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Predicting underlying pathology based on clinical presentation has historically proven difficult, especially in older cohorts. Age-

related hippocampal sclerosis may account for a significant proportion of elderly participants with amnestic dementia. Advances in

molecular neuroimaging have allowed for detailed biomarker-based phenotyping, but in the absence of antemortem markers of

hippocampal sclerosis, cases of mixed pathology remain problematic. We evaluated the utility of 18F-FDG-PET to differentiate

flortaucipir tau PET negative from flortaucipir positive amnestic mild cognitive impairment and dementia and used an autopsy

confirmed cohort to test the hypothesis that hippocampal sclerosis might account for the observed pattern. We identified impaired

participants (Clinical Dementia Rating40) with amnestic presentations5 75 years who had MRI and PET imaging with 18F-FDG

(glucose metabolism), Pittsburgh compound B (amyloid) and flortaucipir (tau) performed within a year of cognitive assessment.

These were stratified into amyloid positive/negative and tau positive/negative according to the A/T/N classification scheme. Our

sample included 15 amyloid and tau-positive participants, and nine tau-negative participants (five of whom were amyloid-positive).

For the autopsy cohort, sequential cases with antemortem 18F-FDG-PET were screened and those with TDP-43-negative

Alzheimer’s disease (10 cases) and TDP-43-positive hippocampal sclerosis (eight cases) were included. We compared each group

to controls and to each other in a voxel-based analysis, and supplemented this with a region of interest-based analysis comparing

medial to inferior temporal metabolism. Tau-positive and negative cases did not differ on neuropsychological testing or structural

magnetic resonance biomarkers. Tau-negative cases had focal medial temporal and posterior cingulate/retrosplenial hypometabo-

lism regardless of amyloid status, whereas tau-positive cases had additional lateral parietal and inferior temporal involvement. The

inferior/medial temporal metabolism ratio was significantly different between the groups with the tau-negative group having a

higher ratio. In the autopsy series, hippocampal sclerosis cases had greater medial temporal hypometabolism than Alzheimer’s

disease cases, who had more parietal and lateral/inferior temporal hypometabolism. Again, the ratio between temporal regions of

interest differed significantly between groups. Two of the tau-negative patients, both of whom had an elevated inferior/medial

temporal ratio, came to autopsy during the study and were found to have hippocampal sclerosis. Our finding that tau-negative

amnestic mild cognitive impairment and dementia is associated with focal medial temporal and posterior cingulate hypometabolism

extends prior reports in amyloid-negative cases. The inferior/medial temporal metabolism ratio can help identify tau-negative cases

of amnestic dementia and may serve as a biomarker for hippocampal sclerosis.
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Introduction
Among degenerative pathologies that may mimic or co-

exist with Alzheimer’s disease in elderly patients, hippo-

campal sclerosis of ageing (hereafter simply hippocampal

sclerosis) may be a significant contributor. Given their pre-

dominant impairment in memory, during life the majority

of hippocampal sclerosis cases are diagnosed clinically with

Alzheimer’s disease dementia (Nelson et al., 2011). It is one

of the limbic predominant non-Alzheimer’s pathologies that

is frequently seen in amnestic mild cognitive impairment

(MCI) (Petersen et al., 2006). Prevalence estimates range

from 5 to 30% among those with advanced old age

(Nelson et al., 2011). Hippocampal sclerosis is also often

seen in association with Alzheimer’s disease pathology,

with estimates ranging anywhere from 2 to 20% (Zarow

et al., 2008; Nelson et al., 2011; Mortimer, 2012; Josephs

et al., 2014), with a higher proportion seen in cases of

limbic predominant Alzheimer’s disease. Furthermore,

whereas Alzheimer’s disease appears to plateau in the 80s

or 90s, the prevalence of hippocampal sclerosis continues

to rise with increasing age and among the oldest old may

be more prevalent than Alzheimer’s disease (Dickson et al.,

1994; Tyas et al., 2007; Nelson et al., 2011; Mortimer,

2012). It is increasingly being recognized as a major con-

tributor to late life memory loss, and in the current era of

targeted therapy development, in vivo prediction of the

underlying pathology has become paramount for appropri-

ate therapeutic trial enrolment (Nelson et al., 2012).

Despite the increased focus on hippocampal sclerosis, and

its frequently associated proteinopathy TAR DNA-binding

protein 43 (TDP-43, encoded by TARDBP) there are no

reliable hippocampal sclerosis biomarkers, and antemortem

diagnosis has hence been difficult.

Although it is no substitute for amyloid or tau PET ima-

ging, FDG-PET may prove useful in defining tau-negative

amnestic dementia and exploring possible in vivo signs of

hippocampal sclerosis. While FDG-PET hypometabolism

closely (inversely) mirrors tau PET in persons in the

Alzheimer’s disease spectrum (Ossenkoppele et al., 2016),

FDG-PET is a non-specific marker of neurodegeneration.

We sought to use it to identify non-Alzheimer’s neurode-

generative diseases such as hippocampal sclerosis in which

FDG and tau PET are dissociated. Our study examined the

utility of FDG-PET in identifying non-Alzheimer’s causes of

amnestic MCI or dementia in elderly (575 years of age)

participants. We began with the assumption that cogni-

tively impaired tau PET negative individuals had a patho-

logical process other than Alzheimer’s disease as the

primary cause of the impairment, although Alzheimer’s dis-

ease may still play a role. First, we compared the patterns

of hypometabolism among tau-negative amnestic partici-

pants who were amyloid-positive (A + /T�) versus

amyloid-negative (A�/T�). The participants who were

T� displayed the same FDG-PET pattern whether they

were A + or A�, and as such we combined them into

one group (T�). We then compared these tau-negative par-

ticipants (A� /T�) with tau-positive amnestic participants

(A + /T + ), and identified a pattern that appeared to be

associated with tau status. To test the hypothesis that this

pattern may be representative of underlying hippocampal

sclerosis, we used the same imaging techniques in a separ-

ate cohort of autopsy-proven TDP-43 positive hippocampal

sclerosis cases compared to TDP-43 negative Alzheimer’s

disease cases with no hippocampal sclerosis. Finally, two

of the clinical tau-negative participants came to autopsy

during the study. Both were accurately predicted to have

hippocampal sclerosis based on the molecular imaging re-

sults and the pattern of hypometabolism, and are discussed

in more detail.

Materials and methods

Participants

Clinical cohort

Participants were from the Mayo Clinic Alzheimer’s Disease
Research Center and the Mayo Clinic Study of Aging (Roberts
et al., 2008). We identified all participants who met the
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following criteria: the participant had at least one tau PET,
amyloid PET, FDG-PET and structural MRI performed
within a year of a clinical assessment; the participant was
deemed cognitively impaired (Clinical Dementia Rating 40)
according to the behavioural neurologist who evaluated the
participant; and the participant was 75 years or older at the
time of imaging. The age restriction was motivated by prior
studies that reported a median age of onset of 75–79 in cases
of hippocampal sclerosis, as well as the fact that hippocampal
sclerosis is rare in participants that die before the age of 80
(Nelson et al., 2013; Murray et al., 2014). Furthermore, when
we extended our search to those below the age of 75 only one
additional patient clinically suspected of having Alzheimer’s
disease but with negative flortaucipir imaging (standard
uptake value ratio, SUVR5 1.33) was identified
(Supplementary Table 1). On further review this patient had
extratemporal flortaucipir binding. This is in contrast to the
negative flortaucipir subjects over the age of 75 that had no
evidence of extra temporal PET signal. As such, we felt our age
cut-off was justified based on tau-negative amnestic dementia
and MCI being primarily a problem in those aged 75 years or
older. All of these cases were reviewed and those who had
amnestic MCI or amnestic dementia suspected to be due to
Alzheimer’s disease at a consensus meeting of neuropsycholo-
gists and behavioural neurologists were included (Albert et al.,
2011; McKhann et al., 2011). Of note, biomarkers were not
considered during this diagnostic classification. Patients who
met criteria for probable dementia with Lewy bodies or who
had clear evidence of REM sleep behavioural disorder were
excluded (McKeith et al., 2017), as were those who met cri-
teria for non-amnestic dementia syndromes, such as behav-
ioural variant frontotemporal dementia (Piguet et al., 2011),
atypical variants of Alzheimer’s disease such as posterior cor-
tical atrophy (Tang-Wai et al., 2004) or any of the primary
progressive aphasia variants (Gorno-Tempini et al., 2004). We
also excluded participants where a primary psychiatric dis-
order or use of sedating medications was thought to explain
their cognitive complaints. Participants whose imaging failed
quality control measures or who had evidence of large hemi-
spheric strokes were also excluded. This cohort was then
matched (2:1) for age and sex with a control cohort of cogni-
tively normal and biomarker-negative participants from the
Mayo Clinic Study of Aging (Roberts et al., 2008).
Participants were grouped according to tau biomarker status,
as outlined below, for purposes of imaging and statistical
analyses.

Standard protocol approvals, registrations and

patient consents

This study was approved by the Mayo Clinic institutional
review board and written consent was obtained from all par-
ticipants and/or their qualified representative in keeping with
the Declaration of Helsinki.

Neuropsychological testing

Participants completed a comprehensive neuropsychological
battery as part of the Uniform Data Set designed by the
National Alzheimer’s Coordinating Center (Monsell et al.,
2016). Data from the following tests were abstracted:
Montreal Cognitive Assessment, Craft Story Immediate and
Delayed Recall (both verbatim and paraphrase recall),

Benson Figure Copy and Recall, Multilingual Naming Test,
Category fluency (Animals and Vegetables), Digit Span
Length forwards, Trial Making Test Part B. Test scores were
then converted to z-scores controlling for age, sex and educa-
tion using the z-score calculator on the National Alzheimer’s
Coordinating Center website (https://www.alz.washington.edu/
WEB/npsych_means.html).

Structural imaging

MRI was performed on one of three 3 T systems from the
same vendor. Hippocampal volumes were quantified using
Freesurfer, and adjusted for total intracranial volume from
SPM12 (Jack et al., 2017). Structural MRI was used for pre-
processing PET data, and spatially normalized and modulated
grey matter intensities derived from SPM12 (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12/) were used in the region of
interest-based analysis described below.

Amyloid and tau PET imaging

Amyloid PET imaging was done with Pittsburgh compound B,
synthesized on-site with precursor purchased from ABX
Biochemical Compounds. Tau PET was carried out with flor-
taucipir (AV-1451), synthesized on-site with precursor supplied
by Avid Radiopharmaceuticals. Late-uptake amyloid PET
images were acquired 40–60 min, and tau PET 80–100 min,
after injection. Although flortaucipir uptake does not appear
to plateau, a delayed image during the 80–100-min window
has been shown to be reliable for cortical structures
(Shcherbinin et al., 2016; Barret et al., 2017). A CT scan
was obtained for attenuation correction. Methods of PET
data analysis have been described previously (Jack et al.,
2012). Briefly, an SUVR was derived for amyloid PET from
the voxel size weighted median uptake in the prefrontal, orbi-
tofrontal, parietal, temporal, anterior and posterior cingulate,
and precuneus regions of interest normalized to the cerebellar
grey median. For tau PET, the voxel size weighted median
uptake from a meta-region of interest consisting of the entorh-
inal, amygdala, parahippocampal, fusiform, inferior temporal,
and middle temporal regions of interest normalized to the
median uptake in the cerebellar crus was used to derive the
SUVR. The hippocampus is not included in this region of
interest because of frequent bleed from the adjacent choroid
plexus. Although the best regions to use for quantifying tau
PET uptake and the best cut-off point to use in binary classi-
fication schemes are an active topic of research, this meta-
region of interest is similar to those used by other groups
(Mishra et al., 2017). Further details regarding the design
and justification of the meta-region of interest can be found
elsewhere (Jack et al., 2017). Grey and white matter sharpen-
ing was applied, whereby voxels whose probability of being
CSF was greater than the probability of being grey matter or
white matter based on co-registered segmented MRI are
excluded from the SUVR calculation.

We had previously examined several different methods for
selecting cut-off points to define abnormality with amyloid
PET and tau PET (Jack et al., 2017). The optimum amyloid
PET cut-off point of SUVR 1.42 was based on the threshold
value beyond which the rate of change in amyloid PET reliably
increases. We determined the cut-off point for tau PET by
maximizing the accuracy (i.e. maximizing sensitivity plus spe-
cificity) in discriminating between amyloid-positive individuals
with MCI or dementia versus Mayo Clinic Study of Aging
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cognitively unimpaired, age-matched individuals. Based on this
method, the cut-off point for tau PET was 1.33 SUVR. Based
on the amyloid and tau cut-off points each participant was
designated as amyloid positive or negative (A + /A�) and tau
positive or negative (T + /T�) as recommended by the A/T/N
classification scheme (Jack et al., 2016a).

Autopsy cohort

The autopsy cohort was constructed from a consecutive series
of autopsy participants who had antemortem FDG-PET
imaging performed. As part of a standardized dissection and
sampling protocol (Terry et al., 1987), formalin-fixed and par-
affin-embedded sections of the left hemisphere were taken for
immunohistochemical studies. Plaques and neurofibrillary tan-
gles were assessed for using thioflavin-S fluorescent microscopy
(Murray et al., 2011) and staged in accordance with recom-
mendation from the National Institute of Aging-Alzheimer’s
Association (NIA-AA) and Consortium to Establish a
Registry for Alzheimer’s disease (CERAD) guidelines (Mirra
et al., 1991; Hyman et al., 2012). Immunohistochemistry
was performed with antibodies against tau, TDP-43 and
alpha-synuclein. Hippocampal sclerosis was diagnosed in the
setting of neuronal loss in CA1 and the subiculum that was
judged to be out of proportion to the neurofibrillary tangle
pathology burden, according to consensus recommendations
(Rauramaa et al., 2013). Participants with TDP-43-positive
hippocampal sclerosis (hereafter ‘hippocampal sclerosis’) were
identified, regardless of whether or not co-existing Alzheimer’s
disease was present. A subset of Alzheimer’s disease partici-
pants with no evidence of TDP-43 or alpha-synuclein were
identified as a comparison cohort (hereafter ‘Alzheimer’s dis-
ease’). The same structural and FDG-PET processing and ana-
lyses were applied to this group.

FDG-PET imaging and analysis

All patients had FDG-PET images acquired using a PET/CT
scanner (GE Healthcare) operating in 3D mode. Patients were
injected in a dimly lit room with 18F-FDG, and after a 30-min
uptake period, an 8-min FDG scan was performed, which con-
sisted of four 2-min dynamic frames following a low dose CT
transmission scan. PET image processing was done using our
fully automated, in-house pipeline, described previously
(Senjem et al., 2005). Briefly, after co-registration of MRI
and PET images for each patient, the automated anatomical
labelling (AAL) atlas was propagated to native MRI space and
the pons was identified (Tzourio-Mazoyer et al., 2002). PET
image intensity was normalized to the pons and smoothed
with an 8 mm full-width at half-maximum Gaussian kernel,
after which all voxels were divided by the median uptake in
the pons. The parameters from MRI normalization were used
to normalize these FDG-uptake ratio images to template space
(Vemuri et al., 2008). Results were assessed with and without
partial volume correction (PVC) using a two-compartment
model, as outlined by Meltzer et al. (1999). This involves
combining the grey and white matter segmentations into a
tissue probability mask, resampling this to the approximate
resolution of FDG-PET by smoothing it with a 6 mm full-
width at half-maximum Gaussian filter and then dividing the
smoothed PET images by the smoothed brain tissue probability
mask. In effect, the PET values in voxels with intermediate
probability to contain brain tissue (e.g. 0.5) are boosted,

whereas the values in voxels that are more confidently assigned
to brain (e.g. 0.99) or not brain (e.g. 0.01) are not changed
significantly. However, PVC for FDG-PET images is different
than amyloid or tau PET in an important way: in FDG-PET
the signal of interest usually decreases with disease state and
stage (i.e. reduced metabolism in affected regions) whereas in
amyloid and tau PET the signal increases with progression.
Because PVC either increases signal intensity or leaves it un-
changed the net effect is that it tends to reduce power to detect
group differences, and at times destroys an effect that is
known to be there (e.g. in simulation cases) (Greve et al.,
2016). As such, we focused our analyses on the non-PVC
images. Group level analyses of normalized and scaled FDG-
PET images were performed using SPM12 (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12/). Voxel-level comparisons of
FDG-PET images for each diagnostic group were compared
to controls in SMP12 using a one-sided t-test and to each
other with two-sided t-tests. A conjunction analysis was done
in SPM using the amyloid-positive and amyloid-negative
groups within the tau-negative group in order to identify
areas that are involved in both amyloid-positive and amyl-
oid-negative participants (Price and Friston, 1997; Price
et al., 1997). Results were viewed uncorrected (P = 0.001)
and corrected for multiple comparisons [family wise error
(FWE) correction P = 0.05].

Given the small numbers, the direct disease group differences
did not reach statistical significance. T-maps were converted to
effect size (Cohen’s d) maps. To quantify the pattern observed
in the effect size maps at a single participant level, and to
allow for a summary metric that could be applied to other
cohorts, we created two regions of interest based on the
AAL atlas (Tzourio-Mazoyer et al., 2002). Since the medial
temporal lobe was more involved in tau-negative cases, we
chose to combine the hippocampus and amygdala AAL regions
of interest to form a ‘medial temporal’ region of interest. We
also used the ‘inferior temporal’ AAL region of interest given
the inferior temporal involvement in tau-positive cases. After
masking the PET image of each participant with their spatially
normalized and modulated grey matter intensity map, such
that only voxels with 40.5 probability of being grey matter
were included, the median FDG uptake ratio for each region of
interest was calculated for each participant. The ratio of infer-
ior temporal/medial temporal metabolism was then calculated
and used to compare controls, tau-positive and tau-negative
participants. We then used the same region of interest and
ratio and applied it to the autopsy cohort, whose group ima-
ging findings were not taken into account when the regions of
interest were selected, to test the ability of the ratio to separate
hippocampal sclerosis from Alzheimer’s disease cases.

Given that atrophy may account for some of the hypometa-
bolism observed on FDG-PET, we performed a similar region
of interest-based analysis using Freesurfer thicknesses for infer-
ior temporal and entorhinal regions of interest based on the
Freesurfer atlas (Freesurfer 5.3, available from http://surfer.
nmr.mgh.harvard.edu/) (Fischl et al., 2002, 2004; Han and
Fischl, 2007).

Finally, we used the 3D stereotactic surface projections gen-
erated with CortexID (GE Healthcare) to view the participant
level FDG-PET scans. This is a propriety processing and pres-
entation suite that is used in clinical practice at our institution.
After a fully automated preprocessing procedure, which in-
cludes realignment, spatial normalization and non-linear
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warping, 16 000 predefined cortical locations which are
sampled and then projected onto a 3D brain surface.
Participant PET data are normalized to the pons and com-
pared to a normative database, resulting in a 3D stereotactic
surface projections Z-score image.

Statistical analysis

All statistical analysis was done in R (Version 3.4.1). The
Mann-Whitney-Wilcoxon test was used for continuous vari-
ables, including imaging-derived metrics, while chi-square test
was used for categorical variables such as sex. Fisher’s exact
was used for APOE genotype given the small numbers. Voxel-
wise imaging analysis was done in SPM as outlined above.

Results

Clinical cohort

Our initial search identified 47 participants, 23 of whom

were excluded. See Supplementary Table 2 for a list of

excluded patients and their associated amyloid-PET and

tau-PET status. The remaining 24 participants all presented

with an amnestic syndrome and met criteria for amnestic

MCI (n = 8) or Alzheimer’s disease dementia (n = 16) on

consensus review. Nine participants were tau-negative, of

which five were amyloid-positive and four were amyloid-

negative. The remaining 15 participants were positive on

both biomarkers. Tau-negative participants were older than

tau-positive participants, and tau-positive participants were

more likely to carry an APOE "4 allele (67% versus 28%),

although the difference did not reach significance

(P = 0.1597). No group differences were found in neuro-

psychological test performance (Table 1).

Autopsy cohort

Eighteen participants were included in the autopsy cohort.

Eight participants had TDP-43 positive hippocampal scler-

osis, with co-existing Alzheimer’s pathology seen in most

cases. Two hippocampal sclerosis participants had alpha-

synuclein positive inclusions isolated to the amygdala,

with negative staining elsewhere, including the anterior

and posterior cingulate cortices and the brainstem. The

Table 1 Demographic and neuropsychologic test results for each patient group

A�/T�/N + A + /T�/N + All T�/N + A + /T + /N + P-value

(n = 4) (n = 5) (n = 9) (n = 15)

Sex, % male 0 80 44 47 0.9158

Education (Q1, Q3) 15 (13.5, 16) 16 (16, 16) 16 (14, 16) 16 (14, 19.5) 0.3397

Age at PET (Q1, Q3) 82 (79, 85) 85 (81, 89) 85 (79, 86) 76 (75, 78.5) 0.0031

APOE genotype

ApoE4 carriers, (%)a 1/4 (25) 1/3 (33) 2/7 (28) 9/13 (67) 0.1597

Global function

MoCA (Q1, Q3) 17 (13.5,19) 16 (13, 16) 16 (13, 19) 15 (8.5, 21) 0.7879

MMSE (Q1, Q3) 22 (16.5, 22.75) 24 (24, 26) 24 (22, 25) 22 (19, 25) 0.6969

CDR Global (Q1, Q3) 1 (0.75, 1) 0.5 (0.5, 1) 0.75 (0.5, 1) 1 (0.5, 1) 0.312

CDR Sum of Boxes (Q1, Q3) 6 (4.5,6.5) 2.5 (0.5, 5.5) 4.25 (2, 6) 4.5 (3.5, 9) 0.2559

Language function

Multilingual Naming Test, z-score (Q1, Q3) 0.25 (0, 0.5) �3.3 (�4.9, �0.2) �0.18 (�3.7, 0.1) �2.15 (�3.1, �1.3) 0.4088

Category Fluency, z-score (Q1, Q3) �1.71 (�2, �1.7) �1.85 (�2, �1.34) �1.78 (�2.1, �1.6) �1.76 (�2.4, �1.1) 0.9039

Memory function

Craft Story, Immediate Recall, z-score (Q1, Q3) �1.93 (�2.2, �1.5) �2.72 (�3, �2.1) �2.29 (�2.8, �1.7) �2.27 (�2.5, �1.6) 0.8404

Craft Story, Delayed Recall, z-score (Q1, Q3) �2.35 (�2.8, �2) �2.72 (�2.8, �2.5) �2.62 (�2.8, �2.2) �2.93 (�3.2, �2.5) 0.1483

Benson Diagram, Delayed Recall, z-score (Q1, Q3) �2.82 (�3.2, �2.5) �2.36 (�3.2, �2.1) �2.59 (�3.3, �2.2) �3.48 (�3.7, �2.9) 0.1087

Attention/Executive function

Digit Span, Forward, z-score (Q1, Q3) �0.59 (�0.84, �0.37) 0.12 (�0.11, 0.26) �0.36 (�0.4, 0.1) �0.41 (�0.9, 0.2) 0.6983

Trial Making Test Part B, z-score (min, max) �3.86b
�1.08 and 0.00b

�1.08 (�3.9, 0.0) �1.02 (�5.3, 0.29) 1

Visuospatial function

Benson Diagram, Copy, z-score (Q1, Q3) 1.13 (�0.8,1.3) �1.00 (�2.6, 1) 0.01 (�2.6, 1.1) �0.40 (�1.9, �0.4) 0.5631

Molecular imaging

Amyloid SUVR 1.33 (1.30, 1.35) 2.01 (1.57, 2.03) 1.54 (1.34, 2.01) 2.71 (2.56, 2.84) 0.0017

Tau SUVR 1.20 (1.14, 1.26) 1.26 (1.24, 1.29) 1.26 (1.14, 1.27) 1.62 (1.59, 1.94) 50.0001

Demographic and neuropsychological test results for each patient group. Z-scores, corrected for age, sex, and education, are shown for individual cognitive domains. Median and

interquartile range (Q1, Q3) are reported unless stated otherwise. Each cognitive domain is tested in accordance with the Uniform Data Set version 3.0 neuropsychological battery.

The first two columns report results for tau-negative participants split by amyloid status. These are combined in column 3 and compared with tau-positive participants. P-values

shown are for the tau-positive versus tau-negative group comparison.
aTwo patients from the tau PET negative (T�/N + ) group and two patients from the tau PET positive (T + /N + ) group were missing APOE genotyping.
bMissing for multiple participants, participant level result(s) shown.

MMSE = Mini-Mental State Examination; A + = amyloid-PET positive; A� = amyloid-PET negative; MoCA = Montreal Cognitive Assessment; T�/N + = tau-PET negative, neuro-

degeneration positive; T + /N + = tau-PET positive, neurodegeneration positive.
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remaining 10 participants had Alzheimer’s disease and no

evidence of hippocampal sclerosis or TDP-43 deposition.

Demographics and additional neuropathological details for

this cohort are shown in Table 2. No significant difference

was found between hippocampal sclerosis and Alzheimer’s

disease cases in age or disease duration at time of PET

imaging or at death.

Voxel-wise FDG-PET

Clinical cohort

Results for tau-negative participants split by amyloid status

compared to controls are shown in Fig. 1. Both amyloid-

negative and amyloid-positive participants had hypometa-

bolism involving the medial temporal lobes, posterior

cingulate and the adjacent precuneus bilaterally, with spar-

ing of the inferior and lateral temporal lobes. A direct com-

parison between these groups did not reveal any

differences, and the conjunction analysis confirmed over-

lapping hypometabolism involving the regions mentioned

previously. Because this FDG pattern appeared to be inde-

pendent of amyloid status, we combined the amyloid-posi-

tive and amyloid-negative participants who did not have

elevated tau into one group for further analyses.

Results for tau-negative and tau-positive participants

compared to controls and to each other are shown in

Fig. 2. The tau-negative participants had hypometabolism

limited to the regions discussed above, whereas the tau-

positive participants had prominent involvement of the in-

ferior and lateral temporal lobes, as well as lateral parietal

regions. Partial volume correction attenuated the majority

of the differences between controls and participants, with

both tau-positive and tau-negative cases showing posterior

cingulate hypometabolism, and only tau-positive partici-

pants showing precuneus and inferior temporal hypometa-

bolism (Supplementary Fig. 1). Direct comparison between

tau-positive and tau-negative participants was limited due

to the small number of participants, but suggested more

medial temporal involvement in tau-negative participants

and more inferior temporal involvement in tau-positive par-

ticipants. The effect size maps revealed large effects in these

regions.

Autopsy cohort

Voxel-wise results for the autopsy cohort are shown in

Fig. 3. Hippocampal sclerosis participants (most of whom

had concomitant Alzheimer’s disease) had prominent hypo-

metabolism of the medial temporal lobe, with the inferior

and lateral temporal gyri, lateral parietal regions and the

posterior cingulate and precuneus involved to a lesser

extent. Alzheimer’s disease without TDP-43 participants

had far less involvement of the medial temporal regions,

and had more medial and lateral parietal hypometabolism.

Inferior and lateral temporal gyri were involved to a similar

extent. Partial volume correction attenuated the majority of

the differences between controls and participants, although

Alzheimer’s disease without TDP-43 participants still had

patchy inferior temporal hypometabolism (Supplementary

Fig. 1). Direct comparisons were limited due to small num-

bers, but the medial temporal lobe was significantly more

involved in hippocampal sclerosis, whereas medial and lat-

eral parietal regions were significantly more involved in

Alzheimer’s disease without TDP-43. Large effect sizes

were noted in these regions.

Structural imaging findings

Tau-negative and tau-positive participants both had hippo-

campal atrophy, and all participants fell below the hippo-

campal volume (HVa) cut-off point of �1.5. Both groups

had lower hippocampal volume values than controls, but

the tau-positive and tau-negative groups did not differ

(Fig. 4A). All participants in the autopsy cohort also had

reduced hippocampal volumes (Fig. 5A). Mean hippocam-

pal volume was lower in the hippocampal sclerosis group

compared to the Alzheimer’s disease group, but not signifi-

cantly so (Fig. 5A). The ratio of inferior to medial temporal

thickness did not differ between tau-positive and tau-

negative, or between Alzheimer’s disease and hippocampal

sclerosis groups (Supplementary Fig. 3).

Table 2 Demographic and pathology data for autopsy

cohort

Hippocampal

sclerosis

Alzheimer’s

disease
(n = 8) (n = 10)

Demographics

Sex, male/female 3/5 7/3

Age at FDG-PET (Q1, Q3) 83 (79.25, 84.75) 83 (79.25, 84.75)

Duration at FDG-PET

(Q1, Q3)a
7 (2.5, 9) 7.5 (6, 9.75)

Age at death (Q1, Q3) 89 (86.75, 93) 87.5 (82.5, 89.5)

Level of Alzheimer’s disease pathological changes

Not Alzheimer’s 1 0

Low 0 0

Intermediate 5 3

High 2 7

ABC

A0B1C0 1 0

A3B5C2 2 1

A3B6C2 0 2

A4B3C2 1 0

A4B4C2 2 0

A4B6C2 0 1

A5B5C2 1 1

A5B6C2 1 5

Count data are reported, except for age and duration where median and interquartile

range (Q1, Q3) are reported. There were no statistically significant differences for sex

(P = 0.3416), age at PET (P = 0.4449), duration at PET (P = 0.5168) or age at death

(P = 0.2289) between groups. The level of Alzheimer’s disease neuropathological

change and ABC staging are reported according to NIA-AA guidelines (Hyman et al.,

2012).
aData not available for four Alzheimer’s disease and one hippocampal sclerosis

participants.
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Region of interest-based FDG-PET

The results of the region of interest-based analysis for tau-

positive and tau-negative participants are shown in Fig. 4B.

The ratio of inferior to medial temporal metabolism was

significantly higher in tau-negative cases compared to con-

trols and tau-positive participants. In addition, this pattern

of medial temporal metabolism compared to inferior tem-

poral metabolism was apparent on a single participant level

in many cases (Fig. 4C).

Applying the same region of interest analysis to the aut-

opsy cohort yielded comparable results (Fig. 5B).

Specifically, the inferior medial/temporal ratio was signifi-

cantly higher in hippocampal sclerosis cases. The compari-

son of medial and inferior temporal hypometabolism again

appeared helpful on a single participant level (Fig. 5C).

Imaging and neuropathology findings
in tau-negative participants who
came to autopsy

As mentioned previously, two tau-negative participants

came to autopsy during the study. Both participants pre-

sented with a slowly progressive amnestic syndrome, and

both were clinically thought to have Alzheimer’s disease.

The imaging and neuropathological findings in these two

index cases are shown in Fig. 6, along with the inferior/

medial temporal ratio results from the other participants in

the study to provide necessary context. Index Case 1 was

amyloid- and tau-negative, whereas index Case 2 was

amyloid-positive. Both cases had elevated inferior/medial

temporal ratios and focal medial temporal and posterior

cingulate hypometabolism on CortexID.

Neuropathological examination in index Case 1 revealed

extensive medial temporal and hippocampal sclerosis, with

marked neuronal loss and gliosis involving the presubicu-

lum, subiculum, prosubiculum and CA1 regions. There

were moderate subicular and hippocampal, and frequent

entorhinal, TDP-43 positive dystrophic neurites and neur-

onal cytoplasmic inclusions. NIA-AA staging of Alzheimer’s

disease pathological change was A1B1C1 (low). Tau pre-

tangles and neurites were noted in the subiculum. Frequent

medial temporal silver-positive and 4R-tau-immunoreactive

grains were noted, along with coiled bodies in the temporal

lobe and pretangles in the amygdala, consistent with argyr-

ophillic grain disease.

Neuropathological examination in index Case 2 revealed

an intermediate degree of Alzheimer’s disease neuropatho-

logic change (A2B2C2), with moderate-to-frequent diffuse

and neuritic plaques within the mesial temporal structures

and moderate plaque burden in the neocortex, frequent

neurofibrillary tangles and ghost tangles in the mesial tem-

poral lobe and sparse tangles in the neocortex. Severe neur-

onal loss and gliosis involving primarily the CA1 and CA2

regions of the hippocampus, and to a lesser extent the

amygdala and entorhinal cortex were noted, consistent

Figure 1 3D brain renderings showing results of FDG-PET analysis in tau-negative patients. Results are shown at P(unc) = 0.001

with the height cut-off for family-wise error (FWE) correction shown in the colour bar. (A) Compared to controls, tau-negative amyloid-negative

participants had hypometabolism in the posterior and middle cingulate and the medial temporal lobes. (B) Compared to controls, tau-negative

amyloid-positive participants also had hypometabolism in the posterior and middle cingulate and the medial temporal lobes. (C) Conjunction

analysis of A and B revealing areas involved in both amyloid-positive and amyloid-negative cases compared to controls. Renders created using

Brain Net Viewer (Xia et al., 2013) (https://www.nitrc.org/projects/bnv/).
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with a diagnosis of hippocampal sclerosis. Frequent TDP-

43 positive inclusions and neurites were noted. In addition,

there was evidence for cerebral amyloid angiopathy, pri-

marily involving the occipital lobe, and limbic/transitional

Lewy body disease. None of the tau-positive participants

came to autopsy during the study.

Discussion
In the present study we assessed the utility of FDG-PET for

identifying cases where non-Alzheimer’s pathology under-

lies, or contributes to, amnestic MCI or dementia in elderly

participants. Our major findings include: (i) cases of tau

Figure 2 Three-dimensional brain renderings showing results of FDG-PET analysis in tau-negative and tau-positive partici-

pants. Compared to controls, tau-positive participants also had hypometabolism in the posterior and middle cingulate and the precuneus, but

there was more widespread cortical involvement including inferior and middle temporal gyri and the angular gyri bilaterally. In addition, medial

temporal lobe involvement was less pronounced. Results are shown at P(unc) = 0.001 with the height cut-off for FWE correction shown in the

colour bar. (B) Compared to controls, tau-negative participants had hypometabolism in the posterior and middle cingulate, the inferior precuneus

and the medial temporal lobe. Results are shown at P(unc) = 0.001 with the height cut-off for family-wise error (FWE) correction shown in the

colour bar. (C) T-map for tau-negative compared to tau-positive participants, with red-yellow indicating regions more involved in tau-negative

participants and blue-cyan showing areas more involved in tau-positive participants. Although very few voxels are above the height cut-off for

P(unc) = 0.001, the medial temporal lobe appears to be more involved in tau-negative cases while the inferior temporal gyri appear more involved

in tau-positive cases. (D) Effect size (Cohen’s d) maps for the direct comparison showing areas of greater involvement in tau-positive cases,

including moderate (0.5–0.8) to large (40.8) effect sizes in the inferior temporal gyri. (E) Effect size (Cohen’s d) maps for the direct comparison

showing areas of greater involvement in tau-negative cases, revealing moderate (0.5–0.8) to large (40.8) effect sizes for the medial temporal lobe.

Renders created using Brain Net Viewer (Xia et al., 2013) (https://www.nitrc.org/projects/bnv/).
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negative amnestic MCI and dementia (i.e. non Alzheimer’s

disease) did not differ significantly on neuropsychological

testing or measures of hippocampal volume when com-

pared to tau positive (i.e. Alzheimer’s disease) cases; (ii)

tau-negative amnestic MCI and dementia was associated

with focal medial temporal and posterior cingulate hypo-

metabolism regardless of amyloid status; (iii) this pattern of

predominantly medial temporal hypometabolism resembled

the pattern of hypometabolism seen in autopsy proven

TDP-43 positive hippocampal sclerosis; and (iv) a higher

Figure 3 3D brain renderings showing results of FDG-PET analysis in hippocampal sclerosis and Alzheimer’s disease partici-

pants. (A) Compared to controls, TDP-43 negative Alzheimer’s disease was associated with hypometabolism of the posterior cingulate, middle

and inferior temporal and lateral and medial parietal regions including the precuneus. There was minimal medial temporal involvement. Results are

shown at P(unc) = 0.001 with the height cut-off for FWE correction shown in the colour bar. (B) Compared to controls, TDP-43-positive

hippocampal sclerosis was associated with hypometabolism predominantly in the medial temporal lobe, with additional involvement of the middle

and inferior temporal, lateral parietal and insular regions. Results are shown at P(unc) = 0.001 with the height cut-off for family-wise error (FWE)

correction shown in the colour bar. Note that most hippocampal sclerosis cases had concomitant Alzheimer’s disease. (C) T-map for hippocampal

sclerosis compared to Alzheimer’s disease, with red-yellow indicating regions more involved in hippocampal sclerosis and blue-cyan showing areas

more involved in Alzheimer’s disease. There was more medial temporal and orbitofrontal involvement in hippocampal sclerosis, and more

posterior-inferior temporal, occipital and parietal involvement in Alzheimer’s disease. (D) Effect size (Cohen’s d) map for the direct comparison

showing areas of greater involvement in Alzheimer’s disease, including moderate (0.5–0.8) to large (40.8) effect sizes for the posterior-inferior

temporal, occipital and parietal regions. (E) Effect size (Cohen’s d) map for the direct comparison showing areas of greater involvement in

hippocampal sclerosis, including moderate (0.5–0.8) to large (40.8) effect sizes for the medial temporal and orbitofrontal regions. Renders

created using Brain Net Viewer (Xia et al., 2013) (https://www.nitrc.org/projects/bnv/).
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ratio of inferior to medial temporal metabolism differen-

tiated tau-positive from tau-negative cases as well as aut-

opsy-confirmed TDP-43 positive hippocampal sclerosis

from TDP-43 negative Alzheimer’s disease and also accur-

ately predicted the presence of this pathology in two of two

subjects from the clinical cohort that came to autopsy

during this study. We discuss the implications of these re-

sults below.

Neuropsychological performance and
hippocampal volume do not
differentiate tau-positive and
negative dementia

There were no clear differences on neuropsychological test-

ing or structural imaging between tau-positive and

Figure 4 Quantitative imaging findings and examples of participant level FDG-PET scans for the clinical cohort. (A) Both tau-

positive and tau-negative participants had reduced adjusted hippocampal volumes (HVa) compared to controls, but were not significantly different

from one another. (B) The ratio of inferior temporal metabolism over medial temporal metabolism was significantly higher in tau-negative

participants compared to controls and tau-positive participants. (C) Examples of participant level FDG-PET statistical stereotactic surface

projection maps generated by Cortex ID (GE Healthcare) for three participants. Numbers 1–3 refer to the labels in B. Note the disproportionate

medial temporal hypometabolism in 1 (A + /T�), the relative sparing of medial temporal structures in 3 (A + /T + ) and the overlapping pattern in 2

(A + /T + ), with a corresponding intermediate inferior/medial temporal ratio. CN = cognitively normal.
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tau-negative cases, implying that the tau-negative group

mimics Alzheimer’s disease closely. Our results suggest

that, while this issue may be rare below the age of 75,

approximately a third of patients with an amnestic presen-

tation above that age may in fact be tau-negative. This is in

keeping with previous work that has shown a 10-fold in-

crease in the number of suspected non-amyloid pathology

patients between ages 65–85 (Jack et al., 2016b) and with

more recent population-based studies using flortaucipir

(Jack et al., 2017). The findings here emphasize the import-

ance of considering amyloid and tau separately when defin-

ing Alzheimer’s disease from a molecular perspective, in

keeping with the NIA-AA research framework (Dubois

et al., 2016). That is to say, by using a classification such

Figure 5 Quantitative imaging findings and examples of participant level PET scans for the autopsy cohort. (A) There was a

trend towards smaller hippocampal volume in hippocampus sclerosis, although this did not reach statistical significance. (B) The ratio of inferior

temporal metabolism over medial temporal metabolism was significantly higher in hippocampal sclerosis cases compared Alzheimer’s disease.

(C) Examples of participant level FDG-PET statistical stereotactic surface projection maps generated by Cortex ID (GE Healthcare) for three

participants. Numbers 1–3 refer to the labels in B. Note the focal medial temporal and posterior cingulate hypometabolism in 1 (hippocampal

sclerosis with Alzheimer’s disease, A5B5C2, PET completed 4 years before death), the relative sparing of medial temporal structures in 3

(Alzheimer’s disease without hippocampal sclerosis, A4B6C2, PET completed 4 years before death) and the overlapping pattern in 2 (hippocampal

sclerosis with Alzheimer’s disease, A3B5C2, PET completed 4 years before death).
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Figure 6 Imaging and neuropathology findings in the two index tau-negative cases that came to autopsy during the study.

(A) The ratio of inferior/medial temporal metabolism is shown for both the clinical and autopsy cohorts, with the same three cases highlighted as

in Fig. 4 (Clinical 1–3) and Fig. 5 (Autopsy 1–3) in red. The two index cases are highlighted in green. (B) Participant level results for index Case 1.

The participant’s FDG-PET (Cortex ID) is shown in B1, illustrating medial temporal and posterior cingulate hypometabolism with sparing of

inferior temporal and lateral parietal regions. A gross pathological image at the level at which the hippocampal biopsies were taken is shown in B2,

and flortaucipir PET at the same level is shown in B3. Results of immunohistochemical staining of hippocampal sections for TDP-43 are shown in

B4–5 (Scale bar = 50 mm), which revealed dystrophic neurites (B4) and neuronal cytoplasmic inclusions (B5). Results of tau immunostaining are

presented in B6–8 (Scale bar = 50 mm), showing pretangles in the subiculum (B6), a coiled body in the temporal lobe (B7) as well as pretangles

and grains in the amygdala (B8). (C) Participant level results for index Case 2. As can be seen in C1, this participant had predominantly left medial

temporal and orbitofrontal hypometabolism on FDG-PET (Cortex ID). There was more involvement of the inferior temporal and lateral parietal
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at the A/T/N framework, clinically impaired A + /T�/N +

participants are identified appropriately as distinct from

T + participants. This has implication for clinical trial

design in that such participants may benefit less, or not

at all, from therapeutic agents targeting Alzheimer’s disease

pathology such as amyloid and tau since they likely har-

bour concomitant non-Alzheimer’s pathology. This is evi-

dently not as pertinent for clinically unimpaired patients, a

group where the therapeutic focus may be amyloidosis in

the absence of tau.

FDG-PET in tau-negative amnestic
dementia resembles that of autopsy-
proven hippocampal sclerosis

A previous study reported relatively restricted posterior cin-

gulate and retrosplenial hypometabolism in amyloid-nega-

tive cases clinically diagnosed with typical Alzheimer’s

disease dementia, which contrasted with the more wide-

spread hypometabolism seen in amyloid-positive cases

(Chetelat et al., 2016). We found a similar pattern of hypo-

metabolism in all tau-negative cases, regardless of amyloid

status, in contrast to tau-positive cases who had more wide-

spread association cortex involvement, especially in inferior

and lateral temporal regions, regions typically associated

with Alzheimer’s disease. On direct comparison of tau-

negative and tau-positive participants, the largest effect

was seen in medial and inferior temporal regions.

Because isocortical tau PET abnormalities are tightly

linked to overt cognitive impairment (Jack et al., 2013;

Pontecorvo et al., 2017), subjects with elevated amyloid

but who lack elevated tau probably harbour additional

pathology explaining the majority of their cognitive impair-

ment. The FDG pattern described here may be helpful in

identifying non-Alzheimer’s pathology in the setting of

amnestic cognitive disorders, either as co-pathology (in

those that are amyloid-positive, for example) or as primary

pathology. In other words, in a patient above the age of 75

with an amnestic syndrome and FDG-PET hypometabolism

restricted to the medial temporal lobe and posterior cingu-

late cortex, non-Alzheimer’s degenerative aetiologies should

be suspected.

We hypothesized that hippocampal sclerosis accounted

for a significant proportion of tau-negative amnestic de-

mentia cases and tested this by performing the same PET

analysis in an autopsy-proven cohort of TDP-43-positive

hippocampal sclerosis and TDP-43-negative Alzheimer’s

disease participants. When compared to controls, the

Alzheimer’s group as expected resembled the tau-positive

cohort, with medial and lateral parietal, lateral and infer-

ior temporal and occipital hypometabolism bilaterally.

Results in the hippocampal sclerosis group resembled a

mix between the tau-negative and tau-positive groups.

Similar to the tau-negative group, the hippocampal scler-

osis group had the most severe hypometabolism in the

medial temporal lobe. However, the latter group had

more pronounced involvement of the inferior and lateral

temporal lobes and the lateral parietal lobes. This likely

reflects the fact that most of our hippocampal sclerosis

participants had co-existing Alzheimer’s disease (i.e. they

would probably have been classified as tau-positive), con-

sistent with prior reports that hippocampal sclerosis in the

absence of Alzheimer’s pathology is rare (Zarow et al.,

2008; Dawe et al., 2011). On direct comparison, the re-

gions that were more involved in hippocampal sclerosis

compared to Alzheimer’s disease were similar to those

that were more involved in tau-negative compared to

tau-positive cases, supporting our hypothesis. However,

other limbic predominant neurodegenerative processes,

such as argyrophilic grain disease, may also contribute to

this finding.

The inferior to medial temporal
metabolism ratio separates amnestic
mimics from Alzheimer’s disease

Although the direct comparison between tau-positive and

tau-negative cases did not reach statistical significance, at

the voxel level there were regions of large effect size in

the inferior and medial temporal lobes. As mentioned pre-

viously, we quantified this pattern in a region of interest-

based analysis. There is an obvious circularity here, in

that the regions of peak effect size differentiating tau-

positive and tau-negative cases were used as a basis for

region of interest selection. As such, the fact that the in-

ferior/medial temporal ratio differentiates these groups is

not surprising. However, we should emphasize that we

took regions of interest from a widely used atlas in

order to simplify replication, and used regions that were

far larger than the areas of peak effect size. In addition,

this exercise was far from futile in that it allowed for the

quantification of the aforementioned pattern at a single

participant level, a crucial requirement for any potential

biomarker.

We applied this same region of interest analysis to the

autopsy cohort, and showed that the inferior/medial tem-

Figure 6 Continued

regions than in index Case 1. A gross pathological image at the level at which the hippocampal biopsies were taken is shown in C2, and flortaucipir

PETat the same level is shown in C3. Although this participant was also below the flortaucipir cut-off point, there appeared to be a greater degree

of low-level binding than in index Case 1. Immunohistochemical staining for TDP-43 showing dystrophic neurites presented in C4 (Scale bar = 50

mm). A tau immunostain showing pretangles is presented in C5 (Scale bar = 50 mm). Alpha-synuclein immunohistochemistry results are presented

in C6–7 (Scale bar = 50 mm), demonstrating Lewy bodies in the midbrain (C6) and medulla (C7).
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poral ratio was significantly elevated in hippocampal scler-

osis participants compared to Alzheimer’s disease partici-

pants. We would like to emphasize that, in the autopsy

cohort, the caveats about circularity mentioned previously

do not apply. Our results suggest that the ratio of inferior

temporal to medial temporal metabolism among elderly

participants with an amnestic syndrome may serve to not

only identify tau-negative cases, but could point towards

hippocampal sclerosis as an underlying pathology.

In many cases the patterns described at group level were

evident on the participant level PET scans, such as the re-

stricted medial temporal and posterior cingulate hypometa-

bolism in the tau-negative participant shown in Fig. 4C, or

involvement of the inferior temporal gyrus with relative

sparing of the medial temporal lobe in the TDP-43 negative

Alzheimer’s disease patient shown in Fig. 5C. In some par-

ticipants the posterior cingulate hypometabolism was more

apparent than the medial temporal hypometabolism [e.g. in

Fig. 5C(1)], and it may be that hypometabolism restricted

to the posterior cingulate cortex (inverse cingulate island

sign) can serve as additional evidence for hippocampal

sclerosis. The single participant level utility can also be

seen in the two tau-negative cases that came to autopsy

during the study, who both had elevated inferior/medial

temporal ratios and evidence for the tau-negative/hippo-

campal sclerosis pattern on Cortex ID.

FDG-PET has the potential to identify
cases of mixed hippocampal sclerosis
and Alzheimer’s disease

A central issue in the study of degenerative disease in the

elderly is identifying multiple co-occurring pathologies

during life. This is important for clinical trial design,

where one would ideally recruit patients that have the

pathological substrate you are targeting and do not have

additional pathologies that may dampen or mask a clinical

benefit from the therapeutic agent. Our focus here has been

on using FDG-PET to discern tau-positive versus tau-nega-

tive amnestic dementia, and hippocampal sclerosis versus

Alzheimer’s disease, but it is worth remembering that

there is a plethora of other pathologies that may contribute

to cognitive decline. Nevertheless, the data reported here

suggest a potential role for FDG-PET in identifying mul-

tiple co-occurring pathologies during life.

This is best illustrated by Fig. 6, where the tau negative

case with the higher inferior/medial temporal ratio had a

low stage of Alzheimer’s disease pathological change at

autopsy, whereas the case with a lower ratio had an inter-

mediate stage. This latter case fell in the range of the hip-

pocampal sclerosis cases from the autopsy cohort, most of

whom also had co-existing Alzheimer’s disease. Figure 6

also illustrates the complexity of trying to sort out multiple

pathologies in this cohort. Specifically, the Alzheimer’s dis-

ease group was ‘pure’ in the sense that there was no evi-

dence for hippocampal sclerosis and TDP-43 staining was

negative. Similarly, it is unlikely that Alzheimer’s disease is

the primary driver of neurodegeneration and clinical symp-

toms in the tau-negative group. That is to say, even though

some of these participants were amyloid-positive, such as

index Case 2, and it is possible that some harbour low

Braak stage of neurofibrillary pathology, there would

have to be a non-Alzheimer’s pathology to account for

the significant atrophy and cognitive impairment in the ab-

sence of significant flortaucipir binding. In contrast, the

tau-positive and hippocampal sclerosis groups fall some-

where in-between, and overlap substantially. The fact that

most of the hippocampal sclerosis participants had co-exist-

ing Alzheimer’s disease explains the intermediate ratio in

that group. Some of the tau-positive cases had relatively

elevated ratios, and we postulate that these cases harbour

hippocampal sclerosis in addition to Alzheimer’s pathology.

Alternatively, the elevated ratio could be due to any

number of pathologies affecting the hippocampus, includ-

ing medial temporal involvement from Alzheimer’s disease

itself.

There are two important aspects of Alzheimer’s disease

and hippocampal sclerosis co-pathology we did not ad-

dress. The first concerns the role of TDP-43 in the absence

of the pathological stigmata of hippocampal sclerosis. The

second pertains to TDP-43 associated hippocampal scler-

osis in the setting of frontotemporal dementia, i.e. not hip-

pocampal sclerosis of ageing.

The relationship between TDP-43, hippocampal sclerosis

and Alzheimer’s pathology is a matter of ongoing debate.

In the autopsy cohort, we limited our hippocampal sclerosis

participants to those who were TDP-43 positive in order to

identify those participants who likely had a degenerative

basis for their hippocampal sclerosis. Prior reports suggest

�90% of cases are TDP-43 positive, provided the anterior

hippocampus and amygdala are screened (Zarow et al.,

2008; Nelson et al., 2011; Pao et al., 2011). Similarly,

we chose to limit our Alzheimer’s cohort to those that

were TDP-43 negative. TDP-43-positive inclusions fre-

quently occur in Alzheimer’s disease and are often not asso-

ciated with the stigmata of hippocampal sclerosis (Josephs

et al., 2014). Even in the absence of neuronal loss suggest-

ive of hippocampal sclerosis, the presence of TDP-43 inclu-

sions in Alzheimer’s disease is associated with worse

performance on memory testing and smaller hippocampal

volumes (Josephs et al., 2014). However, it is common

practice to only examine one hemisphere, despite the fact

that hippocampal sclerosis is often unilateral (Zarow et al.,

2008, 2012; Nelson et al., 2011). In unilateral cases, TDP-

43 is still found bilaterally, and it is possible that some

TDP-43-positive but hippocampal sclerosis-negative cases

did, in fact, have unilateral sclerosis. Alternatively, it may

be that some participants have the neuropathological sub-

strate of TDP-43 but are yet to develop the focal neuronal

loss. In younger participants, non-age-related hippocampal

sclerosis and alternative degenerative disorders associated

with TDP-43, such as frontotemporal dementia and

1214 | BRAIN 2018: 141; 1201–1217 H. Botha et al.



semantic dementia, further complicates the relationship be-

tween TDP-43 and Alzheimer’s disease.

By limiting our analysis to those 575 years of age, and

focusing on TDP-43-negative Alzheimer’s disease and TDP-

43-positive hippocampal sclerosis, many of these issues

were avoided, perhaps at the expense of generalizability.

Recent evidence suggests that hippocampal sclerosis seen

in association with advanced age is distinct from that

seen in younger patients or in association with frontotem-

poral dementia (Cykowski et al., 2017), and future studies

will have to examine the potential for FDG-PET to identify

hippocampal sclerosis in younger participants and test the

utility of the ratio described here in TDP-43 positive

Alzheimer’s disease.

Limitations

As we have pointed out previously, there are several im-

portant limitations to the current study. First, the relatively

small numbers in each group limited our statistical power.

This is a common problem in this area of research, and

prior studies elected not to directly compare diseased

groups (Chetelat et al., 2016). Despite not reaching statis-

tical significance, we had large effect sizes and supple-

mented our findings with a region of interest-based

analysis, which was highly significant. While there was cir-

cularity with the region of interest-based analyses being

informed by the voxel-wise results, we were able to inde-

pendently demonstrate a significant region of interest-based

result in the autopsy cohort. As this is a first attempt at

in vivo FDG-based markers of hippocampal sclerosis, we

also selected relatively ‘pure’ cases for our autopsy cohort,

which limits the generalizability. Future studies will have to

address the question of TDP-43 in the absence of hippo-

campal sclerosis, cases of Alzheimer’s disease and hippo-

campal sclerosis mixed with other pathologies such as

dementia with Lewy Bodies and cases below the age of

75. Since our patients were all seen at the Alzheimer’s

Disease Research Center or Mayo Clinic Study of Aging,

associated with a single tertiary care centre, there is likely

some degree of selection bias present. Finally, although the

meta-region of interest used to classify participants as tau-

positive or tau-negative was designed without considering a

particular Alzheimer’s disease dementia phenotype, it is

possible that it would be less sensitive in atypical pheno-

types. Since we were primarily interested in the typical,

amnestic phenotype in the present study and visually re-

viewed all tau PET images it is unlikely that any atypical

Alzheimer’s disease dementia cases were included in the

tau-negative group.

Conclusions
In conclusion, we have shown that tau-negative amnestic

dementia in those older than 75 is associated with a signa-

ture pattern of hypometabolism regardless of amyloid

status. This pattern, with medial greater than inferior tem-

poral hypometabolism associated with posterior cingulate

hypometabolism and sparing of the lateral association cor-

tices, is shared by cases of hippocampal sclerosis. We have

also proposed the ratio of inferior to medial temporal me-

tabolism as a way of quantifying this, which was able to

differentiate tau-positive from tau-negative cases, and cases

of hippocampal sclerosis from TDP-43-negative

Alzheimer’s disease. We propose that a pattern of medial

temporal hypometabolism out of proportion to inferior

temporal hypometabolism serve as an antemortem

marker of TDP-43 associated hippocampal sclerosis of

ageing. This is a testable hypothesis, and clearly prelimin-

ary at this stage. It is unclear how specific these findings

are for hippocampal sclerosis as opposed to any limbic

predominant pathology (limbic predominant Alzheimer’s

disease, argyrophilic grain disease), or indeed what

would happen if more mixed cases are included (dementia

with Lewy bodies co-existing with Alzheimer’s disease, or

TDP-43 positive Alzheimer’s disease without hippocampal

sclerosis). We are planning to address these questions in

future studies.
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