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Abstract
Background and Objectives
Apraxia is a frequently observed symptom in Alzheimer disease (AD), but the causal patho-
mechanism underlying this dysfunction is not well understood. Previous studies have dem-
onstrated associations between various cognitive dysfunctions in AD and cortical tau deposition
in specific brain areas, suggesting a causal relationship. Thus, we hypothesized that specific
regional patterns of tau pathology in praxis-related brain regions may be associated with apraxic
deficits in AD. For this purpose, we performed PET imaging with the second-generation tau-
PET tracer [18F]PI-2620 in a well-defined group of patients with AD (N = 33) who had been
systematically assessed for apraxia.

Methods
Patients with a biomarker-confirmed diagnosis of AD were recruited in addition to a sample of
cognitively unimpaired (CU1) control participants. Both groups underwent apraxia assess-
ments with the Dementia Apraxia Screening Test. In addition, PET imaging with [18F]PI-2620
was performed to assess tau pathology in the patients with AD. To specifically investigate the
association of apraxia severity with regional tau pathology, we compared the PET data from this
group with an independent sample of amyloid-negative cognitively intact participants (CU2) by
generation of z-score deviation maps and submitted these maps to a voxel-based multiple
regression analysis.

Results
A total of 120 participants (39% female) with a mean age of 67.9 (9.2) years were included in
the study (AD = 33; CU1; N = 33; CU2; N = 54). We identified a significant correlation
between circumscribed clusters of tau aggregation in praxis-related brain regions (including
parietal (angular gyrus), temporal, and occipital regions) and severity of apraxia in patients with
AD. By contrast, no significant correlations between tau tracer uptake in primary motor cortex
or subcortical brain regions and apraxia were observed.

Discussion
These results suggest that tau deposition in specific cortical praxis-related brain regions may
induce local neuronal dysfunction leading to a dose-dependent functional decline in praxis
performance in AD. The awareness of this relationship could further refine a differentiated
individual diagnostic characterization and classification of patients with AD.
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Introduction
Clinically, Alzheimer disease (AD) is commonly strongly asso-
ciated with typical cognitive deficits such as memory loss, lan-
guage and orientation problems, and loss of executive functions,
whereas motor deficits are usually not in the focus of clinical
assessment. However, loss of higher order motor functions in
particular is not uncommon in this disease. In particular, apraxia
has been reported to be a core feature of AD.1 Generally, apraxia
is defined as the “inability to perform specific and predefined
actions or to execute learned and purposeful movements, in-
dependent of sensory, motor, and (other) cognitive deficits.”2 In
mild stages of dementia, the pattern of apraxic deficits can even
help to distinguish the different variants of frontotemporal lobar
degeneration and AD.3,4 Apraxia can be considered to represent
a highly relevant disability because it can lead to impairment in
activities of daily living and, thus, contribute to increasing care
needs and loss of patient independence. Despite the high
prevalence and clinical relevance of apraxia in AD, its patho-
mechanisms remain largely unresolved.

Apraxia is typically not considered to be a disorder of the core
motor system, which includes the primary motor cortex, basal
ganglia, and cerebellum (i.e., not to be a consequence of basic
motor deficits such as paresis, ataxia, rigidity, or tremor). In-
stead, it is believed to result from a higher order motor dys-
function of specific parietofrontal praxis networks that
constitute the praxis system or from a deficient interaction
between the praxis networks and (praxis-related) cognitive
networks.5,6 Apraxia is therefore often considered to be
a higher order motor-cognitive disorder.

Current disease concepts of apraxia rely heavily on evidence
derived from studies in stroke patients. The underlying neuro-
pathologies are not comparable (i.e., ischemic injury in stroke vs
protein aggregation pathologies in AD, involving amyloid pla-
ques and tau tangles leading to neurodegenerative damage).
Apraxia in AD potentially results from an insidious and neuro-
degenerative process, leading to a gradual loss of function. In
addition, AD pathology is typically bilateral and does not follow
vascular territories, unlike stroke. Finally, it seems important to
specifically analyze the molecular basis of apraxia in AD to im-
prove our understanding of the underlying pathomechanisms
and to possibly open a different perspective on apraxia in general.

Previous studies in AD suggest that tau pathology in particular
impairs neuronal function in the brain in a region-specific

manner7 Hyperphoshorylated tau proteins dissolve from the
microtubuli, aggregate intraneuronally in the form of neuro-
fibrils, and are believed to contribute to local neuronal dys-
function. Modern in vivo molecular imaging techniques using
PET can noninvasively detect tau aggregations in the human
brain.8 These methods may therefore be able to establish
a specific link between regional AD-specific neuropathology
and the resulting symptomatic deficits. In a recent study, we
have already shown that increased tau deposition occurs also in
higher motor regions of patients with biomarker-verified AD
pathology.9 Analyzing tau-PET scans from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) cohort, we in-
vestigated how tau pathology in cytoarchitectonically mapped
regions of themotor network varies across the clinical spectrum
of AD. We were able to demonstrate significant tau pathology
in predominantly higher motor regions in AD (e.g., supple-
mentary motor area, superior parietal lobe, angular gyrus, and
dorsal premotor cortex). Based on these findings, we hypoth-
esized that tau pathology in praxis-related brain motor net-
works may contribute to apraxic deficits in AD.9 We also
suggested that the spatial heterogeneity of AD pathology may
contribute to the variability of apraxia severity in AD.

To test these hypotheses, we systematically assessed apraxia in
a well-defined group of patients with AD and correlated the
results with data derived from tau-PET imaging in these
individuals.

We aimed to increase our knowledge of the mechanisms
underlying apraxic deficits in AD at the molecular level and
thus contribute to a better pathophysiologic understanding
that will also allow more sound diagnostic classification of this
severe dysfunction.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the ethics committee of the
Medical Faculty at University of Cologne and by the Federal
Office for Radiation Protection, Germany. Written informed
consent was obtained from all participants before the study.

Participants
We recruited a group of biomarker-confirmed patients with AD,
who had been thoroughly characterized by neuropsychological

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative;CBS = corticobasal syndrome;
CDR = Clinical Dementia Rating; CERAD-PLUS = The Consortium to Establish a Registry for Alzheimer’s Disease;DATE =
Dementia Apraxia Screening Test; FWHM = full width at half maximum; HABS-HD = Health & Aging Brain Study—Health
Disparities; MMSE = Mini-Mental State Examination; SPM12 = Statistical Parametric Modeling 12; SUVR = standardized-
uptake value ratio.
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assessment (Consortium to Establish a Registry for Alzheimer’s
Disease; CERAD-PLUS) including an apraxia assessment with
the Dementia Apraxia Screening Test (DATE).4 Patients with
AD (N = 34) were referred from the Center for Memory
Disorders of the University Hospital Cologne. Patients were
recruited based on the following inclusion criteria: (1) older
than 50 years, (2) symptoms of cognitive impairment as
assessed by the Mini-Mental State Examination (MMSE), (3)
biomarker-confirmed amyloid and tau pathology (i.e., positive
amyloid and positive tau-PET scan [as defined by visual read]
or pathologically decreased CSF β-amyloid [Aβ] 42 levels or
pathologically increased CSF phosphorylated tau levels
according to recently proposed guidelines),10-14 (4) ability to
provide informed consent, (5) no medical radiation exposure
of >60mSv in the past 10 years, (6) no evidence of other forms
of dementia than AD, and (7) no sign of neurologic or psy-
chiatric disorder potentially responsible for cognitive decline or
motor deficits (e.g., Parkinson disease). Patients who did not
fulfill these criteria were excluded from potential study
participation.

Two samples of cognitively unimpaired individuals were used
in analyses described below (CU1 and CU2). Cognitive un-
impaired status was determined based on the Clinical De-
mentia Rating (CDR), amyloid negativity, and/or detailed
neuropsychological testing. The first CU sample was recruited
at the University Hospital Cologne and underwent detailed
neuropsychological testing to ensure that their cognitive sta-
tus was within age-related norms. In addition, the DATE was
administered to compute mean and SD z-scores for the
DATE measuring praxis function (CU1). These individuals
were included in the study if they (1) did not report subjective
memory decline, (2) were free of any psychiatric or neuro-
logic disease/symptoms, (3) had anMMSE ≥27, and (4) were
not taking any medication affecting the CNS. Participants
were excluded if they did not fulfill these criteria.

The second sample of CU participants (CU2) underwent
static imaging with [18F]PI-2620 only and were selected from
the Health & Aging Brain Study—Health Disparities (HABS-
HD)15 study population. Participants were included if they
(1) did not report subjective memory decline, (2) were am-
yloid negative on 18F-florbetaben based on visual read, and
(3) had a CDR of 0. This group was used as a CU control
sample to generate mean and SD images to compute z-score
deviation maps for each patient with AD (for details, see
imaging data before processing).

Determination of CSF/PET Biomarker Status
CSF concentration of Aβ42, Aβ40, p-tau, and total tau was
quantified on the Elecsys assay (Roche) or Lumipulse G1200
platform (Fujirebio). The following thresholds were used to
determine positivity on Aβ42, Aβ40, and p-tau levels, re-
spectively: Fujirebio; Aβ1-42 (LQ): <629; Aβ1-42/1–40
(Quotient): >0.095; tau protein (LQ): >452; phospho-tau
protein (LQ): >61. Roche; Aβ1-42 (Roche): <1,030 pg/mL;
tau (Roche): ≥300 pg/mL; phospho-tau (Roche): ≥27 pg/

mL; and pTau/Aβ1-42 (Roche): ≥0.0230. Determination of
biomarker positivity indicative of AD pathophysiologic
change in CSF was prioritized in the following order: (1)
pathologic profile on Aβ42, Aβ40 and p-tau; (2) tau/Aβ1-42
ratio; and (3) pathologic profile on Aβ42 and Aβ40. CSF was
obtained before the PET scan in all patients who received
a lumbar puncture. The median difference between the time
of CSF collection and PET scan was 250 days (SD = 347.8).

If only amyloid or tau-PET was available, positivity was de-
termined based on visual read using recently published
guidelines.16,17

Neuropsychological Assessment
The patients’ overall cognitive status was assessed using the
MMSE, a test that evaluates impairments in general cognitive
functions including orientation, attention, working memory,
language, and delayed recall.18 In addition, patients un-
derwent neuropsychological testing using CERAD-PLUS,
which includes verbal fluency, Boston naming test, MMSE,
Word list learning, Rey figures, Word Free Recall, Word
Recognition, Rey figure recall, Trail Making Test A/B, and
phonetic fluency. Moreover, data from the DATE, a screening
tool specifically designed to assess apraxia in individuals with
dementia,4 were acquired. It assesses aspects of gesture imi-
tation and recognition, pantomime and tool use, as well as
aspects of buccofacial emblems and word imitation. The AD
sample and CU1 sample performed the DATE.

PET
PET scans for the AD cohort were performed at the De-
partment of Nuclear Medicine, University Hospital Cologne,
Germany, with a Siemens Biograph mCT Flow 128 Edge
scanner (Siemens, Knoxville, TN). All PET scans were iter-
atively reconstructed using a 3-D OSEM algorithm of 4 iter-
ations and 12 subsets, postsmoothed by a Gaussian filter of
5 mm full width at half maximum (FWHM).

Patients were scanned for 30 minutes in listmode, 45 minutes
after intravenous injection of approximately 185 MBq of
[18F]PI-2620 (field of view: 500 mm; gap = 1.5 mm, slice
thickness = 3 mm) following recommended procedures for
tau-PET imaging with [18F]PI-2620.19 The PET images were
reconstructed on a 128 × 128 matrix (3.18 × 3.18, slice
thickness = 3 mm).

PET scans of the cohort of cognitively unimpaired individuals
(CU2; N = 54) were acquired on a Siemens Biograph Vision
450 PET/CT scanner.15 All participants were injected with
a 10.0 mCi (±10%) bolus of [18F]PI-2620 and scanned
45–75 minutes after injection. The PET images were recon-
structed in a 440 reconstruction matrix with a zoom of 2, which
results in 0.825 mm pixel (slice thickness = 1.64557 mm).

Imaging Data Before Processing
All PET data were preprocessed with Statistical Parame-
tric Modeling 12 (SPM12, Wellcome Trust Centre for
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Neuroimaging, Institute of Neurology, University College
London). All PET images were aligned to the anterior-
posterior commissure, coregistered to their corresponding
MRI image, and spatially normalized to the tissue proba-
bility map implemented in SPM12. To create standardized
uptake value ratios (SUVRs), individual images were nor-
malized using the nonspecific binding of the vermis as the
reference.9 Finally, all images were smoothed with an 8-mm
FWHM Gaussian filter. Despite differences in scanner ac-
quisition parameters and subsequent differences in image
reconstruction, standardization of preprocessing steps
similar to the ones used in the ADNI PET Core20 ensured
comparability.

Imaging Data After Processing
All SUVR images from the CU2 sample were averaged and
both SD and mean images were generated using Imcalc in
SPM12. Mean and SD images were used to calculate z-score
deviation maps for each individual AD SUVR scan to create
patient-specific AD-related tau patterns.8 These images were
then submitted for further analysis.

Data Analysis
Demographic variables were analyzed using analysis of vari-
ance and independent samples t tests for continuous data and
χ2 tests for frequency variables. Significance was set at
p < 0.05.

Behavioral Analysis
To dissociate age-related differences in praxis function from
AD-specific apraxia, we calculated mean and SD values in the
group of age-matched CU individuals (CU1) and calculated
z-scores for each patient using the following equation:

z = ðx − μÞ=σ (1)

Resulting z-scores were entered as an independent variable in
the multiple regression analysis described below.

Imaging Analysis
Mean deviation maps to display the typical pattern of AD tau
pathology were created in SPM12. Individual z-maps from
the AD sample were averaged using the Imcalc function
(mean(X)). The resulting average map, reflecting tauab-
normalities in the entire patient population (see Results
Figure 1A), was overlaid on the fs-average image provided in
the computational anatomy toolbox (CAT12).21

Voxel-Based Regression Analysis
For voxel-based analysis, individual z-score deviation maps
were subjected to multiple regression analysis in SPM12. A
separate model was constructed to fit the following
equation:

Y1 = β0 + βAge   ΧAge + βDATE   ΧDATE + « (2)

The statistical threshold was set at p = 0.05 with a family-wise
error correction cluster threshold to account for multiple
comparisons. The main contrast of interest was set to assess
voxels of tau pathology associated with apraxia severity
(DATE z-scores), controlling for potential age differences.
The results were overlaid on the Hammersmith Brain Atlas22

to quantify the percentage overlap of each significant cluster
with anatomically defined regions.

Sensitivity Analysis
To examine the potential contribution of disease severity
toward the effect of tau pathology on apraxia, we extracted the
z-values from the result map of the voxel-based regression
analysis. These were submitted to a partial correlation con-
trolling for the effect of MMSE. The significance threshold
was set at p < 0.05.

Data Availability
Data used in preparation of this article are available upon
request to the corresponding author.

Figure 1 Regional Relationship of Tau-PET Clusters and Apraxia Severity

(A) Mean increase in tau-PET in AD. (B)
Multiple regression analysis between
tau-PET and apraxia test scores (DATE:
dementia apraxia screening test).
Family-wise error (FWE) correction.
Result maps are overlaid on a surface
brain. Color scale indicates z-value
ranges in the voxels.
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Results
Demographic and Clinical Data
The total number of participants in this study was N = 120.
Participant characteristics for the behavioral and imaging
samples are summarized in Table 1. One outlier from the AD
cohort was removed because of significant deviation (>3 SD)
in the DATE resulting in a final sample of 33 patients with AD.
In 27 patients (i.e., 81%) of the AD sample, biomarker posi-
tivity status was determined by CSF. Among these patients, 21
patients with AD had a pathologic Aβ and p-tau biomarker
profile. In 5 patients, the ratio of amyloid and p-tau was ab-
normal, and 1 patient had a pathologic tau-PET scan, who
displayed a significant tracer retention in bilateral medial
temporal lobe regions and in the posterior cingulate. In the
remainder of 6 patients, AD pathophysiologic change was
determined based on both amyloid and tau-PET in 4 patients,
whereas in 2 patients, only tau-PET was available. The spatial
pattern of elevated tracer uptake in temporal and posterior
cingulate regions in these 2 patients was indicative of un-
derlying AD pathophysiologic change and in accordance with
Braak stages III/IV.14,17

The 2 samples of cognitively unimpaired individuals consisted
of 33 and 54 individuals in CU1 and CU2, respectively.

Patients with AD differed from the behavioral CU sample
(CU1) in the MMSE and DATE scores (tDATE
(36.17) = −5.83, p < 0.001; tMMSE(43.31) = 5.84, p < 0.001).
The AD sample did not significantly differ from cognitively

control samples (CU1 and CU2) in age (CU1 vs AD; tAGE
(61) = −0.69, p = 0.491; CU2 vs AD; tAGE (72) = 1.61, p =
0.110) or in the distribution of male and female individuals
within the group (χ2(1, N = 128) = 3.32, p = 0.19). Finally,
age and sex also did not differ between the 2 control samples
(i.e., CU1 and CU2; t(92) = −0.64, p = 0.52; χ2(1, N = 95) =
0.34, p = 0.85). Thus, both CU samples were sufficiently well
matched to the AD sample.

Tau-PET Imaging
Figure 1A shows the mean deviation map across all patients
with AD, which corresponds to the mean pattern of sig-
nificant tau pathology in comparison with the group of
cognitively unimpaired individuals (CU2). The spatial pat-
tern of increased tau pathology included temporal regions,
precuneus and cingulate cortex, as well as inferior and su-
perior parietal and rostral middle frontal and lateral orbi-
tofrontal regions, which is in correspondence to the spatial
aggregation of tau in AD. No significant tau aggregation
(i.e., z-score >2) was observed in basal ganglia in this
analysis.

Voxel-Wise Analysis: Multiple Regression
Analysis: DATE
Several clusters of increased tau pathology were associated
with apraxic deficits as assessed by the DATE. A surface
overlay of the result map is shown in Figure 1B. The associ-
ated regions and their percentage overlap with the Ham-
mersmith Brain Atlas are listed in Table 2. In addition to
lateral occipital regions, apraxic deficits were associated with
increased tau pathology in posterior and superior temporal
regions and angular gyrus. Of interest, these effects were
observed in both hemispheres.

In both regression analyses, no correlation between tau tracer
uptake and apraxia symptoms was observed in primary motor
cortical regions, nor in the basal ganglia.

Sensitivity Analysis
We extracted the individual z-values from the patient images
using the result map displayed in Figure 1B. The partial
correlation analysis revealed a significant correlation co-
efficient between DATE scores and the extracted z-values (r
(MMSE) = −0.47, p = 0.007, corrected for variation inMMSE
scores; Figure 2). The correlation of the extracted z-values
and MMSE was not significant (r = −0.25, p = 0.145). These
results suggest that our identified regions of tau deposition are
distinctively associated with apraxic symptoms beyond the
cognitive impairment that is attributable to the general disease
severity.

Discussion
In this study, we were able to demonstrate that apraxic deficits
in AD are associated with specific cortical tau deposition.
Some affected brain regions (i.e., angular gyrus) are well
known for their involvement in praxis function.23 This

Table 1 Demographics

CU1 (N = 33) CU2 (N = 54) AD (n = 33)

Behavioral
controls
(Cologne)

Imaging
controls
(HABS-HD) Cologne

Age 67.7 (8.9) 66.6 (7.9) 69.5 (10.7)

Sex 22/41 (53% male) 30/54 (56% male) 23/33 (69% male)

MMSE 29 (IQR 2) NA 23.75 (4.03)

DATE 57 (IQR 5) NA 46.09 (9.3)

CDR NA 0 NA

PET-based AT
classification

NA 100% 18.8%

Fluid-based AT
classification

NA 0% 81.2%

Abbreviations: A = amyloid status; CDR = Clinical Dementia Rating; DATE =
Dementia Apraxia Screening Test; HABS-HD = Health & Aging Brain
Study—Health Disparities; IQR = interquartile range; MMSE = Mini-Mental
State Examination; T = tau status.
Demographic information for cognitively unimpaired individuals (CU1; be-
havioral sample; Cologne) and for the independent sample of cognitively
unimpaired individuals (CU2; imaging controls; HABS-HD), fromwhom [18F]
PI-2620 PET data were collected, as well as the sample of patients with
Alzheimer disease. Median is displayed for non-normally distributed
variables.
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suggests that tau deposition in these brain regions may induce
local neuronal dysfunction, leading to a dose-dependent
functional decline in praxis performance. However, we did not
observe significant tau tracer retention in primary motor
regions or the basal ganglia of patients with AD, supporting
the notion that apraxia in AD represents a higher order motor
dysfunction and is not caused by failure of the core primary
motor system or subcortical involvement of the disease. In
addition, our identified pattern of tau pathology was uniquely
associated with apraxic deficits beyond variance caused by
disease severity in the patient population. Although we have
recently demonstrated the involvement of tau pathology in
higher order motor regions in the context of AD severity,9 the

current finding extend our previous work by showing a direct
association with apraxia symptomatology.

The group comparison of tau tracer uptake between patients
with AD and control subjects revealed a pattern of significant
tau deposition in the brain, with maximum in diverse brain
regions including precuneus, posterior cingulate temporal
pole, entorhinal cortex, and inferior temporal regions, sug-
gesting the group pattern of tau pathology extends beyond
Braak III,24 which is consistent with a previously described
typical tau pathology pattern in AD.8,25-27 These results in-
dicate that the included AD population can be considered
a representative sample.

Table 2 Regional Results From the Multiple Regression Analysis

Hemisphere Region label Extent Overlap with atlas region t Value

MNI coordinates

x y z

Main right hemispheric cluster 1,311 5.0 34 −76 28

Lateral occipital lobe 80%

Angular gyrus 9%

Posterior temporal lobe 6%

Superior parietal lobe 4%

Main left hemispheric cluster 2,389 4.6 −26 −70 34

Lateral occipital lobe 52%

Posterior temporal lobe 19%

Superior parietal lobe 12%

Angular gyrus 10%

Lingual gyrus 6%

Abbreviations: DATE = Dementia Apraxia Screening Test; MNI = Montreal Neurological Institute.
Overlay of significant clusters with the Hammersmith Brain Atlas for the DATE voxel-wise multiple regression.

Figure 2 Depiction of the Significant Z-Values in the Tau-PET Clusters and Apraxia Severity

Results from partial correlation analysis. DATE = Dementia Apraxia Screening Test; R = Pearson correlation coefficient.
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Our findings are consistent with results from other studies,
demonstrating high regional variance of tau deposition pat-
terns in AD and symptom-dependent association with tau
deposition in function-related brain regions.28-30 First, an
association has been shown between the overall severity of
cognitive impairment (as assessed by the MMSE) and tau
burden, as measured in a large cortical meta-region of interest
and in the lateral temporal cortex.28,29,31 Pronounced tau
deposition in individual brain regions has been associated not
only with overall cognitive impairment but also with specific
decline of different cognitive functions associated with the
respective brain areas.7,25 In particular, this refers to atypical
variants of AD. Of interest, the clinical symptomatic variability
of these atypical forms of AD (i.e., posterior cortical atrophy
subtype, language problems in the logopenic aphasia subtype,
or executive function problems in the frontal variant) has been
shown to be reflected in corresponding variation in the dis-
tribution of tau aggregation as measured by tau-PET. Spe-
cifically, posterior/visual cortical regions were clearly affected
in posterior cortical atrophy, asymmetric left hemispheric
temporal accumulation was observed in logopenic aphasia,
and pronounced frontal tau aggregation was observed in the
frontal-executive variant, whereas bilateral tau tracer uptake in
temporoparietal regions characterized typical AD suggesting
that the regional distribution of tau-PET findings was strongly
associated with the clinical and anatomical heterogeneity of
AD.7,25,32

In this regard, it seems plausible that the expression of apraxia,
representing a motor symptom of AD, was found to be as-
sociated with tau aggregation in the corresponding function-
relevant cortical brain regions in this study. Tau aggregation in
regions belonging to the praxis networks showed a consistent
correlation with apraxia severity as measured by the DATE,
including the posterior temporal lobes, angular gyrus, and
higher order visual areas such as the lateral occipital cortex.
Several of these regions have been previously demonstrated to
be centrally involved in praxis functions. It was recently pro-
posed that the lateral occipital cortex is crucial for action
recognition, that is, an important praxis function.33 The an-
gular gyrus itself is considered to be relevant even for more
than 1 praxis processing stream.23 In addition, the posterior
middle temporal gyrus/middle occipital gyrus is part of the
praxis network23 and does partially overlap with the clusters
identified in the temporal and occipital regions here. In
summary, a potentially causal link between tau-induced neu-
ronal dysfunction in the affected brain regions and observed
apraxia symptoms appears in fact possible.

It is important to note that the detected clusters do not
overlap with brain regions where tau deposition has been
associated with overall severity of cognitive decline, such as
the lateral temporal cortex.31

The severity of apraxia and specific regional tau pathology
have not concomitantly been investigated in AD. However, in
a previous study34 the tracer [18F]PI-2620 was used to

distinguish subtypes of corticobasal syndrome (CBS). Higher
tau levels, particularly in the dorsolateral prefrontal cortex,
were observed in patients with amyloid-positive CBS com-
pared with an amyloid-negative group. Patients were also
assessed for apraxia using the DATE. Of interest, apraxia was
found to be significantly more pronounced in amyloid-
positive forms of CBS, supporting the notion that AD
pathology is commonly associated with apraxic deficits.
However, in CBS, no correlation between tau tracer retention
and DATE apraxia scores was found. This may be due to the
relatively small sample size and/or lower symptom variation
in this group of CBS.

In the previous study, distinct tau deposition in the basal
ganglia was observed in both patients with amyloid-positive
and amyloid-negative CBS,34 which was not found in our AD
patient sample. Our study included patients with typical AD
symptoms,11 not CBS. The difference in tau deposition sup-
ports that AD with apraxia is a distinct subtype, not synony-
mous with amyloid-positive CBS. A strength of our study is
the use of the [18F]PI-2620 tracer, which assesses tau ag-
gregation in both the cortex and basal ganglia without non-
specific uptake, demonstrating motor deficits in AD can occur
without involvement of the primary motor cortex or basal
ganglia. In our group of patients, apraxia was a surprisingly
common finding where severity of apraxia was not generally
mild, but reached marked levels reflecting relevant disability.
These findings underline that apraxia is a common symptom
in AD that may require increased diagnostic attention and
possibly therapeutic strategies.

This study has some limitations. First, the sample size of
patients was still relatively small. However, all enrolled
patients were deeply characterized and carefully matched
to a set of controls. Nevertheless, replication of the results
in larger samples of patients with AD may be warranted.
Apraxia represents a multicomponential syndrome com-
prising different (impaired) cognitive processes.6 In addition
to motor/cognitive deficits, these may include sensory pro-
cessing such as impaired visual processing of spatial relations
and/or structural features,35 as well as other cognitive dys-
functions, such as impaired auditory comprehension,36

which were not explicitly modeled here. In future studies,
different components of the apraxia syndrome could be ex-
amined separately to see whether a differential tau-PET
pattern might emerge from different components of the
apraxia syndrome.

We sampled different CU control groups to evaluate behav-
ioral age-related apraxia scores and age-related tau pathology
in amyloid-negative individuals. Although these CU samples
were matched by age and sex to the target population, the
different samples of CU individuals may have introduced
a bias, and our data may be less generalizable. However, the
z-score deviation analysis approach provided us with the same
scale for both tau pathology and apraxia score reducing the
influence of the different samples.
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Finally, the CU2 sample, which provided the basis for the
z-score deviation analyses of the AD images, was scanned on
a different scanner equipment compared with the AD cohort.
Such differences can introduce a methodological bias, which
we tried to reduce by applying a smoothing kernel and stan-
dard matrix normalization, following pre-preprocessing steps
from ADNI to reduce differences in scanners.20 Again, a po-
tential systematic scanner-dependent difference between the
patient/control data sets would have applied to all studied
patients with AD equally, rather not affecting z-score–based
correlation analyses within the patient group. In addition, we
collected a small sample of control subjects on the PET/CT
scanner at the Cologne Hospital and compared the mean and
SD maps with the CU2 sample and found no significant dif-
ferences between the samples, suggesting that potential
scanner-dependent differences are negligible.

In conclusion, we show a specific correlation of tau aggrega-
tion in praxis-related brain regions with the symptom of
apraxia in a well-characterized group of patients with AD. The
results suggest that tau in affected brain regions may con-
tribute to local neuronal dysfunction and consequently to
specific functional deficits. The here-observed relationship
could be taken into account in the diagnostic workup and
contribute to a better characterization and classification of
patients with AD.
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