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Abstract 30 

 31 

Recent studies suggest a framework where white matter (WM) atrophy plays an important role in 32 

fronto-temporal dementia (FTD) pathophysiology. However, these studies often overlook the fact that 33 

WM tracts bridging different brain regions may have different vulnerabilities to the disease and the 34 

relative contribution of GM atrophy to this WM model, resulting in a less comprehensive 35 

understanding of the relationship between clinical symptoms and pathology. Using a common factor 36 

analysis to extract a semantic and an executive factor, we aimed to test the relative contribution of WM 37 

and GM of specific tracts in predicting cognition in the Frontotemporal Lobar Degeneration 38 

Neuroimaging Initiative (FTLDNI). We found that semantic symptoms were mainly dependent on 39 

short-range WM fiber disruption, while damage to long-range WM fibers was preferentially associated 40 

to executive dysfunction with the GM contribution to cognition being predominant for local processing. 41 

These results support the importance of the disruption of specific WM tracts to the core cognitive 42 

symptoms associated with FTD. As large-scale WM tracts, which are particularly vulnerable to 43 

vascular disease, were highly associated with executive dysfunction, our findings highlight the 44 

importance of controlling for risk factors associated with deep white matter disease, such as vascular 45 

risk factors, in patients with FTD in order not to potentiate underlying executive dysfunction.  46 
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Introduction 47 

 48 

Frontotemporal dementia (FTD) is the second most prevalent form of early onset dementia (Bang, 49 

Spina, & Miller, 2015; Cairns et al., 2007). The misfolding and aggregation of proteins such as tau, 50 

TDP-43, FUS or ubiquitin-positive proteins encompass nearly all cases of FTD (Seelaar, Rohrer, 51 

Pijnenburg, Fox, & Van Swieten, 2011). FTD clinical phenotype includes behavioural, executive and 52 

language dysfunction without primary amnesia. The initial clinical manifestation of the disease 53 

characterizes FTD cases into 3 common variants: the behavioural (BV) and two distinct forms of 54 

primary progressive aphasias, the semantic (SV) and the progressive non-fluent aphasia (PNFA). As 55 

the disease progresses both language and behavioural dysfunction may appear in all variants. 56 

 57 

While FTD has long been considered a grey matter (GM) disease, recent advance in diffusion MRI 58 

(dMRI) research has revealed that white matter (WM) is also much involved in the pathophysiology of 59 

the disease (Zhang et al., 2009; McKenna et al., 2021). GM atrophy is typically observed in the insula 60 

(Muhtadie et al., 2021) (all variants), the bilateral anterior cingulate and frontal lobe (BV) (Lanata and 61 

Miller, 2016), left anterior temporal lobe (SV) (Williams et al., 2005) and left premotor and inferior 62 

frontal cortex (PNFA) (McMillan et al., 2004). Widespread WM abnormalities have been observed in 63 

the uncinate fasciculus, superior frontal, inferior frontal and inferior fronto-occipital fasciculi, the 64 

corpus callosum and the cingulum bundle, with a large overlap amongst participants; see (Greaves & 65 

Rohrer, 2019; Meeter, Kaat, Rohrer, & Van Swieten, 2017; Rohrer et al., 2010) for recent reviews of 66 

MRI findings in FTD. In some mutation carriers, WM changes are detectable up to 30 years before 67 

symptoms onset (Jiskoot et al., 2018), strengthening the importance of considering WM alteration as 68 

part of the pathophysiology of FTD. 69 

 70 

Although often studied separately, WM and GM impairments are not occurring in isolation from one 71 

another. Alteration from GM may propagate to WM and, reciprocally, WM damage may propagate to 72 

GM via Wallerian degeneration or retrograde degeneration (Metzler-Baddeley et al., 2019; N. Villain et 73 

al., 2008; Nicolas Villain et al., 2010). The aforementioned constructs suggest a dynamical and 74 

interdependent relationship between GM and WM as determinants of cognitive symptoms in 75 

neurodegenerative conditions such as FTD. Despite strong evidence of isolated effects of both WM and 76 

GM disruptions on FTD, their relative contribution to the impairment of the different cognitive 77 
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domains typically affected in patients with FTD is unknown. Nonetheless, a number of studies have 78 

related both grey and white matter atrophy to discrete aspects of cognition in BV and SD including 79 

disinhibition (Hornberger et al. 2011), moral reasoning (Strikwerda-Brown et al., 2021) and white 80 

matter changes over time (Lam et al. 2014). 81 

 82 

In the present study, we aim to clarify the relative contribution of different properties of WM fibers and 83 

GM to the cognitive impairment (semantic and executive) in FTD patients. Specifically, we used a WM 84 

fixel-based analysis (FBA) combined with a structural connectivity and GM voxel-based morphometry 85 

analyses to 1) provide an improved characterisation of the whole brain fixel density (FD) and cross-86 

section (FC) impairment across the variants 2) investigate the relationship between the WM metrics 87 

and GM volume, 3) evaluate the relationship between WM metrics and cognition domains in patients 88 

and 4) test the relative contribution of WM and GM of specific tracts in predicting cognition. We 89 

studied these associations across different WM tracts under the assumption that these associations vary 90 

depending on specific WM tracts characteristics. We found that semantic symptoms were mainly 91 

dependent on short-range WM fiber disruption, while damage to long-range WM fibers was 92 

preferentially associated to executive dysfunction with the GM contribution to cognition being 93 

predominant for local processing. 94 

 95 

 96 

Results 97 

 98 

Fiber loss in FTD variants 99 

 100 

Variants of FTD all had extensive WM impairments compared to normal controls after correction for 101 

age, sex and ICV. Figure 2 a-c shows the streamline segments associated to significantly reduced FC 102 

and FD (FWE-corrected P-value < 0.05; color coded by direction) for the BV, PNFA and SV 103 

respectively. Irrespective of the variant, reduced FC (Figure 2 a-c upper panels) could be observed in 104 

large associative fibers including the uncinate fasciculus, the inferior fronto-occipital fasciculus and the 105 

superior longitudinal fasciculus, cingulum and corpus callosum. Despite a large common network, 106 

variant-specific differences could be noted in the bilateral anterior and medial part of the frontal cortex 107 

and lateral orbitofrontal WM for BV (Figure 2a), while PNFA presented with reduced FC in the caudal 108 
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part (precentral gyrus/supplementary motor area) of the left frontal cortex (Figure 2b)  and SV showed 109 

a left predominant FC reduction in the inferior longitudinal fasciculus (Figure 2c). Reduced FD 110 

patterns (Figure 2 a-c lower panels) were similar to those observed for FC although with a lower spatial 111 

extent.  112 

 113 

Structural connectivity analysis (Figure 2d-f), although based on a different method (tractography), 114 

provided complementary information to the FBA analysis, about specific GM regions that may be 115 

affected by the WM impairment. Significant reductions (FWE-corrected P-value < 0.001) in tracts 116 

connecting GM regions are shown for frontal regions (red), the insula (light blue), the temporal lobe 117 

(yellow), subcortical region (green) and parietal regions (dark blue), where the line thickness 118 

corresponds to the strength of the effect. Compared to normal controls, BV (Figure 2d) had the largest 119 

reduction in bilateral insula – inferior frontal cortex (pars opercularis and triangularis) connectivity, 120 

followed by bilateral reduction in thalamo-frontal (rostral middle frontal) connectivity. For PNFA 121 

(Figure 2e), the largest reduction was also observed in insula – inferior frontal cortex (pars opercularis 122 

and triangularis) connectivity but in the left hemisphere only, followed by precentral - middle frontal 123 

connectivity impairment.  For SV (Figure 2f), the largest reduction occurred in the left hemisphere 124 

between the thalamus and the temporal cortex (superior and middle), but also between the lateral 125 

orbitofrontal and superior frontal cortex, followed by intra-temporal connectivity reduction. 126 
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Figure 2. Fiber loss in FTD variants 127 

Streamlines (color coded by direction) associated to significantly reduced FC and FD (FWE-corrected 128 

P-value) are shown for BV vs CN (a), PNFA vs CN (b) and SV vs CN (c). Associated structural 129 

connectivity reduction (FWE-corrected P-value < 0.001) is shown in panels (d-f) for the ipsilateral left 130 

(upper panel) and right (lower panel) hemisphere, where frontal regions are shown in red, the insula in 131 
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light blue, the temporal lobe in yellow, subcortical regions in green and parietal regions in dark blue. 132 

The line thickness corresponds to the statistical strength of the effect. 133 

Red = left-right, green = front-back, blue = top-down. 134 

 135 

GM atrophy in FTD variants 136 

 137 

Significant differences, after correction for age, sex, ICV and multiple comparisons, were observed for 138 

GM volume between CN and FTD variants (Figure 3 a-c). BV (Figure 3a) had a widespread reduction 139 

in bilateral GM volume with the strongest effect seen in the insula, orbitofrontal, anterior cingulate and 140 

prefrontal cortex (middle and inferior) while PNFA (Figure 3b) had a left predominant atrophy in the 141 

premotor part of the frontal cortex, the insula and prefrontal cortex (middle and inferior), and SV 142 

(Figure 3c) had a bilateral (but left predominant) atrophy of the whole temporal lobes and to a lesser 143 

extend insula atrophy. Taken together (Figure 3d), the 3 variants share overlapping GM atrophy in the 144 

insula, while BV and SV share atrophy in the temporal lobe and orbitofrontal cortex, and PNFA and 145 

BV share atrophy in the left prefrontal cortex (middle and inferior).  146 

Figure 3. GM atrophy in FTD variants 147 
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Significant (RFT p value <0.05) grey matter volume decrease is shown for BV vs CN (a), PNFA vs CN 148 

(b) and SV vs CN (c). Legend are showing the magnitude of the voxelwise T values. An overlay of the 149 

statistical maps (d) is shown for BV (green), SV (blue) and PNFA (red), with associated T values color 150 

bars.  151 

 152 

Relationship between GM atrophy and WM microstructural impairment 153 

 154 

The peak of the maximum GM atrophy for each variant was used as a seed (Figure 4 a-c left panels) to 155 

investigate the relationship between GM and whole brain WM fiber cross section and fiber density 156 

across all participants. Streamlines associated to significant fixels after correction for multiple 157 

comparison are shown for the relationship with FC (middle panels) and FD (right panels). 158 

Independently of the seed location, a strong relationship was found between GM atrophy and reduced 159 

FC and FD for the inferior fronto-occipital fasciculus, uncinate fasciculus and superior longitudinal 160 

fasciculus. GM volume for the BV orbitofrontal seed (Figure 4a) was also associated with the inferior 161 

part of the precentral cortex, PNFA premotor seed (Figure 4b) with the precentral WM fibers and SV 162 

inferior temporal seed with impairment in the inferior longitudinal fasciculus.  163 

Figure 4. Relationship between GM atrophy and WM microstructural impairment 164 

The peak of the maximum GM atrophy for each variant (BV, PNFA and SV), was used as a seed 165 

(Figure 4 a-c left panels, blue dot) to investigate the relationship between GM and whole brain WM 166 

fiber cross section (FC) and fiber density (FD) across all participants. Streamlines associated with 167 

significant relationships (FWE-corrected P-value < 0.05) between the average GM volume of each 168 
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seeds are shown for FC (middle panels) and FD (right panels). Streamlines are color coded by 169 

direction.  170 

 171 

Cognitive domains and WM microstructure  172 

 173 

As highlighted earlier, our 3 factor model failed to reject the null hypothesis suggesting that this model 174 

provides a satisfactory explanation for the variation in this data. Therefore, in order to assess the 175 

relationship between impaired cognition and WM fiber density (FD) and fiber cross-section (FC), in a 176 

first step we performed a 3 common factor analysis across eight cognitive scores in patients only to 177 

represent these scores by 3 principal factors (Figure 5a). According to the loadings of this analysis, the 178 

first factor (F1) was mainly related to semantic processing and comprised naming, category fluency 179 

and verbal learning scores (delayed and immediate recall). The second factor (F2) was mainly related 180 

to executive processing and comprised digit span, trail making and letter fluency scores. The third 181 

factor (F3) was only related to verbal fluency (category and letter). Although SV patients had on 182 

average a lower semantic factor score compared to BV (p=0.034) and PNFA (p < 0.001) and a higher 183 

executive factor score (p < 0.001; vs BV and PNFA), a large within group variability can be noted for 184 

all factors (Figure 5b). Patients factor scores were used to investigate the relationship between each 185 

cognitive domain and structural connectivity as well as WM metrics FD and FC. After correction for 186 

age, sex, ICV and multiple comparisons, the first (semantic) factor was significantly associated to FC 187 

in the uncinate fasciculus, the inferior fronto-occipital fasciculus, and the inferior longitudinal 188 

fasciculus (Figure 5d; upper pannel). The semantic factor was also associated to reduced connectivity 189 

between the left GM temporal regions amongst themselves but also with the supramarginal, lateral 190 

orbitofrontal gyrus and with the thalamus (Figure 5c). The second (executive) factor was significantly 191 

associated with a reduced FC in the superior longitudinal fasciculus, superior corona radiata, body of 192 

the corpus callosum, inferior frontal and precentral WM and in fibers corresponding to the aslant tract 193 

(Figure 5d; lower panel). Reduced structural connectivity was predominantly observed between the left 194 

superior frontal gyrus and other GM frontal regions (pars orbitalis, pars triangularis, lateral 195 

orbitofrontal, rostral middle frontal and precentral gyrus), accompanied by a reduced connectivity 196 

between left superior frontal gyrus and other cortices (insula, the superior temporal gyrus and between 197 

the inferior parietal cortex) (Figure 5c). Although not shown in the figure, FD yielded similar spatial 198 
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relationships than FC. No significant relationship could be found between the third factor (verbal 199 

fluency) and FC, FD or structural connectivity (not shown).    200 

Figure 5. Cognitive domains and WM microstructure  201 

The factor loadings for the common factor analysis of selected cognitive tests are shown in (a). 202 

Associated factors scores are shown in (b) for BV, SV and PNFA, for Factor 1 (semantic processing; 203 

left panel), Factor 2 (executive processing; middle panel) and Factor 3 (verbal fluency; right panel). 204 

Significantly reduced structural connectivity (across all patients; FWE-corrected P-value < 0.01) is 205 

shown in (c) for the Factor 1 (upper panel) and Factor 2 (lower panel), for the ipsilateral left (upper 206 

panel) hemisphere connectivity, where frontal regions are shown in red, the insula in light blue, the 207 

temporal lobe in yellow, subcortical regions in green and parietal regions in dark blue. The line 208 

thickness corresponds to the statistical strength of the effect. Significant relationship (FWE-corrected 209 

P-value < 0.05) between the cognitive factors and FC is shown in (d) with associated streamlines (color 210 

coded by direction) for Factor 1 (upper panel) and Factor 2 (lower panel).  211 
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 212 

Relative contribution of GM and WM to predict cognitive impairment 213 

 214 

In order to disentangle the contribution of WM and GM abnormalities on cognition impairment, we 215 

used the connectivity-based pair of GM regions previously associated to identified cognitive factors 216 

(F1 and F2 ; FEW-p < 0.001), where VBM-derived GM volume was averaged for the pair of regions 217 

and FD and FC averages were calculated from the fixel associated to the connecting streamlines (see 218 

tract of interest method section). Example of pair of GM regions and fixel mask are shown in Figure 6 219 

a-b for the factors 1 (semantic) and 2 (executive) respectively. After correcting for age, sex and ICV, 220 

GM volume and FC better explained the variance for the first cognitive factor (39.2% and 32.2 %, 221 

respectively) than FD (12.7%) (Figure 6a right panels). On the other hand, for the second factor, FC 222 

explains the variance better (31.7 %) than GM (18,5%) and FD (18.9 %) (Figure 6b right panels). The 223 

comparisons of all the selected connection standardized estimates revealed that, for most connections, 224 

GM, FD and FC could predict the cognition (Figure 6c; left panel). Importantly, when included 225 

together in the same GLM (Figure 6c; right panel), the contribution of the WM was reduced but not for 226 

all connections. We then tested the relationship between the standardized estimates and the average 227 

fiber length and found a positive relationship for FD (Figure 6d ; left panel, p=0.006) and a trend level 228 

negative relationship for GM (Figure 6d ; right panel, p = 0.058), but not for FC (Figure 6d middle 229 

panel, p = 0.94).  230 



 

12 

Figure 6. Respective contribution of GM and WM to predict cognitive impairment 231 

Example tract of interest, selected from the significant relationship between structural connectivity and 232 

cognitive Factor, are shown in (a-b), for Factor 1 and 2 respectively.  The pair of connecting cortical 233 

regions (green and yellow)  and the fixel binary mask extracted from the streamlines connecting the 234 

pair of GM regions (white) are used to calculate the connection specific relationship across subjects 235 

between the cognitive factors and the average regional GM volume (upper panel) and the average fiber 236 

cross-section (FC) and fiber density (FD) in the fixel binary mask (middle and lower panel 237 

respectively). The standardized estimate of the relationship between the cognitive factors 1 and 2 is 238 

shown in (c) for all selected connections, where the left panel shows the values when FD, FC and GM 239 

were use as single predictors and the right panels show the partial estimates when FD, FC and GM 240 

were all included together in the model. The relationship between each connection estimate and their 241 

associated average fiber length is shown in (d) for FD (left panel), FC (middle panel) and GM (right 242 

panel).   243 

 244 

Discussion 245 

 246 

In this study we aimed to quantify the relative contribution of WM and GM abnormalities as 247 

determinants of cognitive impairment in FTD clinical spectrum.  We found that, although regional 248 

differences in WM properties were observed in all variants, all FTD cases had fiber density or cross-249 
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section abnormalities across a large WM network connecting the frontal and temporal cortices.  250 

Furthermore, these WM abnormalities were linked to patterns of GM atrophy and cognitive decline 251 

across FTD variants. The differential contributions of WM and GM on cognition depended on the 252 

length of WM fibre.  Although both GM and WM abnormalities contribute to FTD symptoms, these 253 

results highlight the importance of WM fiber density and cross-section in FTD pathophysiology.     254 

 255 

FD and FC and structural connectivity phenotypes in variants of FTD 256 

 257 

Our study identified a large network (uncinate fasciculus, superior longitudinal fasciculus, inferior 258 

fronto-occipital fasciculus, cingulum and corpus callosum) of white matter impairment being shared 259 

across FTD variants, extending findings from previous reports (Federica Agosta et al., 2015). Also in 260 

line with previous literature, we found SV to have additional impairments in the inferior fronto-261 

occipital fasciculus (Acosta-Cabronero et al., 2011; Federica Agosta et al., 2010; Galantucci et al., 262 

2011; Matsuo et al., 2008; Whitwell et al., 2010) , BV in the frontal cortex (F. Agosta et al., 2012; 263 

Mahoney et al., 2014; Piguet, Hornberger, Mioshi, & Hodges, 2011; Yu & Lee, 2019; Zhang et al., 264 

2009) and PNFA in SMA white matter fibers (Federica Agosta et al., 2015; Mahoney et al., 2013). Our 265 

structural connectivity results were in agreement with the fixel based results suggesting that both 266 

techniques were able to detect WM impairments in FTD. In addition, we found that one of the largest 267 

reductions in structural connectivity was between thalamo-frontal regions, supporting the finding that 268 

thalamic atrophy is a prominent feature of FTD (Diehl-Schmid et al., 2019) and that it is common 269 

across episodic and genetic mutation (Bocchetta et al., 2018).   270 

 271 

Cognitive factor across variants 272 

 273 

Across the FTD spectrum, we found that a common semantic factor explained the variance of scores in 274 

the immediate and delayed verbal memory test, picture naming and categorical verbal fluency. This is 275 

in line with several studies showing poorer lexical retrieval of semantically degraded words versus 276 

semantically intact words (Jefferies, Jones, Bateman, & Lambon Ralph, 2004; Knott, Patterson, & 277 

Hodges, 2000; Patterson, Graham, & Hodges, 1994), suggesting that  semantic information contributes 278 

significantly in (phonological) lexical activation. The second cognitive factor (executive) explained the 279 

variance of scores in the modified trail making processing time, digit span (forward and backward) and 280 
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phonemic, but not categorical, verbal fluency. TMT measures multiple executive functions, including 281 

attention, processing speed, set-shifting and digit span (forward and backward) is typically used as an 282 

attentional/working memory measure, while phonemic verbal fluency contains both a working 283 

memory/executive and a language component. A third factor grouped the two verbal fluency tests 284 

together, however this factor only partly explains the variance of each test as they also weighed on 285 

semantic processing (for category fluency) and executive functioning (letter fluency), supporting the 286 

dual nature of the verbal fluency test (Whiteside et al., 2016) even in non-demented individuals.  287 

 288 

WM and cognition in FTD 289 

 290 

Semantic processing 291 

 292 

In the present study, we found evidence of the relationship between semantic deficits and WM 293 

impairment in the left uncinate fasciculus, inferior longitudinal fasciculus and inferior fronto-occipital 294 

fasciculus, across all variants. The uncinate fasciculus (connecting the orbitofrontal cortex to the 295 

temporal pole) have been associated with semantic processing in many studies ; see (Papagno, 2011) 296 

for a review. Brain stimulation studies (Duffau, Gatignol, Mandonnet, Capelle, & Taillandier, 2008; 297 

Duffau et al., 2005) and post-mortem fiber dissection studies (Martino, Brogna, Robles, Vergani, & 298 

Duffau, 2010) have linked the ventral subcomponent of the inferior fronto-occipital fasciculus, 299 

(connecting the frontal lobe to occipital associative extrastriate cortex and the temporo-basal region) 300 

and semantic processing. Prior studies led to inconsistent results regarding the involvement of the 301 

inferior longitudinal fasciculus, connecting the ventro-anterior temporal lobes, to several occipital 302 

regions (fusiform gyrus, lingual gyrus and dorsolateral occipital cortex);  see (Cocquyt et al., 2020) for 303 

a recent review. Our structural connectivity analysis revealed that the connectivity between the left 304 

inferior temporal cortex and the thalamus may also be involved in semantic processing. In general, our 305 

findings support the so-called hub model for the semantic processing where the anterior temporal pole 306 

represents a unique trans-modal hub receiving and assembling information from different modality 307 

specificity brain regions via specific WM connections (Patterson, Nestor, & Rogers, 2007). 308 

Interestingly, it was also proposed (Ralph, Jefferies, Patterson, & Rogers, 2016) that graded deficit in 309 

semantic processing is dependent on the white matter fasciculi connecting the anterior temporal lobe to 310 

the cortex, where the uncinate fasciculus, superior longitudinal fasciculus and inferior fronto-occipital 311 

https://www-sciencedirect-com.proxy3.library.mcgill.ca/topics/neuroscience/extrastriate-cortex
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fasciculus would convey either social, verbal or visual semantic processing respectively. Altogether, 312 

our findings support the hub hypothesis and suggest that it could be expanded further by considering 313 

subcortical contribution to the model.   314 

Executive processing 315 

Executive processing is a prominent frontal function and not surprisingly it is severely affected in the 316 

FTD clinical spectrum. We found that the executive function impairment was associated with 317 

disruption of WM tracts in the frontal lobe, specifically in superior longitudinal fasciculus, superior 318 

corona radiata, the body of the corpus callosum, inferior frontal and supplementary motor WM and the 319 

aslant tract. The superior longitudinal fasciculus (connecting the frontal lobe to temporal and parietal 320 

cortices) has previously been associated to processing speed (Turken et al., 2008) and working memory 321 

(Rizio & Diaz, 2016) and impairment of the corana radiata (connecting the prefrontal cortex to the 322 

basal ganglia and thalamus) has also been associated to executive dysfunction (Hua et al., 2014; 323 

Moeller, Willmes, & Klein, 2015). Interestingly, the aslant tract (connecting the supplementary motor 324 

area with the inferior frontal cortex) has been associated with the self-initiated movement and speech 325 

production  (Kinoshita et al., 2015) and its integrity correlated with the amount of distortion errors that 326 

PNFA patients made in spontaneous speech (Mandelli et al., 2014). Moreover, our results suggest that 327 

the contribution of WM to executive deficits increases with the length of these WM tracts. Reduced 328 

WM integrity in large-scale WM tracts was the major player of executive dysfunction in the FTD 329 

population. Interestingly, large-scale WM tracts are also particularly vulnerable to WM vascular 330 

disease, as observed in post-mortem studies (O’Brien et al., 2002). Moreover, chronic ischemic 331 

microvascular lesions, depicted as diffuse WM hyperintensities in brain MRI scans are independently 332 

associated with impairment of executive function (Young, Halliday, & Kril, 2008). Our results could 333 

suggest thus that patients with FTD and compromised large-scale WM fibers might be particularly 334 

vulnerable to additional vascular pathology. Thus, our findings highlight the importance for controlling 335 

vascular risk factors in FTD patients in order not to potentiate the underlining executive dysfunction. 336 

Alternatively, given that the majority of FTD patients are younger and less likely to have significant 337 

vascular disease, it is possible that the tract is more vulnerable to a degree of degenerative pathology. 338 

Relationship between GM, WM and cognition 339 

 340 
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As WM and GM impairment are too often considered in isolation, one of the goals of our study was to 341 

investigate their relative contribution to neurodegeneration. We found that the magnitude of GM 342 

atrophy was strongly related to the impairment of WM networks. This was also observed in both AD 343 

and FTD using canonical correlation analysis (Avants, Cook, Ungar, Gee, & Grossman, 2010). 344 

Modeling the combined contribution of GM and WM to cognition is not straightforward because of the 345 

lack of spatial overlap between these modalities.  To overcome this challenge, we took advantage of a 346 

common connectivity space that encompasses both structural connectivity and fiber specific WM 347 

pathways. This construct allowed us to select anatomically relevant connections, to extract their 348 

average regional GM volume and streamlines-based respective FC and FD for predicting their 349 

respective contribution on the cognitive domain. Interestingly, within short connections, the 350 

contribution of GM atrophy was dominant, while WM FD gained in importance as a function of fiber 351 

length.  This finding supports a framework in which cognitive functions involving short-range circuits 352 

are mostly affected by local GM atrophy, while cognitive processes mediated by long-range fibers are 353 

more vulnerable to WM impairment. Thus, our results support the critical importance of considering 354 

both GM and WM alterations for a better understanding of distinctively spatially distributed cognitive 355 

alterations in neurodegeneration.  356 

 357 

Fixel-Based Analysis applied to FTD  358 

 359 

To assess WM fiber density and cross-section, we used a novel fixel-based approach where individual 360 

fiber populations, even within the same voxel, can be assessed independently. Older diffusion tensor 361 

imaging (DTI) techniques, although historically invaluable in offering the earliest opportunities to non-362 

invasively investigate some microstructural properties of WM and their alteration in aging and disease, 363 

suffered from the inability to resolve crossing fibers. It was shown that traditional DTI may lead to 364 

artefactual findings in neurodegenerative disorders (Mito et al., 2018; J. D. Tournier et al., 2008), both 365 

false positive as well as false negative. This severely limits the extent to which such DTI findings can 366 

be interpreted or even safely relied upon. Novel techniques, such as constrained spherical 367 

deconvolution (J. D. Tournier, Calamante, & Connelly, 2007; J. D. Tournier, Calamante, Gadian, & 368 

Connelly, 2004) and Fixel-Based Analysis (D. A. Raffelt et al., 2015) have greatly improved the 369 

accuracy of diffusion MRI processing and whole brain statistical analysis. The associated metrics, fiber 370 

density (FD) and fiber cross section (FC), were recently proposed to capture different properties of the 371 
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white matter fiber (D. A. Raffelt et al., 2017). Fiber density is considered a measure of WM 372 

microstructure, while FC is related to macroscopic fiber bundle morphometric change. Although these 373 

measures are typically not independent, they can provide insight on different types of WM impairment 374 

and have successfully been applied to Alzheimer disease (Mito et al., 2018). In the context of FTD we 375 

found that both FD and FC were reduced in similar WM regions which suggest that both fiber atrophy 376 

and axonal depletion that are part of the disease.  377 

Strengths and limitations 378 

 379 

This study has several strengths. To our knowledge, this is the first study applying a fixel-based 380 

analysis to analyse WM impairments across FTD phenotypes, thus broadening the biological 381 

interpretation of WM alterations in the pathophysiology of this disease. There is a growing body of 382 

evidence describing WM degeneration in several cortical diseases. However, most studies did not 383 

investigate the relationship between specific cognitive domains, whole brain WM properties and 384 

structural connectivity. Therefore, our study provided a more complete picture of specific WM tracts 385 

involved in core FTD cognitive impairment. Finally, the use of an innovative connection-based 386 

framework, allowing for the quantification of the simultaneous contribution of WM and GM 387 

abnormalities on cognitive deficits in FTD, also expanded the knowledge about multimodal 388 

contribution to cognition. The main limitations are due to a limited number of subjects and the lack of 389 

longitudinal data. Although patients were clinically assessed with the highest standards, the lack of 390 

genetic or pathological information precludes any association between the proteins involved in the 391 

etiology of FTD, such as tau and TDP-43, and WM fibers. Furthermore, as the data obtained from 392 

FTLDNI are the result of a multicentric collaboration, differences in scanners, protocols and center 393 

specific differences could impact our findings. Nonetheless, before the release of the data, a quality 394 

control was conducted. In addition, while the number of diffusion gradient directions (60) and the b-395 

value (2000) are suitable to obtain a good overall quality of the WM FODs, the spatial resolution was 396 

limited to 2.2 mm isotropic voxels. Since some bundles of white fibers are only a few mm wide, 397 

significant group differences in these bundles are difficult to detect at the resolution of the data used in 398 

the present study. This, however, was the maximum resolution that could be obtained for this signal 399 

while still maintaining a good signal-to-noise ratio. Finally, although our imaging analyses controlled 400 

for age, sex and ICV but not for clinically relevant variables including disease duration and symptom 401 
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severity, as these would be artificial and could potentially bias the results of a study with such a diverse 402 

clinical population, this imposes a limitation on the interpretation of the results presented in this study. 403 

 404 

Conclusion 405 

 406 

In conclusion, our results support the importance of WM tract disruption to the core cognitive 407 

symptoms associated with FTD. While semantic symptoms were mainly dependent on short-range WM 408 

fiber disruption, long-range WM fibers damage was the major contributor to executive dysfunction. As 409 

large-scale WM tracts, which are particularly vulnerable to vascular disease, were highly associated 410 

with executive dysfunction, our findings highlight the importance of controlling for risk factors 411 

associated with deep white matter disease, such as vascular risk factors, in patients with FTD in order 412 

not to potentiate underlying executive dysfunction. 413 

 414 

Methods 415 

 416 

Study Sample  417 

 418 

All data were obtained from the Frontotemporal Lobar Degeneration Neuroimaging Initiative 419 

(FTLDNI), through the LONI portal (http://adni.loni.usc.edu). FTLDNI is a multicentric longitudinal 420 

database, collecting MRIs, PET and CSF biomarkers in FTD patients and age-matched controls. All 421 

patients were clinically diagnosed by a multidisciplinary consensus panel (Ljubenkov et al., 2018; 422 

Staffaroni et al., 2019). For the present analysis, we included a total of 155 participants with cross-423 

sectional DWI sequence passing quality control. The dataset comprised 68 Normal Elderly Control 424 

(CN), 28 Behavioural Variants (BV), 30 Progressive Non-Fluent Aphasia (PNFA) and 26 Semantic 425 

Variant (SV) FTD patients.  426 

 427 

Table 1. Demographics  428 

 429 

 CN (N = 68) BV (N = 28) SV (N = 26) PNFA (N = 30) 

Age (year) 61.8 (8.2) 60.6 (6.4) 62.6 (6.0) 68.3 (7.4) 
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Sex (female) 60.3 % 21.4 % 42.3 % 63.3 % 

CDR language - 0.84 (0.53) 1.04 (0.47) 1.38 (0.66) 

CDR behaviour - 1.48 (0.72) 0.98 (0.48) 0.41 (0.46) 

CDR sum of boxes - 5.96 (2.78) 3.54 (2.02) 1.59 (1.55) 

MMSE 29.2 (0.8) 24.3 (3.7) 25.8 (3.6) 25.3 (4.9) 

 430 

MRI acquisition 431 

 432 

A total of 65 volumes (diffusion-weighted images for 60 gradient directions at b = 2000s/mm
2
 and 5 433 

images at b=0s/mm
2
) were acquired on a Siemens Trio Tim with the following parameters: repetition 434 

time / echo time = 6600 / 86ms, 2.2 mm isotropic voxels, phase encoding direction = AP.  A 3D 435 

MPRAGE image (1mm isotropic voxels, repetition time / echo time = 2300 / 2.98ms and flip angle = 9 436 

degrees) was also used to measure GM volume.  437 

 438 

dMRI processing 439 

 440 

We implemented preprocessing and analysis steps of a state-of-the-art fixel-based analysis (FBA) 441 

pipeline (Dhollander et al., 2021). All dMRI data were preprocessed using MRtrix3 (J. D. Tournier et 442 

al., 2019). Preprocessing steps included denoising (Veraart et al., 2016),  Gibbs ringing correction 443 

(Kellner, Dhital, Kiselev, & Reisert, 2016), eddy-current and motion correction (Andersson & 444 

Sotiropoulos, 2016) and bias field correction (Tustison et al., 2010). Response functions for single-fibre 445 

WM as well as GM and CSF were estimated from the data themselves using an unsupervised method 446 

(Dhollander, Mito, Raffelt, & Connelly, 2019). Single-Shell 3-Tissue CSD (SS3T-CSD) was 447 

performed to obtain WM-like FODs as well as GM-like and CSF-like compartments in all voxels 448 

(Dhollander & Connelly, 2016), using MRtrix3Tissue (https://3Tissue.github.io), a fork of MRtrix3 (J. 449 

D. Tournier et al., 2019). The resulting WM-like FOD, GM-like and CSF-like images were used to 450 

perform multi-tissue informed log-domain intensity normalisation (Figure 1a). A cubic b-spline 451 

interpolation was used to upsample the WM FOD images to 1.3 mm isotropic voxels. A study specific 452 

template was created using the WM FOD images from 30 NC to which all subjects FOD images were 453 

subsequently non-linearly registered (D. Raffelt, Tournier, Crozier, Connelly, & Salvado, 2012; D. 454 

Raffelt et al., 2011). Finally, the WM FOD template was used to generate a whole brain probabilistic 455 
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tractogram (J.-D. Tournier & , F. Calamante, 2010) which was then filtered from 20 million tracts to 2 456 

million tracts to reduce reconstruction bias (Smith, Tournier, Calamante, & Connelly, 2013, 2015b).   457 

Figure 1. Method workflow 458 

The main steps of the methods are shown form the native space (left) to template space (right). For the 459 

white matter (upper panels), native diffusion weighted MRIs were first preprocessed to obtain 460 

individual normalized WM FODs (a). WMFODs, were non linearly registered to a study specific WM 461 

FOD template (b), to obtain the fiber density (FD) and fiber cross-section metrics (FC), later used in 462 

whole rain Fixel-Based analysis. The template space WM FODs were then used to generate individual 463 

probabilistic tractograms (c). For the grey matter (lower panels), native space GM probability maps 464 

were warped to a study specific GM template in MNI space to obtain individual template space GM 465 

volume (e). An affine transform was estimated between MNI template and the diffusion template space 466 

which was subsequently applied to the DKT grey matter atlas to bring the DKT atlas in diffusion space 467 

(f). Individual structural connectivity matrices were then obtained by counting the amount of fibers 468 

connecting each pair of GM regions within the DKT atlas (g). Significant difference in connectivity for 469 

a given dependant variable (Y) were then tested using the Network Based Statistic enhanced (h). 470 

Significant predictors (connections) were selected to access the relative importance of GM volume and 471 

WM (FD and FC) within each connection in predicting Y (h), where mean FD and FC were obtained in 472 

fixels belonging to the connection streamlines and GM was the average of both GM regions volume for 473 

each subject.  474 
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 475 

Fixel-based metrics 476 

 477 

We used the fixel-based analysis framework (D. A. Raffelt et al., 2017; D. Raffelt, Tournier, Rose, et 478 

al., 2012) to compute the fiber density (FD) and the fiber cross-section (FC) at the fixel level (Figure 479 

1b). A “fixel” here refers to a “fiber population in a voxel”; hence, when multiple fibers are crossing in 480 

the same voxel, they each still have individual measures of FD and FC. Interestingly these metrics 481 

provide complementary information about the white matter. Namely, FD-based differences can be 482 

interpreted as intra-axonal microstructural alterations, while FC-based differences can be attributed to 483 

macroscopic changes of a fiber bundle, i.e a tract that is atrophied or hypertrophied in respect to the 484 

WM FOD template.  485 

 486 

Structural connectivity analyses  487 

 488 

A probabilistic tractography algorithm (J.-D. Tournier & , F. Calamante, 2010) with dynamic seeding 489 

(Smith, Tournier, Calamante, & Connelly, 2015a) was used to generate 20 million tracks for each 490 

participant WM FODs in the template space (Figure 1c). The tractogram was subsequently filtered 491 

using SIFT (Smith et al., 2013) until the algorithm reaches convergence. We used the Desikan-Killiany 492 

GM atlas (DKT) to compute the amount of fibers connecting 68 grey matter regions (Desikan et al., 493 

2006). An affine transformation was first calculated from the MNI ICBM152 WM parcellation to the 494 

diffusion template space (Figure 1e). The affine transform was applied to the DKT atlas to bring it in 495 

diffusion template space (Figure 1f) and the atlas was corrected by the amplitude of the template WM 496 

FOD, where amplitudes higher than 0.1 were set to zero. A visual inspection of the resulting GM atlas 497 

insured that all GM regions were well represented. Structural connectomes were calculated as the total 498 

number of fibers paths connecting each pair of GM regions (Figure 1g). The results of the statistical 499 

analysis performed on the connectomes were visualized using BrainNet Viewer (Xia, Wang, & He, 500 

2013). 501 

 502 

GM voxel-based morphometry 503 

 504 
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T1 anatomical images were segmented in GM, WM and CSF tissue probability images using the 505 

SPM12 segmentation tool (https://www.fil.ion.ucl.ac.uk/spm/doc/biblio/). A study specific brain 506 

template was then calculated using the GM and WM probabilities from 30 normal elderly control using 507 

the Dartel toolbox (Ashburner, 2007). Each individual GM map was non-linearly registered to the CN 508 

template (Figure 1d). GM probabilities were modulated and filtered using a full width half maximum of 509 

8 mm. Intracranial volume (ICV) was defined as the sum of GM, WH and CSF probabilities images in 510 

native T1 space.   511 

 512 

Cognitive tests  513 

 514 

In order to clinically characterize the FTD patients, the following cognitive scores were used: the total 515 

correct immediate (30 sec.) and delayed (10 min) items recall of the California Verbal Learning Test, 516 

the total Boston naming correct score, the semantic verbal fluency (animal), the phonemic verbal 517 

fluency (d words), the modified trail making completion time, the forward and backward digit span. A 518 

maximum likelihood common factor analysis (“factoran” function in Matlab, with varimax rotation) 519 

was used to obtain a parsimonious representation of all available cognitive scores, as we wanted to 520 

obtain an explanatory model for the correlations among these scores. A two common factor hypothesis 521 

was first rejected (approximate chi-squared test; p < 0.05) while a 3 factor model fails to reject the null 522 

hypothesis (approximate chi-squared test; p < 0.42), suggesting that the latter model provides a 523 

satisfactory explanation of the covariation in these data (see Figure 5a for the factor loadings results). 524 

The factor scores were calculated using a weighted least score estimate.  525 

 526 

Tract of interest analysis 527 

 528 

Using a matrix of regions, pairs of GM regions were made, based on the significance of their 529 

connectivity. These selected connectivity-based pairs of GM regions were used to extract the tracts 530 

connecting them, which allows to investigate the tract specific relations between GM volume, FD and 531 

FC and cognition. Using the template filtered tractogram (2M streamlines), we extracted the 532 

streamlines assigned to the pair of selected GM regions (Figure 1i). The resulting streamlines were then 533 

automatically thresholded into a binary fixel mask using an automated optimal threshold (Ridgway et 534 

al., 2009). The connectivity-based FC and FD values were then averaged in the mask. The GM volume 535 
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was assessed by calculating the average GM VBM values of the connecting regions (see Figure 6a-b 536 

for a graphical representation). To investigate all the selected connections as a whole, we standardized 537 

GM, FC and FD across all connections and used repeated general linear models (GLM) to obtain the 538 

prediction estimate for their respective cognitive factors adjusted for age, sex and ICV (Figure 1i). 539 

Finally, we calculated the average streamline length for each tract, which best represents the overall 540 

length of the tract.  541 

 542 

Statistical Analysis  543 

 544 

Fixel-wise whole brain characterisation of the relationship between FC, FD, diagnosis and cognition 545 

was carried out using the connectivity-based fixel enhancement (CFE) method (D. A. Raffelt et al., 546 

2015).  For the structural connectivity analysis, a common connectivity mask was generated for the top 547 

20% connections of the population template. Relationship between the connectivity, diagnosis and 548 

cognition was calculated using the network-based statistical enhancement method (Vinokur, Zalesky, 549 

Raffelt, Smith, & Connelly, 2015). For both methods, family wise corrected p-values were obtained via 550 

permutation testing (n=1000). VBM analyses were performed using VoxelStats (Mathotaarachchi et 551 

al., 2016). Correction for multiple comparisons was performed using random field theory with a cluster 552 

threshold (after correction) of p<0.01.  Analyses of cognition were performed in patient groups only. 553 

All statistical models were corrected for age, sex and ICV.  554 

 555 
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