster was located more laterally comprising parts of
the ERC that may be approximated by BA28. These
findings suggest that BA34 is the human homologue

of the medial ERC in rodents and may therefore be
particularly involved in spatial navigation tasks.
Against this background, the present study focused
on BA34 and spatial navigation in patients with
mild cognitive impairment (MCI). MCI is defined
by the occurrence of cognitive impairment that can
be verified by neuropsychological testing, but is not
severe enough to clearly affect activities of daily
living [20, 21]. Deficits in spatial navigation are
frequent in MCI [22, 23]. MCI can have various
causes including neurodegenerative, cerebrovascular, mixed (neurodegenerative plus cerebrovascular),
and non-neurodegenerative diseases [24]. ERC atrophy is more frequent in MCI patients compared to
healthy controls and constitutes a risk factor for MCIto-dementia progression [25]. In the present study,
MCI was considered a general “lesion model” of
spatial navigation deficits and ERC degeneration/
dysfunction, independent of the underlying etiology.
Neuronal loss and synaptic dysfunction in BA34
were assessed by MRI-based volumetry and FDG
PET, respectively. Spatial navigation abilities were
characterized by the self-reported visuospatial subscores of the Everyday Cognition questionnaire
(VS-ECog) [26]. BA28 was used as control region.
The hypothesis put to test was that VS-ECog performance is associated with the grey matter volume
specifically in BA34 (rather than BA28) and that
(partial volume corrected) FDG uptake specifically
in BA34 is an independent (of grey matter volume)
predictor of VS-ECog performance.

MATERIALS AND METHODS
MCI patients
Baseline data of 458 Alzheimer’s Disease Neuroimaging Initiative (ADNI) MCI subjects (mean
age 71.7 ± 7.4 years, 45.2% females, 47.8% APOE4positive) with MPRAGE MRI, brain FDG PET and
VS-ECog scores were downloaded from the ADNI
repository (https://adni.loni.usc.edu/).
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The ADNI is a longitudinal multicenter study
aimed at investigating whether neuroimaging methods such as MRI and PET, together with genetic,
clinical and neuropsychological measures can be
used to characterize progression of MCI and
Alzheimer’s disease (AD). The ADNI was launched
in 2003 as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The
primary goal of ADNI has been to test whether serial
MRI, PET, other biological markers, and clinical and
neuropsychological assessment can be combined to
measure the progression of MCI and early AD.
Grey matter volume in BA34 and BA28
MR images were segmented using the unified
segmentation method [27] implemented in the Statistical Parametric Mapping software package (version
SPM12, Wellcome Trust Centre for Neuroimaging, London, UK) with default parameter settings
except that image data was sampled to 2 mm [28].
The unified segmentation approach yields individual
probability maps of grey matter, white matter and
cerebrospinal fluid.
Bilateral binary masks of BA34 and BA28 predefined in the anatomical space of the Montreal
Neurological Institute (MNI) by the TD Brodmann
areas atlas in the PickAtlas-tool (Wake Forest University [29, 30]) were transformed into individual patient
space using the inverse of the transformation from
individual patient space to MNI space estimated by
unified segmentation. Grey matter volume in BA34
or BA28 was calculated by voxelwise multiplying
the patient’s grey matter probability map from SPM
segmentation with the transformed BA mask, then
summing over all voxel intensities, and finally multiplying the sum by the volume of a single voxel. A
grey matter probability threshold was not applied.
Glucose metabolism in BA34 and BA28
Multicentric FDG PET acquisition in ADNI follows different scanner-specific acquisition protocols
starting 30 min post injection and acquiring either 6
frames of 5 min duration or 33 frames of 1 min duration or a single static scan of 30 min duration. Image
reconstruction is performed with scanner-specific
reconstruction algorithms but harmonized parameter
settings to achieve similar image quality at all centers.
Acquisition and reconstruction parameters for each
PET scanner are given in the ADNI PET procedure
manual (https://adni.loni.usc.edu/wp-content/uploa
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ds/2010/09/PET-Tech Procedures Manual v9.5.pdf).
Reconstructed dynamic (or static, if dynamic not
available) PET data was downloaded in its original
image format (“as archived”, DICOM, Interfile, or
ECAT) in order to guarantee that no preprocessing
had been performed. Then, the original images
were converted to Nifti file format using SPM8 for
DICOM and ECAT formats and ImageConverter
(version 1.1.5) for Interfile format. In dynamic FDG
PETs, inter-frame motion was detected using the
Realign-tool of SPM8. The first frame was used
as reference and the magnitude of the motion of
subsequent frames relative to the reference frame
was estimated by tracking five reference points
within the brain as described previously [31]. PET
frames with a motion amplitude larger than 4 mm
were discarded [32]. A motion-corrected static
FDG uptake image was obtained by summing all
remaining frames (with motion amplitude ≤4 mm)
after realignment [31]. The FDG uptake image
was co-registered to the individual MRI using the
Coregister-tool of SPM8.
MRI-based PVE correction was performed using
the Müller-Gärtner method implemented in the SPM
toolbox PETPVE12 and an isotropic Gaussian kernel
with 7 mm full-width-at-half-maximum [33]. Mean
PVE-corrected FDG uptake in BA34 or BA28 was
obtained by the weighted average of the voxelwise
PVE-corrected FDG uptake over all voxels in the
BA34 or BA28 mask in patient space. The individual
grey matter probability map from segmentation was
used for the weighting of voxels, that is, the PVEcorrected FDG uptake in a given voxel in BA34 or
BA28 was weighted by the grey matter probability of
this voxel. Mean PVE-corrected FDG uptake in BA34
and BA28 was scaled to the mean non-PVE-corrected
FDG uptake in the pons [34]. In the following,
“FDG uptake” always means “mean PVE-corrected
FDG uptake scaled to mean non-PVE-corrected FDG
uptake in the pons”. Patients in whom the pons was
not fully included in the axial field-of-view of the
PET scan were excluded.
Spatial navigation performance
Spatial navigation performance was characterized
by the sum of the following self-reported VS-ECog
subcores: following a map to find a new location
(VISSPAT1), reading a map and helping with directions when someone else is driving (VISSPAT2),
finding my car in a parking lot (VISSPAT3), finding
my way back to a meeting spot in the mall or other
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location (VISSPAT4), finding my way around a familiar neighborhood (VISSPAT6), same with familiar
store (VISSPAT7), and same with house visited many
times (VISSPAT8) [26]. The VISSPAT5 subscore
was not included, because it was not available in
the majority of patients. Each subscore ranged from
0 (“better or no change compared to 10 years earlier”) to 3 (“consistently much worse compared to 10
years earlier”). The sum score ranged from 0 to 21
(0: normal, 21: most strongly impaired).
Maximum allowed delay between FDG PET and
ECog testing was 30 days. Patients with longer delay
were excluded.
Statistical analysis
Outliers were removed in order to reduce the risk
of false positive findings driven by outliers. A patient
was considered an outlier if it differed by more than
three standard deviations from the mean with respect
to one or more of the following variables: grey matter
volume of BA34, grey matter volume of BA28, FDG
uptake in BA34, FDG uptake in BA28. In addition,
patients who differed more than three standard deviations from the regression line of PVE-corrected FDG
uptake versus non-PVE-corrected FDG uptake in at
least one of the two regions (BA34, BA28) were also
excluded. The rationale for this was to exclude cases
with high probability of PVE over-correction.
The primary statistical analysis of this study was
linear regression of the “continuous” VS-ECog sum
score with the following set of predictor variables:
grey matter volume in BA34, grey matter volume in
BA28, FDG uptake in BA34, FDG uptake in BA28,
APOE4 carrier status (positive or negative), age, years
of education, and overall cognitive performance. The
latter was characterized by the 13 items cognitive
subscale of the Alzheimer’s Disease Assessment
Scale (ADAS-cog-13). Regression analysis was performed with all predictors entered in the equation or
with backward elimination (entry p = 0.050, removal
p = 0.075). Regression analysis was first performed in
all MCI patients and then separately in the subgroup
of MCI patients with impaired spatial navigation (VSECog sum score > cutoff) and in the subgroup of MCI
patients with relatively preserved spatial navigation
(VS-ECog sum score ≤ cutoff).
Sex was not included as covariate in the regression analyses, although there is considerable evidence
that spatial navigation is a sexually dimorphic skill
[35]. However, the VS-ECog compares the current
performance in everyday spatial navigation tasks to

the performance 10 years earlier [26]. Thus, each
subject serves as its own control, which is assumed
to eliminate relevant sex differences. In line with
this, development and validation of the ECog did not
include sex as a relevant covariate, in contrast to age
and education [26].
VS-ECog performance was dichotomized as
“impaired” or “relatively preserved” by using the
median value of the VS-ECog sum score amongst the
included patients as cutoff. Classification and regression tree analysis of the dichotomized VS-ECog sum
score was performed with grey matter volume in
BA34, age, and ADAS-cog-13 as continuous predictor variables. An 80%-to-20% random split into
training and test sample was used to avoid overly optimistic performance estimates due to overfitting. The
depth of the tree was fixed to 2, the minimum number of cases was set to 50/25 for parent/child nodes.
Minimum change of improvement was set to 0.0001.
In order to further characterize the effects detected
by regression and decision tree analysis, two-way
multivariate analysis of covariance (MANCOVA)
of grey matter volume and FDG uptake in BA34
combined as dependent variables was performed
with dichotomized VS-ECog and APOE4 carrier
status as fixed factors, and age at PET, ADAScog-13, and years of education as covariates. The
estimated marginal mean of the dependent variables
was used to characterize the percentage difference
of the dependent variables between impaired and
relatively preserved spatial navigation. A second twoway MANCOVA with the same fixed factors and
the same covariates was performed with grey matter volume and FDG uptake in BA28 combined as
dependent variables. Each two-way MANCOVA was
complemented by two follow-up two-way univariate
analyses of covariance (ANCOVA) to test specifically
for the effect of either FDG uptake or grey matter
volume alone.
Additional MANCOVAs with spatial navigation
performance dichotomized by k-means clustering of
the seven VS-ECog subscores (VISSPAT 1–4, 5–8) as
fixed factor are given in the Supplementary Material.
In order to assess the utility of the VS-ECog
to predict BA34 atrophy in MCI patients, stepwise
regression analysis of the grey matter volume in
BA34 was performed with total intracranial volume
(TIV), age, ADAS-cog-13, and the “continuous” VSECog sum score as predictor variables. TIV was
estimated by the sum of the total volume of grey matter, total volume of white matter, and total volume
of cerebrospinal fluid. The total volume of a given
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Fig. 1. Distribution of the VS-ECog sum score in the included MCI patients.

component was computed by the sum of all voxel
intensities in the corresponding individual probability map from the SPM segmentation multiplied by
the voxel volume.
Adjusted R2 , that is, the proportion of the variance of the dependent variable that was explained by
the model was used to characterize effect sizes. The
change of adjusted R2 was used to characterize the
effect size of the contribution of individual predictor
variables.
All statistical analyses were performed using SPSS
(version 25, IBM Corporation).
RESULTS
One or more exclusion criteria were met by 79 of
the 458 patients (17.2%). No patient was excluded
due to incomplete coverage of the pons in the PET
scan, 15 patients (3.3%) were outliers with respect
to grey matter volume and/or FDG uptake in BA34,
14 patients (3.1%) were outliers with respect to grey
matter volume and/or FDG uptake in BA28, in 33
patients (7.2%) the delay between FDG PET and VSECog testing was longer than 30 days, and at least one
of the VS-ECog subscores was missing in 32 patients
(7.0%).
The remaining 379 patients were included in the
analyses (mean age 71.5 ± 7.4 years, range 55–91
years; 43.0% females; 48.3% APOE4-positive;
16.3 ± 2.6 years of education, range 10–20 years;
ADAS-cog-13 14.8 ± 6.7, range 2–38).
The distribution of the VS-ECog sum score
amongst the included patients is shown in Fig. 1.

The median value of the VS-ECog sum score was
2. Using this value as cutoff, 147 patients (38.8%)
were categorized as impaired (VS-ECog sum score
>2) with respect to spatial navigation, the remaining
232 patients (61.2%) were categorized as relatively
preserved (VS-ECog sum score ≤2).
Linear regression of the “continuous” VS-ECog
sum score in the whole group of MCI patients
and with entering all predictor variables revealed
a significant model (F = 2.792, p = 0.005) that
explained 3.7% of the variance of the VS-ECog sum
score (adjusted R2 = 0.037). The following predictors contributed significantly: grey matter volume
in BA34 (standardized coefficient ␤ = –0.229, p =
0.022), age (␤ = –0.124, p = 0.036), and ADAS-cog13 (␤ = 0.175, p = 0.003). The remaining predictors
did not contribute significantly (Table 1). This
finding was confirmed by linear regression with
backward elimination that only kept grey matter volume in BA34 (␤ = –0.149, p = 0.014), age
(␤ = –0.129, p = 0.027), and ADAS-cog-13 (␤ =
0.142, p = 0.010) in the model (F = 6.004, p = 0.001;
adjusted R2 = 0.038). When linear regression of the
“continuous” VS-ECog sum score was restricted to
the subgroup of MCI patients with impaired spatial navigation (VS-ECog sum score >2), backward
elimination left only grey matter volume in BA34
in the model (ANOVA: F = 5.649, p = 0.019; age:
␤ = –0.194, p = 0.019; adjusted R2 = 0.031). Neither
age nor ADAS-cog-13 was included in this case.
In the subgroup of MCI patients with relatively
preserved spatial navigation (VS-ECog sum score
≤2), backward elimination removed all predictor
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Table 1
Linear regression of the “continuous” sum score of the visuospatial domain ECog subtest (VS-ECog) with grey matter volume and FDG
uptake in BA34, grey matter volume and FDG uptake in BA28, APOE4 carrier status (positive or negative), age at PET, years of education
and ADAS-cog-13 as covariates. All predictor variables were entered in the model. (␤, standardized regression coefficient; p, significance)

␤
p

grey matter
BA34

FDG uptake
BA34

grey matter
BA28

FDG uptake
BA28

APOE4

age

ADAScog-13

education

–0.229
0.022

–0.055
0.469

0.059
0.558

0.137
0.106

–0.023
0.657

–0.124
0.036

0.175
0.003

-0.010
0.841

variables, including grey matter volume in BA34, that
is, only the constant remained in the model.
The decision tree analysis of the dichotomized
VS-ECog sum score selected grey matter volume in
BA34 with 0.75 ml cutoff for branching at the root
level (Supplementary Figure 3). In the training set,
the proportion of patients with impaired spatial navigation increased from 40.6% in the whole training
set to 56.4% in patients with BA34 grey matter volume ≤0.75 ml, and it decreased to 37.0% in patients
with BA34 grey matter volume >0.75 ml. ADAScog-13 with 15.5 points as cutoff was selected for
second level branching of patients with relatively preserved BA34 grey matter volume. The proportion of
patients with impaired spatial navigation increased
from 37.0% to 47.7% in the MCI patients with more
impaired ADAS-cog-13 performance, it decreased to
30.7% in the MCI patients with better ADAS-cog13 score. The model did not include second level
branching of patients with more strongly decreased
BA34 grey matter volume. The same trends were
observed in the test set (Supplementary Figure 3).
Classification accuracy in the test set was 62.8%
(Supplementary Figure 3), smaller than the proportion of patients with relatively preserved spatial
navigation performance in the test set (67.4%).
The results of the two-way MANCOVA of grey
matter volume and FDG uptake in BA34 combined
as dependent variables with dichotomized VS-ECog
and APOE4 carrier status as fixed factors, and age
at PET, ADAS-cog-13, and years of education as
covariates are summarized in Table 2. The effect
of the dichotomized VS-ECog sum score on the
dependent variables slightly missed statistical significance in the multivariate analysis (p = 0.079).
In the follow-up ANCOVAs, the effect of BA34
grey matter volume reached statistical significance
(p = 0.037, not corrected for multiple testing; adjusted
R2 = 0.297), while the effect of FDG uptake in
BA34 clearly failed to reach significance (p = 0.552;
adjusted R2 = 0.048). The estimated marginal mean
of the BA34 grey matter volume was about 3.3%
smaller in the MCI patients with impaired spatial

navigation compared to the MCI patients with relatively preserved spatial navigation (0.868 ± 0.011 ml
versus 0.898 ± 0.009 ml, Table 2). The association
between the two dependent variables with age and
ADAS-cog-13 was highly statistically significant
in the multivariate and in both univariate analyses
(p < 0.003) except for the association of FDG uptake
in BA34 with age (p = 0.343). The association of the
dependent variables with years of education reached
borderline significance or trend level in all analyses
(0.027 ≤ p ≤ 0.071, Table 2).
The results of the two-way MANCOVA of grey
matter volume and FDG uptake in BA28 combined
are summarized in Table 2. The grey matter volume in BA28 was also smaller in MCI patients with
impaired spatial navigation, but the difference did not
reach statistical significance in the univariate analysis
(p = 0.121, Table 2).
The stepwise regression of BA34 grey matter
volume with TIV, age, ADAS-cog-13 and the “continuous” VS-ECog sum score as predictor variables
resulted in a highly significant model (F = 55.0,
p < 0.0005) that explained 36.4% (adjusted R2 ) of
the variance of BA34 grey matter volume. Age alone
explained 23.2% of the variance of BA34 grey matter
volume, age and ADAS-cog-13 combined explained
29.0%, age and ADAS-cog-13 and TIV combined
explained 36.0%, and age and ADAS-cog-13 and
TIV and VS-ECog sum score combined explained
36.4% of the variance of BA34 grey matter volume
(adjusted R2 at each step). Thus, the VS-ECog sum
score explained only 0.4% of the variance of BA34
grey matter volume beyond age, ADAS-cog-13, and
TIV. The change of the F statistic was highly significant when age, ADAS-cog-13, and TIV were added
successively to the regression model (all p < 0.0005),
it reached trend level when the VS-ECog sum score
was added (p = 0.081).
DISCUSSION
The primary finding of this study was the association between worse spatial navigation performance

0.071
3.282
0.000
12.198 0.001 30.986
0.366
1.979 0.160 0.820
0.344
0.110
2.026

0.889

0.056
0.037
2.908
4.369
0.000
0.000
30.902 0.000 25.053
60.834 0.000 35.180
0.279
0.124
1.640 0.195 1.280
0.407 0.524 2.374
0.096
0.121
0.203
0.489

1.089 ± 0.010
(1.068–1.109)
1.094 ± 0.009
(1.077–1.110)
1.062 ± 0.013
(1.037–1.088)
1.107 ± 0.011
(1.086–1.128)

1.354
0.810

2.362
2.418

0.033
4.597
0.003
9.232
0.343
0.900
0.118
1.657 0.199 2.456
0.552
0.612
0.605

0.355

0.027
0.061
3.645
3.545
0.000
0.000
41.077 0.000 16.441
82.367 0.000 26.931
0.272
0.558
0.916 0.401 1.308
0.075 0.785 0.344
0.079
0.037
2.551
4.405
0.805
0.670
0.592
0.519

0.898 ± 0.009
(0.881–0.916)
1.102 ± 0.008
(1.086–1.118)

F
p
F
p
F
p
F
p
F
Impaired (n = 147) normal (n = 232)

0.868 ± 0.011
(0.845–0.890)
1.110 ± 0.010
(1.089–1.130)

BA34 MANCOVA
ANCOVA
grey matter
ANCOVA
FDG
BA28 MANCOVA
ANCOVA
grey matter
ANCOVA
FDG

p
F
p
p

F

Education
ADAS-cog-13
Age
VS-ECog*
APOE4
APOE4
VS-ECog
Box’s test /
Levene’s test
Estimated marginal mean

Table 2
Two-ways multivariate analysis of covariance (MANCOVA) of either grey matter volume and FDG uptake in BA34 combined as dependent variables or grey matter volume and FDG uptake in
BA28 combined as dependent variables. Dichotomized spatial navigation (VS-ECog) performance and APOE4 carrier status (positive or negative) were included as fixed factors. Age at PET,
years of education, and overall cognitive performance (ADAS-cog-13) were included as covariates. The dichotomization of the VS-ECog was achieved by the median split of the VS-ECog sum
score (impaired: VS-ECog sum score >2, normal or relatively preserved: VS-ECog sum score ≤2). Estimated marginal means are given as mean ± standard error (95%-confidence interval). Each
two-way MANCOVA was complemented by two follow-up two-way univariate analyses of covariance (ANCOVA) to test specifically for the effect of either FDG uptake or grey matter volume
alone. (“p = 0.000” means “p < 0.0005”)
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and neurodegeneration in BA34. This was demonstrated by a significant negative contribution of BA34
grey matter volume in the regression of the VS-ECog
sum score. It was confirmed by lower BA34 grey matter volume in MCI patients with spatial navigation
deficits (increased VS-ECog sum score) compared to
MCI patients with relatively preserved spatial navigation. Statistical testing not only accounted for
APOE4 carrier status, age, and education, but also for
overall cognitive performance (ADAS-cog-13) suggesting that volume loss of BA34 is associated with
pronounced impairment specifically in spatial navigation. Moreover, the VS-ECog sum score was not
significantly associated with grey matter volume in
BA28 suggesting that spatial navigation is specifically sensitive to degeneration of BA34.
These findings are in line with the hypothesis of the
study and, therefore, complement previous functional
imaging studies by providing further lesion-based
evidence for the association between BA34 integrity
and spatial navigation in humans.
However, decision tree analysis of the dichotomized VS-ECog sum score with grey matter volume in BA34, age, and ADAS-cog-13 as predictors
selected the grey matter volume in BA34 for branching at the root level, but the final model failed to
improve on majority class prediction in the test set.
This indicates that grey matter volume in BA34 is
only a very weak predictor of spatial navigation performance.
Regression of the VS-ECog sum score did not
reveal a significant contribution of FDG uptake in
BA34, in contrast to the study hypothesis stating that
reduced FDG uptake in BA34 might be an independent (of BA34 grey matter volume) predictor
of spatial navigation performance. The rationale for
this hypothesis was that synaptic dysfunction typically occurs before cell death [36]. Thus, some MCI
patients might show reduced FDG uptake in BA34
despite normal grey matter volume. Potential explanations for the lack of association between VS-ECog
and FDG uptake in BA34 include error amplification by partial volume correction [37]. The additional
between-subject variability caused by error amplification might have prevented the detection of a
possible association. There are several other factors
that might have contributed to the lack of significant association between FDG uptake in BA34 and
spatial navigation skills. First, about 75% of the glucose consumption in brain grey matter is associated
with signaling-related synaptic activity [1, 38, 39].
As a consequence, loss of neurons in a given brain
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region affects FDG uptake not only locally within
this region, but the corresponding loss of efferent connections also causes reduced FDG uptake in distant
brain regions innervated by axon fibers originating
from the brain region affected by neuron loss. This
complicates not only the interpretation of regional
alterations of FDG uptake but also the interpretation
of the lack of regional alterations. Second, while the
FDG uptake pattern in the brain is very sensitive to
alterations of brain synaptic activity [40–42], it is not
specific to any given type of synaptic activity, in particular, it does not differentiate between excitatory
and inhibitory activity. As a consequence, FDG-PET
might not detect an imbalance of neuronal excitation versus inhibition as long as the total firing rate
in the region is more or less unchanged. Studies in
mouse models suggest that spatial navigation deficits
are associated with an imbalance of neuronal excitation versus inhibition in the medial ERC [43]. Finally,
altered coupling to other brain regions might cause
compensatory changes associated with local hypermetabolism that might mask local degeneration in
FDG-PET [44, 45]. MRI-based volumetry is less sensitive to at-distance and / or compensatory effects.
However, given the large number of MCI subjects
included in the present study, the lack of a significant
contribution of BA34 FDG uptake to the VS–ECog
regression indicates that FDG uptake in BA34 is at
best a very weak independent predictor of spatial
navigation performance.
A secondary finding of the present study was the
association of spatial navigation performance with
age. It should be noted that the negative sign of
the age coefficient in the regression model of the
VS-ECog sum score implies more strongly impaired
spatial navigation in younger MCI patients, which
might appear counter intuitive. A possible explanation would be multicollinearity of the predictor
variables in the regression model, which would limit
the interpretation of the regression coefficients of
individual predictor variables. However, analysis of
multicollinearity of grey matter volume in BA34,
age, and ADAS-cog-13 did not reveal a severe multicollinearity problem among these variables: the
variance inflation factors were considerably below
commonly recommended thresholds of 5–10 (1.42,
1.32, and 1.17 for grey matter volume in BA34,
age, and ADAS-cog-13, respectively). As a consequence, the results of the regression analysis can
be considered valid not only with respect to the
power of the whole model but also with respect
to the contribution of individual predictors. Thus,

the results of the regression analysis indicate more
strongly impaired spatial navigation in younger compared to older MCI patients with the same degree of
BA34 atrophy and the same level of overall cognitive
impairment. This might be explained by a difference in the profile of cognitive impairment between
younger and older MCI patients, with impairment of
spatial navigation being relatively more pronounced
compared to other cognitive domains in younger
MCI patients. Spatial navigation performance did
not differ between younger and older MCI patients
in absolute terms (Pearson correlation coefficient
between “continuous” VS-ECog sum score and age
in the whole sample = –0.019, p = 0.719). Another
possible explanation of the negative partial correlation of the self-reported VS-ECog sum score with
age is reduced awareness of impaired spatial navigation performance in older MCI patients. Lithfous
and co-workers demonstrated an age-related decline
of allocentric orientation but not of egocentric coding [46]. While the allocentric concept refers to the
object-centered orientation and depends on attention,
perception, and executive function, the egocentric
orientation is self-centered and seems less affected in
elderly patients [46]. However, the VS-ECog score
employed in the present study does not explicitly
distinguish between allocentric and egocentric orientation, thus limiting any inference of our findings
in this regard.
APOE4 carriers have been reported to present
lower density of grid cells in the ERC and altered
spatial navigation years before onset of cognitive
impairment [47]. The present study did not find
an effect of APOE4-positivity on navigation performance or gray matter volume in BA34. APOE4positivity may actually be considered a proxy for
underlying AD in MCI. Thus, this finding would suggest that the association between BA34 degeneration
and spatial navigation is not specific for AD. Several other age-related neurodegenerative pathologies,
most notably primary age-related tauopathy, limbicpredominant age-related TDP-43 encephalopathy,
and argyrophilic grain disease, also affect ERC
integrity and can result in MCI [24, 48] including
MCI phenotypes with prominent spatial navigation
deficits [23, 49].
Clinical implications
Based on the association between VS-ECog and
BA34 grey matter volume, the VS-ECog might be
used as a screening tool to detect volume loss in
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BA34. However, the VS-ECog sum score explained
only 0.4% of the variance of BA34 grey matter
volume beyond age, ADAS-cog-13, and TIV. This
demonstrates that the VS-ECog provides only very
limited independent information to predict BA34
atrophy in MCI patients.
Limitations
Limitations of the present study include its retrospective nature and the use of self-reported VS-ECog
scores to characterize spatial navigation performance, which most likely is less reliable (in particular
less sensitive) than specific tests of navigation
performance [50]. This might have resulted in underestimation of the association between navigation
performance and BA34 grey matter volume. Furthermore, the VS-ECog does not account for the
complexity of spatial navigation in humans. For
example, horizontal navigation relies more on visual
inputs, while vertical navigation is managed mainly
by the vestibular multisensory cortex [51]. A further
limitation of this study is the use of spatial registration to map standard BA masks predefined in MNI
space to the individual patient space for regional analysis. This approach provides only limited localization
accuracy, particularly in case of strongly atrophic
brains [52]. The resulting variability of no interest
presumably reduced the power to detect effects and,
therefore, might also have contributed to the failure to
detect an association between spatial navigation performance and PVE corrected FDG uptake in BA34.
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Conclusion
This study complements experimental animal
research and human functional imaging studies by
providing lesion-based evidence that impaired spatial navigation performance is associated with BA34
atrophy. The association is weak and, therefore, most
likely is not useful in clinical routine patient care.
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