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Abstract

Purpose One can reasonably suppose that cerebrospinal spinal fluid (CSF) biomarkers can identify distinct subgroups of
Alzheimer’s disease (AD) patients. In order to better understand differences in CSF biomarker patterns, we used FDG PET to
assess cerebral metabolism in CSF-based subgroups of AD patients.

Methods Eighty-five patients fulfilling the criteria for probable early-onset AD (EOAD) underwent lumbar puncture, brain '*F-
FDG PET and MRI. A cluster analysis was performed, with the CSF biomarkers for AD as variables. Vertex-wise, partial-
volume-corrected metabolic maps were computed for the patients and compared between the clusters of patients. Linear corre-
lations between each CSF biomarker and the metabolic maps were assessed.

Results Three clusters emerged. The “A{342” cluster contained 32 patients with low levels of Af342, while tau and p-tau
remained within the normal range. The “A(42 + tau” cluster contained 41 patients with low levels of A342 and high levels
of tau and p-tau. Lastly, the “tau” cluster contained 12 patients with very high levels of tau and p-tau and low-normal levels of
A42. There were no inter-cluster differences in age, sex ratio, educational level, APOE genotype, disease duration or disease
severity. The “A(342 + tau” and “tau” clusters displayed more marked frontal hypometabolism than the “A(342” cluster did, and
frontal metabolism was significantly negatively correlated with the CSF tau level. The “Af42” and “A{342 +tau” clusters
displayed more marked hypometabolism in the left occipitotemporal region than the “tau” cluster did, and metabolism in this
region was significantly and positively correlated with the CSF A342 level.

Conclusion The CSF biomarkers can be used to identify metabolically distinct subgroups of patients with EOAD. Future research
should seek to establish whether these biochemical differences have clinical consequences.
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Introduction

Patients with Alzheimer’s disease (AD) display character-
istic biochemical changes in the cerebrospinal fluid (CSF),
with low levels of -amyloid 1-42 (A42) and elevated
levels of total tau protein (tau) and tau protein phosphory-
lated at threonine 181 (p-tau) [1]. However, the levels of
these AD biomarkers vary markedly among patient popu-
lations [2, 3], with different CSF biomarker profiles. It has
been suggested that these initially diagnostic CSF bio-
markers may also identify clinically meaningful subgroups
of AD patients, with distinct cognitive profiles or disease
courses [2, 3].

Regional cerebral glucose metabolism is an early and pro-
gressive characteristic of AD [4] assessed through fluorine-18
fluorodeoxyglucose (‘*F-FDG) positron emission tomogra-
phy (PET), and is closely related to cognitive function and
disease severity [5, 6]. "*F-FDG-PET provides an objective
assessment of AD at all disease stages, and is highly suited to
the comparison of groups of patients [7].

On the basis of these observations, we hypothesized that
subgroups of AD patients with different CSF biomarker pro-
files differed in cognitive and metabolic terms. To test this
hypothesis, we focused on patients with early-onset AD
(EOAD), who display greater CSF anomalies [8], greater clin-
ical heterogeneity [9], and more marked and widespread ce-
rebral glucose hypometabolism at similar severities of demen-
tia [10] than late-onset AD patients.

Our study’s primary objective was to determine whether
CSF-based subgroups of EOAD patients differed with regard
to cerebral metabolism. The secondary objectives were to es-
tablish whether these subgroups of patients presented with
specific cognitive impairments, and whether each CSF bio-
marker was correlated with cerebral metabolism.

Methods
Study design

We performed an ancillary analysis of data collected from the
COMAIJ cohort (a multicenter cohort of young patients with
AD being monitored at memory clinics in Paris, Lille and
Rouen, France). The COMAJ cohort was initiated in 2009
and has been described elsewhere [11, 12].

The COMAJ cohort study was approved by the three local
investigational review boards (CPP Nord-Ouest I, CPP Paris
Pitie-Salpétriere, and CPP lle-de-France II, reference: 110-05).

Patients

We recruited patients with sporadic EOAD (defined as on-
set before the age of 60) from among the COMAIJ

participants attending the memory clinic in Lille, France.
The included patients met the National Institute on Aging-
Alzheimer’s Association criteria [13] for probable AD, and
had CSF samples and '®F-FDG PET and magnetic reso-
nance imaging (MRI) datasets at baseline. The diagnosis
of probable AD was made by a multidisciplinary panel on
the basis of clinical, neuropsychological, imaging and lab-
oratory data. All patients with atypical clinical histories,
CSF biomarker levels or brain imaging results were
excluded.

All participants gave their written, informed consent to
participation in the COMAJ study.

Demographic and neuropsychological data

We collected demographic data at baseline: age, sex, and ed-
ucational level (defined as the number of years in full-time
education, from primary school onwards). Disease duration
was defined as the time in years between the first symptoms
and the first visit to the memory clinic.

A comprehensive neuropsychological test battery was
used to evaluate cognitive functions; it included the Mini-
Mental State Examination (MMSE) [14] and the Mattis
Dementia Rating Scale [15] (based on five subscales: atten-
tion, initiation/perseveration, construction, conceptualiza-
tion and memory) for global cognitive functioning, the
Visual Association Test (VAT) [16] for episodic memory,
the Frontal Assessment Battery (FAB) [17] for executive
functions, the Visual Object and Space Perception battery
(VOSP) [18] for object and space perception, and the
Confrontation Oral Naming Battery for language [19].
Functional impairment was assessed using the Clinical
Dementia Rating Scale sum of boxes (CDR-SOB) [20].

The predominant initial cognitive impairment (memory,
language, visuospatial or executive impairment) was
assessed by combining clinical data, interview information
from the patient’s relatives or carers, and the cognitive pro-
file determined by the neuropsychological test battery.

CSF analysis

A CSF sample was obtained by lumbar puncture (LP); 4 mL
of CSF was collected in polypropylene tubes. Within 4 h, the
CSF samples were centrifuged at 1000 g for 10 min at 4 °C.
The CSF was aliquoted into 0.5 mL polypropylene tubes and
stored at —80 °C until subsequent analysis. Levels of A342,
tau, and p-tau in the CSF were measured with Innotest sand-
wich ELISA previously described [21].

Our laboratory uses the following cut-off values for these
CSF biomarkers: Af342 <700 pg/mL, tau >400 pg/mL, and p-
tau >60 pg/mL [21].
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Acquisition of imaging data
MRI

We acquired three-dimensional (3-D) turbo field echo T1-
weighted sequences and fluid attenuation inversion recovery
sequences on a 3.0 Tesla MRI scanner (Achieva®, Philips
Healthcare, Best, The Netherlands). The 3-D turbo field echo
T1-weighted sequences were acquired as a series of 160 sag-
ittal slices, with an isotropic voxel volume of 1 mm° and the
following parameters: field of view (FOV)=256x256x160
mm?>, TR = 9.9 milliseconds, TE = 4.6 milliseconds, and flip
angle = 8°.

'®F-FDG PET

Up until December 2015, we used a GE RX Discovery HD 16
PET/CT scanner (GE Medical Systems) in 3-D acquisition
mode, with a 30-cm transaxial FOV. A low-dose CT scan of
the brain was acquired for attenuation correction of the PET
data 30 min after intravenous injection of 185 MBq of '*F-
FDG, and 15-min emission images were then acquired. The
PET data were reconstructed iteratively using an ordered sub-
set expectation maximization (OSEM) algorithm (with two
iterations and 35 subsets). Images were smoothed with a
2 mm Gaussian kernel. Series of 47 axial slices were consti-
tuted with the following parameters: FOV =300x300x154
mm’, matrix =256 x 256 x 47, voxel size=1.17 x 1.17 x

3.27 mm’.

From December 2015 onwards, '*F-FDG-PET scans have
been performed on a Siemens Biograph® microCT Flow sys-
tem (Siemens Healthineers). Standardized Siemens datasets
were reconstructed iteratively using an OSEM algorithm with
three iterations, 21 subsets, 69 axial slices, FOV =
300x300x224 mm3, matrix = 256x256x69, and a voxel size =

1.17 % 1.17 x 3.25 mm’.

These recently acquired Siemens images were converted
to the same spatial resolution as the GE images, using a
standardized procedure. Firstly, the reconstruction protocol
used on the Siemens has been adapted to approximate the
GE one (number of iterations and subsets, algorithm, cor-
rections, matrix...). Secondly, 3-D spatial resolutions com-
puted with an Analysis of Functional Neurolmages routine
(https://afni.nih.gov/) were compared for corresponding
pairs of reconstructed Siemens and GE images acquired
for 30 patients on both scanners one year apart. A
gradient descent algorithm was used for optimal
smoothing (defined as the minimum voxel-wise least
square difference between the source image and the target
image) of the reconstructed Siemens images.

The best standardization was obtained with an optimal
smoothing step of 1.5 mm full width at half maximum applied
to the Siemens reconstructions. The mean time interval
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between PET and MRI acquisitions was two months (maxi-
mum: 4 months).

Imaging data analysis

The patients’ cortical metabolic maps were analyzed in several
steps, using a surface-based approach.

Processing of T1-weighted MR images

Structural T1-weighted MR images were processed with
Freesurfer software (v5.3.0, http://surfer.nmr.mgh.
harvard.edu/), using the built-in cortical reconstruction
tool. This includes preprocessing steps: non-uniform signal
correction, signal and spatial normalizations, skull strip-
ping, brain tissue segmentation, and triangulated surface
modeling of the inner and outer cortical surfaces [22].
Manual editing was followed by automatic re-processing,
in order to correct any segmentation or topological errors
that might have occurred during the reconstruction. After
inflation and parameterization, cortical surface models
were registered against a common surface template
(Freesurfer’s fsaverage) [23]. Next, T1 images were
coregistered (without reslicing) against the PET images’
native space, using boundary-based registration with rigid
body alignment [24]. The gray matter was segmented on
coregistered T1-weighted images, using the “Segment”
toolbox implemented in Statistical Parametric Mapping
software (SPM v12, http://www.fil.ion.ucl.ac.uk/spm/).

Processing of PET images

PET images were interpolated to the same voxel resolution as
the coregistered T1-weighted MR images, namely, 1x1x1
mm®. This processing did not introduce any additional noise
into the PET images, and allowed more accurate correction of
the partial volume effect (PVE) on high-resolution MR images
with the modified Miiller-Gartner method [25]. The PVE was
corrected using the PVElab software package [26]. Lastly, the
overall global intensity of the PVE-corrected PET images was
normalized.

Generation of FDG-PET surface-based maps

Preprocessed PET images were mapped to the native sur-
face space. Each native PET map was subsequently regis-
tered against the common surface template, and smoothed
using a 10-mm FWHM isotropic two-dimensional
Gaussian kernel.


https://afni.nih.gov
http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
http://www.fil.ion.ucl.ac.uk/spm
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Statistical analysis
Cluster analysis

We used a Euclidean metric and Ward’s method to perform a
hierarchical cluster analysis of the CSF levels of A(342, tau,
and p-tau. This analysis assigns patients to clusters by seeking
to minimize the variance of the cluster variables within clus-
ters. The cluster analysis leads to the construction of a den-
drogram, which provides a graphic representation of the pa-
tients’ classification and allows the optimal number of clusters
to be determined.

Baseline demographic and clinical features

Statistical analyses of non-imaging data were performed using
version 9.3, SAS Institute Inc., Cary, NC, USA. Clusters
based on quantitative parameters were compared in an analy-
sis of variance or a Kruskal-Wallis test. Qualitative variables
were compared using a chi-squared test or Fisher’s exact test.
The threshold for statistical significance was set to p < 0.05.
All tests were two-tailed.

Vertex-wise analyses

The FDG-PET surface-based maps were analyzed with a
general linear model and parametric tests. Firstly, we used
a one-way analysis of variance with an F-test to compare
the cortical vertex-wise FDG-PET data between clusters. If
the F-test was significant, post-hoc t-tests were performed.
Secondly, we looked for linear correlations between the
cortical FDG-PET data and CSF biomarkers in the study
population as a whole.

Cluster-wise correction for multiple comparisons was ap-
plied [16]. The threshold for statistically significant clusters
was set to p corrected <0.05.

Results

A total of 85 patients were included in the study (Fig. 1). The
mean + standard deviation (SD) age was 59 +4 years, and 51
patients (60%) were female. The mean disease duration was
4.6+2.0 years. All the patients had moderate-to-severe de-
mentia, with a mean MMSE score of 17.4+5.8 and a mean
CDR-SOB score of 6.3 +£3.5.

The cluster analysis yielded three clusters (Fig. 2 and
Table 1). The “AP42” cluster comprised 32 patients with
low levels of Af342 and normal levels of tau and p-tau. The
“AR42 + tau” cluster comprised 41 patients with low levels of
A 342 and high levels of tau and p-tau. Lastly, the “tau” clus-
ter comprised 12 patients with very high levels of tau and p-
tau, and low-normal levels of A[342. There were no inter-

Patients screened: n=190

- 19 patients : no lumbar puncture
- 56 patients : no PET or MRI data

- 4 patients : diagnosis of possible AD
or normal CSF biomarkers

- 9 gene mutations

Patients included: n=102

- 9 unusable MRI scans

- 5 unusable PET scans
- 3 extreme CSF tau values

Patients analyzed: n=85

Fig. 1 Study flow-chart

cluster differences in age, sex ratio, educational level, disease
duration, MMSE score, CDR-SOB, the time interval between
LP and the clinical evaluations, APOE genotype, clinical phe-
notype or the type of treatment prescribed.

All the patients had an AD hypometabolic pattern, i.c.,
diffuse cortical hypometabolism predominantly involving
the associative posterior and frontal areas, and mostly sparing
the primary cortices. However, the spread and severity of
hypometabolism varied from one patient to another. The clus-
ters differed significantly with regard to the cortical FDG-PET
data; the anatomic locations of maxima for significant clusters
of hypometabolism are listed in Table 2.

The hypometabolism was more severe in the “A342 +
tau” than in the “A342” cluster for a large anterior region
including the bilateral lateral and medial orbitofrontal, en-
torhinal, anterior parts of the superior, middle and inferior
temporal cortices, and the right insula (Fig. 3A). The
hypometabolism was more severe in the “tau” cluster than
in the “A[342” cluster for the bilateral dorsolateral prefron-
tal and medial prefrontal cortices, and the left anterior cin-
gulate cortex (Fig. 3B). Lastly, the hypometabolism was
more severe in the “Af342” and “Af42 + tau” clusters than
in the “tau” cluster for a left cortical region including the
inferior occipital gyrus, fusiform gyrus, lingual gyrus and
cuneus (Figs. 3C and D). No region displayed significantly
more severe hypometabolism when comparing the
“A[42 +tau” cluster with the other two clusters.

To check that the differences found between the clusters
were related to the CSF biomarkers, we calculated the lin-
ear correlations between the cerebral metabolism and each
biomarker in all patients. A significant negative correlation
between the CSF tau level and cerebral metabolism was
observed in the bilateral dorsolateral prefrontal, medial
prefrontal, orbitofrontal and anterior cingulate cortices
(Fig. 4). A significant positive correlation between the
CSF APB42 level and cerebral metabolism was observed
in a left sided cortical region including inferior occipital
gyrus and fusiform gyrus (Fig. 4). The CSF p-tau levels
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Fig. 2 Distribution of CSF A342,
tau and p-tau levels (pg/mL) by
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Tau

1800
1500
1200
900
600

300

0
1000 800

were not significantly correlated with the cortical FDG-
PET data in any regions.

Of the 85 patients included in the present study, eight had a
MMSE score below 10. Seven of the eight were classified in
the “A(42 + tau” cluster. Fourteen patients had missing data
for the Mattis Dementia Rating Scale and the Confrontation
Oral Naming Battery, 19 had missing data for the VAT, and 22
had missing data for the VOSP test. The only feasible param-
eter for comparison was the FAB score, with only two sets of
missing data. There was no significant difference in the FAB
score between the clusters (p =0.51).
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Discussion

The results of the present study showed that CSF-based clusters
of EOAD patients had distinct metabolic patterns. The metabolic
differences between clusters appeared to be related to levels of
CSF biomarkers, especially since there were no significant dif-
ferences between the clusters with regard to potential confound-
ing factors such as disease duration, educational level, functional
impairment (as measured by the CDR-SOB) or disease severity
(as measured by MMSE). The linear correlations between CSF
biomarker levels and metabolic maps confirmed these results.

Table 1 Demographic and clinical characteristics, by CSF cluster

“AP42” cluster “Af342 + tau” cluster “tau” cluster p
n (%) 32 (38%) 41 (48%) 12 (14%)
AP42, pg/mL: mean (SD) 607.91 (164.42) 528.66 (111.77) 691.42 (174.82) 0.0039
tau, pg/mL: mean (SD) 356.38 (100.45) 767.00 (166.94) 1287.50 (170.03) <0.0001
p-tau, pg/mL: mean (SD) 64.03 (16.76) 109.92 (27.55) 150.92 (34.64) <0.0001
Female: n (%) 21 (65.63%) 21 (51.22%) 9 (75%) 0.2388
Age at onset of clinical signs, y: mean (SD) 54.15 (3.56) 53.83 (3.49) 54.88 (3.62) 0.5951
Disease duration, y: mean (SD) 4.63 (2.02) 4.66 (2.13) 4.30(1.85) 0.9169
MMSE: mean (SD) 17.50 (4.64) 17.17 (6.67) 18.33 (5.58) 0.7427
CDR-SOB: mean (SD) 6.13 (3.61) 6.74 (3.84) 5.54 (2.15) 0.6540
Number of years of study: 9.69 (2.76) 9.76 (2.78) 9.92 (3.90) 0.8762
mean (SD)
Time interval between LP and clinical evaluations, y: mean (SD) 0.66 (0.78) 0.83 (1.25) 0.48 (0.59) 0.8305
Apo E genotype, €4 positive: n (%) 15 (46.88%) 22 (55%) 8 (72.73%) 0.3290
Typical amnesic variant of AD: n (%) 14 (43.75%) 28 (68.29%) 6 (50%) 0.0991
Language variant of AD: n (%) 5 (15.62%) 4 (9.75%) 0 0.3367
Visual variant of AD: n (%) 6 (18.75%) 5(12.19%) 1 (8.33%) 0.6868
Dysexecutive variant of AD: n (%) 6 (18.75%) 4 (9.75%) 4 (33.33%) 0.1285
Anti-cholinesterase medication: n (%) 25 (80.65%) 31 (75.61%) 10 (83.33%) 0.7968
NMDA receptor antagonist medication: n (%) 6 (19.35%) 10 (24.39%) 3 (25%) 0.8602
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Table 2 Significant hypometabolic clusters resulting from inter-group comparisons and correlation analyses

MNI coordinates

Contrast Cluster- Side Cluster size ~ Cluster Location of local X y z
forming (mm?) p-value maximum
threshold
Hypometabolism more pronounced p<0.05 Left 3030.59 0.0195 Medial orbitofrontal —4.1 43.8 -22.9
in tge 2 Bfé: TlaU” cluster than 3231.61 00133 Entorhinal -235  -187 251
in the “AB42” cluster Right  9696.30 0.0002  Lateral orbitofrontal ~ 13.9 440  —23.3
p<0.005  Left 987.34 0.0099 Medial orbitofrontal —4.1 43.8 -229
Right 874.22 0.0246 Lateral orbitofrontal 13.9 44.0 -233
More pronounced in the “Tau” p<0.05 Left 3386.66 0.0076 Superior frontal -14.0 60.9 13.8
cluster than in the “A[342” cluster Right  5432.84 0.0002  Rostral middle frontal 369 356 267
More pronounced in the “A(342” p<0.05 Left 3614.92 0.0032 Fusiform -29.8 —64.5 —14.2
cluster than in the “Tau” cluster p<0.01 Left 1017.22 0.0457  Fusiform 298 —645 —142
More pronounced in the “Ap42 + Tau”  p<0.05 Left 3781.96 0.0026 Lingual -184 563 8.3
cluster than in the “Tau” cluster
Negative correlation with Tau p<0.05 Left 5730.32 0.0002 Superior frontal -152 602 12.7

Right 11,242.26 0.0002 Rostral middle frontal ~ 36.4 352 26.8

p<0.01 Right 1941.25
Positive correlation with A(342 p<0.05 Left 3987.62

0.0006 Rostral middle frontal 36.4 35.2 26.8
0.0016 Lingual 5.4 —88.5 -9.5

Cluster size, level of significance (p-value), and anatomic location of the local maximum (Freesurfer labels — Destrieux Atlas)

Comparison with the “AB42” cluster

e

HYPOMETABOLISM

More pronounced
in the “Ap42+tau”
cluster

More pronounced
in the “tau” cluster /&

More pronounced
inthe “Ap42”
cluster

More pronounced
in the “AB42+tau”
cluster

Fig. 3 Comparison between clusters A: Hypometabolism was significantly
more severe in the “A 342 + tau” cluster than in the “A[342” cluster in the left
orbitofrontal cortex (in orange) and anterior temporal cortex (in yellow), and
in a large right region (yellow) including the orbitofrontal cortex, anterior
temporal cortex, entorhinal cortex and insula. B: Hypometabolism in the

prefrontal cortices was significantly more severe in the “tau” cluster than
in the “Af42” cluster. C,D: Hypometabolism in the left inferior
occipitotemporal region was significantly more severe in the “A42” and
“Af342 + tau” clusters than in the “tau” cluster. Threshold: p <0.05 after
cluster-wise correction for multiple comparisons
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Fig. 4 Significant correlations
between CSF biomarkers and
cerebral glucose metabolism.
Threshold: p <0.05 after cluster-
wise correction for multiple
comparisons

FDG PET data and CSF AB42 levels

Patients in the “Af342” and “A342 +tau” clusters (with low
levels of AP342) had more severe hypometabolism in the left
occipitotemporal region than patients in the “tau” cluster did.
For the study population as a whole, metabolism in this left
occipitotemporal region was positively correlated with the
CSF A42 level.

There are discrepancies between the literature studies in
this field. Some studies also observed a positive correlation
between the CSF A342 level and metabolism of posterior
regions (notably the fusiform gyrus [27]; the lower temporal
cortex [28]; a posterior composite region of interest (including
bilateral angular gyrus, posterior cingulate, precuneus, and
inferior temporal cortex) [6], and the precuneus and posterior
cingulate [29]). However, one study found a significant rela-
tionship between the CSF A342 level and cerebral metabo-
lism in more anterior cortical regions: the right temporal, pre-
frontal and anterior cingulate cortices [30]. Lastly, other stud-
ies did not find any relationships between cortical metabolism
and low CSF A(342 levels [7, 31].

Our present results can be better understood by considering
the neuropsychological data. The CSF Ap42 level correlates
with the degree of amyloid neuropathology [32], and the pattern
of glucose hypometabolism in patients with AD is similar to the
pattern of amyloid plaque deposition; the latter affects the entire
associative cortex but spares the primary sensorimotor cortex and
the visual cortex [33]. Furthermore, it is known that amyloid
plaques are most prominent in the occipital and temporal cortices
[34]. Logically, this may explain why low CSF A[342 levels were
related to low glucose consumption in the occipitotemporal
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Negative correlation with CSF tau level

cortex in the present study. It may be that the patients in our “tau”
cluster (who did not present with a low CSF A 342 level) had less
intense amyloid neuropathology and, thus, less pronounced
hypometabolism in posterior regions.

FDG PET data and CSF tau levels

Patients in the “A42 + tau” cluster (with low levels of A342
and high levels of tau and p-tau) displayed more pronounced
hypometabolism in the frontal and anterior temporal cortices
than did patients in “A42” cluster (with only low levels of
A[342). Patients in the “tau” cluster (with extremely high
levels of tau and p-tau) displayed more pronounced
hypometabolism in frontal regions than did patients in the
“AP42” cluster. For the study population as a whole, there
was a significant negative correlation between the CSF tau
level and frontal metabolism.

Other studies have found a negative correlation between CSF
tau levels and cerebral metabolism in much the same cortical
regions as those observed in our study: the orbitofrontal, medial
prefrontal and anterior cingulum cortices [7], and the right fron-
tal, temporal and parietal lobes [31]. In a study of both healthy
subjects and patients with AD, there was a negative correlation
between CSF tau and p-tau levels and metabolism in the
precuneus, posterior cingulum and dorsolateral prefrontal corti-
ces [27]. The latter finding does not match our results. Relative to
healthy subjects, however, patients with AD show more
hypometabolism in these regions (precuneus, posterior cingulum
and dorsolateral prefrontal cortices), and have higher CSF tau
and p-tau levels; hence, the association between CSF tau/p-tau
levels and metabolism seems logical. In yet another study, a
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correlation between the CSF tau level and FDG uptake in the
caudate was reported [29]. Subcortical structures were not ex-
plored in our study. Lastly, two other previously cited studies did
not evidence a significant correlation between the FDG-PET data
and the CSF tau level [6, 28].

One can hypothesize that patients with high CSF tau and p-
tau levels have a more advanced neurologic disease and more
neurofibrillary tangles. In fact, the CSF tau level is correlated
with the number of neurofibrillary tangles [35], and patholog-
ic aggregation of tau is closely linked to patterns of glucose
hypometabolism and clinical manifestations in AD [36]. At
Braak stages V and VI (neocortical stages, when AD is fully
developed) [37], there are more neurofibrillary tangles in the
anterior regions (the limbic, temporal and frontal lobes) than
in the parietal and occipital lobes [34]. This might explain why
our three clusters of patients with differing CSF tau levels had
a difference in frontotemporal metabolism. In other
tauopathies (especially frontotemporal dementia, corticobasal
degeneration and progressive supranuclear palsy), frontal lobe
dysfunction [38] and metabolic changes in frontal cortex have
been reported [39—41]. Consequently, one might expect to see
the relationship between the CSF tau level and frontal glucose
consumption in patients with AD. However, for reasons that
are not clear, elevated CSF tau levels are not seen in other
tauopathies [42].

To further complicate matters, longitudinal studies have
shown that CSF tau levels remain stable in patients with AD
at the dementia stage [43], whereas cognitive symptoms,
hypometabolism, atrophy and tau accumulation worsen over
the course of the disease [44]. The mechanism underlying the
correlation between CSF tau level and cerebral glucose me-
tabolism at a given time point, therefore, appears to be partic-
ularly complex.

The relationship between cognitive impairment and CSF
tau and p-tau levels was explored in an earlier cluster analysis
[2]. The cluster with the highest concentrations of tau and p-
tau (equivalent to the “tau” cluster in the present study) per-
formed worse for executive function and mental speed - func-
tions known to be regulated by the prefrontal regions of the
frontal lobes [45]. Another study found a significant negative
correlation between CSF tau levels and analogic reasoning
functions, as measured by performance in Raven’s progres-
sive matrices [31]. These findings strengthen the link between
tau pathology and frontal impairment in AD. The proportion
of patients with the dysexecutive variant of AD was highest in
our “tau” cluster, although the difference with regard to the
other two clusters was not significant (p = 0.1285).

Study strengths and limitations
Our study included 85 patients with a diagnosis of probable or

definite AD made by a multidisciplinary team meeting in an
expert center for AD. The diagnosis incorporated CSF and

imaging markers. All but one [31] of the literature studies of
CSF biomarkers and brain glucose metabolism included fewer
patients [6, 7, 27-30]. Further, some of these studies examined
healthy subjects [27] or both healthy and AD subjects [6, 28,
29]. Our study is the first to have focused exclusively on
patients with EOAD. The latter patients have less comorbidi-
ties in general and less vascular disease in particular [11];
these conditions can interfere with cerebral metabolism, and
so might explain (at least in part) the discrepancies in our
results and some of the literature data.

To the best of our knowledge, the present study is the first
to have used cluster analysis to relate levels of three main
CSF biomarkers of AD to cortical '*F-FDG uptake. We
performed a cortical surface analysis of the PET data using
Freesurfer® software. In contrast, the literature studies ex-
amined regions or volumes of interest [6, 28, 29] or assessed
voxel-based parametric correlations [7, 27, 30, 31]. The
main advantages of a surface-based analysis of cortical data
are related to spatial smoothing and inter-subject registra-
tion [46]. Hence, surface-based, multi-subject statistical
analyses are generally more sensitive than their voxel-
based counterparts [47]. The PET brain scan images were
corrected for PVEs, in order to avoid bias from the degree of
brain atrophy. Only one of the above-cited studies corrected
for the PVE [31]. Accordingly, discrepancies between our
study and the literature data might also be due to differences
in the sample size and the PET data analysis.

The patients in the present study suffered from advanced
AD, with a mean MMSE score of 17.4 points. A high propor-
tion of missing data prevented us from exploring the neuro-
psychological variables further. However, this was a second-
ary objective of our study, and patients were selected purely
on the basis of the available imaging data. We detected distinct
metabolic profiles and related CSF biomarker profiles, which
might correspond to particular clinical and neuropsychologi-
cal phenotypes. Lastly, our results suggest that cluster analysis
of CSF biomarker levels is a meaningful way of identifying
subgroups of patients with AD.

Conclusion

The early-onset Alzheimer’s disease patient population is het-
erogeneous, with distinct but interrelated biochemical and
metabolic phenotypes. The CSF biomarker profile can identi-
fy metabolically distinct subgroups of AD patients. Further
studies are now needed to establish whether these subgroups
display clinical and neuropathologic differences.
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Glossary
BEFDG fluorine-18 fluorodeoxyglucose
Ap42 amyloid-beta 1-42
AD Alzheimer’s disease
CDR-SOB Clinical Dementia Rating Scale - sum of boxes
CSF cerebrospinal fluid
EOAD early-onset Alzheimer’s disease
FAB Frontal Assessment Battery
FOV field of view
LOAD late-onset Alzheimer’s disease
LP lumbar puncture
MMSE Mini Mental State Evaluation
MRI magnetic resonance imaging
NMDA N-methyl-D-aspartate
OSEM ordered subset expectation maximization
PET positron emission tomography
p-tau tau phosphorylated at threonine 181
PVE partial volume effect
SD standard deviation
VAT Visual Association Test
VOSP Visual Object and Space Perception
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