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ARTICLE INFO ABSTRACT

Keywords: Frontotemporal dementia (FTD) is difficult to diagnose, due to its heterogeneous nature and overlap in symp-
Frontotemporal dementia toms with primary psychiatric disorders. Brain MRI for atrophy is a key biomarker but lacks sensitivity in the
Classification early stage. Morphometric MRI-based measures and machine learning techniques are a promising tool to im-
MRI

prove diagnostic accuracy. Our aim was to review the current state of the literature using morphometric MRI to
classify FTD and assess its applicability for clinical practice. A search was completed using Pubmed and
Psychinfo of studies which conducted a classification of subjects with FTD from non-FTD (controls or another
disorder) using morphometric MRI metrics on an individual level, using single or combined approaches. 28
relevant articles were included and systematically reviewed following PRISMA guidelines. The studies were
categorized based on the type of FTD subjects included and the group(s) against which they were classified.
Studies varied considerably in subject selection, MRI methodology, and classification approach, and results are
highly heterogeneous. Overall many studies indicate good diagnostic accuracy, with higher performance when
differentiating FTD from controls (highest result was accuracy of 100%) than other dementias (highest result was
AUC of 0.874). Very few machine learning algorithms have been tested in prospective replication. In conclusion,
morphometric MRI with machine learning shows potential as an early diagnostic biomarker of FTD, however
studies which use rigorous methodology and validate findings in an independent real-life cohort are necessary
before this method can be recommended for use clinically.

Morphometric analysis
Machine learning
Diagnostic biomarker

1. Introduction or language deficits (primary progressive aphasia — PPA). PPA is further

divided into three variants - semantic (svPPA), nonfluent (nfvPPA) and

Frontotemporal dementia (FTDY) is one of the most common forms
of early onset dementia, occurring with similar frequency to Alzhei-
mer's Disease (AD) in people under the age of 65 (Onyike and Diehl-
Schmid, 2013). This heterogeneous disorder most often presents with
combinations of personality changes such as apathy, loss of empathy,
and disinhibition (behavioral variant - bvFTD) (Rascovsky et al., 2011)

logopenic (IvPPA) (Gorno-Tempini et al., 2011). The pathology un-
derlying frontotemporal lobar degeneration is equally heterogeneous
and involves abnormal accumulation of proteins including microtubule-
associated protein tau, transactive response DNA-binding protein with
molecular weight 43 kDa (TDP-43), and fused in sarcoma (FUS) protein,
while the IvPPA clinical syndrome is most commonly associated with

Abbreviations: FTD, frontotemporal dementia; bvFTD, behavioral variant frontotemporal dementia; AD, Alzheimer's disease; C, Controls; PPA, primary progressive
aphasia; nfvPPA, nonfluent variant PPA; svPPA, semantic variant PPA; IvPPA, logopenic variant PPA; DLB, dementia with Lewy Bodies; VaD, vascular dementia;
SVM, support vector machines; CV, cross-validation; LOOCV, leave-one-out cross-validation; VBM, voxel-based morphometry; DWI, diffusion weighted imaging; DTI,
diffusion tensor imaging; GM, gray matter; WM, white matter; ROI, region of interest; Acc, accuracy; SS, sensitivity; SP, specificity; AUC, Area under a receiver
operator characteristic curve; DBM, deformation-based morphometry; TBM, tensor-based morphometry; PCA, principle component analysis; NDH, Network
Degeneration Hypothesis; WMH, white matter hyperintensities; L, left; R, right; B, bilateral; RD, radial diffusivity; FA, fractional anisotropy; MD, mean diffusivity;
AD, axial diffusivity; LD, longitudinal diffusivity; TD, trace diffusivity; MTL, medial temporal lobe; DLPFC, dorsolateral prefrontal cortex; VMPFC, ventromedial
prefrontal cortex; CT, cortical thickness; Differential-STAND, Differential Diagnosis Based on Structural Abnormality due to Neurodegeneration (Vemuri et al., 2011);
LoCo, Loss in Connectivity (the percent of WM tracts out of the total connecting to a GM region in a normal control that pass through voxels identified in a WM
“injury” map (Kuceyeski et al., 2012)
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AD pathology (Rademakers et al., 2012).

The diagnosis of FTD currently poses a significant challenge for
clinicians as the presenting symptoms overlap considerably with other
diseases including primary psychiatric disorders and other dementias
(Ducharme et al., 2015). This is especially true of bvFTD. Evidence
suggests as many as 50% of people with bvFTD are initially diagnosed
with a psychiatric disorder (Woolley et al., 2011). As well, significant
memory impairment can exist in bvFTD, comparable to that seen in AD
(Bertoux et al., 2014; Mansoor et al., 2015).

The most common imaging method currently used in clinical
practice is structural MRI, which is insufficiently sensitive for early
stage diagnosis of FTD given that atrophy can be very subtle at the
disease onset. Indeed, in a mixed neuropsychiatric population that is
representative of clinical practice, a standard MRI with visual review
had insufficient sensitivity (70%) to identify cases with bvFTD, while
the usual alternative of [18F] FDG-PET had poor specificity (68%)
(Vijverberg et al., 2016). This can lead to erroneous or significantly
delayed diagnosis, causing prolonged periods of uncertainty for patients
and their families. The development of improved diagnostic biomarkers
for the early detection of FTD is critical to ensure patients are getting
the appropriate care as well as for the accurate identification of patients
for clinical trials. Improving MRI methods is ideal given that MRI is
already part of standard practice and there are currently no validated
molecular biomarkers for FTD diagnosis. AD cerebral spinal fluid (CSF)
and PET amyloid tracers can be used in the differential diagnosis of FTD
from AD, as FTD will likely be negative for these (Meeter et al., 2017),
however FTD-specific CSF biomarkers or tau tracers are not available.

There has been considerable interest in automated morphometric
analysis of MRI, most commonly assessing gray matter (GM) atrophy
and, in recent years, white matter (WM) integrity using diffusion tensor
imaging (DTI). Techniques such as voxel-based morphometry (VBM)
and cortical thickness have demonstrated specific patterns of frontal
and temporal GM atrophy on a group level (Meeter et al., 2017). These
patterns differ from those seen in other dementias (such as hippocampal
atrophy found in AD). BVFTD is associated with atrophy primarily in
the frontal lobe, insula, anterior cinguate cortex and basal ganglia
(Meeter et al., 2017; Pan et al., 2012; Schroeter et al., 2014). PPA is
primarily associated with left-sided atrophy (language dominant
hemisphere) in the initial disease stages; nfvPPA with inferior frontal
and insular atrophy, svPPA with anterior temporal atrophy, and IvPPA
with posterior temporal and parietal atrophy (Bisenius et al., 2016;
Meeter et al., 2017; Mesulam et al., 2009; Rogalski et al., 2014). WM
changes have a more widespread distribution and likely precede GM
atrophy (Lam et al., 2014; Mahoney et al., 2014; Meeter et al., 2017).

A high discriminative power is needed to differentiate between
diseases on an individual level, in order to be useful in clinical practice.
However, with improving methods of morphometric analysis and the
use of multivariate statistics and machine learning methods, it is be-
coming increasingly feasible to improve diagnosis at the individual
level. An extensive body of literature exists classifying AD in this way.
These studies have found overall high accuracy levels when comparing
AD to controls (often > 90% accuracy) (Falahati et al., 2014; Rathore
et al., 2017). In recent years several studies have attempted this type of
classification for the diagnosis of FTD using a variety of MRI measures
and machine learning algorithms.

The aim of this systematic review is to summarize the current lit-
erature studying the diagnostic classification of FTD utilizing morpho-
metric MRI data on an individual level, with the aim of evaluating its
potential usefulness and readiness for clinical practice.

2. Method

This systematic review follows the recommendations of PRISMA
(Mclnnes et al., 2018; Moher et al., 2009) as applicable. An initial
search was conducted up to March 12, 2018 using PubMed and Psy-
chINFO with the following search terms: (frontotemporal dementia OR
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frontotemporal lobar degeneration) AND MRI AND ((diagnostic OR
diagnosis) AND (accuracy OR classification OR prediction)). The search
was limited to peer-reviewed, full text articles, published in English
within the last 10 years (2007 or later) to focus on the most advanced
image processing methods. All resulting papers were screened by title
and abstract to exclude irrelevant studies, and full texts of selected
articles were reviewed. Studies were included if they meet the following
criteria: (1) conducted a diagnostic classification of FTD (behavioral or
language variant, or both variants combined) versus controls or versus
other disorders on an individual subject level and (2) used classification
features derived from structural MRI, either alone or in combination. In
the case of studies which conducted classifications based on MRI
morphometry alone and in combination with other methods, only those
results pertaining to MRI morphometry were included in this review.
Reference lists of included articles were also manually searched to
identify other relevant articles. The risk of bias and applicability of each
included study was assessed with the QUADAS-2 tool (Whiting et al.,
2011).

3. Results

The search produced 151 articles. Of these, 25 relevant articles were
identified. Cross-reference list searches of each relevant article yielded
three additional papers, resulting in a total of 28 papers for inclusion in
this review (Fig. 1).

3.1. Study characteristics

Eleven studies conducted a binary classification of FTD or specifi-
cally bvFTD from a control group. Seventeen studies conducted a binary
classification of FTD or specifically bvFTD from AD. Six studies con-
ducted a multi-class classification to differentiate FTD, AD and controls,
while four studies conducted a multi-class classification between var-
ious dementia types and controls. Four studies conducted classifications
of PPA; two studies differentiated PPA subtypes from each other and
controls. One study classified PPA from controls. One study differ-
entiated FTD subtypes (bvFTD and PPAs) from a combined group of all
other subtypes and AD. Results are summarized in Tables 1-5. Accu-
racy, sensitivity, specificity, and/or area under the receiver operating
characteristic curve (AUC) are reported, if provided. In cases where raw
numbers were reported, applicable performance measures were calcu-
lated from these numbers. In this paper we consider performance of
90% or greater as high, 70-90% as moderate, and < 70% as low.

Studies varied considerably in methodology. The majority of studies
looked at changes in GM structure, most commonly using VBM to assess
either GM concentration or volume. WM integrity was commonly as-
sessed using DTI measures. Studies used a variety of whole-brain and
region of interest (ROI) based approaches, including a priori selection
of ROIs and the use of ROIs that showed significant differences in
group-level comparison. Studies also varied widely in classification
methods. Machine learning classification techniques were utilized by
most studies, the most common being support vector machines (SVM).
Most studies used a k-fold cross validation (CV) approach, most com-
monly with a leave-one-out CV strategy. Only one study used in-
dependent subject data (from a different cohort) in a separate testing
set (Kloppel et al., 2015).

Almost all studies used a clinically defined diagnosis as the re-
ference standard. Six studies (Chow et al., 2008; Frings et al., 2014;
Mahoney et al., 2014; Meyer et al., 2017; Mufoz-Ruiz et al., 2012;
Wang et al., 2016) included a subset of patients with pathologically
confirmed diagnosis or those with a known genetic mutation consistent
with FTD. Three studies (Kloppel et al., 2008b; Lehmann et al., 2010;
Vemuri et al., 2011) used pathologically defined dementia diagnosis as
the gold standard. Two studies (McMillan et al., 2014; McMillan et al.,
2012) grouped subjects as AD or FTD based on the presence or absence
of CSF biomarkers consistent with AD. Studies also varied considerably



J. McCarthy et al.

Records identified through database
searching
(n=180)

l

Records after duplicates removed
@=151)

Neurolmage: Clinical 20 (2018) 685-696

A

A

(==28)

Records screened Records excluded
(@=151) = (n=100)
Full-text articles assessed
for eligibility > Full-text articles excluded
(n=51) (a=26)
- classification based oa noz-
l morphometic MRI (n=2)
Additional articles identified - group level comparisons oaly (2 =
tarough reference lists Eligible articles 10)
@=3) > =25 - classification of FID pathological
or genetic subtype: (n=3)
- classification based on
combination of MRI and clinical
| v measures ouly (a=2)
- classification based oa visual
Srudies included in reading of MRI (n = 6)
systematic review - used single MRI measure specific
to pon-FID disorder (n=1)

- FTD azd AD grouped together for
classification (2= 1)

- uzed MRI measures to pradict CSF
values (n=1)

Fig. 1. PRISMA flow chart of study selections.

in disease severity. Studies report a variety of methods for evaluating
disease severity (Mini Mental State Exam, Clinical Dementia Rating,
disease duration) making comparison difficult. Four studies used a
control group consisting in part or entirely of those with subjective
cognitive decline (Dukart et al., 2011; Koikkalainen et al., 2016; Moller
et al., 2016; Tong et al., 2017). All others consisted of healthy, cogni-
tively normal subjects. Studies also varied widely in their exclusion
criteria. Some studies included FTD with concurrent motor symptoms
while others excluded these subjects.

3.2. bvFTD vs Controls

Five studies classified bvFTD from a control group (Chow et al.,
2008; Mahoney et al., 2014; Meyer et al., 2017; Moller et al., 2016;
Raamana et al., 2014) (Table 1 and Fig. 2a). In general studies could
distinguish FTD from controls with moderate to high accuracy, al-
though results are heterogeneous. Two studies measured GM con-
centration with VBM using a SVM classifier. Meyer et al. (2017)
achieved highest accuracy, sensitivity and specificity when using a ROI
approach (frontal and temporal lobes — 84.6%, 80.7% and 88.5%, re-
spectively), while Moller et al. (2016) reported low sensitivity (60%)
but high specificity (98%) with a whole-brain approach. Mahoney et al.
(2014) achieved moderate results using radial diffusivity from DTI. The
highest result was reported by Raamana et al. (2014) using surface
displacements of the left lateral ventricle as inputs to a SVM, using a
train/test approach (AUC of 0.938, sensitivity of 100% and specificity
of 88%) The result was somewhat lower when using leave-one-out CV
(AUC of 0.826, sensitivity of 79, specificity of 87). These results con-
trast with this study's reported results for other regions (right lateral
ventricle and left and right hippocampus) in which sensitivity is low.
None of the studies classifying the bvFTD subtype from controls looked
at different MRI metrics in combination.

3.3. FTD vs controls

Six studies classified a combined group of FTD clinical subtypes
from a control group (Table 2 and Fig. 2b), again with overall moderate
to high accuracy (Bron et al., 2017; Davatzikos et al., 2008; Du et al.,
2007; Dukart et al., 2011; Mufoz-Ruiz et al., 2012; Zhang et al., 2013).
Davatzikos et al. (2008) reported 100% accuracy when using GM and
WM volumetric features derived from principle component analysis as
inputs to an SVM, however this study was small (FTD n = 12) and may
not have used a completely independent test set. Very high results were
also reported by Bron et al. (2017) when using GM, WM, or supra-
tentorial brain volume with an SVM (AUC 0.95-0.96). This study did
not report sensitivity and specificity numbers. In contrast, Zhang et al.
(2013) reported poor results using GM or WM volumes and logistic
regression in a ROI approach extracted from group differences, but
achieved best results using radial diffusivity (accuracy, sensitivity,
specificity, and AUC of 81.4%, 80.7%, 80.5%, 0.877, respectively). Two
other studies reported moderately high results using various measures
of GM structure alone (tensor-based morphometry, volumetry, VBM,
cortical thickness) (Du et al., 2007; Munoz-Ruiz et al., 2012). Only one
study (Bron et al., 2017) assessed a multimodal approach (WM volume
and fractional anisotropy), which achieved a similar result to that by
WM volume alone (AUC 0.95).

3.4. bvFTD vs AD

Six studies classified bvFTD from AD (Canu et al., 2017; Frings
et al., 2014; Mahoney et al., 2014; Moller et al., 2016; Raamana et al.,
2014; Wang et al., 2016) (Table 1 and Fig. 2¢). In general, results in-
dicate that this is a much harder task than distinguishing from controls
and results are highly variable. Canu et al. (2017) achieved moderately
high results using cortical thickness in a random forest approach to
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Table 1
Classifications of bvFTD versus Controls or AD.
bvFTD vs Controls vs AD
Name Sample Classification Measure ROIs Acc SS SP AUC Acc SS SP AUC
Canu et al., 27 bvFTD Random forest Cortical thickness L inferior parietal Best 5 (L inferior parietal, R 78 76 83
2017 temporal pole, L isthmus cingulate, R inferior
parietal, R precuneus)
62 AD Best 5 (L inferior parietal, R temporal pole, L 82 80 87
isthmus cingulate, R inferior parietal, R
precuneus)
DWI R uncinate; AD 81 96 43
Best 5 (R uncinate; AD, RD, MD, FA, Genu of 81 89 61
CC; FA)
Combination 5 CT + 5 WM tract 82 76 96
Best 5 (L inferior parietal, R temporal pole, R 84 79 81
precuneus, L isthmus cingulate, L superior
parietal)
Chow et al., 16 bvFTD Logistic regression Volumes L medial middle frontal parenchymal 87 688 96.6
2008 30C
Frings et al., 15 bvFTD Logistic regression Volume caudate 79
2014 14 AD caudate + gyrus rectus GM 83
Mahoney et al., 27 bvFTD DTI-RD Whole-brain 82 80 0.82 0.67
2014 25 AD Corpus callosum 93 75 0.85
L uncinate fasciculus 82 75 0.82
20C L cingulum bundle 74 70 0.83
DTI-FA Whole-brain 0.73 78 68 0.74
L uncinate fasciculus 77 68 0.76
L cingulum bundle 63 80 0.67
Corpus callosum 56 80 0.73
DTI-TD Whole-brain 0.80 0.66
DTI-AD Whole-brain 0.74 0.59
Meyer et al., 52 bvFTD SVM VBM-GM density =~ Whole-brain 81.7 789 84.6
2017 LOOCV Frontal lobe 80.7 769 84.6
52C Frontal + Basal ganglia & insula 82.7 80.7 84.6
Temporal lobe 78.8 76.9 80.8
Frontal & temporal lobe 84.6 80.7 88.5
Frontal + Temporal + Basal Ganglia & insula 84.6 80.7 88.5
Moller et al., 26 bvFTD SVM Training Set ~ VBM-GM density =~ Whole-brain 75 62 83 81 69 88
2016 42 AD LOOCV
47 C
25 bvFTD Test Set 8 60 98 087 82 64 93 081
42 AD
47 C
Raamana 30 bvFTD SVM LOOCV Surface L Hippocampus 14 83 0.488 37 62 0.492
etal., displacements R Hippocampus 43 83 0.631 50 41 0.456
2014 34 AD L lateral ventricle 79 87 0.826 60 82 0.712
14 C R lateral ventricle 64 87 0.755 63 79 0.714
Train/Test L Hippocampus 50 62 0.562 50 56 0.528
R Hippocampus 25 75 0.5 0 1 0.5
L lateral ventricle 100 88 0.938 75 56 0.653
R lateral ventricle 75 100 0.875 62 67 0.646
Wang et al., 55 bvFTD Naive Bayes VBM-GM volume  Amygdale, hippocampus, MTL, temporal pole, 51.4 36.4 66.7
2016 54 AD 10-fold CV DLPFC, VMPFC, striatum and insula

distinguish bvFTD from AD (accuracy, sensitivity, and specificity of
82%, 80%, and 87% respectively). These results were not majorly im-
proved when combined with DTI measures. No other study looked at
the accuracy of combined MRI metrics. Other studies reported low to
moderate accuracy in classifying bvFTD from AD using a range of single
metrics including DTI, GM concentration, volumetry, and surface dis-
placements (Frings et al., 2014; Mahoney et al., 2014; Moller et al.,
2016; Raamana et al., 2014; Wang et al., 2016).

3.5. FID vs AD

Eleven studies classified FTD (combined clinical subtypes, patho-
logical subtypes, or CSF-defined) from AD (Bron et al, 2017;
Davatzikos et al., 2008; Du et al., 2007; Dukart et al., 2011; Kloppel
et al., 2015; Kloppel et al., 2008b; Lehmann et al., 2010; McMillan
et al., 2014; McMillan et al., 2012; Munoz-Ruiz et al., 2012; Whitwell
et al., 2011) (Table 2 and Fig. 2d). Again, results are highly variable.
McMillan et al. (2012) reported highest accuracy when using a
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combination of GM density and fractional anisotropy (sensitivity, spe-
cificity and AUC of 87%, 83%, and 0.938 respectively) when distin-
guishing CSF-defined FTD and AD using regression, although this study
did not use an independent testing set. McMillan et al. (2014) also re-
ported moderately high sensitivity, specificity and AUC (89%, 89%, and
0.874 respectively) to classify CSF-defined FTD and AD when using a
combination of cortical thickness and fractional anisotropy in a data-
driven approach. In contrast Kloppel et al. (2008b) reported similar
numbers using GM volume alone, in a whole-brain approach with an
SVM (accuracy, sensitivity, and specificity of 89.2%, 94.7%, and 83.3%
respectively), while Whitwell et al. (2011) reported high AUC (0.93)
using GM volumes of the temporoparietal cortex and hippocampus.
Other studies again reported low to moderate accuracy in classifying
FTD from AD with a range of different metrics (Bron et al., 2017;
Davatzikos et al., 2008; Du et al., 2007; Dukart et al., 2011; Kloppel
et al., 2015; Lehmann et al., 2010; Munoz-Ruiz et al., 2012).
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Table 2
Classifications of FTD vs Controls or AD.
FTD vs Controls vs AD
Name Sample Classification Measure ROIs Acc SS SP AUC  Acc SS SP AUC
Bron et al., 33 FID SVM VBM-GM volume Whole-brain 0.95 0.78
2017 24 AD  4-fold CV VBM-WM volume 0.96 0.76
34C VBM-Supratentorial 0.95 0.72
brain volume
DTI-FA
VBM-WM 0.91 0.80
volume + DTI-FA 0.95 0.81
Davatzikos 12 FTD SVM RAVENS-GM and WM PCA 100 84.3
et al., 37 AD LOOCV volume
2008 12C Fisher's Volume Hippocampal, ventricular, total brain 75 70.9
discriminant
Analysis
Du et al., 2007 19 FTD Logistic Volume Frontal 89
regression
22 AD LOOCV Parietal 81 79
23C Temporal 85
Cortical thickness Frontal 88
Parietal 82 82
Temporal 85
Dukart et al., 14 FTD SVM GM Whole-brain 77.8 80
2011 21 AD LOOCV WM Whole-brain 77.8 74.3
13C GM ROI (a priori) 85.2 60
Kloppel et al., 19 FTD SVM GM volume Whole brain 89.2 94.7 833
2008b 18 AD LOOCV
Kloppel et al., 12 FTD SVM VBM-GM volume Whole-brain 0.78
2015 122 AD Separate test set
Lehmann 23 FID SVM Cortical Thickness Whole-brain 79.4 91.3 545 0.87
et al., 17 AD  2-level CV
2010
McMillan 38 FTD Logistic GM density Precuneus 82 79 0.883
et al., regression Posterior cingulated 87 66 0.890
2012 29 AD Anterior temporal 79 69 0.792
DTI-FA Corpus callosum 79 59 0.795
Combination Corpus callosum, precuneus, posterior cingulated 87 83 0.938
McMillan 72 FTD Linear regression Cortical thickness Data-driven 89 81 0.778
et al., 21 AD  Train/test Anatomical 100 54 0.802
2014 Volume Global GM 65 100 0.820
Global ventricles 100 65 0.826
DTI-FA Data-driven 100 46 0.808
Anatomical 56 78 0.649
Combination Data-driven 89 89 0.874
Anatomical 78 70 0.742
Muiioz-Ruiz 37 FTD Regression Volume Hippocampus 83 80 84 55 55 55
etal., 46 AD  Train/Test
2012 26 C TBM Hippocampus, amygdala, posterior temporal lobe, 82 90 77 62 67 56
VBM-GM lateral ventricle in frontal horn, central part and 83 91 77 72 76 67
concentration occipital horn, lateral ventricle in temporal horn,
VBM-GM volume gyri hippocampalis et ambiens, anterior cingulate 85 89 82 69 71 66
gyrus and superior frontal gyrus.
Whitwell et al., 14 FTD Logistic GM volume Temporoparietal cortex 0.81
2011 regression Hippocampus 0.74
14 AD Temporoparietal cortex + hippocampus 0.93
Zhang et al., 25 FTD Logistic VBM-GM volume ROI1 (B frontotemporal, anterior callosal) 65.7 80.1 48.7 0.665
2013 regression
19C 4-fold CV ROI2 (L temporal) 63.9 77.0 46.6 0.722
ROI3 (L dorsal frontal) 457 742 5.4 0.566
VBM-WM volume ROI1 59.2 77.2 34.6 0.627
ROI2 58.1 71.5 36.4 0.657
ROI3 47.4 79.8 53 0.606
DTI-RD ROI1 76.0 799 723 0.853
ROI2 81.4 80.7 80.5 0.877
ROI3 67.6 73.3 58.6 0.722

3.6. Multi-class classifications

Several studies attempted a multi-class classification with varying
accuracy. Six studies included a three-way classification between FTD,
AD, and controls (Bron et al., 2017; Dukart et al., 2011; Kuceyeski et al.,
2012; Moller et al., 2015; Raamana et al., 2014; Wang et al., 2016)
(Table 3). Kuceyeski et al. (2012) reported the highest accuracy using
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radial diffusivity, with accuracy and sensitivity of 89.09% and 97.3%
but lower specificity (72.22%) using linear discriminant analysis. Re-
sults were similar using the LoCo metric, a measurement of the amount
of structural network disruption incurred by a GM region for a parti-
cular pattern of WM integrity loss (accuracy, sensitivity, and specificity
of 87.27%, 91.89%, 77.78% respectively). Four studies conducted a
multi-class classification between various dementias and controls
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Multi-class Classifications of FTD, AD, and Controls.
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FTD, AD and controls

Name Sample Classification Measure ROIs Acc SS (FTD) SP (FTD) AUC
Bron et al., 2017 33 FTD SVM VBM-GM volume Whole-brain 0.85
24 AD 4-fold CV VBM-WM volume 0.83
34 C VBM-Supratentorial brain volume 0.84
DTI-FA 0.83
VBM-WM volume + DTI-FA 0.87
Dukart et al., 14 FTD SVM GM Whole-brain 72.9
2011 21 AD LOOCV WM 66.7
13C GM a priori ROIs 56.3
Kuceyeski et al., 18 FTD Linear discriminant GM volume Whole-brain parcellation 76.36 81.08 66.67
2012 analysis DWI-FA 76.36  72.97 83.33
DWI-RD 89.09 97.30 72.22
DWI-LD 85.45 89.19 77.78
Combination GM + DWI 83.64 91.89 66.67
18 AD LOOCV LoCo 87.27 91.89 77.78
19C
Moller et al., 30 bvFTD Discriminant function 1st analysis: VBM-GM volume, Significant voxels/regions from paired 91.4  66.7
2015 39 AD analyses LOOCV Subcortical volumes, DWI-FA group comparisons
41 C 2nd analysis: VBM-GM volume, 86 75
subcortical volumes, DWI- AD, DWI-
RD
Raamana et al., 30 bvFTD SVM Volumes L Hippocampus 0.5
2014 34 AD Train/Test R Hippocampus 0.54
L lateral ventricle 0.5
14 C R lateral ventricle 0.5
Laplacian invariants L Hippocampus 0.5
R Hippocampus 0.49
L lateral ventricle 0.5
R lateral ventricle 0.59
Surface displacements L Hippocampus 0.66
R Hippocampus 0.56
L lateral ventricle 0.76
R lateral ventricle 0.77
Wang et al., 55 bvFTD Naive Bayes VBM-GM volume Amygdale, hippocampus, MTL, 54.2
2016 54 AD 10-fold CV temporal pole, DLPFC, VMPFC, striatum
57 C and insula
Table 4
Multi-class Classifications of Dementia.
Multi dementia types
Name Sample Classification Measures ROIs Acc SS (FTD) SP (FTD) AUC
(FTD)
Kloppel et al., 2015 12FTD SVM VBM-GM volume Whole-brain 0.78
122 AD Separate test cohort
4 DLB
18C
Koikkalainen et al., 92 FTD Disease State Index Volumes Whole-brain parcellation 50.4
2016 (DSI) VBM-GM concentration 65.1
10-fold CV TBM 64.3
Manifold learning Hippocampus and 50.4
ROI-based grading frontotemporal lobe 58.3
223 AD Vascular burden- WMH, cortical and 32.7
lacunar infarcts volumes
47 DLB All features 70.6 62 95
24 VaD
118 C
Tong et al., 2017 92 FTD RUSBoost Volumes Whole-brain parcellation 58.6
66.6
10-fold CV Grading 70
219 AD Combination
47 DLB
24 VaD
118 C
Vemuri et al., 2011 47 FTD  Differential-STAND GM density Whole brain 84.4 93.8
48 AD LOOCV
20 DLB
21C
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Table 5
PPA classifications.
Name Sample Classification Measures ROIs Acc  SS SP AUC Acc SS SP AUC Acc SS SP  AUC
nfvPPA vs Controls IvPPA vs Controls svPPA vs Controls
Bisenius et al., 16 nfvPPA SVM VBM-GM Whole-brain ROI (a 91 88 94 094 95 91 100 0.95 97 94 100 0.97
2017 17 svPPA  LOOCV density priori from meta- 84 81 88 0.90 82 82 82 0.91 100 100 100 1
11 IvPPA analyses)
20C
Wilson et al., 32 nfvPPA SVM GM volume PCA 89.1 87.5 90.6 0.941 100 100 100 1 100 100 100 1
2009 38 svPPA  2-level CV
16 IvPPA
115 C
svPPA vs nfvPPA IvPPA vs svPPA IvPPA vs nfvPPA
Bisenius et al., 16 nfvPPA SVM VBM-GM Whole-brain ROI (a 78 81 75 0.88 95 100 91 093 55 64 45 0.59
2017 17 svPPA  LOOCV density priori from meta- 78 81 75 087 95 100 91 091 64 73 55 0.64
11 IvPPA analyses)
20C
Wilson et al., 32 nfvPP  SVM GM volume PCA 89.1 84.4 938 0964 93.8 93.8 93.8 0.984 81.3 81.3 81.3 0.879
2009 38 svPP 2-level CV
16 IvPPA
115C
PPA (svPPA and nfvPPA) vs Controls
Acc SS SpP
Chow et al., 2008 14 PPA Logistic Volumes L anterior temporal 90.9 78.6 96.7
30C regression
bvFTD vs others svPPA vs. others nfvPPA vs others
Acc SS SP Acc SS SP Acc SS SP
Tahmasian et al., 11 bvFTD SVM VBM-GM A priori based on the 72.5 454 827 92.5 50 975 825 0 94.2
2016 4 svPPA LOOCV volume NDH
5 nfvPPA
20 AD
bvFTD vs Controls FTD vs Controls
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Fig. 2. Visual representation of the classification accuracy for the different comparisons (for studies which conducted more than one classification, the best result is
shown). a) behavioral variant frontotemporal dementia (bvFTD) vs Controls. b) Frontotemporal dementia (any subtype - FTD) vs Controls. ¢) bvFTD vs AD. d) FTD
(any subtype) vs AD.
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(Kloppel et al., 2015; Koikkalainen et al., 2016; Tong et al., 2017;
Vemuri et al., 2011) (Table 4). Vemuri et al. (2011) reported moderate
sensitivity (84.4%) and high specificity (93.8%) for FTD classification
versus all others using whole brain GM density approach and a novel
classification approach (referred to as differential- STAND), however
they did not have a completely independent test set. Results were
considerably lower for other studies (Kloppel et al., 2015; Koikkalainen
et al., 2016; Tong et al., 2017).

3.7. PPA subtypes

Four studies included classifications of PPA (Bisenius et al., 2017;
Chow et al., 2008; Tahmasian et al., 2016; Wilson et al., 2009)
(Table 5). Two studies classified each PPA subtype against controls
using SVM of GM atrophy, with moderate to high accuracy across
studies (accuracy ranged from 84 to 100%) (Bisenius et al., 2017;
Wilson et al., 2009). Both studies also classified subtypes against each
other, with varying results. Wilson et al. (2009) reported highest ac-
curacy, sensitivity, and specificity (89.1%, 84.4%, 93.8% respectively,
AUC of 0.964) to distinguish svPPA from nfvPPA using GM volume and
a principal component analysis approach. Results were very high for
both studies for IvPPA vs svPPA, while Wilson et al. (2009) achieved
highest results for IvPPA vs nfvPPA (accuracy, sensitivity, specificity,
AUC of 81.3%, 81.3%, 81.3% and 0.879 respectively). Tahmasian et al.
(2016) classified each FTD subtype against a group of all others and AD
using GM volume and SVM, resulting in high specificity (97.5% and
94.2%) but very poor sensitivity (50% and 0%) for both svPPA and
nfvPPA vs others, while Chow et al. (2008) combined svPPA and
nfvPPA subtypes together in a classification from a control group,
achieving moderate sensitivity (78.6%) and high specificity (96.7%).

3.8. Risk of bias assessment

The results of the QUADAS-2 evaluation are given in Table 6. The
patient selection domain was rated as high risk of bias in six studies that

Table 6
QUADAS-2 Evaluation.
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had inappropriate exclusion criteria (e.g. exclusion of subjects with
abnormalities on structural MRI other than atrophy, such as WM hy-
perintensities) combined with a case-control design. The index test was
rated as high risk of bias in eight studies which did not use separate
testing data or used all data to perform ROI selection or dimensionality
reduction prior to classification. Two studies were given an unclear risk
of bias on this domain. One study was rated as having applicability
concerns on the index test domain as it only looked at the overall ac-
curacy of multi-class classification of dementia types.

4. Discussion

This systematic review provides a summary of studies attempting to
classify FTD from non-FTD via morphometric MRI data with the aim to
determine its potential for use as a diagnostic aide in clinical practice.
Studies included in this review are highly heterogeneous in terms of
subject selection, MRI methodology and classification methods, com-
plicating the comparison of accuracy of results. However, overall stu-
dies report good levels of accuracy (see Table 7 for a summary of the
best performance for each classification), indicating the potential value
of MRI morphometry in the diagnosis of FTD.

FTD could be diagnosed with high accuracy from control groups,
with many studies finding accuracies of over 80% or 90% with good
sensitivity and specificity. However, most studies include subjects with
well characterized patients in which there is significant atrophy, and
therefore the added benefit of morphometry is uncertain. Results dis-
tinguishing FTD from AD were somewhat poorer. This is unsurprising
given that minimal atrophy is expected in control subjects and that
there exists overlap in atrophy patterns between FTD and AD (De Souza
et al., 2013). Studies which conducted multi-class classifications did not
all report specific sensitivity and specificity values for FTD, although
Vemuri et al. (2011) reported good sensitivity and specificity (84.4%
and 93.8%) in distinguishing FTD from other dementias. Only four
studies specifically classified PPAs, generally with moderate to high
accuracy. No studies attempted to distinguish bvFTD patients from

Study Risk of Bias Applicability concerns
Patient selection Index test Reference standard Flow and timing Patient selection Index test Reference standard

Bisenius et al., 2017 Low Low Low Low Low Low Low
Bron et al., 2017 Low Low Low Low Low Low Low
Canu et al., 2017 High Low Low Low Low Low Low
Chow et al., 2008 Low High Low Low Low Low Low
Davatzikos et al., 2008 Low Unclear Low Low Low Low Low
Du et al., 2007 Low Low Low Low Low Low Low
Dukart et al., 2011 High Low Low Low Low Low Low
Frings et al., 2014 Low High Low Low Low Low Low
Kloppel et al., 2008a,b Low Low Low Low Low Low Low
Kloppel et al., 2015 Low Low Low Low Low Low Low
Koikkalainen et al., 2016 Low Low Low Low Low Low Low
Kuceyeski et al., 2012 Low Low Low Low Low Low Low
Lehmann et al., 2010 Low Low Low Low Low Low Low
Mahoney et al., 2014 Low High Low Low Low Low Low
McMillan et al., 2012 Low High Low Low Low Low Low
McMillan et al., 2014 Low Low Low Low Low Low Low
Meyer et al., 2017 Low Low Low Low Low Low Low
Moller et al., 2015 High High Low Low Low Low Low
Moller et al., 2016 Low Low Low Low Low Low Low
Muiioz-Ruiz et al., 2012 High Unclear Low Low Low Low Low
Raamana et al., 2014 Low Low Low Low Low Low Low
Tahmasian et al., 2016 High Low Low Low Low Low Low
Tong et al., 2017 Low Low Low Low Low High Low
Vemuri et al., 2011 Low High Low Low Low Low Low
Wang et al., 2016 Low Low Low Low Low Low Low
Whitwell et al., 2011 Low High Low Low Low Low Low
Wilson et al., 2009 Low Low Low Low Low Low Low
Zhang et al., 2013 High High Low Low Low Low Low
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Table 7
Summary of studies with the best performance.
Name Sample Classification Measures ROIs Acc SS SP AUC
bvFTD vs Controls Raamana et al., 30 bvFTD SVM Surface displacements L lateral ventricle 100 88 0.938
2014 14 C Train/test
bvFTD vs AD Canu et al., 2017 27 bvFTD  Random forest Cortical thickness Best 5 (L inferior parietal, R temporal 82 80 87
62 AD pole, L isthmus cingulate, R inferior
parietal, R precuneus)
FTD vs Controls Davatzikos et al., 12 FTD SVM RAVENS-GM and WM PCA 100
2008 12C LOOCV volume
FTD vs AD McMillan et al., 72 FTD Linear regression Combination (Cortical Data-driven 89 89 0.874
2014 21 AD Train/test thickness & DTI-FA)
FTD vs AD & Kuceyeski et al., 18 FTD Linear discriminant DWI-RD Whole-brain parcellation 89.09 97.30 72.22
Controls 2012 18 AD analysis
19C LOOCV
FTD vs other Vemuri et al., 7 FID Differential-STAND  GM density Whole-brain 84.4 938
dementias 2011 48 AD LOOCV
20 DLB
21 C4
nfvPPA vs Controls Bisenius et al., 6 nfvPPA  SVM VBM-GM density Whole-brain 91 88 94 0.94
2017 20 C Loocv
1vPPA vs Controls  Wilson et al., 16 IvPPA  SVM GM volume PCA 100 100 100 1
2009 115 C 2-level CV
svPPA vs Controls  Bisenius et al., 17 svPPA  SVM VBM-GM density ROI (a priori from meta-analyses) 100 100 100 1
2017 20 C LOOCV
Wilson et al., 38 svPPA SVM GM volume PCA 100 100 100 1
2009 115 C 2-level CV
svPPA vs nfvPPA Wilson et al., 32 nfvPPA SVM GM volume PCA 89.1 84.4 93.8 0.964
2009 38 svPPA  2-level CV
IvPPA vs svPPA Bisenius et al., 11 IvPPA  SVM VBM-GM density Whole-brain 95 100 91 0.93
2017 17 svPPA  LOOCV
1vPPA vs nfvPPA Wilson et al., 32 nfvPPA SVM GM volume PCA 81.3 81.3 81.3 0.879
2009 16 IVPPA  2-level CV

those with psychiatric disorders, and these two disorders have been
shown to be difficult to distinguish clinically (Woolley et al., 2011).
However, it is likely that this distinction will be similar to that of
control subjects as no atrophy is expected in most psychiatric disorders
other than severe and persistent mental illness, such as schizophrenia
with chronic psychotropic treatment, that have been linked to subtle
volume loss over time (Andreasen et al., 2011).

Most studies have looked at GM atrophy. Fewer studies have used
DTI measures, proving mixed results but with some studies suggesting
DTI may be more sensitive in the early stages of the disease (Kuceyeski
et al., 2012; Zhang et al., 2013). Most studies included in this review
only looked at single MRI measures. Hypothetically a multimodal ap-
proach combining various MRI modalities such as GM structure and
WM integrity should produce more accurate classification than a single
modality, as these modalities should provide complimentary informa-
tion about different aspects of the disease. This is supported by some
studies (McMillan et al., 2014; McMillan et al., 2012) while others
found no improvement when adding white matter to cortical metrics
(Bron et al., 2017; Kloppel et al., 2008a). These differences are likely
due to differing patient groups and methodology.

This review focuses on morphometric MRI measures as the majority
of studies in this area have focused on morphometry, however a few
recent studies have looked at the added benefit of arterial spin labeling
MRI or functional MRI (Bron et al., 2017; Tahmasian et al., 2016). This
may provide additional discriminative power and is feasible given that
these are all MRI sequences that can be performed in the same session.

4.1. Comparison to visual MRI reading

Currently, FTD diagnosis is usually assisted via visual reading of
MRI scans with or without semi-structured visual rating scales in clin-
ical practice. It is therefore important that an effective MRI morpho-
metry-based classification tool improves on current practices.

Kloppel et al. (2008a) found that radiologists with different levels of
experience varied widely in their ability to distinguish pathologically
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defined FTD from AD on visual reading of MRI (ranges for accuracy,
sensitivity, and specificity were 56.8-83.8%, 55.6-83.8%, and
57.9-90.0% respectively) and generally performed poorer than an SVM
classifier of GM volume on the same cohort (Kloppel et al., 2008b).
Accuracy was positively correlated with the radiologist's level of ex-
perience. Koikkalainen et al. (2016) reported much poorer results
(overall accuracy of 46.6%, with a sensitivity of 50% for FTD versus
others) when using a disease state index classifier on multiple visual
rating scales in the multi-class classification of dementia types com-
pared to their morphometric results. In a mixed neuropsychiatric po-
pulation, visual reading of baseline MRIs by neuroradiologists using
visual rating scales reported high specificity (93%) but only moderate
sensitivity (70%) in distinguishing bvFTD from non-bvFTD, using
clinical diagnosis at two-year follow-up as the gold standard
(Vijverberg et al., 2016).

In a cohort of pathologically defined dementia (Harper et al., 2016),
unstructured visual assessment by experienced raters resulted in mod-
erate sensitivity (82%) and high specificity (99%) in distinguishing FTD
from controls, while moderate sensitivity (74%) and specificity (81%)
was achieved when distinguishing FTD from AD. These results are
comparable with many of the results obtained from morphometry stu-
dies. Semi-structured visual rating scales were found to provide com-
paratively high sensitivity and specificity in distinguishing FTD from
controls (82% and 89% using the medial temporal lobe atrophy (MTA)
scale, and 89% and 97% when using an SVM on the results of multiple
visual rating scales). Visual rating scales resulted in moderate specifi-
city (81% for an orbito-frontal scale, and 88% when using an SVM on
the results of multiple visual rating scales) but low sensitivity (55% and
56%) when distinguishing FTD from AD.

Overall the results from visual radiologists' review appear generally
poorer than the best reported results from MRI morphometry studies,
indicating the potential usefulness of automated MRI morphometry for
improving diagnosis of FTD. However, it is not proven at this point if
morphometry outperforms semi-structures visual rating scales (Chow
et al., 2011; Harper et al., 2016). It is possible that morphometric
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approaches could improve diagnostic accuracy in settings where clin-
icians have less experience in identifying FTD neuroradiological fea-
tures. (Kloppel et al., 2008a).

4.2. Single-subject approach to structural MRI

While there has been major improvement in automated structural
MRI processing pipelines over the years, there remain significant
methodological challenges to its application at the single-subject level.
One of the main limitations to the clinical validity of such methods is
the variability with regards to different sites, scanners and repeated
image acquisitions. This variability leads to inconsistency in measure-
ments that reduce the accuracy of diagnostic classifications based on
subtle differences in atrophy or other morphometric measures (Potvin
et al.,, 2017). While a comparison of the performance of the different
currently available processing pipelines is beyond the scope of this
paper, the ideal MRI processing pipeline must perform robust regis-
tration and tissue contrast normalization to achieve precise cortical and
subcortical segmentation across different scanners. It should further be
able to perform intra-subject registration to measure subtle brain
changes over time. Being able to compare subjects to a large database of
healthy controls across ages, sex and education level is also of sig-
nificant benefit (Potvin et al., 2017).

4.3. Limitations

Studies included in this review are highly heterogeneous in terms of
population demographics and methodology. These issues are similar to
those regarding the diagnostic classification of AD (Falahati et al.,
2014; Rathore et al., 2017).

Studies varied considerably on the subjects they included. Studies
using small homogenous samples may result in the overfitting of data. A
major issue with studies is the inclusion of well-characterized subjects
that tend to be at a later disease stage and therefore may find higher
accuracy because brain changes are more substantial and easier to
differentiate. Ideally studies need to include patients in the earliest
stages of the disease when diagnoses are ambiguous, such as the nat-
uralistic symptom-based inclusion approach taken by the Late-Onset
Frontal lobe study (Krudop et al., 2014). Many studies grouped FTD
clinical variants together in analysis. Others have indicated that this
may lead to the language variants driving the classification resulting in
higher performance (Moller et al., 2016). Several studies conducted a
group-level analysis and then used the significant regions from this
analysis in their classification. This will reduce the generalizability of
the results as the regions used may likely be biased to the specific group
of patients included in the study. For these reasons, results may be
artificially high. Most studies utilized a cross-validation approach,
where k subjects are sequentially left out of the training group, while
others split the subjects into separate training and testing sets. Ideally
studies should also validate classifiers on a separate independent co-
hort. It is likely that this would result in lower accuracy than the
numbers reported in several of the studies reviewed here, given the
methodology used.

Studies also differed in the metrics used to report results. Here we
have reported the most common metrics across studies (accuracy,
sensitivity, specificity, and AUC). Some studies did not report sensi-
tivity/specificity but only accuracy or AUC. While useful, these metrics
are not sufficient on their own. As only a small number of studies re-
ported balanced accuracy those numbers are not reported here.

Studies included in this review focused predominantly on sporadic
FTD. A significant proportion of FTD cases are monogenic in nature
(i.e., they are caused by an autosomal-dominant genetic mutation). To
our knowledge there have been no published studies of single-subject
morphometric MRI classification in the presymptomatic or early
symptomatic stages of monogenic FTD. Studies in this population
would be of interest to identify biomarkers of the preclinical or early
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clinical stage that would be a great benefit for future disease-modifying
clinical trials of FTD. In addition, it remains to be determined how
accurate FTD MRI biomarkers developed with sporadic FTD cohorts
would fare in a population of genetic FTD given their well-documented
less typical atrophy patterns extending beyond frontal and anterior
temporal areas (Rohrer et al., 2015; Whitwell et al., 2015; Whitwell
et al., 2012).

Most importantly, few published studies have attempted to apply
machine learning derived diagnostic classifiers to real-life clinical set-
tings at the individual level. This is a crucial step given that clinical
populations are more heterogenous than well-characterize cohorts from
large-scale imaging studies. For instance, pre-existing brain changes
(e.g., past cerebro-vascular accident) and co-morbidities (e.g., alcohol
use disorder) are commonly seen in memory clinics but are often not
represented by the training sets of these studies. Only one study iden-
tified in this review attempted to replicate the typical population of a
memory clinic (Kloppel et al., 2015). Although this comes with sig-
nificant challenges and lower accuracy than in the training set (Kloppel
etal., 2015), it is an essential step before recommending the clinical use
of these algorithms.

Limitations of this systematic review include the possibility of in-
complete retrieval of relevant papers, however more than one search
engine was used and reference lists of included papers were reviewed
for additional relevant papers, so this should be minimal. As only
published studies were included in this review there is the potential for
publication bias. The main biases identified in the included studies were
the exclusion of subjects with abnormalities other than atrophy on
structural MRI and the lack of an independent testing set.

4.4. Future directions

In order to translate morphometric tools for FTD in clinical practice,
it will be crucial to validate the use of automated morphometric MRI
methods in a naturalistic mixed neuropsychiatric population, such as
the distinction of those presenting with FTD-like symptoms at baseline
into those ultimately diagnosed with FTD versus those not. Future
studies should validate MRI automated morphometry methods in a
mixed cohort of early disease stage patients, using final diagnosis (and
ideally when available proven pathology at autopsy) as a gold standard.
Larger multi-site datasets will also be important to develop deep
learning approaches for categorical diagnostic classification, disease
course prediction and to build models that could predict pathological
subtypes in vivo (Perry et al., 2017). Morphometry could also improve
practice by identifying data-driven subtypes with clinically relevant
differences in symptom profile or prognosis (Ranasinghe et al., 2016).
The methodology needs to be feasible for use in clinical practice; a
straight-forward process that is not time consuming and is easy to in-
terpret is needed, and it needs to be applicable across scanner types and
centers. This type of method may be especially helpful for those clin-
icians with less experience diagnosing FTD, such as community hospi-
tals and primary care physicians that do not have easy access to spe-
cialty FTD clinics. In addition to leading to earlier diagnosis and
improved prognosis clinically, morphometric biomarkers could poten-
tially improve patient selection and reduce required sample sizes in
clinical trials (Pankov et al., 2016), which would accelerate drug dis-
covery.

5. Conclusions

Automated morphometric MRI has potential to improve the diag-
nosis and prognosis of early stage FTD in clinical practice. Current
evidence provides good support for its ongoing development. The in-
clusion of 3D-T1 MRI sequences in clinical imaging protocols would
facilitate the development of these tools, and eventually the integration
of these methods in practice. However, more studies that use rigorous
methodology and prospectively validate findings in independent real-
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life cohorts are needed before this method could be recommended in
clinical practice.

Acknowledgments

Dr. Ducharme receives salary funding from the Fonds de Recherche
du Québec-Santé. This project was not supported by a research grant.

Declaration of interest
Authors report no conflict of interest related to this work.
References

Andreasen, N.C., Nopoulos, P., Magnotta, V., Pierson, R., Ziebell, S., Ho, B.C., 2011.
Progressive brain change in schizophrenia: a prospective longitudinal study of first-
episode schizophrenia. Biol. Psychiatry 70, 672-679. https://doi.org/10.1016/j.
biopsych.2011.05.017.

Bertoux, M., De Souza, L.C., Corlier, F., Lamari, F., Bottlaender, M., Dubois, B., Sarazin,
M., 2014. Two distinct amnesic profiles in behavioral variant frontotemporal de-
mentia. Biol. Psychiatry 75, 582-588. https://doi.org/10.1016/j.biopsych.2013.08.
017.

Bisenius, S., Neumann, J., Schroeter, M.L., 2016. Validating new diagnostic imaging
criteria for primary progressive aphasia via anatomical likelihood estimation meta-
analyses. Eur. J. Neurol. 23, 704-712. https://doi.org/10.1111/ene.12902.

Bisenius, S., Mueller, K., Diehl-Schmid, J., Fassbender, K., Grimmer, T., Jessen, F.,
Kassubek, J., Kornhuber, J., Landwehrmeyer, B., Ludolph, A., Schneider, A., Anderl-
Straub, S., Stuke, K., Danek, A., Otto, M., Schroeter, M.L., FTLDc study group, 2017.
Predicting primary progressive aphasias with support vector machine approaches in
structural MRI data. Neurolmage Clin. 14, 334-343. https://doi.org/10.1016/j.nicl.
2017.02.003.

Bron, E.E., Smits, M., Papma, J.M., Steketee, R.M.E., Meijboom, R., de Groot, M., van
Swieten, J.C., Niessen, W.J., Klein, S., 2017. Multiparametric computer-aided dif-
ferential diagnosis of Alzheimer's disease and frontotemporal dementia using struc-
tural and advanced MRI. Eur. Radiol. 27, 3372-3382. https://doi.org/10.1007/
s00330-016-4691-x.

Canu, E., Agosta, F., Mandic-Stojmenovic, G., Stojkovi¢, T., Stefanova, E., Inuggi, A.,
Imperiale, F., Copetti, M., Kostic, V.S., Filippi, M., 2017. Multiparametric MRI to
distinguish early onset Alzheimer's disease and behavioural variant of frontotemporal
dementia. Neurolmage Clin. 15, 428-438. https://doi.org/10.1016/j.nicl.2017.05.
018.

Chow, T.W., Binns, M. a, Freedman, M., Stuss, D.T., Ramirez, J., Scott, C.J.M., Black, S.,
2008. Overlap in frontotemporal atrophy between normal aging and patients with
frontotemporal dementias. Alzheimer Dis. Assoc. Disord. 22, 327-335. https://doi.
org/10.1097/WAD.0b013e31818026¢4.

Chow, T.W., Gao, F., Links, K.A., Ween, J.E., Tang-Wai, D.F., Ramirez, J., Scott, C.J.M.,
Freedman, M., Stuss, D.T., Black, S.E., 2011. Visual rating versus volumetry to detect
frontotemporal dementia. Dement. Geriatr. Cogn. Disord. 31, 371-378. https://doi.
org/10.1159/000328415.

Davatzikos, C., Resnick, S.M., Wu, X., Parmpi, P., Clark, C.M., 2008. Individual patient
diagnosis of AD and FTD via high-dimensional pattern classification of MRI.
Neurolmage 41, 1220-1227. https://doi.org/10.1016/j.neuroimage.2008.03.050.

De Souza, L.C., Chupin, M., Bertoux, M., Lehéricy, S., Dubois, B., Lamari, F., Le Ber, L.,
Bottlaender, M., Colliot, O., Sarazin, M., 2013. Is hippocampal volume a good marker
to differentiate alzheimer's disease from frontotemporal dementia? J. Alzheimers Dis.
36, 57-66. https://doi.org/10.3233/JAD-122293.

Du, A.-T., Schuff, N., Kramer, J.H., Rosen, H.J., Gorno-Tempini, M.L., Rankin, K., Miller,
B.L., Weiner, M.W., 2007. Different regional patterns of cortical thinning in
Alzheimer's disease and frontotemporal dementia. Brain 130, 1159-1166. https://
doi.org/10.1093/brain/awm016.

Ducharme, S., Price, B.H., Larvie, M., Dougherty, D.D., Dickerson, B.C., 2015. Clinical
approach to the differential diagnosis between behavioral variant frontotemporal
dementia and primary psychiatric disorders. Am. J. Psychiatry 172, 827-837.
https://doi.org/10.1176/appi.ajp.2015.14101248.

Dukart, J., Mueller, K., Horstmann, A., Barthel, H., Moller, H.E., Villringer, A., Sabri, O.,
Schroeter, M.L., 2011. Combined evaluation of FDG-PET and MRI improves detection
and differentiation of dementia. PLoS One 6. https://doi.org/10.1371/journal.pone.
0018111.

Falahati, F., Westman, E., Simmons, A., 2014. Multivariate data analysis and machine
learning in Alzheimer's disease with a focus on structural magnetic resonance ima-
ging. J. Alzheimers Dis. 41, 685-708. https://doi.org/10.3233/JAD-131928.

Frings, L., Yew, B., Flanagan, E., Lam, B.Y.K., Hull, M., Huppertz, H.J., Hodges, J.R.,
Hornberger, M., 2014. Longitudinal grey and white matter changes in frontotemporal
dementia and Alzheimer's disease. PLoS One 9, 1-8. https://doi.org/10.1371/
journal.pone.0090814.

Gorno-Tempini, M., Hillis, A., Weintraub, S., Kertesz, A., Mendez, M., Cappa, S., Ogar, J.,
Rohrer, J., Black, S., Boeve, B., Manes, F., Dronkers, N., Vandenberghe, R.,
Rascovsky, K., Patterson, K., Miller, B., Knopman, D., Hodges, J., Mesulam, M.,
Grossman, M., 2011. Classification of primary progressive aphasia and its variants.
Neurology 76, 1006-1014. https://doi.org/10.1212/WNL.0b013e31821103e6.

Harper, L., Fumagalli, G.G., Barkhof, F., Scheltens, P., O'Brien, J.T., Bouwman, F., Burton,

Neurolmage: Clinical 20 (2018) 685-696

E.J., Rohrer, J.D., Fox, N.C., Ridgway, G.R., Schott, J.M., 2016. MRI visual rating
scales in the diagnosis of dementia: evaluation in 184 post-mortem confirmed cases.
Brain 139, 1211-1225. https://doi.org/10.1093/brain/aww005.

Kloppel, S., Stonnington, C.M., Barnes, J., Chen, F., Chu, C., Good, C.D., Mader, 1.,
Mitchell, L.A., Patel, A.C., Roberts, C.C., Fox, N.C., Jack, C.R., Ashburner, J.,
Frackowiak, R.S.J., 2008a. Accuracy of dementia diagnosis - A direct comparison
between radiologists and a computerized method. Brain 131, 2969-2974. https://
doi.org/10.1093/brain/awn239.

Kloppel, S., Stonnington, C.M., Chu, C., Draganski, B., Scahill, R.I., Rohrer, J.D., Fox, N.C.,
Jack, C.R., Ashburner, J., Frackowiak, R.S.J., 2008b. Automatic classification of MR
scans in Alzheimer's disease. Brain 131, 681-689. https://doi.org/10.1093/brain/
awm319.

Kloppel, S., Peter, J., Ludl, A., Pilatus, A., Maier, S., Mader, 1., Heimbach, B., Frings, L.,
Egger, K., Dukart, J., Schroeter, M.L., Perneczky, R., Hdussermann, P., Vach, W.,
Urbach, H., Teipel, S., Hiill, M., Abdulkadir, A., 2015. Applying automated MR-based
diagnostic methods to the memory clinic: a prospective study. J. Alzheimers Dis. 47,
939-954. https://doi.org/10.3233/JAD-150334.

Koikkalainen, J., Rhodius-Meester, H., Tolonen, A., Barkhof, F., Tijms, B., Lemstra, A.W.,
Tong, T., Guerrero, R., Schuh, A,, Ledig, C., Rueckert, D., Soininen, H., Remes, A.M.,
Waldemar, G., Hasselbalch, S., Mecocci, P., van der Flier, W., L6tjonen, J., 2016.
Differential diagnosis of neurodegenerative diseases using structural MRI data.
Neurolmage Clin. 11, 435-449.

Krudop, W.A., Kerssens, C.J., Dols, A., Prins, N.D., Méller, C., Schouws, S., Barkhof, F.,
van Berckel, B.N.M., Teunissen, C.E., van der Flier, W.M., Scheltens, P., Stek, M.L.,
Pijnenburg, Y.A.L., 2014. Building a new paradigm for the early recognition of be-
havioral variant frontotemporal dementia: late onset frontal lobe syndrome study.
Am. J. Geriatr. Psychiatry 22, 735-740. https://doi.org/10.1016/J.JAGP.2013.02.
002.

Kuceyeski, A., Zhang, Y., Raj, A., 2012. Linking white matter integrity loss to associated
cortical regions using structural connectivity information in Alzheimer's disease and
fronto-temporal dementia: the Loss in Connectivity (LoCo) score. Neurolmage 61,
1311-1323. https://doi.org/10.1016/j.neuroimage.2012.03.039.

Lam, B.Y.K., Halliday, G.M., Irish, M., Hodges, J.R., Piguet, O., 2014. Longitudinal white
matter changes in frontotemporal dementia subtypes. Hum. Brain Mapp. 35,
3547-3557. https://doi.org/10.1002/hbm.22420.

Lehmann, M., Rohrer, J.D., Clarkson, M.J., Ridgway, G.R., 2010. Reduced cortical
thickness in the posterior cingulate gyrus is characteristic of both typical and atypical
Alzheimer's disease. 20. pp. 587-598. https://doi.org/10.3233/JAD-2010-1401.

Mahoney, C.J., Ridgway, G.R., Malone, 1.B., Downey, L.E., Beck, J., Kinnunen, K.M.,
Schmitz, N., Golden, H.L., Rohrer, J.D., Schott, J.M., Rossor, M.N., Ourselin, S., Mead,
S., Fox, N.C., Warren, J.D., 2014. Profiles of white matter tract pathology in fron-
totemporal dementia. Hum. Brain Mapp. 35, 4163-4179. https://doi.org/10.1002/
hbm.22468.

Mansoor, Y., Jastrzab, L., Dutt, S., Miller, B.L., Seeley, W.W., Kramer, J.H., 2015. Memory
profiles in pathology or biomarker confirmed Alzheimer disease and frontotemporal
dementia. Alzheimer Dis. Assoc. Disord. 29, 135-140. https://doi.org/10.1097/
WAD.0000000000000062.

McInnes, M.D.F., Moher, D., Thombs, B.D., McGrath, T.A., Bossuyt, P.M., Clifford, T.,
Cohen, J.F., Deeks, J.J., Gatsonis, C., Hooft, L., Hunt, H.A., Hyde, C.J., Korevaar,
D.A., Leeflang, M.M.G., Macaskill, P., Reitsma, J.B., Rodin, R., Rutjes, AW.S.,
Salameh, J.-P., Stevens, A., Takwoingi, Y., Tonelli, M., Weeks, L., Whiting, P., Willis,
B.H., 2018. Preferred reporting items for a systematic review and meta-analysis of
diagnostic test accuracy studies. JAMA 319, 388. https://doi.org/10.1001/jama.
2017.19163.

McMillan, C.T., Brun, C., Siddiqui, S., Churgin, M., Libon, D., Yushkevich, P., Zhang, H.,
Boller, A., Gee, J., Grossman, M., 2012. White matter imaging contributes to the
multimodal diagnosis of frontotemporal lobar degeneration. Neurology 78,
1761-1768. https://doi.org/10.1212/WNL.0b013e31825830bd.

McMillan, C.T., Avants, B.B., Cook, P., Ungar, L., Trojanowski, J.Q., Grossman, M., 2014.
The power of neuroimaging biomarkers for screening frontotemporal dementia. Hum.
Brain Mapp. 35, 4827-4840. https://doi.org/10.1002/hbm.22515.

Meeter, L.H., Kaat, L.D., Rohrer, J.D., van Swieten, J.C., 2017. Imaging and fluid bio-
markers in frontotemporal dementia. Nat. Rev. Neurol. 13, 406-419. https://doi.org/
10.1038/nrneurol.2017.75.

Mesulam, M., Wieneke, C., Rogalski, E., Cobia, D., Thompson, C., Weintraub, S., 2009.
Quantitative template for subtyping primary progressive aphasia. Arch. Neurol. 66,
1545-1551. https://doi.org/10.1001/archneurol.2009.288.

Meyer, S., Mueller, K., Stuke, K., Bisenius, S., Diehl-Schmid, J., Jessen, F., Kassubek, J.,
Kornhuber, J., Ludolph, A.C., Prudlo, J., Schneider, A., Schuemberg, K., Yakushev, I.,
Otto, M., Schroeter, M.L., 2017. Predicting behavioral variant frontotemporal de-
mentia with pattern classification in multi-center structural MRI data. Neurolmage
Clin. 14, 656-662. https://doi.org/10.1016/j.nicl.2017.02.001.

Mobher, D., Liberati, A., Tetzlaff, J., Altman, D.G., Group, T.P, 2009. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. 6,
€1000097. https://doi.org/10.1371/journal.pmed.1000097.

Moller, C., Hafkemeijer, A., Pijnenburg, Y.A.L., Rombouts, S.A.R.B., Van Der Grond, J.,
Dopper, E., Van Swieten, J., Versteeg, A., Pouwels, P.J.W., Barkhof, F., Scheltens, P.,
Vrenken, H., Van Der Flier, W.M., 2015. Joint assessment of white matter integrity,
cortical and subcortical atrophy to distinguish AD from behavioral variant FTD: a
two-center study. Neurolmage Clin. 9, 418-429. https://doi.org/10.1016/j.nicl.
2015.08.022.

Moller, C., Pijnenburg, Y.A.L., van der Flier, W.M., Versteeg, A., Tijms, B., de Munck, J.C.,
Hafkemeijer, A., Rombouts, S.A.R.B., van der Grond, J., van Swieten, J., Dopper, E.,
Scheltens, P., Barkhof, F., Vrenken, H., Wink, A.M., 2016. Alzheimer disease and
behavioral variant frontotemporal dementia: automatic classification based on cor-
tical atrophy for single-subject diagnosis. Radiology 279, 838-848. https://doi.org/


https://doi.org/10.1016/j.biopsych.2011.05.017
https://doi.org/10.1016/j.biopsych.2011.05.017
https://doi.org/10.1016/j.biopsych.2013.08.017
https://doi.org/10.1016/j.biopsych.2013.08.017
https://doi.org/10.1111/ene.12902
https://doi.org/10.1016/j.nicl.2017.02.003
https://doi.org/10.1016/j.nicl.2017.02.003
https://doi.org/10.1007/s00330-016-4691-x
https://doi.org/10.1007/s00330-016-4691-x
https://doi.org/10.1016/j.nicl.2017.05.018
https://doi.org/10.1016/j.nicl.2017.05.018
https://doi.org/10.1097/WAD.0b013e31818026c4
https://doi.org/10.1097/WAD.0b013e31818026c4
https://doi.org/10.1159/000328415
https://doi.org/10.1159/000328415
https://doi.org/10.1016/j.neuroimage.2008.03.050
https://doi.org/10.3233/JAD-122293
https://doi.org/10.1093/brain/awm016
https://doi.org/10.1093/brain/awm016
https://doi.org/10.1176/appi.ajp.2015.14101248
https://doi.org/10.1371/journal.pone.0018111
https://doi.org/10.1371/journal.pone.0018111
https://doi.org/10.3233/JAD-131928
https://doi.org/10.1371/journal.pone.0090814
https://doi.org/10.1371/journal.pone.0090814
https://doi.org/10.1212/WNL.0b013e31821103e6
https://doi.org/10.1093/brain/aww005
https://doi.org/10.1093/brain/awn239
https://doi.org/10.1093/brain/awn239
https://doi.org/10.1093/brain/awm319
https://doi.org/10.1093/brain/awm319
https://doi.org/10.3233/JAD-150334
http://refhub.elsevier.com/S2213-1582(18)30269-9/rf0105
http://refhub.elsevier.com/S2213-1582(18)30269-9/rf0105
http://refhub.elsevier.com/S2213-1582(18)30269-9/rf0105
http://refhub.elsevier.com/S2213-1582(18)30269-9/rf0105
http://refhub.elsevier.com/S2213-1582(18)30269-9/rf0105
https://doi.org/10.1016/J.JAGP.2013.02.002
https://doi.org/10.1016/J.JAGP.2013.02.002
https://doi.org/10.1016/j.neuroimage.2012.03.039
https://doi.org/10.1002/hbm.22420
https://doi.org/10.3233/JAD-2010-1401
https://doi.org/10.1002/hbm.22468
https://doi.org/10.1002/hbm.22468
https://doi.org/10.1097/WAD.0000000000000062
https://doi.org/10.1097/WAD.0000000000000062
https://doi.org/10.1001/jama.2017.19163
https://doi.org/10.1001/jama.2017.19163
https://doi.org/10.1212/WNL.0b013e31825830bd
https://doi.org/10.1002/hbm.22515
https://doi.org/10.1038/nrneurol.2017.75
https://doi.org/10.1038/nrneurol.2017.75
https://doi.org/10.1001/archneurol.2009.288
https://doi.org/10.1016/j.nicl.2017.02.001
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1016/j.nicl.2015.08.022
https://doi.org/10.1016/j.nicl.2015.08.022
https://doi.org/10.1148/radiol.2015150220

J. McCarthy et al.

10.1148/radiol.2015150220.

Muiioz-Ruiz, M.A., Hartikainen, P., Koikkalainen, J., Wolz, R., Julkunen, V., Niskanen, E.,
Herukka, S.K., Kivipelto, M., Vanninen, R., Rueckert, D., Liu, Y., Lotjonen, J.,
Soininen, H., 2012. Structural MRI in frontotemporal dementia: comparisons be-
tween hippocampal volumetry, tensor-based morphometry and voxel-based mor-
phometry. PLoS One 7. https://doi.org/10.1371/journal.pone.0052531.

Onyike, C.U., Diehl-Schmid, J., 2013. The epidemiology of frontotemporal dementia. Int.
Rev. Psychiatry 25, 130-137. https://doi.org/10.3109/09540261.2013.776523.

Pan, P.L., Song, W., Yang, J., Huang, R., Chen, K., Gong, Q.Y., Zhong, J.Z., Shi, H.C.,
Shang, H.F., Departments, 2012. Gray matter atrophy in behavioral variant fronto-
temporal dementia: a meta-analysis of voxel-based morphometry studies. Dement.
Geriatr. Cogn. Disord. 33, 141-148. https://doi.org/10.1159/000 338176.

Pankov, A., Binney, R.J., Staffaroni, A.M., Kornak, J., Attygalle, S., Schuff, N., Weiner,
M.W., Kramer, J.H., Dickerson, B.C., Miller, B.L., Rosen, H.J., 2016. Data-driven
regions of interest for longitudinal change in frontotemporal lobar degeneration.
Neurolmage Clin. 12, 332-340. https://doi.org/10.1016/J.NICL.2015.08.002.

Perry, D.C., Brown, J.A., Possin, K.L., Datta, S., Trujillo, A., Radke, A., Karydas, A.,
Kornak, J., Sias, A.C., Rabinovici, G.D., Gorno-Tempini, M.L., Boxer, A.L., De May,
M., Rankin, K.P., Sturm, V.E., Lee, S.E., Matthews, B.R., Kao, A.W., Vossel, K.A.,
Tartaglia, M.C., Miller, Z.A., Seo, S.W., Sidhu, M., Gaus, S.E., Nana, A.L., Vargas,
J.N.S., Hwang, J.H.L., Ossenkoppele, R., Brown, A.B., Huang, E.J., Coppola, G.,
Rosen, H.J., Geschwind, D., Trojanowski, J.Q., Grinberg, L.T., Kramer, J.H., Miller,
B.L., Seeley, W.W., 2017. Clinicopathological correlations in behavioural variant
frontotemporal dementia. Brain 140, 3329-3345. https://doi.org/10.1093/brain/
awx254.

Potvin, O., Dieumegarde, L., Duchesne, S., 2017. Normative morphometric data for cer-
ebral cortical areas over the lifetime of the adult human brain. Neurolmage 156,
315-339. https://doi.org/10.1016/J.NEUROIMAGE.2017.05.019.

Raamana, P.R., Rosen, H., Miller, B., Weiner, M.W., Wang, L., Beg, M.F., 2014. Three-
class differential diagnosis among Alzheimer disease, frontotemporal dementia, and
controls. Front. Neurol. 1-15. https://doi.org/10.3389/fneur.2014.00071.

Rademakers, R., Neumann, M., Mackenzie, I.R., 2012. Advances in understanding the
molecular basis of frontotemporal dementia. Nat. Rev. Neurol. 8. https://doi.org/10.
1038/nrneurol.2012.117.

Ranasinghe, K.G., Rankin, K.P., Pressman, P.S., Perry, D.C., Lobach, L.V., Seeley, W.W.,
Coppola, G., Karydas, A.M., Grinberg, L.T., Shany-Ur, T., Lee, S.E., Rabinovici, G.D.,
Rosen, H.J., Gorno-Tempini, M.L., Boxer, A.L., Miller, Z.A., Chiong, W., Demay, M.,
Kramer, J.H., Possin, K.L., Sturm, V.E., Bettcher, B.M., Neylan, M., Zackey, D.D.,
Nguyen, L.A., Ketelle, R., Block, N., Wu, T.Q., Dallich, A., Russek, N., Caplan, A.,
Geschwind, D.H., Vossel, K.A., Miller, B.L., 2016. Distinct subtypes of behavioral
variant frontotemporal dementia based on patterns of network degeneration. JAMA
Neurol. 73, 1078-1088. https://doi.org/10.1001/jamaneurol.2016.2016.

Rascovsky, K., Hodges, J.R., Knopman, D., Mendez, M.F., Kramer, J.H., Neuhaus, J., Van
Swieten, J.C., Seelaar, H., Dopper, E.G.P., Onyike, C.U., Hillis, A.E., Josephs, K.A.,
Boeve, B.F., Kertesz, A., Seeley, W.W., Rankin, K.P., Johnson, J.K., Gorno-Tempini,
M.L., Rosen, H., Prioleau-Latham, C.E., Lee, A., Kipps, C.M., Lillo, P., Piguet, O.,
Rohrer, J.D., Rossor, M.N., Warren, J.D., Fox, N.C., Galasko, D., Salmon, D.P., Black,
S.E., Mesulam, M., Weintraub, S., Dickerson, B.C., Diehl-Schmid, J., Pasquier, F.,
Deramecourt, V., Lebert, F., Pijnenburg, Y., Chow, T.W., Manes, F., Grafman, J.,
Cappa, S.F., Freedman, M., Grossman, M., Miller, B.L., 2011. Sensitivity of revised
diagnostic criteria for the behavioural variant of frontotemporal dementia. Brain 134,
2456-2477. https://doi.org/10.1093/brain/awr179.

Rathore, S., Habes, M., Iftikhar, M.A., Shacklett, A., Davatzikos, C., 2017. A review on
neuroimaging-based classification studies and associated feature extraction methods
for Alzheimer's disease and its prodromal stages. Neurolmage 155, 530-548. https://
doi.org/10.1016/j.neuroimage.2017.03.057.

Rogalski, E., Cobia, D., Martersteck, A., Rademaker, A., Wieneke, C., Weintraub, S.,
Mesulam, M.M., 2014. Asymmetry of cortical decline in subtypes of primary pro-
gressive aphasia. Neurology 83, 1184-1191. https://doi.org/10.1212/WNL.
0000000000000824.

Rohrer, J.D., Nicholas, J.M., Cash, D.M., van Swieten, J., Dopper, E., Jiskoot, L., van
Minkelen, R., Rombouts, S.A., Cardoso, M.J., Clegg, S., Espak, M., Mead, S., Thomas,
D.L., De Vita, E., Masellis, M., Black, S.E., Freedman, M., Keren, R., MacIntosh, B.J.,
Rogaeva, E., Tang-Wai, D., Tartaglia, M.C., Laforce, R., Tagliavini, F., Tiraboschi, P.,
Redaelli, V., Prioni, S., Grisoli, M., Borroni, B., Padovani, A., Galimberti, D., Scarpini,
E., Arighi, A., Fumagalli, G., Rowe, J.B., Coyle-Gilchrist, 1., Graff, C., Fallstrom, M.,
Jelic, V., Stdhlbom, A.K., Andersson, C., Thonberg, H., Lilius, L., Frisoni, G.B., Binetti,

696

Neurolmage: Clinical 20 (2018) 685-696

G., Pievani, M., Bocchetta, M., Benussi, L., Ghidoni, R., Finger, E., Sorbi, S., Nacmias,
B., Lombardi, G., Polito, C., Warren, J.D., Ourselin, S., Fox, N.C., Rossor, M.N., 2015.
Presymptomatic cognitive and neuroanatomical changes in genetic frontotemporal
dementia in the Genetic Frontotemporal dementia Initiative (GENFI) study: a cross-
sectional analysis. Lancet Neurol. 14, 253-262. https://doi.org/10.1016/51474-
4422(14)70324-2.

Schroeter, M.L., Laird, A.R., Chwiesko, C., Deuschl, C., Schneider, E., Bzdok, D., Eickhoff,
S.B., Neumann, J., 2014. Conceptualizing neuropsychiatric diseases with multimodal
data-driven meta-analyses - the case of behavioral variant frontotemporal dementia.
Cortex 57, 22-37. https://doi.org/10.1016/j.cortex.2014.02.022.

Tahmasian, M., Shao, J., Meng, C., Grimmer, T., Diehl-Schmid, J., Yousefi, B.H., Forster,
S., Riedl, V., Drzezga, A., Sorg, C., 2016. Based on the network degeneration hy-
pothesis: separating individual patients with different neurodegenerative syndromes
in a preliminary hybrid PET/MR study. J. Nucl. Med. 57, 410-415. https://doi.org/
10.2967/jnumed.115.165464.

Tong, T., Ledig, C., Guerrero, R., Schuh, A., Koikkalainen, J., Tolonen, A., Rhodius, H.,
Barkhof, F., Tijms, B., Lemstra, A.W., Soininen, H., Remes, A.M., Waldemar, G.,
Hasselbalch, S., Mecocci, P., Baroni, M., L6tjénen, J., van der Flier, W., Rueckert, D.,
2017. Five-class differential diagnostics of neurodegenerative diseases using random
undersampling boosting. NeuroImage Clin. 15, 613-624. https://doi.org/10.1016/j.
nicl.2017.06.012.

Vemuri, P., Simon, G., Kantarci, K., Whitwell, J.L., Senjem, M.L., Przybelski, S.A., Gunter,
J.L., Josephs, K.A., Knopman, D.S., Boeve, B.F., Ferman, T.J., Dickson, D.W., Parisi,
J.E., Petersen, R.C., Jack, C.R., 2011. Antemortem differential diagnosis of dementia
pathology using structural MRI: differential-STAND. Neurolmage 55, 522-531.
https://doi.org/10.1016/j.neuroimage.2010.12.073.

Vijverberg, E.G.B., Wattjes, M.P., Dols, A., Krudop, W.A., Moller, C., Peters, A., Kerssens,
C.J., Gossink, F., Prins, N.D., Stek, M.L., Scheltens, P., Van Berckel, B.N.M., Barkhof,
F., Pijnenburg, Y.A.L., 2016. Diagnostic accuracy of MRI and additional [18F]FDG-
PET for behavioral variant frontotemporal dementia in patients with late onset be-
havioral changes. J. Alzheimers Dis. 53, 1287-1297. https://doi.org/10.3233/JAD-
160285.

Wang, J., Redmond, S.J., Bertoux, M., Hodges, J.R., Hornberger, M., 2016. A comparison
of magnetic resonance imaging and neuropsychological examination in the diag-
nostic distinction of Alzheimer's disease and behavioral variant frontotemporal de-
mentia. Front. Aging Neurosci. 8, 1-10. https://doi.org/10.3389/fnagi.2016.00119.

Whiting, P.F., Rutjes, A.W.S., Westwood, M.E., Mallett, S., Deeks, J.J., Reitsma, J.B.,
Leeflang, M.M.G., Sterne, J.A.C., Bossuyt, P.M.M., 2011. QUADAS-2: a revised tool
for the quality assessment of diagnostic accuracy studies. Ann. Intern. Med. 155, 529.
https://doi.org/10.7326,/0003-4819-155-8-201110180-00009.

Whitwell, J.L., Jack, C.R., Przybelski, S.A., Parisi, J.E., Senjem, M.L., Boeve, B.F.,
Knopman, D.S., Petersen, R.C., Dickson, D.W., Josephs, K.A., 2011. Temporoparietal
atrophy: a marker of AD pathology independent of clinical diagnosis. Neurobiol.
Aging 32, 1531-1541. https://doi.org/10.1016/j.neurobiolaging.2009.10.012.

Whitwell, J.L., Weigand, S.D., Boeve, B.F., Senjem, M.L., Gunter, J.L., Dejesus-Hernandez,
M., Rutherford, N.J., Baker, M., Knopman, D.S., Wszolek, Z.K., Parisi, J.E., Dickson,
D.W., Petersen, R.C., Rademakers, R., Jack, C.R., Josephs, K.A., 2012. Neuroimaging
signatures of frontotemporal dementia genetics: COORF72, tau, progranulin and
sporadics. Brain 135, 794-806. https://doi.org/10.1093/brain/aws001.

Whitwell, J.L., Boeve, B.F., Weigand, S.D., Senjem, M.L., Gunter, J.L., Baker, M.C.,
Dejesus-Hernandez, M., Knopman, D.S., Wszolek, Z.K., Petersen, R.C., Rademakers,
R., Jack, C.R., Josephs, K.A., 2015. Brain atrophy over time in genetic and sporadic
frontotemporal dementia: a study of 198 serial magnetic resonance images. Eur. J.
Neurol. 22, 745-752. https://doi.org/10.1111/ene.12675.

Wilson, S.M., Ogar, J.M., Laluz, V., Growdon, M., Jang, J., Glenn, S., Miller, B.L., Weiner,
M.W., Gorno-Tempini, M.L., 2009. Automated MRI-based classification of primary
progressive aphasia variants. Neurolmage 47, 1558-1567. https://doi.org/10.1016/
j-neuroimage.2009.05.085.Automated.

Woolley, J.D., Khan, B.K., Murthy, N.K., Miller, B.L., Rankin, K.P., 2011. The diagnostic
challenge of psychiatric symptoms in neurodegenerative disease: rates of and risk
factors for prior psychiatric diagnosis in patients with early neurodegenerative dis-
ease. J. Clin. Psychiatry 72, 126-133. https://doi.org/10.4088/JCP.10m063820li.

Zhang, Y., Tartaglia, M.C., Schuff, N., Chiang, G.C., Ching, C., Rosen, H.J., Gorno-
Tempini, M.L., Miller, B.L., Weiner, M.W., 2013. MRI signatures of brain macro-
structural atrophy and microstructural degradation in frontotemporal lobar degen-
eration subtypes. J. Alzheimers Dis. 33, 431-444. https://doi.org/10.3233/JAD-
2012-121156.MRI.


https://doi.org/10.1148/radiol.2015150220
https://doi.org/10.1371/journal.pone.0052531
https://doi.org/10.3109/09540261.2013.776523
https://doi.org/10.1159/000 338176
https://doi.org/10.1016/J.NICL.2015.08.002
https://doi.org/10.1093/brain/awx254
https://doi.org/10.1093/brain/awx254
https://doi.org/10.1016/J.NEUROIMAGE.2017.05.019
https://doi.org/10.3389/fneur.2014.00071
https://doi.org/10.1038/nrneurol.2012.117
https://doi.org/10.1038/nrneurol.2012.117
https://doi.org/10.1001/jamaneurol.2016.2016
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1016/j.neuroimage.2017.03.057
https://doi.org/10.1016/j.neuroimage.2017.03.057
https://doi.org/10.1212/WNL.0000000000000824
https://doi.org/10.1212/WNL.0000000000000824
https://doi.org/10.1016/S1474-4422(14)70324-2
https://doi.org/10.1016/S1474-4422(14)70324-2
https://doi.org/10.1016/j.cortex.2014.02.022
https://doi.org/10.2967/jnumed.115.165464
https://doi.org/10.2967/jnumed.115.165464
https://doi.org/10.1016/j.nicl.2017.06.012
https://doi.org/10.1016/j.nicl.2017.06.012
https://doi.org/10.1016/j.neuroimage.2010.12.073
https://doi.org/10.3233/JAD-160285
https://doi.org/10.3233/JAD-160285
https://doi.org/10.3389/fnagi.2016.00119
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
https://doi.org/10.1016/j.neurobiolaging.2009.10.012
https://doi.org/10.1093/brain/aws001
https://doi.org/10.1111/ene.12675
https://doi.org/10.1016/j.neuroimage.2009.05.085.Automated
https://doi.org/10.1016/j.neuroimage.2009.05.085.Automated
https://doi.org/10.4088/JCP.10m06382oli
https://doi.org/10.3233/JAD-2012-121156.MRI
https://doi.org/10.3233/JAD-2012-121156.MRI

	Morphometric MRI as a diagnostic biomarker of frontotemporal dementia: A systematic review to determine clinical applicability
	Introduction
	Method
	Results
	Study characteristics
	bvFTD vs Controls
	FTD vs controls
	bvFTD vs AD
	FTD vs AD
	Multi-class classifications
	PPA subtypes
	Risk of bias assessment

	Discussion
	Comparison to visual MRI reading
	Single-subject approach to structural MRI
	Limitations
	Future directions

	Conclusions
	Acknowledgments
	Declaration of interest
	References




