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Abstract
Objective
To evaluate FDG-PET as an antemortem diagnostic tool for Alzheimer-related TAR DNA-
binding protein of 43 kDa (TDP-43) proteinopathy.

Methods
We conducted a cross-sectional neuroimaging–histologic analysis of patients with antemortem
FDG-PET and postmortem brain tissue from the Mayo Clinic Alzheimer’s Disease Research
Center and Study of Aging with Alzheimer spectrum pathology. TDP-43-positive status was
assigned when TDP-43-immunoreactive inclusions were identified in the amygdala. Statistical
parametric mapping (SPM) analyses compared TDP-43-positive (TDP-43[+]) with TDP-43-
negative cases (TDP-43[−]), correcting for field strength, sex, Braak neurofibrillary tangle, and
neuritic plaque stages. Cross-validated logistic regression analyses were used to determine
whether regional FDG-PET values predict TDP-43 status. We also assessed the ratio of inferior
temporal to medial temporal (IMT) metabolism as this was proposed as a biomarker of
hippocampal sclerosis.

Results
Of 73 cases, 27 (37%) were TDP-43(+), of which 6 (8%) had hippocampal sclerosis. SPM
analysis showed TDP-43(+) cases having greater hypometabolism of medial temporal, frontal
superior medial, and frontal supraorbital (FSO) regions (punc < 0.001). Logistic regression
analysis showed only FSO and IMT to be associated with TDP-43(+) status, identifying up to
81% of TDP-43(+) cases (p < 0.001). An IMT/FSO ratio was superior to the IMT in dis-
criminating TDP-43(+) cases: 78% vs 48%, respectively.

Conclusions
Alzheimer-related TDP-43 proteinopathy is associated with hypometabolism in the medial
temporal and frontal regions. Combining FDG-PETmeasures from these regions may be useful
for antemortem prediction of Alzheimer-related TDP-43 proteinopathy.

Classification of evidence
This study provides Class II evidence that hypometabolism in the medial temporal and frontal
regions on FDG-PET is associated with Alzheimer-related TDP-43 proteinopathy.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies

NPub.org/coe

From the Departments of Neurology (M.B., H.B., D.T.J., D.S.K., B.F.B., R.C.P., K.A.J.), Radiology (C.G.S., M.L.S., C.R.J., V.L., J.L.W.), and Laboratory Medicine and Pathology (J.E.P.), Mayo
Clinic, Rochester, MN; and Department of Neuroscience (M.E.M., L.P., D.W.D.), Mayo Clinic, Jacksonville, FL.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

Copyright © 2020 American Academy of Neurology e23

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://dx.doi.org/10.1212/WNL.0000000000009722
mailto:josephs.keith@mayo.edu
http://NPub.org/coe
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000009722


The prevalence of trans-active response DNA-binding protein
of 43 kDa (TDP-43) deposition in the brains of patients with
Alzheimer disease (AD) spectrum pathology can reach 74%.1–4

Moreover, strong clinical and neuropathologic evidence
implicates TDP-43 in the features of the dementia syndrome
that has been attributed to AD5,6 such as more advanced
memory impairment and overall cognitive decline.5,7,8 Greater
rate and degree of hippocampal atrophy5,6,9 as well as higher
prevalence of hippocampal sclerosis (HS) in TDP-43-positive
(TDP-43[+]) cases10–13 further indicate that this protein is
associated with neurodegeneration.

Taking into account the association with clinical and pathologic
characteristics in AD, TDP-43 becomes a potential candidate
for targeted therapy and should be accounted for during clinical
trial enrollment and outcome evaluation. However, at present
the only way to confirm TDP-43 deposition is at autopsy. It has
been suggested that [18F]-fluorodeoxyglucose PET (FDG-
PET) could be useful to predict the presence of HS during life,
with a ratio of inferior temporal to medial temporal (IMT)
hypometabolism providing good separation of patients with and
without HS in a cohort of amnestic dementia cases.14 Given the
association between TDP-43 and HS,5,13,15–17 FDG-PET may
also be useful to help predict the presence of TDP-43.

The primary aims of this study were to determine whether
the pattern of hypometabolism detected by FDG-PET im-
aging differs in TDP-43(+) compared to TDP-43-negative
(TDP-43[−]) cases in patients with AD spectrum pathology
and to determine the utility of FDG-PET as a diagnostic
biomarker of TDP-43.

Methods
Classification of evidence
This retrospective cross-sectional neuroimaging–histologic
study provides Class II evidence that hypometabolism in the
medial temporal and frontal regions on FDG-PET is associ-
ated with Alzheimer-related TDP-43 proteinopathy. TDP-
43(+) cases had greater hypometabolism of medial temporal
(MT), frontal superior medial (FSM), and frontal supraor-
bital (FSO) regions (punc < 0.001). FDG-PET-derived data
allowed separation of TDP-43(+) cases with sensitivity of
81% and specificity of 74% (p < 0.001) (figure 1).

Study design and participants
We conducted a cross-sectional neuroimaging–histologic
study using an autopsy cohort of participants who had TDP-
43 status determination as reported below. All participants
were enrolled in the Mayo Clinic Alzheimer’s Disease Re-
search Center, the Mayo Clinic Alzheimer’s Disease Patient
Registry, or the Mayo Clinic Study of Aging and were pro-
spectively followed to the time of their death. The patients
died between May 12, 1999, and December 31, 2015. From
this cohort, we identified all participants who met the fol-
lowing inclusion criteria: at least one antemortem research
FDG-PET and structural MRI performed and had received an
AD spectrum pathologic diagnosis in accordance with the
National Institute on Aging–Alzheimer Association (NIA-
AA) diagnostic criteria18 (i.e., participants had to have
β-amyloid [Aβ] deposition in the form of diffuse or neuritic
plaques present in the brain) regardless of their cognitive
status or clinical diagnosis. From our autopsy-defined co-
hort, we identified 73 patients who met our inclusion cri-
teria. Two patients who had an FDG-PET were excluded
from the study as neither had Aβ deposition at autopsy
(figure 1). The clinical diagnosis and cognitive status of all
73 cases in this study had been assigned based on evalua-
tions by a behavioral neurologist and neuropsychologist on
the last visit prior to death. Twelve cases from this cohort
(16%), of which 3 were TDP-43(+), were previously
reported in the study by Botha et al.14

Standard protocol approvals, registrations,
and patient consents
This study has been approved by the Mayo Clinic in-
stitutional review board, and all patients or their proxies
signed a written informed consent form before taking part
in any research activities in accordance with the Declara-
tion of Helsinki.

Pathologic analysis
All 73 cases had undergone pathologic examination according
to the recommendations of the NIA-AA.18 Diffuse or neuritic
Aβ plaques had to be detected in order for the patient to be
included in the study. The hemisphere used for pathologic
analysis was recorded, resulting in 57 cases where the left
hemisphere was used and 16 cases where the right hemi-
sphere was used. Each individual had been assigned a Braak
neurofibrillary tangle (NFT) stage 0–VI19,20 and a National

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; FDG-PET = [18F]-fluorodeoxyglucose PET; FSM = frontal superior medial; FSO =
frontal supraorbital; FWHM = full-width at half maximum; HS = hippocampal sclerosis; IMT = inferior temporal to medial
temporal ratio; IT = inferior temporal gyrus; MCALT = Mayo Clinic Adult Lifespan Template; MT = medial temporal;
NACC = National Alzheimer’s Coordinating Center; NACCLEWY = Lewy bodies staged according to National Alzheimer’s
Coordinating Center;NACCNEUR = neuritic plaques staged according to National Alzheimer’s Coordinating Center;NFT =
neurofibrillary tangle;NIA-AA =National Institute on Aging–Alzheimer Association; PVC = partial volume correction; ROC =
receiver operating characteristic;ROI = region of interest; SUVR = standard uptake value ratio;TDP-43 = trans-active response
DNA-binding protein of 43 kDa.
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Alzheimer’s Coordinating Center (NACC) neuritic plaque
stage 0–3 (NACCNEUR),21 which is comparable to the
Consortium to Establish a Registry for Alzheimer’s Disease
staging.22 Presence of Lewy bodies in the brainstem, limbic
system or amygdala, or neocortex was documented and staged
according to NACC (NACCLEWY).21

Cases were designated as TDP-43(+) if TDP-43 immunore-
active neuronal cytoplasmic inclusions, dystrophic neurites, or
neuronal intranuclear inclusions were identified in the
amygdala, which has been shown to be the earliest region
involved.23–26 All TDP-43(+) cases were evaluated further in
order to categorize each case into 1 of the 6 TDP-43 stages
based on published criteria: stage 1, TDP-43 deposition is
limited to the amygdala; stage 2, TDP-43 deposition
extends into entorhinal cortex or subiculum; stage 3, TDP-
43 deposition extends into hippocampus dentate granule
cell layer or occipitotemporal cortex; stage 4, TDP-43
extends into the insula, ventral striatum, basal forebrain, or
inferior temporal cortex; stage 5, TDP-43 extends into
substantia nigra, inferior olive, or midbrain tectum; stage 6,
TDP-43 deposition extends into middle frontal cortex or
basal ganglia.23,24 All the TDP-43(−) cases were assigned
TDP-43 stage 0.

HS27 was diagnosed in cases where there was neuronal loss in
the CA1 and the subiculum of the hippocampus out of pro-
portion to the degree of AD pathology in those regions.10,28

Neuroimaging analysis
All participants had undergone FDG-PET using a GE PET/
CT scanner. All FDG-PET scans used in this study were
performed under NIH or foundation funded research proto-
cols. Participants were injected with 18F-FDG of approxi-
mately 459MBq (range 367–576MBq) and after a 30-minute
uptake period an 8-minute 18F-FDG scan was performed.
Emission data were reconstructed into a 256 × 256 matrix
with a 30-cm field of view (pixel size = 1.0 mm, slice thickness
= 1.96 mm). We did not perform a partial volume correction
(PVC) on the FDG-PET data since we were interested in the
performance of FDG-PET as a biomarker, not as a specific
measure of neuronal dysfunction. Non-PVC data were
deemed more appropriate for this study given that the FDG
signal of interest usually decreases in the affected regions due
to reduced metabolism whereas PVC either enhances signal
intensity or leaves it unchanged. Therefore, PVC could po-
tentially diminish the power of detection of the group dif-
ferences and lead to type II error in statistical hypothesis
testing. All participants had also undergone structural MRI
using a standardized protocol, as described previously.29 The
MRIs were performed at median of 7 days (interquartile range,
1–30 days) from the FDG-PET. All MRIs were performed
using GE scanners, with 62 performed at 3T and 11 at 1.5T.

The FDG-PET images were each registered to the partic-
ipant’s MRI using SPM12 (fil.ion.ucl.ac.uk/spm/software/
spm12/) 6 degrees of freedom registration. Normalization

Figure 1 Flowchart for identification of study participants and evaluation of diagnostic utility of [18F]-fluorodeoxyglucose
PET (FDG-PET) data

Flowchart shows the search strategy used to identify study participants. Trans-active response DNA-binding protein of 43 kDa (TDP-43) status for each
participant was determined using gold standard by immunohistochemistry of the brain tissue resulting in 27 TDP-43-positive cases. Ratio of inferior temporal
to medial temporal standard uptake value ratio (SUVR) values ratio and to frontal supraorbital SUVR values (MIT/FSO) was used to generate a value for each
participant. Area under the receiver operating characteristic curve was used to determine a cut point on a log-odds scale with optimal combination of
sensitivity and specificity of the test.
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measures were computed between each MRI and the Mayo
Clinic Adult Lifespan Template (MCALT) (nitrc.org/projects/
mcalt/) using advanced normalization tools.30 With these
measures, the MCALT atlases were propagated to native MRI
space. All voxels in the magnetization-prepared rapid gradient
echo space FDG-PET images were divided by the median up-
take in the pons using the MCALT atlas to create standard
uptake value ratio (SUVR) images. These SUVR images were
normalized to the MCALT and smoothed at 6 mm full-width at
half maximum (FWHM). The magnetic resonance images were
segmented using SPM12 with MCALT priors, and the gray
matter maps were normalized to MCALT (with modulation)
and smoothed at 8 mm FWHM.

Voxel-level comparisons of FDG-PET SUVR images for
TDP-43(+) and TDP-43(−) cases were performed using
SPM12. Results were corrected for field strength, sex, Braak
NFT stage, and neuritic plaque stage, and were assessed un-
corrected for multiple comparisons at p < 0.001. Identical
voxel-level comparisons of MRI volume were also performed
to allow us to determine whether the FDG-PET findings
mirrored the MRI findings.

The MRI space MCALT atlas was also used to output region
of interest (ROI)–level data. Based on the patterns observed
in our SPM analysis of FDG-PET, and the previous study that
developed a ratio to predict HS status, 4 ROIs were identified:
inferior temporal gyrus (IT); MT lobe, which combined
amygdala and hippocampus14; FSM; and FSO regions. The
IT region was chosen due to relative sparing compared toMT
and was used to create the ratio of IT to MT (IMT ratio).
Median FDG uptake was calculated from graymatter voxels in
each ROI and divided by median uptake in pons to create
SUVRs. Gray matter volume was also calculated for each re-
gion. We calculated SUVR and volume for each ROI for the
hemisphere used for pathologic analysis in each individual.
Total intracranial volume was also measured in order to allow
a correction for head size in the MRI analyses.

Statistical analysis
All statistical analysis was done in JMP Pro 14 software (jmp.
com/en_us/software/predictive-analytics-software.html) or
R version 3.4.231 using the RMS package.32 The Wilcoxon
rank sum test was used to compare continuous variables and
the χ2 test was used for categorical variables such as sex. Fisher
exact test was used for TDP-43 stage given the small numbers.

The IMT ratio was calculated for each study participant and
tested for its ability to predict the following conditions: TDP-
43(+) status, TDP-43 stage ≥2, or HS.14 Logistic regression
model included age, sex, years from the disease onset to FDG-
PET scan, years fromFDG-PET scan to death, BraakNFT stage,
NACCNEUR stage, NACCLEWY stage, IMT ratio, FSM and
FSOSUVR values, andHS status, where applicable, as covariates
was used to predict TDP-43(+). IMT and FSO SUVR values
were the only variables to be strongly associated with TDP-
43(+) status (p = 0.0187 and p = 0.0161, respectively).

Two linear regression models with FSO SUVR values as an
outcome were performed to assess for associations between
FSO hypometabolism and other non-TDP-43 pathologies. In
the first linear regression model, the following covariates were
included and were treated as categorical with the exception of
age at death: sex (male vs female), high Braak NFT stage
coded as binary (Braak NFT stages IV–VI [1] vs Braak NFT
stages I–III [0]), neuritic Aβ plaques (present/absent), Lewy
body pathology (present/absent), HS (present/absent),
TDP-43 status (positive/negative). In the second linear re-
gression model, the same covariates as above were included with
the differences that Braak NFT stage, neuritic Aβ plaque stage
(NACCNEUR), and Lewy body pathology (NACCLEWY
stage) were treated as continuous variables.

FSO SUVR values were plotted against IMT SUVR values
and based on the plot the modified ratio of IMT/FSO was
proposed and tested for its ability to predict TDP-43(+)
status. We then compared 4 logistic regression model for-
mulations: IMT only, FSO only, IMT and FSO together, and
the IMT/FSO ratio to predict TDP-43 positivity, TDP-43
stage ≥2, and the presence of HS. SUVR values from each
patient were implemented in each of these model for-
mulations. Area under the ROC curve, as well as the cut point
that maximizes sensitivity plus specificity, are reported for all
models. These analyses were performed using the entire co-
hort and using the cohort with HS cases excluded in order to
account for confounding effect of HS.

A logistic regression was also performed including MRI-based
IMT, FSO, and FSM volumes, correcting for age, sex, Braak
NFT stage, NACCNEUR stage, NACCLEWY stage, total
intracranial volume, and HS. IMT was the only MRI variable
that was associated with TDP-43 status and hence we again
used logistic regression models to assess the predictive power
of IMT. We report the area under the ROC curve, the cut point
thatmaximized sensitivity plus specificity, and the corresponding
sensitivity and specificity for predicting TDP-43(+) status,
TDP-43 stage ≥2, and the presence of HS using the IMT.

In each formulation of the reduced classification models,
penalized maximum likelihood estimation was used to shrink
and stabilize coefficients and to decrease overfitting in our
sample. Each penalty was chosen by fitting the model to
a sequence of penalties, selecting the penalty that maximized
Tsai corrected Akaike information criterion.33

Data availability
Anonymized data are available from the corresponding author
upon request from any qualified investigator for purposes of
replicating procedures and results.

Results
Study cohort
Out of 73 cases that were included in this study, 27 (37%)
were identified as TDP-43(+). When comparing TDP-43(+)
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to TDP-43(−) cases, female sex was more common among
TDP-43(+) cases (14/27 [52%] vs 11/46 [24%], p = 0.0152).
Patients who were TDP-43(+) also had more years of edu-
cation (p = 0.0410). APOE e4 carrier status, disease duration,
age at death, and years to death from the last FDG-PET scan
did not differ between the groups (p > 0.05) (table 1).

There was a significant difference in distribution of clinical
diagnoses between the groups (p = 0.0026). In TDP-43(+)
cases, only 1/27 (4%) was identified as cognitively un-
impaired, 19/27 (70%) patients had been diagnosed with
probable AD dementia, and 3/27 (11%) patients had been
given a clinical diagnosis of dementia with Lewy bodies,
compared to 13/46 (28%), 13/46 (28%), and 11/46 (24%) in
TDP-43(−) cases, respectively (table 1).

Based on pathology analysis, TDP-43(+) cases had a higher
NFT burden, with 24/27 (89%) cases with Braak stage IV or
greater compared to 25/46 (54%) of TDP-43(−) cases (p =
0.0233). Out of all 73 cases, 6 cases (8%) of HS were iden-
tified, all of which were TDP-43(+). NACCNEUR and
NACCLEWY stages did not differ between the groups (p >
0.05) (table 2).

Voxel-level findings
OnMRI, the TDP-43(+) cases had greater volume loss of the
left amygdala and hippocampus and right hippocampus
compared to the TDP-43(−) cases (uncorrected p < 0.001)
(figure 2). The findings in the left amygdala and hippocampus

also survived correction for multiple comparisons using the
false discovery rate at p < 0.05. On FDG-PET, the TDP-43(+)
cases showed areas of greater hypometabolism in the left
amygdala and hippocampus, which coincide with areas of
atrophy detected by MRI. However, FDG-PET also detected
areas of greater hypometabolism in the left frontal superior
medial and frontal supraorbital regions in the TDP-43(+)
cases compared to TDP-43(−) cases (p < 0.001, uncorrected)
(figure 2). The FDG-PET voxel-level findings did not survive
correction for multiple comparisons.

The IMT ratio as a TDP-43-positive
status predictor
Because HS is frequently associated with TDP-43
deposition,5,12,13 including in our series of cases, we de-
termined whether the IMT ratio proposed to predict HS
could also be used to predict TDP-43 status. First, we tested if
the ratio worked for prediction of HS per se. Indeed, the ratio
values differed between HS-positive and HS-negative cases (p
= 0.001).14 After building a receiver operating characteristic
(ROC) curve and applying penalized maximum likelihood
estimation to shrink and stabilize coefficients in order to de-
crease overfitting in our sample, the best cut point was de-
termined to be equal to −2.15, which resulted in a sensitivity
of 83% and a specificity of 82%. When applied across the
entire cohort of 73 cases, IMT was able to predict TDP-43(+)
status at a computer-generated cut point of −0.17, with a sig-
nificant reduction in sensitivity: 48%. This finding raised the
concern that HS cases might be driving the statistical power of

Table 1 Demographic and clinical characteristics of study participants

Characteristic All (n = 73) TDP-43(+) (n = 27) TDP-43(2) (n = 46) p Valuea

Female 25 (34) 14 (52) 11 (24) 0.0152

Education, y 16 (13–18) 16 (14–18) 14.5 (13–16) 0.0410

APOE «4 carrier 40 (55) 17 (63) 23 (50) 0.2827

Age at death, y 83 (75–89) 84 (77–88) 81 (74–89) 0.3119

Disease duration, y 4.1 (1.9–5.6) 4.4 (2.7–7.0) 3.8 (1.8–5.4) 0.1530

Years from onset to FDG-PET 0.1 (0–1.4) 0.1 (0–1.3) 0.25 (0–1.4) 0.6481

Years to death from FDG-PET 2.7 (1.4–4.3) 3.4 (2.0–4.8) 2.2 (1.3–3.9) 0.0608

Clinical diagnosis

Clinically unimpaired 14 (19) 1 (4) 13 (28.5) 0.0026

Mild cognitive impairment 11 (15) 3 (11) 8 (17)

Probable Alzheimer disease 32 (44) 19 (70) 13 (28.5)

Corticobasal syndrome 1 (1.5) 0 (0) 1 (2)

Lewy body dementia 14 (19) 3 (11) 11 (24)

Dementia, unable to determine 1 (1.5) 1 (4) 0 (0)

Abbreviations: FDG-PET = [18F]-fluorodeoxyglucose PET; TDP-43 = trans-active response DNA-binding protein of 43 kDa.
Values are n (% or interquartile range).
a Groupwise comparison p values are from Fisher exact tests, χ2, and Wilcoxon rank sum tests.
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the test. Hence, we excluded HS cases and repeated the
analysis, which showed no difference in IMT between TDP-
43(+) and TDP-43(−) cases (p = 0.11). To further un-
derstand why IMT, which is sensitive and specific for HS
prediction, performed poorly for TDP-43, we tested whether
it performed better when predicting TDP-43 that had in-
volved the subiculum of the hippocampus, which is equivalent
to TDP-43 stage 2 and above. Indeed, the ratio yielded sta-
tistically significant results confirming that IMT is useful when

TDP-43 is present in the hippocampus, but less so at TDP-43
stage 1 when TDP-43 deposition is limited to amygdala. Area
under the ROC curve, probability value, cut point, sensitivity
and specificity of each analysis are summarized in table 3.

Contribution of frontal lobe hypometabolism
to TDP-43(+) status prediction
The SUVR values of FSM and FSO regions were tested for
significant difference between TDP-43(+) and TDP-43(−)

Table 2 Pathologic characteristics of autopsy cohort

Characteristic All (n = 73) TDP-43(+) (n = 27) TDP-43(2) (n = 46) p Valuea

Tau (Braak 0–VI)

Braak 0 0 (0) 0 (0) 0 (0) 0.0233

Braak I 4 (5) 0 (0) 4 (9)

Braak II 14 (19) 2 (7) 12 (26)

Braak III 6 (8) 1 (4) 5 (11)

Braak IV 15 (21) 6 (22) 9 (20)

Braak V 11 (15) 8 (30) 3 (6)

Braak VI 23 (32) 10 (37) 13 (28)

β-amyloid (NACCNEUR 0–3)

0 (No neuritic plaques) 10 (14) 2 (7.5) 8 (17) 0.3194

1 (Sparse neuritic plaques) 10 (14) 2 (7.5) 8 (17)

2 (Moderate neuritic plaques) 22 (30) 9 (33) 13 (29)

3 (Frequent neuritic plaques) 31 (42) 14 (52) 17 (37)

Lewy body pathology (NACCLEWY 0–4)

0 (No Lewy body pathology) 41 (56) 13 (48) 28 (61) 0.2672

1 (Brainstem-predominant) 4 (5.5) 1 (4) 3 (7)

2 (Limbic or amygdala-predominant) 11 (15) 3 (11) 8 (17)

3 (Neocortical, diffuse) 13 (18) 7 (26) 6 (13)

4 (Lewy bodies present, unspecified) 4 (5.5) 3 (11) 1 (2)

Hippocampal sclerosis–positive 6 (8) 6 (22) 0 (0) 0.0008

TDP-43 stage (0–6)

Stage 0 46 (63) 0(0) 46 (100) NA

Stage 1 14 (19) 14 (52) NA

Stage 2 5 (7) 5 (19) NA

Stage 3 1 (1) 1 (4) NA

Stage 4 2 (3) 2 (7) NA

Stage 5 4 (5) 4 (14) NA

Stage 6 1 (1) 1 (4) NA

Abbreviations: NACCLEWY = Lewy bodies staged according to National Alzheimer’s Coordinating Center; NACCNEUR = neuritic plaques staged according to
National Alzheimer’s Coordinating Center; TDP-43 = trans-active response DNA-binding protein of 43 kDa.
Values are n (%).
a Groupwise comparison p values are from Fisher exact tests, χ2, and Wilcoxon rank sum tests.
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status. Whereas FSM values did not differ, FSO values were
smaller in TDP-43(+) cases compared to TDP-43(−) cases (p
= 0.0084) and could even serve as a sole predictor of TDP-
43(+) status (table 3). Hence, only FSO was considered for
further analyses. Linear regression models where all patho-
logic variables were treated as categorical revealed that only
older age at death (p = 0.0319) and TDP-43(+) status (p =
0.0045) were associated with FSO hypometabolism; when
Braak NFT stage, neuritic Aβ plaque stage, and Lewy body
pathology stage were treated as continuous variables, only
TDP-43(+) status was associated with FSO region hypo-
metabolism (p = 0.0063).

Multivariate logistic regression analysis correcting for Braak
NFT, Lewy body, and neuritic plaque stages showed that both
IMT and FSO values remained strongly associated with
positive TDP-43 status (p < 0.0001). Using the coefficients
from the logistic regression analysis, the following formula
was proposed: TDP-43(+) = 8.73 × (IMT) − 10.32 × FSO +
2.861, referred to as IMT + FSO in table 3 for simplification.
Values derived from the proposed formula differed between
TDP-43(+) and TDP-43(−) cases (p < 0.001) regardless of
TDP-43 stage or presence of HS. The formula was predictive
of TDP-43(+) status as well as HS and TDP-43 stage ≥2
(table 3).

When looking at a scatterplot (figure 3), it was noticeable that
it is difficult to effectively discriminate between TDP-43(+)
and TDP-43(−) cases using the x-axis or the y-axis alone.
Therefore, a relationship between IMT and FSO, not derived
from logistic regression analysis, was assessed based on visual
observation of the scatterplot. We proposed the following
ratio to evaluate for its ability to predict TDP-43(+) status:

TDP-43(+) = IMT/FSO. After applying penalized maximum
likelihood estimation, we found that this ratio performed
comparably to IMT + FSO at TDP-43 status, TDP-43 stage
≥2, and HS prediction. Area under the ROC curve, cut point,
probability value, sensitivity, and specificity of each analysis
are summarized in table 3.

Structural MRI analyses
The IMT was the only variable strongly associated with TDP-
43(+) status (p = 0.0081) in the MRI multivariate logistic
regression and hence it is the only variable we considered for
further analyses. Using MRI, our prediction of TDP-43(+)
status was sensitive but far less specific compared to data from
FDG-PET; however, we were able to predict the presence of
HS with the same sensitivity and slightly increased specificity
(table 4).

Discussion
The absence of a TDP-43-specific biomarker is a major barrier
in antemortem diagnosis of Alzheimer-related TDP-43 pro-
teinopathy. In this study, we showed that FDG-PET imaging
detected additional affected areas in the frontal lobe in TDP-
43(+) cases compared to MRI. Moreover, using the above
mentioned regions of hypometabolism, we were able to
generate and test 2 ratios that showed good sensitivity and
specificity in predicting TDP-43 in our cohort regardless of
the TDP-43 stage. Therefore, accounting for the lack of
a better alternative, FDG-PET imaging might be the di-
agnostic test of choice when it comes to Alzheimer-related
TDP-43 proteinopathy detection, considering its superiority
to MRI findings in terms of better combination of sensitivity
and specificity.

Figure 2 Three-dimensional brain renderings show results of MRI and [18F]-fluorodeoxyglucose PET (FDG-PET) analyses in
trans-active response DNA-binding protein of 43 kDa (TDP-43)–positive patients

Compared to TDP-43(−) patients, TDP-43(+)
patients had a greater degree of atrophy in me-
dial temporal lobe detected byMRI. Compared to
TDP-43(−) patients, TDP-43(+) patients had
a greater degree of hypometabolism in medial
temporal, frontal superior medial, and supraor-
bital regions detected by FDG-PET. Results are
shown at p(unc) < 0.001 corrected for field
strength, age at death, sex, and Braak neurofi-
brillary tangle and neuritic plaque stages.
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As expected, MRI showed greater medial temporal atrophy in
TDP-43(+) cases compared to TDP-43(−) ones, concurring
with our previous studies.5 This is not surprising, considering
the fact that deposition of TDP-43 starts in amygdala and
spreads to hippocampus, with cortical regions being affected
at advanced stages only.24 FDG-PET imaging showed de-
creased metabolism in medial temporal regions, as well as
frontal superior medial and supraorbital regions. We used
IMT reported before as a HS predictor14 to evaluate if it could
predict TDP-43(+) cases. It performed well in prediction of
HS and TDP-43 that had reached the hippocampus (TDP-43
stage≥2), but was not able to identify cases where TDP-43
was limited to amygdala. Hence, medial temporal

hypometabolism, even though characteristic for TDP-43-
positive cases, is not synonymous with TDP-43(+) status and
cannot be used to predict early stage TDP-43 deposition.

Multivariate logistic regression modeling including FSO,
FSM, and IMT as covariates showed only FSO and IMT as
being strongly associated with TDP-43(+) status. Based on
logistic regression model, we used IMT and FSO values to
determine a cut point that can be used to distinguish TDP-
43(+) cases regardless of the TDP-43 stage from TDP-43(−)
ones and we acquired sensitive and specific results. In-
corporation of FSO SUVRs into the denominator of IMT
improved the sensitivity and specificity and the composite

Table 3 [18F]-fluorodeoxyglucose standard uptake value ratio: summaries of cross-validated logistic regression models,
one model per row, using different formulations to predict 3 outcomes of interest

Outcome Predictor AUC (p value) Cut point (log-odds) Sensitivity, % Specificity, %

HS cases excluded, n = 67

TDP-43(+), 21/67 IMT 0.60 (0.11) −0.51 38 87

IMT/FSO 0.76 (<0.001) −0.74 81 74

IMT + FSO 0.79 (<0.001) −0.88 81 72

FSO 0.64 (0.01) −1.12 91 39

TDP-43 stage ≥2, 9/67 IMT 0.76 (0.01) −1.24 67 90

IMT/FSO 0.89 (<0.001) −2.60 100 71

IMT + FSO 0.89 (<0.001) −2.76 100 69

FSO 0.60 (0.01) −1.76 56 69

HS cases included, n = 73

TDP-43(+), 27/73 IMT 0.66 (0.01) −0.17 48 87

IMT/FSO 0.80 (<0.001) −0.58 78 78

IMT + FSO 0.81 (<0.001) 0.39 67 89

FSO 0.64 (0.01) −1.10 96 33

TDP-43 stage ≥2, 13/73

IMT 0.83 (<0.001) −0.94 77 90

IMT/FSO 0.92 (<0.001) −2.72 100 70

IMT + FSO 0.92 (<0.001) −2.10 92 78

FSO 0.62 (0.08) −1.62 77 52

HS+ status n = 73, HS+ = 6/73 IMT 0.86 (0.001) −2.15 83 82

IMT/FSO 0.87 (<0.001) −1.43 83 93

IMT + FSO 0.87 (<0.001) −1.54 83 90

FSO 0.57 (0.30) −2.44 83 51

Abbreviations: AUC = area under the curve; FSO = frontal supraorbital region; HS = hippocampal sclerosis; IMT = ratio of inferior temporal region to medial
temporal region; TDP-43 = trans-active response DNA-binding protein of 43 kDa.
We report the AUC of each model and the p value from an overall likelihood ratio test, the cut point on a log-odds scale that maximizes sensitivity plus
specificity, and the corresponding sensitivity and specificity.
a Formula derived from logistic regression analysis: TDP-43(+) = 8.73 × (IMT) – 10.32 × FSO + 2.861.
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ratio outperformed the IMT. Therefore, hypometabolism in
the FSO region is of importance when it comes to determination
of TDP-43 status and should be considered as a possible pre-
dictor in combination with medial temporal hypometabolism.

We propose the modified ratio of IMT/FSO as candidate
predictor of TDP-43 status due to its comparable if not su-
perior to IMT + FSO results in terms of sensitivity and
specificity, simplicity, and likely improved generalizability. We
did not have a validation cohort to directly contrast out of
sample performance. However, since we relied on a widely

available atlas, the modified ratio can be applied easily to other
cohorts in future studies.

It is rational to question how hypometabolism in the frontal
supraorbital region can be predictive of early stages of TDP-
43 deposition limited to amygdala when TDP-43 reaches
frontal neocortex only at stage 6. It is unlikely that reduced
FDG uptake in FSO is due to TDP-43 deposition in that
region; however, it is plausible that TDP-43 presence in the
amygdala can indirectly but specifically affect metabolism in
the FSO region through disruption of neuronal circuitry or

Figure 3 Scatterplot shows the relationship between inferior temporal standard uptake value ratio (SUVR)/medial tem-
poral SUVR and frontal supraorbital SUVR values for the cohort

Blue dots represent trans-active response DNA-binding
protein of 43 kDa TDP-43(−) cases; yellow triangles (hippo-
campal sclerosis [HS]–positive) or dots (HS-negative) repre-
sent TDP-43(+) cases. Marginal histograms contrasting TDP-
43(−) and TDP-43(+) cases for each variable individually are
included. While there appears to be some separation of the
patients based on TDP-43 status along the diagonal, there is
a substantial overlap in both marginal histograms, making
an optimal cut point difficult to establish using only one
variable.

Table 4 Graymatter volume: summaries of cross-validated logistic regressionmodel for ratio of inferior temporal region
to medial temporal region (IMT) to predict 3 outcomes of interest

Outcome Predictor AUC (p value) Cut point (log-odds) Sensitivity, % Specificity, %

HS cases excluded (n = 67)

TDP-43(+) 21/67 IMT 0.65 (0.02) −1.12 95 39

TDP-43 stage ≥2.9/67 IMT 0.71 (0.02) −1.68 67 81

HS cases included (n = 73)

TDP-43(+) 27/73 IMT 0.70 (0.001) −1.06 96 39

TDP-43 stage ≥2 13/73 IMT 0.74 (0.01) −1.42 69 78

HS-positive status, n = 73, HS-positive = 6/73 IMT 0.87 (0.003) −2.15 83 89

Abbreviations: AUC = area under the curve; HS = hippocampal sclerosis.
We report the AUC and the p value from an overall likelihood ratio test, the cut point on a log-odds scale that maximizes sensitivity plus specificity, and the
corresponding sensitivity and specificity; TDP-43 = trans-active response DNA-binding protein of 43 kDa.
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other pathways. Amygdala makes up part of the limbic system
and, therefore, is widely connected throughout the brain, in-
cluding the frontal regions. In fact, anatomical tracing studies
in animals and humans have shown the existence of a brain
network between the ventrolateral sector of the amygdala and
the lateral orbitofrontal cortex, lesions associated with altered
social perception.34,35 Moreover, resting-state fMRI data
demonstrated amygdala–frontal coupling with orbitofrontal
cortex being one of the involved regions. Precisely, the
strength of coupling between amygdala and orbitofrontal
cortex was predictive of successful emotional regulation,
pointing to significance and functionality of this connection.36

Areas of hypometabolism detected in our study are consistent
with prior work that looked at atrophy and hypometabolism
patterns in AD: frontal regions, relatively spared in terms of
atrophy, displayed hypometabolic patterns together with se-
verely atrophic limbic structures within medial temporal
lobe.37 An FDG-PET study looking at TDP-43-associated HS
cases showed greater involvement of medial temporal and
orbitofrontal regions compared to HS-negative AD.14 Given
the strong evidence of functional connectivity between
amygdala and frontal regions and imaging and clinical findings
in case of lesions, deposition of TDP-43 might be responsible
for hypometabolism in FSO identified in our cohort.

The present study has a number of limitations. First, we have
an imbalance between TDP-43(+) and TDP-43(−) cases and
an unequal distribution of TDP-43 stages among the TDP-
43(+) cases. Increasing the sample size and balancing all the
variables may provide more statistical power to our findings
and also help detect other regions or correlations that we were
not able to identify. Second, fluorodeoxyglucose is not a direct
marker of TDP-43 or neurodegeneration; developing a spe-
cific biomarker for TDP-43, such as a PET ligand, is impor-
tant. There is also a time lag between the FDG-PET and
death; given that, pathologic findingsmight bemore advanced
compared to what they might have been at the time of the
actual scan. However, when we accounted for the time lag in
our statistical analyses, the effect was not significant. The
pathologic analysis was done on either right or left hemi-
sphere; however, we cannot exclude that if both hemispheres
had been examined, more TDP-43(+) cases would have been
identified, as well as the presence of HS, different Braak NFT,
neuritic plaque, and Lewy body stages, which in turn could
affect our findings, albeit likely minimally. We used the SUVR
values for ROIs only from one hemisphere to match our
pathologic data, which is a strength of the study. Our SPM
analysis showed asymmetrical findings with predominantly
left-sided areas of hypometabolism. Considering that the
pathologic data for 57/73 (78%) cases came from the left
hemisphere, it is possible that the SPM results reflect the fact
that most of our data came from the left hemisphere. Finally,
even though we found a difference in metabolic patterns be-
tween the groups in our cohort and our predictive models,
cross-validated and strictly penalized, still showed promising
results in regards to TDP-43(+) status determination, it is

beneficial to determine whether our results are reproducible
within a different cohort and possibly a different center to
account for selection bias or confounding.

Despite the unavailability of an effective treatment for AD
spectrum disorders, prediction of TDP-43 status carries
a significant diagnostic and clinical value. As mentioned be-
fore, TDP-43might present as an advantageous therapy target
and also an important factor to consider when it comes to
clinical trials that are targeted to other proteins or molecules
of interest. At the same time, based on reported associations
of TDP-43 deposition with particular clinical features such as
marked memory impairment and overall cognitive decline,
being able to predict TDP-43(+) status at earlier stages can
provide valuable information on probable prognosis and
course of the disease for the patients and their families. Our
study has shown good sensitivity and specificity in predicting
early stage TDP-43 with FDG-PET, which is widely available
and safely used in humans. Whereas development of a specific
ligand is needed, it will take time before one can be clinically
applied; therefore, our findings are an important step in
predicting TDP-43 status, and they can be clinically
implemented.
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