
Does TDP-43 type confer a distinct
pattern of atrophy in frontotemporal
lobar degeneration?

J.L. Whitwell, PhD
C.R. Jack, Jr., MD
J.E. Parisi, MD
M.L. Senjem, MS
D.S. Knopman, MD
B.F. Boeve, MD
R. Rademakers, PhD
M. Baker, BS
R.C. Petersen, MD, PhD
D.W. Dickson, MD
K.A. Josephs, MD, MST,

MSc

ABSTRACT

Objective: To determine whether TDP-43 type is associated with distinct patterns of brain atro-
phy on MRI in subjects with pathologically confirmed frontotemporal lobar degeneration (FTLD).

Methods: In this case-control study, we identified all subjects with a pathologic diagnosis of FTLD
with TDP-43 immunoreactive inclusions (FTLD-TDP) and at least one volumetric head MRI scan
(n � 42). In each case we applied published criteria for subclassification of FTLD-TDP into FTLD-
TDP types 1–3. Voxel-based morphometry was used to compare subjects with each of the differ-
ent FTLD-TDP types to age- and gender-matched normal controls (n � 30). We also assessed
different pathologic and genetic variants within, and across, the different types.

Results: Twenty-two subjects were classified as FTLD-TDP type 1, 9 as type 2, and 11 as type 3.
We identified different patterns of atrophy across the types with type 1 showing frontotemporal
and parietal atrophy, type 2 predominantly anterior temporal lobe atrophy, and type 3 predomi-
nantly posterior frontal atrophy. Within the FTLD-TDP type 1 group, those with a progranulin
mutation had significantly more lateral temporal lobe atrophy than those without. All type 2 sub-
jects were diagnosed with semantic dementia. Subjects with a pathologic diagnosis of FTLD with
motor neuron degeneration had a similar pattern of atrophy, regardless of whether they were type
1 or type 3.

Conclusions: Although there are different patterns of atrophy across the different FTLD-TDP
types, it appears that genetic and pathologic factors may also affect the patterns of atrophy.
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GLOSSARY
AD � Alzheimer disease; ADRC � Alzheimer’s Disease Research Center; bvFTD � behavioral variant frontotemporal demen-
tia; CBS � corticobasal syndrome; CDR-SB � Clinical Dementia Rating scale sum of boxes; FTLD � frontotemporal lobar
degeneration; FTLD-MND � frontotemporal lobar degeneration with motor neuron degeneration; FTLD-TDP � frontotempo-
ral lobar degeneration with TDP-43 immunoreactive inclusions; MMSE � Mini-Mental State Examination; NCI � neuronal
cytoplasmic inclusion; PNFA � progressive nonfluent aphasia; SMD � semantic dementia; STMS � Short Test of Mental
Status; VBM � voxel-based morphometry.

The frontotemporal lobar degenerations (FTLD) are a heterogeneous group of pathologies1

that can be subdivided essentially into 3 groups based on the immunohistochemical profile of
the disease entity.2 Those with tau protein deposition are grouped together as FTLD-tau, those
with TAR DNA-binding protein of 43 kDa deposition as FTLD-TDP, and those with fused in
sarcoma deposition as FTLD-FUS.

Recent evidence demonstrates that FTLD-TDP can be subdivided, based on the morpho-
logic appearances, and distribution of TDP-43 immunoreactive inclusions.3,4 Using the Mack-
enzie et al.4 scheme, which correlates with clinical diagnosis, FTLD-TDP type 1 is
characterized by neuronal cytoplasmic inclusions (NCI) and short dystrophic neurites in super-
ficial cortex, type 2 by long thin dystrophic neurites in superficial and deep cortex, and type 3
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by predominance of NCIs and a paucity of
dystrophic neurites. A rare fourth type is also
recognized to be associated with mutations in
the valosin-containing protein gene.5,6

We have previously demonstrated that pat-
terns of atrophy in FTLD differ according to
pathology, with the presence of motor neuron
degeneration,7 and with genetics, with the
presence of mutations in progranulin (GRN).8

However, it is unclear whether morphologic
differences across FTLD-TDP types relate to
specific atrophy patterns, and whether these
differences affect the relationship between at-
rophy, pathology, and genetics. The ability to
predict FTLD-TDP type during life could be
critically important, particularly if type maps
onto different genetic variants. We therefore
aimed to determine whether patterns of atro-
phy are associated with FTLD-TDP type.

METHODS Subjects. We identified all subjects from the
neuropathology files of the Mayo Clinic, Rochester, MN, which
had a pathologic diagnosis of FTLD-TDP type 1, 2, or 3 and a
volumetric MRI performed between 1993 and 2005. Of 47 sub-
jects identified, 5 were excluded due to poor quality MRI, leav-
ing 42 subjects in the study. The first usable MRI was used in all
cases; this was also the first available MRI in all cases except 2,
where the second available MRI was used. All patients were seen
by a behavioral neurologist within the Department of Neurol-
ogy, Mayo Clinic.

The medical records of all cases were reviewed by one behav-
ioral neurologist (K.A.J.) blinded to pathologic diagnosis, for the
abstraction of data, including clinical diagnosis, demographics,
Short Test of Mental Status (STMS),9 Mini-Mental State Exam-
ination (MMSE),10 and the Clinical Dementia Rating scale sum
of boxes (CDR-SB).11 Behavioral variant frontotemporal demen-
tia (bvFTD), semantic dementia (SMD), and progressive non-
fluent aphasia (PNFA) were diagnosed based on consensus
criteria.12 Established criteria were used to diagnose corticobasal
syndrome (CBS)13 and Alzheimer disease (AD).14 Subjects with
features of frontotemporal dementia and motor neuron disease
were diagnosed with FTD-MND.

Thirty healthy controls that have not yet come to postmor-
tem with volumetric MRI were age- and gender-matched to the
study cohort. Controls were recruited into the Alzheimer’s Dis-
ease Research Center (ADRC), performed within normal limits
on standardized neurologic and neuropsychological testing, in-
cluding STMS, MMSE, and CDR-SB, and were selected from
the ADRC database based purely on age and gender.

Standard protocol approvals and patient consents. In-
formed consent was obtained from all subjects or proxies for
participation in the studies, which were approved by the Mayo
Institutional Review Board.

Pathologic methods. Neuropathologic examinations were
performed according to the recommendations of the Consor-
tium to Establish a Registry for Alzheimer’s Disease.15 All cases
underwent routine staining methods with hematoxylin-eosin,

Bielschowsky silver, and immunohistochemistry to phosphory-
lated neurofilament, phospho-tau, �-synuclein, �-amyloid, and
TDP-43 as previously described.16 All cases were diagnosed as
FTLD-TDP. Sections of frontal and medial temporal lobe in-
cluding hippocampal dentate granule cells were restained using a
DAKO autostainer with TDP-43 (rabbit polyclonal; 1:3,000,
ProteinTech Group, Chicago, IL) and reviewed by a single neu-
ropathologist (D.W.D.) for subclassification. A pathologic diag-
nosis of frontotemporal lobar degeneration with motor neuron
degeneration (FTLD-MND) was made based on the presence of
motor neuron degeneration affecting brainstem, cranial nerve
XII, or anterior horn cells, in addition to other features as previ-
ously described in detail.17

Criteria for FTLD-TDP subclassification. The Macken-
zie classification scheme4 was chosen in this study to classify all
42 cases since it has been found to correlate with clinical diagno-
sis4,18 and be useful when subcortical brain regions were ana-
lyzed.18 This scheme4 fits well with the scheme proposed by
Sampathu et al.3 as follows: Mackenzie type 1 � Sampathu type
3, Mackenzie type 2 � Sampathu type 1, and Mackenzie type
3 � Sampathu type 2. Cases was classified as type 1 if there were
moderate to numerous TDP-43 immunoreactive NCI, as well as
thin and short dystrophic neurites predominantly in layer II of
neocortex and variable density of pleomorphic NCI in the den-
tate gyrus of the hippocampus; as type 2 if there were a predom-
inance of large and thick dystrophic neurites not restricted to any
layer of the neocortex with absent, or at most sparse, NCI and no
intranuclear inclusions in the neocortex; and type 3 if there were
NCI in neocortex and dentate granule cells of hippocampus with
absent to sparse dystrophic neurites.

GRN sequencing. All subjects with frozen brain tissue, and
hence stored DNA, or blood samples provided antemortem for
research purposes, underwent genetic screening for mutations in
all 13 exons of GRN gene as previously described.19

Image acquisition. All subjects had a coronal T1-weighted
3-dimensional volumetric spoiled gradient echo sequence with
124 contiguous partitions and 1.6-mm slice thickness (22 �

16.5 cm field of view, 25° flip angle). All images underwent
preprocessing correction for gradient nonlinearity20 and intensity
nonuniformity21 as previously described.22

Image analysis. Voxel-level patterns of atrophy were assessed
using voxel-based morphometry (VBM)23 and SPM5 (http://
www.fil.ion.ucl.ac.uk/spm). Images were normalized and seg-
mented into gray matter, white matter, and CSF using
customized tissue probability maps created from all subjects in
the study and the unified segmentation24 routine followed by the
HMRF cleanup step. Gray matter images were modulated and
smoothed with a Gaussian kernel of 8 mm full width at half
maximum. Patterns of gray matter loss were assessed in each
FTLD-TDP type compared to controls, and compared to each
other. In addition, 2 subanalyses were performed: 1) to compare
type 1 subjects who screened positive or negative for mutations
in GRN, and 2) to compare subjects with and without pathologic
FTLD-MND within types 1 and 3. Age and gender were in-
cluded in the models as covariates, and time from disease onset
to scan was included as a covariate in all analyses that compared
disease groups. Analyses comparing disease groups to controls
were assessed corrected for multiple comparisons using family-
wise error at p � 0.05, whereas all direct comparisons between
disease groups were assessed uncorrected at p � 0.001.

An atlas-based parcellation technique was also employed us-
ing SPM5 and the automated anatomic labeling atlas in order to
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generate left and right gray matter volumes for lateral frontal and
parietal lobes and lateral and medial temporal lobes. Regions
were selected based on the VBM results. An asymmetry score was
calculated for each region for each subject as follows: (left vol-
ume � right volume) � 2/left volume plus right volume. In
addition, regional volumes were divided by total gray matter
volume to correct for differences in global atrophy between sub-
jects and to allow the assessment of relative regional atrophy in
each subject.

Statistical analysis. Statistical analyses were performed utiliz-
ing the JMP computer software (JMP Software, version 8.0; SAS
Institute Inc, Cary, NC) with � set at 0.05. Binary data were
compared across FTLD-TDP types with �2 test while continu-
ous data were compared using the Kruskal-Wallis test. Post hoc
testing using Mann-Whitney U was performed for variables that
showed significant differences across types.

RESULTS Subject demographics. Twenty-two of
the FTLD-TDP subjects had type 1, 9 had type 2,
and 11 had type 3 pathology (table 1). No differ-
ences were observed across all 4 subject groups
(FTLD-TDP types and controls) in education
(p � 0.29) or age at scan (p � 0.17), although
differences were observed in STMS, MMSE, and
CDR-SB (p � 0.0001). The only demographic
variables that showed significant differences across
the 3 FTLD-TDP types were disease duration and
age at death, with shorter disease durations and
younger ages observed in type 3.

Type 1 subjects showed a range of clinical diag-
noses, with the most common being bvFTD. All

Table 1 Subject demographicsa

Controls
(n � 30)

TDP-43 type

p Value
across 3 types

Type 1
(n � 22)

Type 2
(n � 9)

Type 3
(n � 11)

Female, n (%) 16 (53) 14 (64) 5 (56) 5 (45) 0.61

Education, y 15 (10–20) 12.0 (8–18) 12.0 (12–18) 15.0 (10–20) 0.51

Age at onset, y NA 62.0 (32–83) 62.0 (53–77) 55.0 (40–77) 0.15

Age at death, y NA 70.6 (35–90)‡ 74.8 (60–83)† 58.3 (42–78) 0.03

Disease duration, y NA 7.1 (3–13)‡ 10.2 (6–13)*† 2.8 (2–11) 0.002

Age at scan, y 63.5 (43–80) 64.0 (35–84) 66.2 (54–79) 57.7 (41–78) 0.13

Onset to scan, y NA 2.8 (0–7) 4.2 (1–9) 1.9 (1–8) 0.24

STMS at scan 36 (29–38) 28.0 (21–37) 22.0 (14–35) 30.0 (2–38) 0.21

MMSE at scan 29.5 (27–30) 24.0 (9–29) 23.0 (13–26) 18.0 (11–28) 0.67

CDR-SB at scan 0 (0–0) 5.5 (0.5–11.0) 3.0 (0.5–9.0) 7.8 (5–18) 0.09

Clinical diagnoses

bvFTD NA 13 (59) 0 5 (45) NA

FTD-MND NA 2 (9) 0 6 (55) NA

PNFA NA 1 (5) 0 0 NA

Semantic dementia NA 0 9 (100) 0 NA

CBS NA 4 (18) 0 0 NA

AD NA 2 (9) 0 0 NA

GRNb (pos:neg) NA 9: 10 0: 7 0: 5 �0.0001

FTLD-MND NA 3 (14) 0 8 (73) 0.0001

Asymmetry scores

Lateral frontal lobe 0.02 (0.00–0.06) 0.12 (0.00–0.39) 0.07 (0.01–0.12) 0.04 (0.01–0.13) 0.08

Medial temporal lobe 0.08 (0.02–0.16) 0.11 (0.01–0.36) 0.29 (0.01–0.35)*† 0.09 (0.02–0.20) 0.001

Lateral temporal lobe 0.05 (0.00–0.13) 0.14 (0.04–0.48) 0.33 (0.12–0.52)*† 0.08 (0.04–0.20) 0.02

Lateral parietal lobe 0.05 (0.00–0.12) 0.07 (0.01–0.48) 0.08 (0.00–0.18) 0.05 (0.01–0.11) 0.19

Total hemisphere 0.02 (0.00–0.04) 0.10 (0.00–0.35)‡ 0.13 (0.07–0.21)† 0.04 (0.01–0.11) 0.008

Abbreviations: AD � Alzheimer disease; bvFTD � behavioral variant frontotemporal dementia; CBS � corticobasal syn-
drome; CDR-SB � Clinical Dementia Rating scale sum of boxes; FTD-MND � frontotemporal dementia with motor neuron
disease; FTLD-MND � frontotemporal lobar degeneration with motor neuron degeneration; MMSE � Mini-Mental State
Examination; PNFA � progressive nonfluent aphasia; STMS � Short Test of Mental Status.
a Data are median (range) or n (%).
b GRN testing was performed only in those subjects with frozen tissue available.
Significant difference between *type 2 and type 1, †type 2 and type 3, and ‡type 1 and type 3.
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subjects with a clinical diagnosis of CBS or AD were
type 1. All type 2 subjects had a clinical diagnosis of
SMD. Type 3 subjects had clinical diagnoses of ei-
ther bvFTD or FTD-MND. Mutations in GRN
were only observed in type 1 subjects. All GRN sub-
jects had a family history of dementia (3 subjects had
pathologically confirmed FTLD in a relative). No
demographic differences were observed between type
1 subjects with and without mutations in GRN. A
pathologic diagnosis of FTLD-MND was observed
in both types 1 and 3, although was more common
in type 3. The 3 FTLD-MND type 1 subjects were
significantly younger than type 1 subjects without
MND (table e-1 on the Neurology® Web site at
www.neurology.org), and had a higher proportion of
subjects with family history than the FTLD-MND
type 3 subjects (100% in type 1 vs 12.5% in type 3),
although they all tested negative for GRN. Two type
1 FTLD-MND cases had clinical FTD-MND. The
FTLD-MND type 3 subjects had shorter disease du-
ration than type 3 subjects without MND (p �
0.01), with a similar trend observed within type 1
(p � 0.17).

Comparisons of FTLD-TDP types to controls. Gray
matter loss was observed throughout frontal, tempo-
ral, and parietal lobes in the entire cohort of FTLD-

TDP subjects (figure e-1). Patterns of gray matter
loss observed in each FTLD-TDP type compared to
controls are shown in figure 1. Type 1 showed wide-
spread patterns of loss, involving medial and lateral
frontal, temporal, and parietal cortices and caudate
nucleus. In contrast, types 2 and 3 were associated
with more focal patterns of loss. Type 2 showed
losses almost exclusively in anterior temporal lobes,
involving medial, inferior, and middle temporal
lobes, with greater loss observed in the left hemi-
sphere. Loss was also observed in left anterior insula.
Type 3 showed loss in frontal lobes, predominantly
involving lateral and medial posterior frontal lobe,
and bilateral insula, caudate nuclei, and hippocampi.

Comparisons between FTLD-TDP types. Using VBM
uncorrected at p � 0.001, type 1 showed greater loss
in frontal and parietal lobes than type 2 and greater
loss in temporal and parietal lobes than type 3. Type
2 showed greater involvement of anterior temporal
lobes than types 1 and 3. Finally, type 3 showed
greater loss in frontal lobes than type 2. Effect maps
highlighting these differences are shown in figure 2.
The gray matter–corrected atlas-based parcellation
regional volumes demonstrate which regions show
atrophy over and above the level of global loss, and
showed similar differences across groups (figure 3).

Figure 1 Patterns of gray matter loss in frontotemporal lobar degeneration with TDP-43 immunoreactive inclusions (FTLD-TDP) types 1, 2,
and 3 compared to controls

Results are shown on 3-dimensional renders of the brain after correction for multiple comparisons using the familywise error at p � 0.05.
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Significant differences were also observed across
types in medial and lateral temporal lobe asymmetry
scores, with greater asymmetry observed in type 2,
and in total hemisphere asymmetry, with greater
asymmetry observed in type 1 and type 2 (table 1).

Analyses assessing GRN and FTLD-MND. The
FTLD-TDP type 1 subjects who screened positive or
negative for mutations in GRN both showed gray
matter loss in frontal, temporal, and parietal lobes
compared to controls (figure 4A). A VBM direct
comparison showed greater involvement of temporal

and parietal lobes in GRN-positive subjects com-
pared to GRN-negative subjects at an uncorrected
threshold of p � 0.001 (figure e-2). Atlas-based par-
cellation showed greater lateral temporal atrophy in
GRN-positive subjects than GRN-negative subjects
(p � 0.007), with no significant difference observed
in frontal and parietal regions (figure 2). No signifi-
cant differences in asymmetry were observed between
GRN-positive and -negative subjects.

Patterns of loss across types 1 and 3 divided based
on the presence of FTLD-MND are shown in figure

Figure 2 Unthresholded t statistic effect maps highlighting differences between frontotemporal lobar degeneration with TDP-43
immunoreactive inclusions (FTLD-TDP) types

Type 1 subjects showed greater loss in the parietal lobes than both type 2 and type 3 subjects, with additional loss in the frontal lobes compared to type 2.
Type 2 showed greater loss in the temporal lobes than both type 1 and type 3. Type 3 showed greater loss in the frontal lobes than type 2.

2216 Neurology 75 December 14, 2010



4B. Type 1 and type 3 subjects with FTLD-MND
showed almost identical patterns of gray matter loss
involving posterior frontal lobes bilaterally compared
to controls. The type 1 subjects without MND
showed similar patterns of loss to the entire type 1
group (figure 1), and the type 3 subjects without
MND showed no regions of loss after correction for
multiple comparisons, and no discernable patterns
were observed when uncorrected at p � 0.001, when
compared to controls. Very few significant differ-
ences were observed across these groups on direct
comparison in VBM or using regional volumes, al-
though there were some nonsignificant trends for re-

gional differences between subjects with and without
FTLD-MND within type 1 and type 3, and for more
severe loss in FTLD-MND subjects with type 1 com-
pared to type 3 (figure e-3).

DISCUSSION We identified different patterns of
atrophy across the FTLD-TDP types, suggesting that
there may be a distinct pattern or signature for each
type. However, we found that the patterns of atrophy
were affected by the presence of mutations in GRN
and the presence of FTLD-MND. These findings
therefore suggest that FTLD-TDP type alone does
not determine patterns of atrophy.

Figure 3 Box plots showing regional gray matter volume data for the 3 frontotemporal lobar degeneration
with TDP-43 immunoreactive inclusions (FTLD-TDP) types

The boxes indicate the median and interquartile range (IQR) of the distributions while the horizontal lines extending from
the boxes stop at the most extreme data points within 1.5 IQRs. All individual points are shown and points have been
shifted randomly in the horizontal direction to avoid overlap. Subjects who screened positive for a mutation in GRN are
indicated. Regional gray matter (GM) volumes were divided by total GM volume to correct for differences in global atrophy
between subjects and to allow the assessment of relative regional atrophy in each subject, and converted to z scores
showing deviation from controls. p Values represent differences across the 3 FTLD-TDP types. On post hoc testing, signif-
icant differences were observed between type 1 and 2 for all regions, between type 1 and 3 for the medial temporal and
lateral parietal lobes, and between type 2 and 3 for lateral frontal, lateral temporal, and medial temporal lobes.
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FTLD-TDP type 1 was associated with a bilateral
pattern of frontotemporal and parietal atrophy. Clin-
ical phenotypes in this group were varied and in-
cluded bvFTD, FTD-MND, PNFA, CBS, and AD.
Other studies have similarly found varied clinical
phenotypes in FTLD-TDP type 1.4,18,25,26 In con-
trast, type 2 showed a very focal pattern of asymmet-
ric temporal lobe atrophy and was only associated
with the clinical diagnosis of SMD. Many previous
studies have linked this clinical phenotype to this
specific pattern of atrophy,27-30 and some have linked
this clinical phenotype to this pathologic type.4,18,26

Therefore, unlike type 1, there appears to be a tight
correlation between pathology, anatomy, and clinical
phenotype in type 2. FTLD-TDP type 3 was associ-
ated with a focal pattern of frontal atrophy, but un-
like type 2, the clinical phenotype varied between
bvFTD and FTD-MND. Indeed, over 50% of sub-
jects had clinical evidence of motor neuron disease
and the majority also had pathologic evidence of mo-
tor neuron degeneration. We have previously shown
that this pattern of atrophy is associated with FTLD-
MND.7 This group was also younger than the other
FTLD-TDP types, and had shorter disease duration,
features that are typical of subjects with FTLD-
MND.31,32 Regional volumes provided good separa-
tion between the different FTLD-TDP types,

suggesting that patterns of atrophy could be useful in
differentiation. The type 1 subjects showed greater
involvement of the parietal lobes than the other types
and type 2 showed greater involvement of the tem-
poral lobes. Type 3 was associated with focal frontal
atrophy.

However, although one may speculate that these
represent signature patterns of the FTLD-TDP
pathologic types, we also found that genetic and
pathologic features play a role in determining the
patterns of atrophy. Almost half of the subjects in
type 1 screened positive for mutations in GRN. We
observed patterns of frontal, temporal, and parietal
lobe volume loss in the type 1 subjects with and
without mutations in GRN, although those with mu-
tations in GRN showed significantly greater loss in
the lateral temporal lobe than those without muta-
tions. These results appear to be at odds with previ-
ous studies that have associated GRN mutations with
parietal atrophy.8,33,34 We have previously shown that
pathologically confirmed cases of FTLD with GRN
mutations have greater frontal and parietal loss than
those without GRN mutations.8 Subsequent
TDP-43 typing has however revealed that the GRN-
negative group in that study consisted of subjects
with various different FTLD-TDP types, which
would have influenced the group differences. The

Figure 4 Patterns of gray matter loss in frontotemporal lobar degeneration with TDP-43 immunoreactive inclusions (FTLD-TDP) type 1
and type 3 subjects depending on GRN mutation status and the presence of frontotemporal lobar degeneration with motor
neuron degeneration (FTLD-MND)

(A) Patterns of loss in type 1 subjects who are positive and negative for GRN mutations. (B) Patterns of loss in type 1 and type 3 subjects with and without
FTLD-MND. Results are shown on 3-dimensional renders of the brain after correction for multiple comparisons using the familywise error at p � 0.05.
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current study demonstrates that parietal lobe volume
loss is actually a feature of FTLD-TDP type 1 pa-
thology and that additional lateral temporal lobe at-
rophy distinguishes those with GRN mutations.
Asymmetric patterns of atrophy have also been ob-
served in subjects with mutations in GRN.33 We
found no difference in the degree of asymmetry across
the type 1 cases with and without mutations in GRN.
This concurs with the fact that varied clinical pheno-
types were also observed in both groups, and suggests
that asymmetry is also a feature of type 1 pathology.

The pathologic diagnosis was also not consistent
across the type 1 group, with 3 subjects showing
pathologic FTLD-MND. This finding is somewhat
unusual since FTLD-MND has been linked primar-
ily to type 3.4,18,26 We also observed 3 subjects with
type 3 who did not have pathologic or clinical
MND. Although the number of subjects was small,
we found that that the patterns of regional atrophy
were the same in the 2 groups of FTLD-MND sub-
jects, regardless of type, and that these patterns dif-
fered somewhat from the type 1 and type 3 subjects
without FTLD-MND. Once again, this demon-
strates that patterns of atrophy may not solely be
driven by FTLD-TDP type, but that the pathology
of FTLD-MND may have a signature, as we have
previously suggested.7 The FTLD-MND subjects
were also young and showed short disease duration,
regardless of type, as is typical for FTLD-MND,31,32

and showed shorter disease duration and younger age
than the type 1 and 3 subjects without FTLD-
MND. We did however observe that a significantly
greater proportion of subjects with FTLD-MND
type 1 had a family history compared with FTLD-
MND type 3. Given that the FTLD-MND type 1
subjects screened negative for GRN mutations, it is
possible that another, as yet undiscovered, gene mu-
tation could be responsible for FTLD. However, it is
wise to be cautious in interpreting these findings
since the number of type 1 subjects with FTLD-
MND was very small. Further work is needed to bet-
ter understand how FTLD-MND type 1 differs from
FTLD-MND type 3.

The results of this study therefore suggest that
patterns of atrophy may be useful to help predict
FTLD-TDP type, and hence could be important
clinically to improve patient prognosis. The presence
of GRN mutations should however be considered,
and although subjects with FTLD-MND are usually
type 3, the presence of features that suggest FTLD-
MND, such as clinical MND, short disease duration,
and focal patterns of frontal atrophy, could also sug-
gest type 1. The presence of family history may help
increase the odds of type 1 pathology in these cases.
The findings also increase our understanding of the

relationship between protein deposition, pathologic
features, and atrophy. Importantly, they demonstrate
that FTLD-TDP is not an anatomically homogenous
entity and hence the TDP-43 protein itself is not
associated with a specific pattern of atrophy. The
morphologic differences across the FTLD-TDP
types are instead more tightly associated with the re-
sultant pattern of atrophy.
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