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Abstract
Background  The non-fluent (nfPPA) and semantic (svPPA) variants of primary progressive aphasia exhibit distinct clinical 
features. We investigated whether diffusion tensor imaging (DTI) and atlas-based volumetry (ABV) could reveal divergent 
patterns of longitudinal changes in brain white matter microstructure and gray matter volumes.
Methods  MRI datasets from 29 nfPPA, 27 svPPA, and 39 controls were analyzed. White matter fractional anisotropy (FA) 
differences were assessed using unbiased Whole Brain-based Spatial Statistics (WBSS) and Tract-Wise Fractional Anisot-
ropy Statistics (TFAS). Gray matter volumetric differences were calculated by Atlas-Based Volumetry (ABV). A subset of 
10 nfPPA and 6 svPPA patients underwent longitudinal MRI at 12 months. FA maps were correlated with disease severity 
(FTLD-CDR sum of boxes). A random forest classifier validated tracts of interest (TOI) and structures of interest (SOIs) 
selection as a proof-of-concept.
Results  At baseline, nfPPA showed frontal, callosal, and temporal white matter degeneration, while the left inferior longitu-
dinal fasciculus (ILF) was predominantly involved in svPPA. Longitudinally, nfPPA exhibited frontal, callosal, and posterior 
temporal progression, while svPPA showed localized antero-posterior ILF progression. ABV aligned with the DTI analyses, 
demonstrating volumetric reductions in the frontal lobe for nfPPA and in temporal lobe and subcortical limbic structures 
in svPPA. Sub-clusters of white matter damage progression correlated with worsening FTLD-CDR scores. Random forest 
analysis identified the most discriminative TOIs and SOIs.
Conclusions  Distinct degeneration patterns emerged across nfPPA and svPPA, supporting early differential diagnosis and cor-
relating with disease worsening. These findings support the utility of combined DTI and ABV in tracking disease progression.
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Introduction

The term frontotemporal lobar degeneration (FTLD) 
defines a spectrum of conditions that cause degeneration 
of frontal and temporal lobes and that is associated with 
a heterogeneous range of age-associated neurodegenera-
tive diseases characterized by changes in behavior, lan-
guage, executive control, and motor symptoms [1]. The 
syndromes are currently categorized according to the 
primary protein components found in intracellular aggre-
gates observed during autopsy, the two primary types of 
proteinopathies being tauopathies (FTLD-Tau) and TDP-
43 (FTLD-TDP43) proteinopathies [2]. From the clinical 
perspective, these FTLD proteinopathies cause fronto-
temporal dementia (FTD) [3], the most frequent clinical 
phenotypes being the behavioral variant of frontotempo-
ral dementia (bvFTD), characterized by changes in socio-
emotional function [4], the semantic variant of primary 
progressive aphasia (svPPA) [5], associated with the loss 
of knowledge about words and objects, and the non-fluent 
variant of PPA (nfPPA) [5], marked by articulation dif-
ficulties, speech apraxia, and agrammatism. Although the 
PPA variants are defined by distinct clinical features, sub-
stantial overlap between syndromes exists, particularly in 
early disease stages, and up to 30–40% of patients remain 
unclassifiable [6, 7] using current consensus criteria [5]; 
this highlights the diagnostic challenges and underscores 
the need for in vivo neuroimaging biomarkers to support 
accurate diagnosis and subtype differentiation. Further-
more, the clinico-pathological correlations between ante-
mortem FTD clinical phenotypes and post-mortem FTLD 
neuropathological diagnoses are complex [3]. FTD clinical 
phenotypes associated with FTLD-Tau and FTLD-TDP43 
are clinically indistinguishable, and there are currently no 
diagnostic markers available in vivo to reliably predict the 
underlying neuropathology [4, 8–10]. Additionally, there 
is a need to identify and establish sensitive biomarkers in 
FTLD to facilitate the assessment of progression rates, 
estimate prognosis, and stratify patients into homogeneous 
study groups. Translating neuropathological findings into 
a clinical setting, though challenging, has the potential to 
enable individualized diagnostic procedures and promote 
its utilization as a surrogate marker of disease progression 
to enhance the feasibility of clinical trials [11]. Among the 
several candidate imaging-based biomarkers for tracking 
change in FTLD, diffusion tensor imaging (DTI), which 
measures water diffusion to evaluate microstructural alter-
ations, has been used in both cross-sectional [12–32] and 
longitudinal studies to assess white [33–40] and gray [26, 
38] matter degeneration. Some studies have suggested that 
white matter abnormalities are an early marker of FTLD 
as opposed to the volumetric gray matter loss occurring 

later in the disease [13, 17, 41, 42]. Moreover, longitu-
dinal studies have shown that white matter changes over 
a 12-month period are more extensive than variations in 
gray matter [18].

These observations align with the molecular nexopathy 
framework hypothesized to explain the propagation pat-
tern for misfolded proteins in neurodegenerative diseases 
[43–45]. Both tau [46, 47] and TDP-43 [48] aggregates are 
thought to spread trans-synaptically following the degree of 
functional [49, 50] and structural [50] connectivity between 
regions that belong to the same brain functional networks 
rather than direct contiguity [51]. This constellation indi-
cates DTI as especially suited for the assessment of the pro-
gression of FTLD proteinopathies along white matter fiber 
bundles, with fractional anisotropy (FA) as the standardized 
metric [33, 34, 36–39, 52, 53].

The goal of this study was to quantify longitudinal 
changes in both gray and white matter integrity using a 
multi-parametric approach to (micro-)structural magnetic 
resonance imaging (MRI) combining DTI and unbiased vol-
umetry (atlas-based volumetry, ABV) [54–59]. Accordingly, 
we aimed (1) to identify whole brain-based DTI alteration 
patterns, white matter Tract-of-Interest (TOI)-guided FA 
changes, and volumetric differences in gray matter structures 
of interest (SOIs) for each group; (2) to examine patients 
with follow-up DTI scans to assess differences from baseline 
scans, both in an unbiased and a hypothesis-driven manner; 
and (3) to correlate disease progression scores with TOI-
derived DTI data across the entire patient sample.

Methods

Subjects and MRI acquisition

Thirty-three patients with a diagnosis of nfPPA and 29 
patients with a diagnosis of svPPA were retrospectively 
included in the study. Controls (n = 39) included both 10 
healthy subjects and 29 subjects with subjective cognitive 
decline [60] and negative CSF biomarkers for neurodegen-
eration (amyloid and tau pathology). For clarity, the term 
‘controls’ will henceforth refer collectively to both healthy 
volunteers and individuals with subjective cognitive decline 
(SCD) and negative CSF biomarkers.

NfPPA and svPPA were diagnosed according to estab-
lished diagnostic criteria [5, 61] by specialized board-
certified neurologists in all patients. Data acquisition was 
performed at two study sites (Ulm, Germany and Tricase, 
Italy). Participants scanned in Ulm are designated as cohort 
“A”, and those scanned in Tricase as cohort “B”. The sum of 
boxes of the FTLD-Clinical Dementia Rating (FTLD-CDR) 
as a validated score for measuring progression of functional 
decline [62] was available for all patients. The study was 
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approved by the local ethics committees (Ethics Committee 
of the University of Ulm, reference 39/11 and Institutional 
Review Board of Azienda Sanitaria Locale Lecce, report n. 
6, 25 July 2017, respectively), and written informed consent 
was obtained from each participant or the primary caregiver 
in accordance with the Declaration of Helsinki.

Among the participants of cohort A, the 30 nfPPA, 25 
svPPA patients, and 15 controls underwent MR scanning on 
a 3.0T scanner (Ulm: Allegra, Siemens Medical). Among 
the participants of the cohort B, 3 nfPPA, 4 svPPA patients, 
and 24 controls underwent MR scanning on a 3.0T scanner 
(Tricase: Philips Ingenia). DTI and T1-weighted data were 
acquired using center-specific protocols. The DTI protocol 
used for cohort A consisted of 31 gradient directions (GD), 
including one b = 0 GD (80 slices, 112 × 128 pixels; slice 
thickness was 2.0 mm, in-plane pixel size was 2.0 × 2.0 
mm2). The echo time (TE) and repetition time (TR) were 88 
and 11,100 ms; b was 1000 s/mm2. The DTI protocol used 
for cohort B consisted of 65 GD, including one b = 0 GD 
(60 slices, 96 × 96 pixels; slice thickness was 2.5 mm, in-
plane pixel size was 2.5 × 2.5 mm2); TE and TR were 85 and 
6852 ms; b was 1000 s/mm2.

The structural Fast-Field Echo (FFE) T1-weighted data 
acquired for cohort A included 144 sagittal slices with 
1.2 mm thickness, 1.0 × 1.0 mm2 in-plane resolution in a 
256 × 248 matrix, TE = 4.2 ms, and TR = 1640 ms. The FFE 
T1-weighted sequences for cohort B were acquired with the 
following parameters: 200 slices, TR = 8.2 ms, TE = 3.8 ms, 
field of view = 256 × 256 mm2, flip angle = 8°, and voxel 
size = 1 mm3 isotropic.

Among the participants from the cohort A, 10 nfPPA 
and 6 svPPA patients had a follow-up scan including 
DTI with a time-interval of in average 12 months. The 
average time-interval between baseline and follow-up 
MRI was 11.80 ± 1.40  months for nfPPA patients and 
12.20 ± 1.60 months for svPPA patients, with no significant 
difference between groups (p = non-significant). The remain-
ing patients and controls were not available for a second 
MRI investigation due to progression of the clinical symp-
toms and associated inconveniences.

Microstructural MRI analysis—DTI—standardized 
data pre‑processing

The DTI analysis software Tensor Imaging and Fiber Track-
ing (TIFT) [63, 64] was used for post-processing and statisti-
cal analysis.

MNI normalization

After motion correction of individual DTI data sets, baseline 
and follow-up DTI data were aligned by fitting the (b = 0) 
volumes to minimize intensity differences, using halfway 

linear registration matrices to avoid baseline data bias [65]. 
Subsequently, baseline and follow-up data underwent stere-
otaxic Montreal Neurological Institute (MNI) transformation 
using identical parameters. After quality control including 
visual examination, 4 nfPPA and 2 svPPA subjects were dis-
carded due to low data quality.

Spatial normalization to the MNI stereotaxic standard 
space was performed iteratively [66]. This process utilized 
a study-specific (b = 0) template and an additional FA tem-
plate for the second iteration, as the FA template provides 
greater contrast than (b = 0) images [67]. The correlation 
between individual FA maps and the FA template exceeded 
0.7 after two iterations, so the iterative process was halted 
[68]. Directional information during the normalization pro-
cess was preserved using techniques described by Alexander 
et al. [69]. Eventually, 29 nfPPA and 27 svPPA patients were 
included in the analyses of the current study. An isotropic 
three-dimensional 8 mm full-width at half-maximum Gauss-
ian smoothing filter was applied to the individual normalized 
FA maps. This filter size, approximately two-to-three times 
the recording voxel size depending on the protocol, offers a 
good balance between sensitivity and specificity [64].

Inter‑center correction

Fractional anisotropy maps from the different protocols were 
corrected for age using regression models based on datasets 
from 15 and 24 controls, separately for the two contribut-
ing centers. Subsequently, FA maps of patients with nfPPA, 
svPPA, and controls were harmonized for center by applying 
respective 3-D correction matrices (linear first-order correc-
tion). These 3-D correction matrices were derived as linear 
adjustments based on differences in the DTI scans of con-
trols from each center [52, 70]. No residual site effects could 
be detected after inter-center correction.

Definition of tract structures

To apply group-based fiber tracking (FT) algorithms [69], 
an averaged template DTI dataset was generated from 24 
controls using the same DTI protocol. This involved arith-
metic averaging of the MNI-transformed data. Eigenvectors 
and eigenvalues were calculated for each voxel position, 
representing the average of the 24 controls. Only controls 
were used to avoid bias from pathology-induced alterations. 
Directional information from each dataset was preserved 
during normalization and incorporated into template crea-
tion [69].

This averaged DTI dataset from controls was then utilized 
to identify pathways for defined TOIs for the four groups of 
patients. Given that no neuropathological staging hypothesis 
has been put forward for individual clinical PPA syndromes 
due to the heterogeneity of their underlying neuropathology 
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[10, 71], the previous DTI studies in nfPPA [13, 17, 18, 29, 
33, 42, 72, 73] and svPPA [13, 17, 18, 29, 33, 42, 72–74] 
were used as references for TOI definitions. White matter 
tracts were selected if they were described to be affected in 
>75% of the selected neuroimaging papers [75].

A seed-to-target approach was used [76, 77]. Seed regions 
were defined for both the seed and target regions. For fiber 
tracking, only voxels with an FA value above 0.2 were 
considered. A modified probabilistic streamline tracking 
approach, which accounts for the directional information of 
neighboring fiber tracts, was used for fiber tracking [69]. All 
fiber tracts originating in the seed regions and terminating 
in the target regions of the respective pathway defined the 
corresponding TOI.

The technique of tract-wise fractional anisotropy statis-
tics (TFAS) [63] was employed to quantify the tractography 
results using the TOIs. The FA values of the specific tracts 
were arithmetically averaged for each stereotaxically nor-
malized DTI dataset of each subject. The following TOIs 
were thus defined for the nfPPA and svPPA clinical syn-
dromes: left and right uncinate fasciculus (UF), genu, sec-
tion II, III IV and splenium of the corpus callosum (CC), 
left and right superior longitudinal fasciculus (SLF), left and 
right inferior longitudinal fasciculus (ILF), inferior fronto-
occipitalis fasciculus (IFOF), cingulum, pontine projections, 
anterior thalamic radiation, corticostriatal projections, cor-
ticospinal tract (CST), optic radiation, fornix, and left and 
right tapetum.

Structural MRI analysis: atlas‑based volumetry

The T1-weighted data were processed using MATLAB 
(version R2014b, The Mathworks, USA) and the Statisti-
cal Parametric Mapping 12 (SPM12) software (Wellcome 
Trust Center for Neuroimaging, London, UK, www.​fil.​ion.​
ucl.​ac.​uk/​spm), following a standardized processing pipeline 
for ABV; ABV has already been successfully employed in 
cross-sectional and longitudinal studies [54, 56–58, 78]. The 
processing steps included: (1) segmentation into gray matter, 
white matter, and cerebrospinal fluid (CSF) compartments, 
(2) stereotaxic normalization into MNI space, and (3) volu-
metric assessment using voxel-by-voxel multiplication and 
subsequent integration of normalized modulated component 
images (GM, WM, or CSF) with predefined masks from 
various brain atlases.

To improve the quality of atlas space mapping, high-
dimensional registration methods were introduced, show-
ing intrascanner variability of volumetric results to be less 
than 1% for most investigated structures [55]. All volumet-
ric results were linearly standardized to the mean intrac-
ranial volume (ICV) of controls. Group-level differences 
were tested for significance after correction for multiple 
comparisons.

Two controls and 1 subject with nfPPA had to be excluded 
from the analysis as their T1-weighted data were compro-
mised by artifacts.

A series of standard cortical and subcortical SOIs were 
chosen for ABV analysis [78]. These were the cerebrum gray 
and white matter, the frontal lobes, the temporal lobes, the 
parietal lobes, the occipital lobes, the insulae; the cerebel-
lum, the brainstem, the left and right hippocampus, the left 
and right amygdala, the left and right caudate, the left and 
right putamen, and the left and right thalamus.

DTI post‑processing

Whole brain‑based voxel‑wise statistics at the group level

Whole brain-based spatial statistics (WBSS) [52, 79] was 
used to calculate cross-sectional differences in FA maps. 
Statistical comparisons between the patients with nfPPA 
(n = 29), svPPA (n = 27) and 39 controls were performed 
voxel-wise using the Welch’s test, with the FA threshold 
set at 0.2 [79, 80]. Statistical results were corrected for 
multiple comparisons using the false discovery rate (FDR) 
algorithm at p < 0.05 [81]. Additionally, Type 1 error was 
further reduced by applying a spatial correction algorithm 
that eliminated isolated voxels or small clusters of voxels 
within the size range of the smoothing kernel, resulting in a 
cluster-size threshold of 256 voxels (256 mm3).

WBSS was also performed to calculate longitudinal dif-
ferences in FA maps. White matter FA values were corrected 
for age [82], and statistical voxel-wise comparisons of FA 
for 10 patients with nfPPA and 6 patients with svPPA were 
performed versus the 39 control datasets acquired at base-
line. The results were corrected for multiple comparisons 
using the FDR algorithm at p < 0.05, with an additional clus-
ter-size correction for type 1 error as previously described.

Cross‑sectional tract‑wise comparison at the group level

To quantify the directionality of the underlying tract struc-
tures, the technique of tract-wise FA statistics (TFAS) [63] 
was applied. Age and scanner-corrected FA maps from base-
line scans of patients with nfPPA (n = 29), svPPA (n = 27), 
and 39 controls were used to calculate mean FA values for 
the investigated tracts. Cross-sectional comparisons of mean 
FA values between patients and controls were performed.

Cross‑sectional region‑wise comparison at the group level

For the detection of volumetric alterations, group-level dif-
ferences in ABV of nfPPA and svPPA compared to controls, 
respectively, and nfPPA compared to svPPA, were assessed 
for statistical significance following FDR correction for mul-
tiple comparisons. Z-scores were calculated as the difference 

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
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between the subject’s mean and the control group’s mean, 
divided by the control group’s standard deviation.

Longitudinal tract‑wise comparison at the group level

Fractional anisotropy maps from patients with nfPPA 
(n = 10) and svPPA (n = 6) and controls (n = 39) who had 
received at least one follow-up scan were analyzed to cal-
culate group-averaged differences in the staging-associated 
tracts.

Longitudinal region‑wise comparison at the group level

For volumetric SOIs, group-level differences for longitu-
dinal data were assessed for statistical significance versus 
controls, following correction for multiple comparisons with 
FDR. Z-scores were calculated as the difference between the 
subject’s mean and the control group’s mean, divided by the 
control group’s standard deviation.

Cross‑sectional correlation of FA maps to clinical scores

Fractional anisotropy maps from 29 patients with nfPPA and 
27 patients with svPPA were voxel-wise correlated to the 
sum of boxes of the FTLD-CDR scores. Results were cor-
rected for multiple comparisons with the FDR and cluster-
size approach described above. For the correlation analyses, 
spherical regions of interest (ROIs) were placed bi-hemi-
spherically within the peak results clusters of WBSS. The 
average FA values underlying the respective fiber tracts (as 
estimated by TFAS analysis) were also correlated to sum of 
boxes of the FTLD-CDR scores.

Classification by machine learning: random forest 
model

For the selection of the most important features to distin-
guish patients with nfPPA and svPPA from controls, two 
random forest algorithm were implemented. This model 
allows an understanding of the hierarchical order of the 
selected features by means of the Gini importance. As the 
model was trained using FA values from the TOIs employed 
in the TFAS analyses along with SOIs employed in the ABV 
analysis, its application was instrumental in identifying key 
SOIs and TOIs that significantly contributed to the classi-
fication task [83–85]. Furthermore, random forest models 
have been used successfully in a former study with a similar 
data structure combining DTI and T1-weighted data [86].

For model development, the dataset was divided into 80% 
training and 20% validation cohorts. Two controls and one 
subject with nfPPA had to be excluded from the analysis as 
their volumetric data were compromised by artifacts. The 
training cohort included 30 controls, 22 patients with nfPPA 

and 22 patients with svPPA. For validation the remaining 7 
controls, 5 patients with nfPPA and 5 patients with svPPA 
were used. To reduce the risk of overfitting because of the 
limited sample size, a fivefold cross-validation was applied 
[87]. This means that each model for a defined feature selec-
tion was implemented five times: in each iteration, training 
was done on fourfold (80% of the data), and validation was 
performed out on the remaining fold (20%). This iteration 
was repeated until each fold had served once as the vali-
dation set. For all models in an iteration, cross-validated 
average accuracy, sensitivity, and specificity was calculated 
(Supplementary Table 7).

The random forest classifiers were implemented using the 
Scikit-learn library [88]. They were configured with the fol-
lowing key hyperparameters: the number of trees was fixed 
at 100, the Gini index was used as the splitting criterion, and 
the maximum depth of the trees was set to 4. Additionally, 
the minimum number of samples required to split a node 
was set to 2, and the minimum number of samples required 
at a leaf node was set to 1. For each split, a random subset 
of features (square root of the total number) was considered 
(max_features = ‘sqrt’), and bootstrap sampling was enabled. 
All models were trained using a fixed random state to ensure 
reproducibility. Feature selection was performed iteratively 
by removing the least important features based on the Gini 
index, retaining only those that maintained or improved clas-
sification accuracy [83, 87].

Results

Demographic data

The patients’ mean age (nfPPA, 60.4 ± 5.0; svPPA, 
62.4 ± 10.4) was not significantly different from that of the 
controls (57.9 ± 11.6). Fifteen/29 (52%) and 15/27 (55%) 
of the subjects were male in the nfPPA and in the svPPA 
groups, respectively, while 7/39 (18%) of the subjects were 
male in the control group. The subjects were significantly 
different in mean MMSE scores (controls, 27.5 ± 1.21; 
nfPPA, 25 ± 3.6; svPPA, 22.7 ± 5.3; p < 0.001 for both com-
parison). Furthermore, the two subgroups of controls dif-
fered significantly in mean MMSE scores (SCD, 27.6 ± 1.2; 
healthy subjects, 29.6 ± 0.5; p < 0.001), although this differ-
ence was not clinically significant, as all scores were above 
the commonly accepted threshold of 24 for cognitive impair-
ment. The mean sum of boxes of the FTLD-CDR scores 
was 3.4 ± 2.3 in the nfPPA group and 5.1 ± 4.2 in the svPPA 
group.

For DTI-based FA analyses as well as for GM volume-
try analyses, no significant differences between SCD and 
healthy controls could be detected (Supplementary Fig. 1, 
Supplementary Tables 8 and 9).
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WBSS of cross‑sectional microstructural differences

The group differences in white matter FA values between 
29 patients with nfPPA and 39 controls demonstrated a 
significant decrease along the CC and in the white mat-
ter fibers of the frontal and of the temporal lobes (Fig. 1, 
Tables 1 and 2). Voxel-wise differences between the group 
of 27 patients with svPPA and controls predominantly 
demonstrated an FA decrease in the white matter bundles 
of the left temporal lobe (Fig. 1). Additional significant 
clusters were identified in the frontal lobes and in the ante-
rior CC. In the putamen, bilaterally, an increase in FA 
values was observed. These findings were consistent with 
the alterations observed in nfPPA and svPPA-related TOIs 
(see Table 3).

Cross‑sectional microstructural differences 
in the white matter TOIs at group level

Significant group differences in mean FA between patients 
with nfPPA and controls were observed in the TOIs 
(Table  3). These involved decreased FA values in the 
segment II of the CC (p < 0.001), left superior (p = 0.03) 
and inferior (p = 0.03) longitudinal fasciculus, left UF 
(p = 0.03), IFOF (p = 0.005), cingulum bundle (p < 0.001), 
and increased FA values in the corticostriatal projec-
tions (p = 0.005). Significant group differences in mean 
FA between 27 patients with svPPA and controls were 
observed for left temporal lobe WM bundles such as the 
ILF (p < 0.001) and the UF (p = 0.05), as well as the IFOF 
(p = 0.006).

Fig. 1   Whole brain-based spatial statistics for cross-sectional com-
parison of FA maps of patients with nfPPA and patients with svPPA 
vs controls. This figure shows slice-wise and projectional views of 
cross-sectional differences in baseline fractional anisotropy (FA) 
in 29 patients with non-fluent variant primary progressive aphasia 
(nfPPA, A) and 27 patients with semantic variant primary progressive 
aphasia (svPPA, B) vs 39 controls. Representative slices on the three 
axes demonstrate the main voxel clusters of results for the clusters for 

nfPPA (A) and svPPA (B). A projectional overlay reveals all clus-
ters in a pseudo-3-D view (bottom right). Significance level is coded 
according to the color bar. Corrections for multiple comparisons 
were made with the false discovery rate at p < 0.05 and a cluster-size 
approach. Details of the corresponding clusters are shown in Tables 1 
and 2. WBSS = whole brain spatial statistics; MNI = Montreal Neuro-
logical Institute

Table 1   Whole brain-based spatial statistics for cross-sectional 
comparison of FA maps of patients with nfPPA (n = 29) vs controls 
(n = 39)

This table shows details of the clusters where FA changes were 
detected in patients with nfPPA (n = 29) compared to controls (n = 39) 
by whole brain-based spatial statistics
FA fractional anisotropy, nfPPA non-fluent primary progressive apha-
sia, L/R left/right

Anatomical location L/R X Y Z No. of voxels

Frontal lobes/corpus callosum L/R ±20 17 27 112,043
Left temporal lobe L −47 −48 7 12,082
Right temporal lobe R 42 −23 −9 3481

Table 2   Whole brain-based spatial statistics for cross-sectional 
comparison of FA maps of patients with svPPA (n = 27) vs controls 
(n = 39)

This table shows details of the clusters where FA changes were 
detected in patients with svPPA (n = 27) compared to controls 
(n = 39) by whole brain-based spatial statistics
FA fractional anisotropy, svPPA semantic variant of primary progres-
sive aphasia, L/R left/right

Anatomical location L/R X Y Z No. of voxels

Temporal lobe L −41 −1 27 19,251
Frontal lobe/corpus callosum L/R ±7 5 25 15,430
Temporal lobe R 38 −7 −6 6025
Basal ganglia L −27 −4 9 2626
Basal ganglia R 23 0 10 1551
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Cross‑sectional structural differences in the gray 
matter SOIs at group level

In the ABV analysis, both nfPPA (n = 28) and svPPA (n = 27) 
patients exhibited significant volumetric reductions in com-
parison to controls (n = 37) in most of the investigated SOIs 
(z scores and p values are displayed in Table 4).

In a direct comparison, nfPPA exhibited significantly 
higher volumetric reduction than svPPA at the level of the 
bilateral frontal lobe. Vice versa, svPPA showed signifi-
cantly higher volumetric reduction than nfPPA in temporal 
lobes, the left insula, hippocampus, and amygdala (differ-
ences in z scores between the two syndromes as well as the 
p values for the direct comparison are displayed in Table 4).

Longitudinal differences for WBSS and TOI‑based FA 
values

For the longitudinal WBSS analysis of voxel-wise FA 
values, an increase in the size of all the clusters could be 
observed in 10 patients with nfPPA vs 39 controls (Fig. 2, 
Supplementary Tables 1 and 2): longitudinal white matter 
degeneration could be observed along the corpus callosum 
and frontal lobes, with a prominent additional involvement 
of the left frontal lobe white matter. In the six patients with 
svPPA, longitudinal progression of microstructural damage 
mainly involved the left temporal lobe white matter (Fig. 3, 
Supplementary Tables 3 and 4). In detail, an antero-poste-
rior progression of white matter changes along the left ILF 
could be observed. Additionally, an increase in FA values 
was observed for the bilateral putamen. These significant 
longitudinal alterations were grosso modo consistent with 
the findings observed in the nfPPA- and svPPA-related 
TOIs (Figs. 2 and 3). In detail, FA of the section II of the 
corpus callosum was significantly different between nfPPA 
patients and controls both at baseline (p = 0.007) and follow-
up (p = 0.002), whereas the comparison of TOI-based FA 
values between six svPPA patients and 39 controls did not 
provide any result surviving statistical corrections, probably 
due to the low number of the sample.

Longitudinal differences in SOI‑based ABV analysis

In the ABV analysis, in the 10 nfPPA patients with follow-
up data, a significant volumetric reduction from baseline 
could be appreciated for frontal lobes, the left temporal lobe, 
parietal lobes, the left insula, the right hippocampus, the 
left amygdala, and the bilateral putamen and thalamus. The 
highest variation in the volumetric z score were registered 
in the frontal lobes, the left temporal lobe, the bilateral puta-
men, and the left thalamus. In the svPPA cohort, significant 
volumetric reductions from baseline were localized in the 
left temporal lobe, the left insula, the left hippocampus, the 
left amygdala, and the left putamen. These were also the 
SOIs where the highest degree of variation in the z score 
was registered (z scores and p values are displayed in Sup-
plementary Tables 5 and 6).

Correlation of voxel‑wise FA values with FTLD‑CDR 
sum of boxes

A voxel-wise correlation (Fig. 4A, Tables 5 and 6) of FA 
maps from 29 patients with nfPPA with their scores of dis-
ease progression (sum of boxes of the frontotemporal lobar 
degeneration modified-clinical dementia rating, FTLD-
CDR) showed significant negative correlations in the white 
matter of the left frontal lobe c < 0.001) and in the left tem-
poral lobe (p = 0.002). A voxel-wise correlation of FA maps 

Table 3   Cross-sectional fractional anisotropy (FA) differences in the 
white matter TOIs at group level

This table shows the differences in mean fractional anisotropy (FA) 
values at baseline between 29 patients with nfPPA, 27 patients 
with svPPA, and 39 controls. p values are reported if the difference 
between the mean volumetric and FA values of controls and patients 
with nfPPA and svPPA, respectively, was significant (p < 0.05, cor-
rected for multiple comparisons)
nfPPA non-fluent variant of primary progressive aphasia, svPPA 
semantic variant of primary progressive aphasia, TOIs Tracts of Inter-
est, ns non-significant

Tract of interest (TOI) analysis nfPPA (p value) svPPA (p value)

Left uncinate fasciculus 0.032 0.045
Right uncinate fasciculus ns ns
Genu of the corpus callosum ns ns
Splenium of the corpus callosum ns ns
Section II of the corpus callosum <0.001 ns
Section III of the corpus callosum ns ns
Section IV of the corpus cal-

losum
ns ns

Left superior longitudinal fas-
ciculus

0.029 ns

Right superior longitudinal 
fasciculus

ns ns

Left inferior longitudinal fas-
ciculus

0.036 <0.001

Right inferior longitudinal 
fasciculus

ns ns

Inferior fronto-occipitalis fas-
ciculus

0.005 0.006

Cingulum <0.001 ns
Pontine projections ns ns
Anterior thalamic radiation ns ns
Corticostriatal projections 0.005 ns
Corticospinal tract ns ns
Optic radiation ns ns
Fornix ns ns
Left tapetum ns ns
Right tapetum ns ns
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from 27 patients with svPPA with the sum of boxes of the 
FTLD-CDR score (Fig. 4B) revealed significant negative 
correlations in the white matter of the posterior left temporal 
lobe (p = 0.001).

Random forest classification

To classify nfPPA and svPPA patients versus controls, 
a random forest method was used, including all the TOIs 
and SOIs employed in the study. The model provided an 
averaged accuracy of 0.87 ± 0.10 with a sensitivity of 
0.89 ± 0.09 and a specificity of 0.85 ± 0.14 for the nfPPA 
group (Fig. 5A) and an accuracy of 0.93 ± 0.05 with a sen-
sitivity of 0.97 ± 0.05 and a specificity of 0.88 ± 0.09 for 
the svPPA group (Fig. 5B). Furthermore, a classification 
between nfvPPA and svPPA provided a cross-validated 
accuracy of 0.80 ± 0.12 with a mean sensitivity 0.78 ± 0.15 
and specificity of 0.81 ± 0.14 (Fig. 5C). The feature selec-
tion lead to a set of 44 features. The features with the higher 
Gini importance for the model served as a proof-of-concept 
validation for the a priori assumptions in selecting TOIs and 
SOIs. For the nfPPA group, the key regions were the left 
frontal lobe, section II of the corpus callosum, left temporal 

lobe, right frontal lobe, and the cingulum. For the svPPA 
group, the key regions included the left amygdala, left tem-
poral lobe, cerebrum gray matter, right temporal lobe, the 
left ILF.

For the direct comparison between nfPPA and svPPA, 
the most relevant among these were: the left temporal lobe, 
amygdala, corpus callosum area II, and left hippocampus. 
The gini importance of the left temporal lobe was in every 
cross-validated fold the most important feature, while the 
other features differed in between every fold in their hierar-
chical order (Supplementary Table 7).

Discussion

This study examined the role of multi-parametric structural 
imaging by DTI and ABV in monitoring the spatiotemporal 
dynamics of gray and white matter degeneration in the PPA 
variants nfPPA and svPPA. The cross-sectional analysis dem-
onstrated distinct patterns of white matter degeneration for 
nfPPA and svPPA, further supported by widespread volu-
metric reductions in both groups as shown by ABV analysis. 
The longitudinal analysis documented a general substantial 

Table 4   Cross-sectional volumetric differences in the SOIs at group level
ABV analysis Controls nfPPA svPPA z-scores Group Comparison

Mean SD Mean SD Mean SD
nfPPA vs 

Controls

svPPA vs 

Controls
svPPA vs nfPPA

nfPPA vs 

Controls

svPPA vs 

Controls
svPPA vs nfPPA

Cerebrum GM 533.7 55.0 452.5 52.0 450.7 46.6 -1.5 -1.5 0.0 <0.001 <0.001 ns

Cerebrum WM 389.5 28.8 374.6 31.3 386.4 27.3 -0.5 -0.1 -0.4 ns ns ns

Frontal lobe R 151.6 10.8 134.5 13.5 144.1 12.2 -1.6 -0.7 -0.9 <0.001 0.019 0.024

Frontal lobe L 153.0 11.3 128.7 17.2 139.8 15.1 -2.2 -1.2 -1.0 <0.001 <0.001 0.036

Temporal lobe R 92.3 6.1 86.2 7.5 78.8 10.3 -1.0 -2.2 1.2 0.001 <0.001 0.017

Temporal lobe L 93.7 6.7 82.7 7.1 67.6 9.8 -1.7 -3.9 2.3 <0.001 <0.001 <0.001

Parietal lobe R 82.8 5.4 75.8 5.8 79.2 6.1 -1.3 -0.7 -0.6 <0.001 0.022 ns

Parietal lobe L 86.1 6.2 74.7 8.4 78.6 6.8 -1.8 -1.2 -0.6 <0.001 <0.001 ns

Occipital lobe R 62.1 4.7 58.0 4.4 60.3 5.6 -0.9 -0.4 -0.5 <0.001 ns ns

Occipital lobe L 60.0 4.9 54.9 3.8 55.7 5.5 -1.0 -0.9 -0.2 <0.001 0.003 ns

Insula R 8.1 0.8 7.4 0.9 7.1 0.8 -0.9 -1.2 0.3 0.003 <0.001 ns

Insula L 8.4 0.7 7.3 1.0 6.4 0.9 -1.5 -2.8 1.3 <0.001 <0.001 0.006

Cerebellum 113.3 10.4 109.0 9.1 109.5 9.0 -0.4 -0.4 0.0 ns ns ns

Brainstem 30.1 2.5 29.3 2.3 30.2 2.3 -0.3 0.0 -0.4 ns ns ns

Hippocampus R 3.4 0.3 3.1 0.4 2.8 0.4 -0.7 -1.8 1.0 0.02 <0.001 0.024

Hippocampus L 3.2 0.3 2.9 0.4 2.3 0.4 -1.1 -3.1 2.0 <0.001 <0.001 <0.001

Amygdala R 1.9 0.2 1.7 0.2 1.5 0.3 -0.9 -2.5 1.5 0.005 <0.001 0.002

Amygdala L 1.7 0.2 1.5 0.2 1.1 0.3 -1.4 -4.0 2.6 <0.001 <0.001 <0.001

Caudate R 2.2 0.2 1.9 0.4 1.9 0.3 -1.2 -1.0 -0.2 <0.001 0.002 ns

Caudate L 2.3 0.3 1.8 0.5 1.8 0.4 -1.8 -1.6 -0.3 <0.001 <0.001 ns

Putamen R 3.2 0.5 2.7 0.4 2.7 0.4 -1.0 -1.0 0.0 <0.001 <0.001 ns

Putamen L 3.3 0.5 2.4 0.6 2.4 0.5 -1.6 -1.7 0.1 <0.001 <0.001 ns

Thalamus R 6.0 0.6 5.5 0.5 5.6 0.5 -0.8 -0.7 -0.1 0.001 0.004 ns

Thalamus L 6.3 0.7 5.4 0.6 5.5 0.6 -1.2 -1.1 -0.1 <0.001 <0.001 ns

This table shows the differences in SOI volumes (ml) at baseline between 29 patients with nfPPA, 27 patients with svPPA, and 39 controls. 
Mean and standard deviation are reported for each group. Z-scores were calculated as the difference between the subject’s mean and the control 
group’s mean, divided by the control group’s standard deviation. A 2-color scale was used to rank the z-scores. FDR-corrected p values are 
reported if significant
SOIs Structures of Interest, ABV atlas-based-volumetry, nfPPA non-fluent variant of primary progressive aphasia, svPPA semantic variant of pri-
mary progressive aphasia, SD standard deviation, GM gray matter, WM white matter, ns non-significant



Journal of Neurology (2025) 272:490	 Page 9 of 19  490

increase of previously observed clusters of frontal, callosal, 
and temporal white matter degeneration, with the progres-
sion of white matter damage occurring along tracts that were 
already affected at baseline in both the groups of patients. 
Voxel-wise correlations of sum of boxes of the FTLD-CDR 
scores with white matter FA changes yielded significant clus-
ters, overlapping with sections of the tracts observed to be 
longitudinally involved in the PPA variants.

Cross‑sectional structural changes in nfPPA 
and svPPA

Compared to previous studies using unbiased voxel-wise 
DTI analyses to assess white matter alterations in PPA 
variants, our study included one of the largest PPA cohorts 
to date. Earlier investigations, such as Agosta et al. (n = 9 
nfPPA, 7 svPPA) [72], Lam et al. (n = 10 nfPPA, 11 svPPA) 

Fig. 2   Whole brain-based spatial statistics (WBSS) and Tract-of-
Interest (TOI)-based statistics for longitudinal comparison of FA 
maps of patients with nfPPA vs controls. This figure shows slice-wise 
and projectional views of WBSS (A, B) and TOI-based (C, D) lon-
gitudinal differences in FA in 10 nfPPA from baseline to 1-year fol-
low-up vs 39 controls. The slices on the three axes are centered in the 
main cluster identified to show additional white matter involvement 
over the 1-year long follow-up, for the purpose of representation. A 
projectional overlay reveals all clusters in a pseudo-3-D view (A, 
B, bottom right). Significance level is coded according to the color 

bar. Corrections for multiple comparisons were made with the false 
discovery rate at p < 0.05 and a cluster-size approach. Details of the 
corresponding clusters at baseline and at 1-year follow-up are shown 
in Supplementary Tables 1 and 2, respectively. A 3-D representation 
of the tract where the difference in mean FA values had the higher 
degree of significance vs controls is shown (C). P values for the cor-
responding TOI-based statistics are displayed (D). WBSS = whole 
brain spatial statistics; TOI = Tract-of-Interest; MNI = Montreal Neu-
rological Institute
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[33] consistently identified the hallmark topographical disso-
ciation of dorsal pathway involvement (i.e., SLF and callosal 
fibers) in nfPPA and left-lateralized ventral stream degenera-
tion (notably the ILF and UF) in svPPA. Our findings are in 
line with this dissociation and further refine it. The results 
of this study for nfPPA substantially agree with the previ-
ous data-driven conceptualizations of nfPPA as a primarily 
SLF/callosal disease [12, 17, 33, 38, 41, 72, 89]. However, 
our results also support observations of mild anterior-tem-
poral fiber damage [17, 41]. By adding the specificity of 
tract-based analyses to the spatial resolution of voxel-wise 
approaches, we were able to identify additional involvement 
in the CST and cingulum. While the involvement of the for-
mer has been previously documented [90] in nfPPA, the lat-
ter has been only recently implicated in nfPPA-associated 
patterns by a study employing radiomics [91]. In svPPA, 

we confirmed a previously observed [33, 72] strongly left-
lateralized pattern centered on the anterior-temporal lobe, 
with robust involvement of the ILF and UF. Compared to 
previous studies [42], our tract-oriented approach combined 
with voxel-wise precision allowed better spatial localization 
and enhanced statistical sensitivity for the reported findings 
compared to some of the previous studies, contributing to a 
more distinctive characterization of a variant-specific white 
matter signature. In more detail, our findings do not support 
interpretations [17, 23] of widespread white matter involve-
ment in early stage svPPA. Instead, they confirm that the 
semantic hubs in the anterior-temporal lobes are the primary 
focus of degeneration.

Corticostriatal involvement in PPA has only rarely [90] 
been reported in studies employing DTI to investigate dis-
ease-specific patterns in these syndromes. Our data indicate 

Fig. 3   Whole brain-based spatial statistics (WBSS) and Tract-of-
Interest (TOI)-based statistics for longitudinal comparison of FA 
maps of patients with svPPA vs controls. This figure shows slice-
wise and projectional views of WBSS (A, B) and TOI-based (C, D) 
longitudinal differences in FA in 6 svPPA patients from baseline to 
1-year follow-up vs 39 controls. The slices on the three axes are cen-
tered in the main cluster identified to show additional white matter 
involvement over the 1-year long follow-up, for the purpose of rep-
resentation. A projectional overlay reveals all clusters in a pseudo-
3-D view (A, B, bottom right). Significance level is coded according 

to the color bar. Corrections for multiple comparisons were made 
with the false discovery rate at p < 0.05 and a cluster-size approach. 
Details of the corresponding clusters at baseline and at 1-year fol-
low-up are shown in supplementary Tables 3 and 4, respectively. A 
3-D representation of the tract where the difference in mean FA val-
ues had the higher degree of significance vs controls is shown (C). 
P values for the corresponding TOI-based statistics are displayed 
(D). WBSS = whole brain spatial statistics; TOI = Tract-of-Interest; 
MNI = Montreal Neurological Institute
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Fig. 4   Whole brain-based 
spatial statistics (WBSS) for 
correlation of voxel-wise FA 
values with clinical scores. This 
figure displays slice-wise views 
of cross-sectional correlations 
of fractional anisotropy (FA, y 
axis) in 29 patients with nfPPA 
(A) and 27 patients with svPPA 
(B), respectively, with sum of 
boxes of the frontotemporal 
lobar degeneration modified-
clinical dementia rating 
(FTLD-CDR, x axis) score. 
Main clusters are shown with 
Montreal Neurological Institute 
[MNI] coordinates of the peak 
voxel. The significance level is 
indicated by the color bar: cool 
colors represent a negative cor-
relation. Corrections for multi-
ple comparisons were applied 
using the false discovery rate 
at p < 0.05 and a cluster-size 
approach. Details for each 
cluster (correlation coefficient R 
and corrected p value, as well as 
size, expressed as no. of voxels) 
are displayed in Tables 5 and 6 
for nfPPA and svPPA, respec-
tively. WBSS = whole brain 
spatial statistics; MNI = Mon-
treal Neurological Institute

Table 5   Cross-sectional 
correlations of FA maps of 
patients with nfPPA (n = 29) 
with clinical scores

This table shows details of the clusters where FA changes were significantly correlated with sum of boxes 
of the FTLD-CDR score in patients with nfPPA (n = 29) by whole brain-based spatial statistics (Fig. 4A)
FA fractional anisotropy, nfPPA non-fluent primary progressive aphasia, L/R left/right

Anatomical location L/R X Y Z No. of voxels Correlation 
(R; corrected p 
value)

Frontal lobe/corpus callosum L −35 6 37 763 −0.72; <0.001
Temporal lobe L −35 −16 −12 374 −0.56; 0.002

Table 6   Cross-sectional correlations of FA maps of patients with svPPA (n = 27) with clinical scores

This table shows details of the clusters where FA changes were significantly correlated with sum of boxes of the FTLD-CDR score in patients 
with svPPA (n = 27) by whole brain-based spatial statistics (Fig. 4B)
FA fractional anisotropy, svPPA semantic variant of primary progressive aphasia, L/R left/right

Anatomical location L/R X Y Z No. of voxels Correlation (R; corrected p value)

Temporal lobe (posterior) L −38 −38 −5 1792 −0.61; 0.001
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an FA increase in basal-ganglia projections in both nfPPA 
(TOI approach only) and svPPA (voxel-wise approach only), 
respectively. Previous studies on bvFTD and amyotrophic 
lateral sclerosis have also shown that FA increases in regions 
with a high density of crossing fibers, likely reflecting a 
technique-inherent pseudo-increase rather than a genuine 
preservation of white matter integrity [37, 76]. Although 
these findings lack coherence between TOI and voxel-wise 
approaches, they align with the previous studies on atrophy 
patterns in PPA variants [92], bvFTD [37, 57], and other 
tauopathies with frontal involvement such as corticobasal 
degeneration [93, 94] and progressive supranuclear palsy 
[95]. Notably, in svPPA-tau cases, more striatal atrophy 
has been reported compared to svPPA-TDP43 [96], while 
extrapyramidal motor signs were more frequently observed 
in nfPPA-tau than in nfPPA-TDP43 [96]. Collectively, these 
findings, together with the results of this study, highlight the 
early clinical and anatomical involvement of fronto-striatal 
structures in both svPPA and nfPPA. Whether this pattern 
is a manifestation of an underlying tauopathy needs to be 
confirmed by specific correlations between in vivo neuro-
imaging and post-mortem pathological data.

Atlas-based volumetric analyses confirmed the observed 
microstructural alterations, revealing that patients with 

nfPPA exhibited significantly more atrophy in the fron-
tal lobes compared to those with svPPA, whereas svPPA 
patients showed more pronounced atrophy in the tempo-
ral lobes. These findings are consistent with the previous 
volumetric gray matter studies on PPA variants which have 
identified predominant frontal involvement in nfPPA [92] 
and left temporal atrophy in svPPA [57, 92, 97, 98]. Fur-
thermore, svPPA patients demonstrated higher atrophy 
than nfPPA in the left insula, as well as in the bilateral hip-
pocampus and amygdala. The more severe degeneration of 
the latter aligns with the more pronounced microstructural 
loss in svPPA documented by TFAS and WBSS at the level 
of the ILF and UF, which have been shown to connect the 
hippocampus with the temporo-parietal lobes [99] and the 
amygdala with the frontal lobes [100, 101], respectively. 
Taken together, these findings highlight the centrality of 
limbic disconnection in the pathogenesis of svPPA [97, 
102]. While definitive in vivo differentiation of underlying 
pathology remains elusive, our findings may have specula-
tive implications for clinico-pathological correlations. The 
prominent involvement of limbic structures and their associ-
ated tracts in svPPA may reflect a selective vulnerability of 
these regions to TDP-43 type C proteinopathy, the pathol-
ogy most commonly associated with this variant. This is 

Fig. 5   Classification of patients into diagnostic groups with a random 
forest algorithm. This illustration shows the Gini importance values 
derived from the random forest approach for classifying nfPPA (A) 
and svPPA (B) patients versus controls as well as patients with nfPPA 

vs patients with svPPA (C), using TOIs from TFAS and SOIs from 
ABV, as well as the averaged values for accuracy, sensitivity, and 
specificity between the fivefold calculations for nfPPA and svPPA 
compared to controls, respectively
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consistent with imaging evidence showing greater hypotha-
lamic volume loss in TDP-43-related syndromes compared 
to tauopathies[103]. Although this interpretation remains 
speculative, it highlights the potential of structural MRI not 
only for phenotypic classification but also for probing dis-
ease mechanisms. Future studies incorporating longitudinal 
and pathology-confirmed cohorts will be critical to further 
clarify these associations.

Finally, a random forest model was tested to accurately 
classify patients into their respective diagnostic groups 
according to their TFAS-based FA and ABV-based volumet-
ric values in TOIs and SOIs, respectively (Fig. 5). In more 
detail, we could demonstrate that, despite being trained with 
a relatively small number of individual datasets, a random 
forest model achieved a moderately good degree of accu-
racy when it was instructed to classify patients compared to 
controls as well as to discriminate between the two groups 
of patients with nfPPA and svPPA.

The results of the random forest analysis demonstrate 
strong alignment between the TOIs and SOIs that proved 
to reach the highest statistical significance in the group 
comparisons between patients and controls. The features 
with the highest Gini importance that identified nfPPA and 
svPPA patients compared to controls were different, further 
highlighting distinct patterns of feature relevance for clas-
sification. On the one hand, the five most important features 
for classification of subjects into the nfPPA group were all 
localized in the CC and frontal lobe areas (except for the 
left temporal lobe), with a strikingly high Gini importance 
for the left frontal lobe and the anterior CC (section II). On 
the other hand, the classification of subjects into the svPPA 
group heavily relied on the left amygdala and the left tem-
poral lobe/ILF.

The prominence of these findings aligns with our TFAS 
and ABV results, supporting the validity of our a priori 
selection of the tracts. Furthermore, the fact that both TOIs 
(derived from TFAS) and SOIs (derived from ABV) were 
included among the most important features for classifica-
tion reinforces the notion that a multi-parametric approach 
is needed in future structural neuroimaging studies on FTLD 
(Fig. 5).

Longitudinal structural changes in nfPPA and svPPA

A few longitudinal DTI studies on PPA variants included a 
voxel-wise assessment in their protocol [33, 34, 39]. These 
documented a longitudinal reduction of FA in white matter 
fiber bundles in PPA variants, as observed in our study. 
The increase of the differences from controls in both extent 
of the clusters (Supplementary Tables 1–4) and signifi-
cance for the involved TOIs (Figs. 2 and 3) supports the 
hypothesis of trans-axonal spreading of FTLD pathology 
[44]. What our longitudinal voxel-wise results strikingly 

capture, confirmed by TFAS, is the prominence of the 
antero-posterior progression along the left ILF in svPPA, 
overshadowing changes in other tracts. This finding refines 
previous DTI investigations in 19 and 11 svPPA patients, 
respectively, that found a less left-lateralized and local-
ized pattern[33, 39]. Furthermore, it aligns with ABV [57, 
92] studies and supports clinico-anatomical correlations 
between the worsening of semantic deficits and left, but 
not right, temporal lobe atrophy [104]. Our results, dif-
ferently than previous studies that included both nfPPA 
and svPPA patients in their longitudinal voxel-wise assess-
ment [33, 39] managed to highlight a divergent propaga-
tion of white matter changes in svPPA and nfPPA. The 
most prominent difference between our and previous 
studies [33, 34, 39] concerns the laterality of FA longi-
tudinal changes in the temporal lobes, with the markedly 
left-lateralized pattern of our findings apparently at odds 
with the bilateral pattern of changes previously reported. 
This bilateral involvement may be attributed to differences 
in disease severity. As the median age in our longitudi-
nal svPPA cohort is 4–5 years lower than in the previous 
studies [33, 34, 39], the right temporal lobe could be still 
spared in our sample of patients. This finding supports the 
hypothesis that the progression from the left to the right 
hemisphere is dependent on age and disease stage.

The absence of such a localized effect in our longitudinal 
nfPPA data is almost invariably corroborated by the previous 
DTI [33, 39, 105] and ABV [92] studies that report a wide-
spread frontal and callosal involvement, as well as by our 
volumetric longitudinal data which document progression 
of atrophy in insula, temporo-parietal lobes, and subcorti-
cal structures (thalamus and amygdala). This more diffuse 
pattern can be attributed to the higher pathological hetero-
geneity of nfPPA. Specifically, DTI studies have identified 
distinct patterns associated with different proteinopathies: 
nfPPA-tau is associated with significant changes in the supe-
rior SLF and CC [96], whereas nfPPA-TDP43 was detected 
to present left frontal regions alterations [106]. Given these 
findings, our DTI-FA data likely represent a mix of these 
patterns, reflecting the overlap of tau- and TDP43-driven 
pathologies in nfPPA. However, the relative uniformity in 
longitudinal findings in svPPA [33, 34, 39] could be justified 
by a relative TDP-43 pathological homogeneity underlying 
this syndrome [107]. The consistent changes observed in 
the anterior corpus callosum in both our study and previ-
ous voxel-wise analyses in nfPPA [17, 33, 41, 72] and, to 
a minor degree, in svPPA [17, 41] further suggest that this 
progression occurs via callosal crossing fibers [17, 39, 41]. 
Finally, longitudinal basal-ganglia involvement was con-
firmed by our data in svPPA but not in nfPPA. Conversely, 
ABV revealed progression of striatal degeneration in both 
syndromes. Future studies specifically targeting corticos-
triatal white matter projections should disentangle whether 
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there is a differential progression involving corticostriatal 
connectivity in the two syndromes.

Correlation analyses

Significant correlations between microstructural alterations 
and clinical progression scores (sum of boxes of the FTLD-
CDR) were identified in both nfPPA and svPPA groups. Spe-
cifically, the voxel-wise correlation analysis demonstrated 
that lower FA values in the white matter of the left frontal 
lobe were significantly associated with functional decline in 
nfPPA patients; additionally, smaller but significant clusters 
were observed in the left temporal lobe for both patients 
with nfPPA and svPPA. These findings are consistent with 
the critical role of frontal lobe white matter in executive and 
language functions commonly impaired in both nfPPA and 
svPPA and with the established role of temporal regions in 
semantic processing [33, 38, 39]. These findings further sup-
port the hypothesis of a topographically distinct propagation 
pattern of degeneration along key white matter pathways, 
consistent with the clinico-anatomical correlations observed 
in these syndromes.

Limitations

The results of this study have to be considered in the context 
of several limitations. First, the sample size for longitudi-
nal analyses was relatively small (although in a reasonable 
range for imaging studies to obtain statistically significant 
results and adequate, given the rarity of these diseases 
[108]). However, standardized DTI acquisition protocols 
have been shown to yield reliable and reproducible results 
even in studies with limited sample sizes, supporting the 
robustness of our findings despite the reduced cohort [109]. 
This allows us to generalize the significance of our findings, 
despite acknowledging that future studies should replicate 
our investigations with a bigger pool of subjects. Second, we 
acknowledge that the limited availability of follow-up MRI 
data may have introduced a drop-out bias, potentially favor-
ing the inclusion of patients with milder disease progression 
and better clinical stability. Third, our phenotyping approach 
was limited to the first-level classification of PPA into the 
traditionally recognized semantic and non-fluent variants. 
Nonetheless, recent advancements emphasize the impor-
tance of a more detailed categorization of progressive lan-
guage deficits, incorporating newly defined sub-syndromes 
to better capture the heterogeneity of these conditions. [45]. 
On the one hand, nfPPA has been recently distinguished 
in (at least) two subtypes whose core features are agram-
matism [110] and speech apraxia [111, 112]. However, 
although TDP-43 has been sporadically detected in autoptic 
studies of primary progressive apraxia of speech patients 
[113, 114], a tauopathy remains the most frequently detected 

pathology underlying all non-fluent PPA variants [113, 115]. 
On the other hand, symptomatologic overlap between svPPA 
and a right temporal variant of FTD has been documented 
[116]. Some patients who were retrospectively included in 
this study could have been currently categorized as being 
affected by a right temporal variant of FTD (rtvFTD) whose 
presentation also includes subtle language deficits [116], but 
the underlying pathology of rtvFTD is believed to predomi-
nantly involve TDP-43, with a reported frequency as high as 
90%, similar to that observed in svPPA [117, 118]. Given the 
pathological uniformity within the nfPPA and temporal lobe 
PPA syndromes, we are confident that, while deeper clinical 
phenotyping would undoubtedly enhance the precision of 
neuroimaging investigations, it would not have significantly 
altered the outcomes of our study. Furthermore, on a qualita-
tive assessment of our MRI scans, only one subject could 
be found to show a higher degree of atrophy in the right 
rather than left temporal lobe in the svPPA group. Although 
our study did not include patients with logopenic PPA, this 
does not constitute a limitation, as the diagnostic workup 
for logopenic PPA relies mainly on CSF or blood-based 
biomarkers to demonstrate Alzheimer’s disease pathology 
[119], whereas neuroimaging remains the primary in vivo 
tool for the diagnosis of FTLD-spectrum variants such as 
nfPPA and svPPA.

Finally, we focused exclusively on FA as the primary met-
ric of microstructural white matter damage. This decision 
is supported by prior studies from our group which have 
demonstrated the replicability, reliability, and stability of 
FA measurements in multisite settings using standardized 
acquisition protocols [52, 53].

Conclusions

In conclusion, our study demonstrates the complementary 
roles of DTI and ABV in characterizing the structural and 
microstructural changes underlying nfPPA and svPPA. 
These techniques identified distinct patterns of degenera-
tion and support attempts of early differential diagnosis, an 
approach that may be further refined through the broader 
application of machine learning models, as preliminarily 
demonstrated in this study. Furthermore, our study confirms 
the suitability of DTI and ABV for longitudinal tracking 
of disease progression in vivo. Our findings suggest that, 
in both PPA variants, neurodegeneration propagates along 
axonal pathways between functionally connected regions 
rather than spreading by chance or by contiguity between 
adjacent but functionally unrelated brain areas. Finally, our 
findings contribute to the growing body of evidence sup-
porting variant-specific patterns of structural neuroimaging 
alterations in PPA, reinforcing the clinical utility of early, 
biomarker-informed diagnosis, an approach that may be 
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further enhanced by large-scale implementation of machine 
learning models, as preliminarily explored in this study.

Future studies with larger longitudinal cohorts are essen-
tial to further validate these observations as well as to con-
firm potential clinic-pathological speculations (such as a 
possible TDP43-preferential involvement of limbic struc-
tures), refining our understanding of the distinct mechanisms 
driving progression in nfPPA and svPPA.
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