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Abstract

Morphology of the corpus callosum is a useful biomarker of neuronal loss, as different patterns of 

cortical atrophy help to distinguish between dementias such as Alzheimer’s disease (AD) and 

frontotemporal lobar degeneration (FTLD).

We used a sophisticated morphometric analysis of the corpus callosum in FTLD subtypes 

including frontotemporal dementia (FTD) semantic dementia (SD), and progressive non-fluent 

aphasia (PNFA), and compared them to AD patients and 27 matched controls.

FTLD patient subgroups diverged in their callosal morphology profiles, with: FTD patients 

showing marked widespread differences, PNFA patients with differences largely in the anterior 

half of the callosum, and SD patients differences in a small segment of the genu. AD patients 

showed differences in predominantly posterior callosal regions.
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This study is consistent with our previous findings showing significant cortical and subcortical 

regional atrophy across FTLD subtypes, and suggests that callosal atrophy patterns differentiate 

AD from FTLD, and FTLD subtypes.
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BACKGROUND

Frontotemporal lobar degeneration (FTLD), a group of dementias affecting predominantly 

the frontal and temporal lobes, is the third most common cortical dementia type after 

Alzheimer’s disease (AD) and Lewy body dementia. FTLD poses a diagnostic challenge due 

to its clinical and pathological heterogeneity, and the phenotypic characterization of patients 

with this disorder can be augmented by using neuroimaging to map the brain changes in 

FTLD and its subtypes. As grey matter volume decreases due to loss of projecting pyramidal 

cells in layer III of the neocortex, Wallerian degeneration of the corresponding axons results 

in a loss of volume in white matter tracts [1]; this is prominent in the corpus callosum, the 

brain’s largest white matter bundle, where regional atrophy of the callosum reflects the 

pattern of cortical atrophy in cortical dementias [2]. Most extensively studied in AD, callosal 

morphometry is a useful marker of neuronal loss and disease severity [3–5].

In contrast to AD, where the temporal and parietal neocortex is particularly involved, in 

patients with FTLD the frontal and anterior temporal cortex show the greatest regional 

atrophy [6,7]. This suggests that the pattern of callosal atrophy may be able to distinguish 

these two cortical dementias. The first study to examine the role of callosal morphometry in 

distinguishing AD and FTLD was undertaken by Kaufer et al., who parcellated the callosum 

into four segments based on 10 equal radial divisions of the callosum in FTLD and AD 

patients compared to matched controls. Whereas the AD subjects did not show detectable 

differences from controls, but FTLD subjects had significantly smaller total and anterior CC 

regions [8]. Yamauchi et al. examined similar groups, but added a progressive supranuclear 

palsy (PSP) group, and measured antero-posterior quartile areas of the callosum; all patient 

groups showed lower total callosal area, and anterior regions were most reduced in FTLD, 

posterior in AD, and middle-anterior in PSP [9]. Hensel et al. examined anterior-posterior 

quintile areas of the callosum in a smaller group FTLD and AD patients with milder illness 

than the two previous studies, and found no difference, albeit in groups unmatched in age 

[10]. Wiltshire et al. examined antero-posterior quartile areas in AD patients, but also in 

Parkinson’s disease (PD) patients and controls, showing lower total callosal area in AD 

patients, and a significant positive correlation between Mini-Mental State Examination 

(MMSE) score and the size of the most anterior and posterior callosal quartiles [11]. 

However, these four studies used unaligned images and an operator-chosen “best” mid-

sagittal slice, possibly introducing bias, and arbitrary parcellation methods that may be 

insensitive to localised thickness changes. More recently, Di Paola and colleagues examined 

callosal morphometry using a more robust method that measured callosal thickness at 100 

points across an aligned callosum in patients with mild cognitive impairment (MCI), mild 
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and severe AD, and controls [12]. They demonstrated reductions in anterior and posterior 

callosal regions. The white matter intensity in these regions strongly correlated with atrophy 

in interconnected grey matter regions as detected using voxel-based morphometric analysis, 

thus supporting the relationship between callosal morphometric change and loss of grey 

matter in the cortical regions that these fibres interconnect [12].

However, while studies examining callosal morphometry in AD have examined patients 

both mild and severe illness and individuals diagnosed with MCI, no study has looked at the 

subtypes of FTLD patients: behavioural variant frontotemporal dementia (FTD), primary 

non-fluent aphasia (PNFA) and semantic dementia (SD). We have previously shown that 

different subtypes of FTLD show different shape or morphometric “signatures” in a number 

of grey matter structures, including the caudate, putamen and hippocampus [13,14] that 

correspond to regional neocortical reductions that affect fronto-striatal and fronto-limbic 

networks, and that regional shape reductions may serve as a map of structural change in 

cortical afferent pathways across FTLD subtypes [15,16]. Given the well-defined regional 

callosal reductions seen in the callosum in Alzheimer’s disease, we might expect FTLD 

subtypes to show a regional pattern of callosal atrophy that may aid in the neuroradiological, 

and hence phenotypic, differentiation of these subtypes.

The aim of this study was to apply a sophisticated callosal morphometric analysis in a well-

characterised group of FTLD and AD patients and matched controls to further quantify the 

differences in callosal morphometry between AD and FTLD, and to also determine if the 

pattern of atrophy in the callosum differed across FTLD subtypes.

METHODS

Subjects

Participants were recruited retrospectively from the Memory Clinic at the Karolinska 

University Hospital, Huddinge, Stockholm, Sweden and have been previously described 

[13,14,17–20]. The study was approved by the local ethics committee.

Eighty subjects participated in the study: 34 FTLD patients [12 behavioural variant 

frontotemporal dementia (FTD), 13 semantic dementia (SD), 9 progressive non fluent 

aphasia (PNFA)], 19 with Alzheimer’s disease (AD) and 27 in a control group (See Table 

1). All subjects in the studies underwent the standard investigation procedure for memory 

clinic patients. The clinical diagnosis was determined at a multidisciplinary consensus 

conference with physicians, neuropsychologists, speech-language pathologists and nurses. 

The medical examination included history from a close informant, as well as assessment of 

physical, neurological, and psychiatric status. Laboratory investigation of blood, CSF and 

urine (including vitamin B12, folic acid levels and thyroid function) was performed. 

Neuroradiologic examination consisted of magnetic resonance imaging (MRI) of the brain 

and single-photon emission computed tomography (SPECT) imaging of cerebral blood flow. 

Detailed EEG, neuropsychological and speech-language examinations were performed [18].

Clinical criteria for the subtypes of FTLD were based on international consensus criteria 

[21]. The subtypes included were: frontotemporal dementia (FTD), semantic dementia (SD) 
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and progressive non-fluent aphasia (PNFA). Only patients suffering from a primary 

degenerative cerebral process were selected, excluding patients with signs of 

cerebrovascular or systemic disorders. FTLD patients at different stages of the disease were 

included. Alzheimer’s disease was diagnosed using DSM-IV and ICD-10 criteria [22,23]. 

Participants with Alzheimer’s disease (AD) displayed the development of multiple cognitive 

deficits including memory impairment and one or more of aphasia, apraxia, or agnosia, plus 

disturbance in executive functioning. This presented as an illness of gradual onset, with 

continuing decline from previous levels of functioning. These symptoms were not due to 

another dementing process or psychiatric disorder. The control group comprised individuals 

who were found, after careful assessment, not to fulfil criteria for FTLD, AD, or any other 

cognitive disorder, but to sometimes feel forgetful in everyday life. Objective impairment 

was ruled out through comprehensive neuropsychological assessment; impairment was 

defined as performance ≥ 1.5 standard deviation units below the mean on any cognitive test. 

Accordingly, controls had no objective cognitive impairment by definition. To further 

minimize the risk of including participants with neurodegenerative disease in very early 

stages, only those participants that did not deteriorate over a minimum of two years follow-

up were included.

MRI Scanning

T1-weighted MRI scans were acquired on a 1.5 T Siemens Magnetom Vision Plus scanner 

(Siemens Medical Systems, Erlangen, Germany). A three-dimensional magnetization-

prepared rapid gradient echo (3D-MPRAGE) pulse sequence (TR 11.4 ms; TE 4.4 ms; TI 

300 ms; FA 10°; NEX 1) was used to obtain 72 contiguous coronal 2.5 mm-slices with 512 

× 144 matrix and 230-mm FOV.

Callosal Thickness Analysis

Images were linearly registered to the Montreal Neurological Institute (MNI) 305 template 

using 9-parameter transformations to adjust for brain orientation, translation, and size. The 

corpus callosum was then outlined automatically based on the Chan-Vese model for active 

contours [24]. This resulted in two midsagittal callosal segments (i.e., the upper and lower 

callosal boundary) for each subject. Subsequently, each callosal segment was overlaid onto 

the MR image from which it had been extracted and visually inspected to ensure that 

automatically generated callosal outlines precisely followed the natural course and 

boundaries of the corpus callosum. Using the upper and lower callosal boundaries, callosal 

thickness was calculated in millimetres at 100 locations distributed evenly over the callosal 

surface, as detailed elsewhere [25,26]. Point-wise callosal measurements were compared 

between controls and the patient groups, while co-varying for sex and age. When comparing 

the patient groups to each other, we additionally removed the variance associated with 

disease duration. Significance maps for the associations were corrected for multiple 

comparisons using the standard false discovery rate (FDR) method, at the conventionally 

accepted level of Q=0.05, whereby only 5% of the voxels shown in the thresholded 

statistical maps are expected to be false positives. The critical P value is reported, which 

represents the highest P-value threshold for which only 5% of the surviving voxels are 

expected to be false positives. The critical P-value threshold for this map is generally larger 

when standardized effect sizes are larger. Significance maps for each comparison, showing 
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both uncorrected and corrected P values, were then generated. In the primary analysis, 

patient groups (AD, and the three FTLD subtypes: FTD, PNFA and SD) were compared to 

controls; in a secondary analysis, patient groups were compared to each other.

RESULTS

Dementia Groups Compared to Control Group

When patients with AD were compared to healthy controls, the splenium, anterior body and 

the most anterior segment of the genu were significantly thinner in AD; all findings but 

those in the genu survived FDR correction for multiple comparisons (figure 1). FTD patients 

also had thinner corpora callosa than controls, where effects were even more pronounced 

and widespread than in AD patients with significant differences occurring within large 

segments of the splenium, mid-body, and across the genu; these findings largely survived 

FDR correction. SD patients had a significantly thinner genu compared to controls, which 

did not survive FDR correction. The PNFA group showed differences across the anterior 

half of the callosum, surviving FDR.

Dementia Groups Compared to Each Other

When the FTD group was compared to the AD group, AD subjects had thicker corpora 

callosa in the genu and midbody (figure 2), with genu findings surviving FDR correction. 

The PNFA group had a thinner posterior body and isthmus compared to the FTD group, but 

these findings did not survive FDR correction. Compared to the SD group, the FTD patients 

had a thinner genu and splenium, which did survive FDR correction. The PNFA and SD 

groups did not differ significantly from each other.

DISCUSSION

Here we used advanced morphometry techniques to extend previous reports that different 

cortical dementias, AD and FTLD, show characteristic shape signatures in the corpus 

callosum. We also set out to determine if well-characterised FTLD subtypes also present 

with characteristic shape profiles, which to our knowledge has not been done before.

In the AD group, our findings strongly corroborate other data demonstrating significant 

reduction in the posterior callosum in AD patients across illness stages [2,4,12,27–29]; this 

posterior atrophy is thought to relate to Wallerian degeneration in the commissural fibres 

that arise from the projecting cells in layer III of the temporal and parietal cortices, regions 

of the neocortex affected most significantly in AD [5]. Parietal and temporal commissural 

fibres course through the posterior body/isthmus and anterior splenium respectively, with 

the most posterior regions of the splenium containing fibres from occipital regions [30]. 

Hence, the regions that show the most significant reductions in our AD patients contain 

fibres from the regions of neocortex most affected in AD. Not all studies have shown 

splenial reductions in AD, although a wide variety of methods have been used to quantify 

the callosum in this disorder and not all have been robust [5]. Unlike many previous studies, 

we used a 9-parameter normalisation step for all scans before generating callosal contours. 

This ensures robust selection of the mid-sagittal slice by minimising the effect of head 

orientation/rotation on apparent mid-sagittal area. It also adjusts, linearly, for the 
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relationship between skull size and callosal area [31]. Furthermore, studies using parcellated 

regions of the callosum largely do not take into account the non-independence of adjacent 

callosal measures in their statistical model, and frequently do not correct for multiple 

comparisons; FDR ensures that non-independence and multiple comparisons are accounted 

for in our statistical analysis [32]. As a result, our FDR-corrected findings for the AD group 

compared to controls are likely to be robust.

Our findings in FTLD subtypes are broadly consistent with findings from studies analysing 

grey matter change in these groups: FTD with (often medial) frontal and temporal atrophy; 

PNFA with left inferior frontal and insula atrophy; and SD with asymmetrical atrophy of the 

temporal poles [33,34]. These patterns of atrophy across cortical regions strongly 

differentiate these subtypes of FTLD [17]. In our callosal morphometry analysis, the FTD 

group showed corresponding changes in regions associated with medial and orbitofrontal 

anterior cortex (anterior changes), superior and inferior temporal regions (posterior changes) 

and the insula (mid-callosal changes) [30]. The PNFA group showed striking changes across 

frontal regions of the callosum, extending through zones that connect the entire prefrontal 

cortex, premotor and motor regions, and anterior and posterior cingulate [30]. These 

findings are largely consistent with previous work involving FTD and PNFA subjects.

The group demonstrating the least significant difference compared to controls was the SD 

group, who only showed differences in the inferior genu of the callosum, which connects 

contralateral ventromedial frontal lobe regions [30]. Ventromedial changes have been 

described in SD [35,36], which may account for these regional changes. Also, much of the 

regional change in temporal pole grey matter may not be reflected in anterior callosal 

change, as many of these fibres traverse the anterior commissure, which conveys fibres for 

the anterior one third of the temporal cortex [37,38]. In support of this, the anterior 

commissure shows significant microstructural change and regional thinning in SD [39], and 

the larger FTLD group [40].

When dementia groups were compared to each other, we found difference that were 

expected given the different pattern of differences between each dementia group and 

controls. AD and FTD groups both demonstrated posterior change, but only the FTD group 

showed significant genu change; i.e., the FTD group showed genu shape reductions 

compared to AD patients. However, not all comparisons showed significant effects; for 

example, the SD and PNFA groups did not show significant differences from each other, but 

each group showed a different profile from controls. Additionally, modest uncorrected 

changes in some other comparisons failed to survive FDR. These inter-group comparisons 

were less well-powered than the patient group-control analyses (Table 1). It is harder to 

draw definitive conclusions from the patient group comparisons, which warrant replication 

in larger datasets.

One additional consideration when interpreting these results is the role that white matter 

pathology plays in FTLD, and whether white matter changes are viewed as secondary to 

grey matter changes, or as reflecting at least some primary white matter pathology. FTLD is 

largely seen as a grey matter disease, but FTLD-tau is known to result in inclusions in white 

matter [41,42]. Diffusion tensor imaging (DTI) using measures such as fractional anisotropy 
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(FA) has shown significant reductions in white matter integrity in anterior cortical regions 

[43–46] generally, and anterior callosal regions specifically in FTD patients [43,47] and the 

FTLD group as a whole [48]. Anterior white matter changes do appear to occur more 

significantly in FTLD-tau than FTLD-TDP patients [48], and also appear to be present in 

presymptomatic patients who carry known mutations of the MAPT or GRN genes – 

particularly in the anterior half of the callosum – prior to the onset of grey matter changes 

[49]. When language variants are examined, anterior callosal differences have been reported 

in the anterior half of the callosum in PNFA, but only the most anterior region of the genu in 

SD [47], in a very similar pattern to our results. Very few of these studies examined white 

matter in concert with grey matter, so the spatiotemporal pattern of change across grey and 

white matter compartments remains unclear. White matter FA changes may precede grey 

matter atrophy across the FTLD spectrum [47], which further suggests that white matter 

imaging may be sensitive to early illness prior to grey matter atrophy. Altered patterns of 

network connectivity, encompassing grey and white matter, are apparent in FTLD subtypes 

in vivo [50]. In this context, our callosal morphometry methods may help to identify up- and 

downstream structures affected in FTLD, as we have proposed for neostriatal morphometry 

[15].

Neuroimaging measures such as callosal morphometry are one of a number of biomarkers 

that may be used to assist in cleaving dementia subtypes, which is important not just in 

understanding an individual patient’s prognosis but in choosing current and emerging 

treatments that may be tailored to different disease subtypes. As our knowledge of the 

causes of FTLD syndromes expands, we need to understand the relationship between 

clinical phenotype, neuroimaging characteristics, and the underpinning neurobiology of 

these groups. Subtypes based on neuronal protein inclusions seen in FTD – microtubule-

associated protein tau (MAPT), tar-DNA binding protein 43 (TDP43) and fused-in-sarcoma 

(FUS) – may however only partially map to clinically and neuroradiologically defined 

syndromes [34]. Syndromes associated with MAPT inclusions show asymmetrical 

dorsolateral and orbitomedial frontal atrophy [51,52]; TDP43 with asymmetrical or 

symmetrical frontotemporal atrophy or anterior temporal atrophy [53,54]; and FUS with 

orbitofrontal, anterior cingulate, insula and caudate atrophy [55]. Similarly, mutations in the 

genes for MAPT, progranulin (GRN), the non-coding region of chromosome nine open 

reading frame 72 (C9ORF72), and the less common valosin-containing protein (VCP), 

charged multivesicular body protein 2B (CHMP2B), FUS and TDP43 show differing 

patterns of atrophy: MAPT mutations appear to be associated with symmetrical atrophy of 

anterior temporal regions, and GRN mutations with asymmetrical anterior temporal and 

inferior frontal atrophy [56,57]; whereas C9ORF72 hexanucleotide expansions are 

associated with symmetrical frontotemporal changes but also posterior cortical, cerebellar 

and thalamic volume reductions [58].

CONCLUSION

This analysis shows that different FTLD subtypes have unique callosal morphologic 

signatures that largely correspond with known regions of grey matter change. This suggests 

that neuroimaging analyses of FTLD patients need to separate disease subtypes when 

undertaking structural and functional neuroimaging analyses to minimise group 
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heterogeneity, to ensure that generalizable differences are detected in between-group 

analysis. As in our work on subcortical structures, the shape profile of the corpus callosum 

may be a promising illness biomarker that helps to separate disease subtypes based on 

callosal morphometry. Extending this work to determine how different proteinopathic and 

genetic FTLD subtypes differ in callosal shape may allow for this MRI morphometric 

parameter to be used as an adjunct to diagnosis.
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RESEARCH IN CONTEXT

SYSTEMATIC REVIEW

We examined all available studies through a MedLine literature review supplemented by 

hand-searching of additional manuscripts using the terms “corpus callosum”, “MRI”, 

“dementia”, “Alzheimer’s disease” and “frontotemporal dementia” to extract all studies 

that examined the MRI-derived morphology of the corpus callosum in Alzheimer’s 

disease (AD) and frontotemporal lobar degeneration (FTLD) patients. The 

methodological approaches of the highlighted articles were reviewed.

INTERPRETATION

We found that no prior study had examined callosal morphology FTLD subgroups, in 

spite of clear differences in the pattern of cortical atrophy across these subgroups. Our 

study corroborated previous work that showed differences between the AD and FTLD 

populations as a whole, but also showed that the FTLD subtypes could be further 

differentiated on the basis of regional callosal measures. This also extends on our 

previous work showing that FTLD subtypes show different patterns of atrophy in the 

hippocampus and basal ganglia.

FUTURE DIRECTIONS

These findings re-inforce the need for future research to carefully consider diagnostic 

subtypes of dementing disorders, and their differential neuroimaging changes, when 

utilising neuroimaging methodology at a group and individual level. It also adds to our 

own body of work and that of the field, demonstrating that shape analysis can allow 

differentiation of dementia subtypes and can yield insights into the nature of cortical 

processes that occur in these disorders.
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Figure 1. 
Callosal comparison between controls and the four patient groups. On the left, uncorrected 

p-value maps, with significance for group 2 being thinner than group 1 on the left (blue 

colour bar), and thicker on the right (yellow-red colour bar). On the right, FDR-corrected p-

value maps.
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Figure 2. 
Callosal comparison between FTD patient group and the three other dementia groups. On 

the left, uncorrected p-value maps; on the right, FDR-corrected p-value maps.
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