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Abstract

Loss-of-function mutations in the progranulin gene (GRN) are one of the major causes of familial 

frontotemporal lobar degeneration (FTLD). Our objective was to determine the rates and 

trajectories of lobar cortical atrophy from longitudinal structural MRI in both asymptomatic and 

symptomatic GRN mutation carriers. Individuals in this study were from the ADRC and 

LEFFTDS studies at the Mayo Clinic. We identified 13 GRN mutation carriers (8 asymptomatic, 5 

symptomatic) and non-carriers (n=10) who had at least 2 serial T1-weighted structural MRIs and 

were followed annually with a median of 3 years (range 1.0 to 9.8 years). Longitudinal changes in 

lobar cortical volume were analyzed using the tensor-based morphometry with symmetric 

normalization (TBM-SyN) algorithm. Linear mixed effect models were used to model cortical 

volume change over time among 3 groups. The annual rates of frontal (p<0.05) and parietal 

(p<0.01) lobe cortical atrophy were higher in asymptomatic GRN mutation carriers than non-

carriers. The symptomatic GRN mutation carriers also had increased rates of atrophy in the frontal 

(p<0.01) and parietal lobe (p<0.01) cortices than non-carriers. In addition, greater rates of cortical 

atrophy were observed in the temporal lobe cortices of symptomatic GRN mutation carriers than 

non-carriers (p<0.001). We found that a decline in frontal and parietal lobar cortical volume occurs 

in asymptomatic GRN mutation carriers and continues in the symptomatic GRN mutation carriers, 

while an increased rate of temporal lobe cortical atrophy is observed only in symptomatic GRN 
mutation carriers. This sequential pattern of cortical involvement in GRN mutation carriers has 
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important implications for utilizing imaging biomarkers of neurodegeneration as an outcome 

measure in potential treatment trials involving GRN mutation carriers.
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magnetic resonance image; GRN; asymptomatic; frontotemporal dementia; longitudinal

1. Introduction

About 30%−50% of patients with frontotemporal lobar degeneration (FTLD) have a family 

history with an autosomal dominant pattern of inheritance (Rohrer and Warren, 2011). Loss-

of-function mutations in the progranulin gene (GRN) were first identified in 2006 as one of 

the major causes of familial FTLD (Baker et al., 2006; Cruts et al., 2006). To date, more than 

70 different pathogenetic GRN mutations have been identified (http://www.molgen.ua.ac.be/

FTDmutations). The GRN mutations result in a loss of progranulin levels through 

haploinsufficiency which lead to intraneuronal aggregation of TDP-43 protein (Pottier et al., 

2016), with the most frequent clinical phenotypes being behavioral variant frontotemporal 

dementia (bvFTD), primary progressive aphasia (PPA) and corticobasal syndrome (CBS) 

(Beck et al., 2008; Kelley et al., 2009). Families characterized by the presence of GRN 
mutations are being investigated for early neurodegenerative changes and to identify 

biomarkers for tracking disease progression in preparation for potential disease modifying 

therapies.

Previous structural magnetic resonance imaging (MRI) studies have captured an asymmetric 

and widespread pattern of brain atrophy in FTLD patients with GRN mutations, 

predominantly involving the frontal, posterior temporal and inferior parietal cortices (Beck 

et al., 2008; Cash et al., 2018; Premi et al., 2016; Rohrer et al., 2010; Whitwell et al., 2009; 

Whitwell et al., 2012; Whitwell et al., 2011). However, the structural MRI studies in 

asymptomatic GRN mutation carriers were inconsistent (Caroppo et al., 2015; Olm et al., 

2018; Pievani et al., 2014; Rohrer et al., 2008). Most found no significant grey matter 

volume differences between asymptomatic GRN mutation carriers and controls in cross-

sectional and longitudinal analysis(Borroni et al., 2012; Borroni et al., 2008; Dopper et al., 

2014; Panman et al., 2019; Popuri et al., 2018). On the contrary, a recent study reported 

extensive grey matter volume loss mainly in the temporal and frontal lobes after combining 

5 microtubule-associated protein tau (MAPT) mutation and 3 GRN mutation carriers who 

later progressed to the symptomatic state, but found no longitudinal grey matter volume loss 

in asymptomatic MAPT and GRN mutation carriers who did not progress compared with 

non-carriers, indicating that accelerated grey matter atrophy occurs right before symptom 

onset (Jiskoot et al., 2019). However, the pattern of progression of atrophy on longitudinal 

MRI in asymptomatic GRN mutation carriers is not established. Furthermore, the ability to 

capture longitudinal structural MRI changes may depend on the methodology used in 

quantifying regional brain volume changes.
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In this study, our objective was to investigate the rates and trajectories of lobar cortical 

atrophy from longitudinal structural MRI in both asymptomatic and symptomatic GRN 
mutation carriers.

2. Methods

2.1. Participants

Individuals in this study were participants enrolled in the Mayo Clinic Alzheimer’s Disease 

Research Center (ADRC) and the Longitudinal Evaluation of Familial Frontotemporal 

Dementia Subjects (LEFFTDS) studies at the Mayo Clinic site. Mayo Clinic ADRC is one 

of Alzheimer’s disease centers in the U.S. funded by the National Institute on Aging. 

Patients and families with a history of FTLD and other dementias are referred to ADRC 

through the behavioral neurology clinical practice. LEFFTDS is a multi-site study 

investigating the biomarkers of disease progression in familial FTLD mutation carriers that 

began in 2014. The current study included participants who screened positive for a mutation 

in GRN and had been followed between June 2008 and June 2018 at Mayo Clinic. We 

identified 13 GRN mutation carriers (8 asymptomatic, 5 symptomatic) and 10 non-carriers 

from 7 families who had at least 2 serial T1-weighted structural MRIs and who were 

followed annually with a median follow-up time of 3 years (range 1 to 9.8 years). A total of 

83 MRI scans were included (Supplemental Table 1).

2.2. Baseline characteristics

Among the 13 GRN mutation carriers, 8 participants had no clinical symptoms at baseline 

and a Clinical Dementia Rating® Staging Instrument plus National Alzheimer’s 

Coordinating Center Frontotemporal Lobar Degeneration Module Sum of the Boxes score 

(CDR® plus NACC FTLD-SB) (Knopman et al., 2008) of 0, which we refer to as 

asymptomatic GRN mutation carriers. At baseline, symptomatic GRN mutation carriers 

(n=5) had a median CDR® plus NACC FTLD -SB score of 2.5 including: 1 participant with 

a primary diagnosis of mild cognitive impairment (MCI), 1 with MCI at baseline who later 

progressed to bvFTD, 1 with bvFTD, 1 with mixed PPA and CBS, and 1 with atypical FTLD 

with right parietal lobe syndrome. The mutations identified in these symptomatic GRN 
mutation carriers were as follows: c.154delA, p.T52Hfs*2 (n=2), c.910_911dupTG, 

p.W304Cfs*58 (n=1), c.882T>G, p.Y294* (n=1) and c.1535delC, p.P512Lfs*5 (n=1). The 

median age of symptom onset was 62 years with a range of 58 – 67 years, and the median 

follow-up interval was 2.2 years (range 1–3.4 years) for these patients. Healthy first-degree 

relatives of the patients who were mutation non-carriers were included as the control group 

after DNA screening (n=10).

All participants were followed prospectively with annual clinical examinations at the time of 

MRI examinations, including a medical history review, mental status examination, a 

neurological examination by a clinician with FTLD expertise and a neuropsychological 

examination. The behavioral neurologists (BB, JGR, NGR, DJ, or DK) who examined the 

participants were blinded to the mutation status. None of the participants had structural 

lesions that could cause cognitive impairment or dementia, such as cortical infarction, 
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subdural hematoma, or tumor, or had concurrent illness that would interfere with cognitive 

function other than FTLD on baseline and follow-up examinations.

2.3. Longitudinal follow-up

During follow up, 6 asymptomatic GRN mutation carriers remained as having no cognitive/

behavioral/motor changes, which was corroborated by their informants and had a MoCA 

score of 30 throughout, with a median follow-up interval of 4.2 years (range 1.0–7.5 years). 

The remaining 2 participants progressed from the asymptomatic to symptomatic stage. Both 

participants were classified as MCI at the time of conversion, with one participant later 

developing features of bvFTD, and the other participant later developing features of mixed 

PPA and bvFTD (Figure 1). The scans after conversion from these 2 participants were not 

involved in the asymptomatic GRN mutation carriers for group analysis.

All symptomatic GRN mutation carriers described in this report have undergone clinical 

genetic testing. Therefore, they and their proxies, as well as the examining neurologist, were 

aware of their mutation status. Most of the asymptomatic mutation carriers involved in this 

study have not undergone clinical genetic testing, and therefore are not aware of their 

mutation status, nor are the examining neurologists. Details regarding each person have 

intentionally been excluded to maintain confidentiality.

Informed consent was obtained from all participants for participation in the studies, and after 

the two converters developed dementia, written assent was also obtained by their proxies. 

All procedures were approved by the Mayo Institutional Review Board.

2.4. MRI acquisition and process

All participants underwent annual volumetric MRI at 3T using an 8-channel phased array 

head coil (GE Healthcare, Milwaukee, WI). A 3D high-resolution T1-weighted 

magnetization-prepared rapid acquisition gradient echo (MPRAGE) was performed at each 

time-point using the following parameters: repetition time/echo time/inversion time = 

2300/3/900 msec, flip angle 8 degrees, in-plane resolution of 1.0 mm.

2.5. TBM-SyN Analysis

Baseline and annual changes in cortical volume were estimated for each participant. We 

applied a fully automated in-house developed image-processing pipeline for the region-level 

analysis, using tensor-based morphometry with symmetric normalization (TBM-SyN) to 

compute the baseline lobar cortical volumes and changes over time in each participant (Cash 

et al., 2015). For each individual, all of their T1 structural MRI scans were iteratively co-

registered to a mean image using SPM co-registration software(Ashburner and Friston, 

2005) (www.fil.ion.ucl.ac.uk/spm) with a 6 degrees-of-freedom (6-DOF) for rigid-body co-

registration of each image to the subject’s baseline image, followed by 9-DOF rigid body 

registration of each time point image to the mean image. Then we normalized image 

intensity histograms across each participant’s time series of images by using an in-house 

developed differential bias correction algorithm(Avants et al., 2008). The SyN diffeomorphic 

registration algorithm from ANTs software(Avants et al., 2008) was used to compute 

deformations between each pair of images, running the deformations explicitly in each 
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direction, producing the Jacobian determinant images and the “annualized” log of the 

Jacobian determinant from the deformation in each direction, to be parcellated into lobar 

regions of interest (ROIs) later. The voxel values of the Jacobian determinant image 

represent the expansion or contraction of each voxel over time, and those of the annualized 

log Jacobian determinant image can be thought of as analogous to an annualized percent 

change at each voxel. The SyN deformations were applied in each direction, respectively to 

the original bias corrected late and early images, to get the early image warped to the late, 

and the late image warped to the early image, and average them with their respective 

originals, resulting in a “synthetic late image” and a “synthetic early image”. Then, we 

segmented the synthetic early and late images into gray matter, white matter and 

cerebrospinal fluid classes using the SPM unified segmentation algorithm, with our in-house 

developed custom template and tissue priors (Vemuri et al., 2008). The discrete cosine 

spatial normalization parameters from the SPM unified segmentation step were used to 

transform the in-house modified Automated Anatomical Labeling (AAL) atlas that included 

the frontal, temporal, parietal and occipital ROI labels from template space to the synthetic 

early and late image spaces, respectively (Tzourio-Mazoyer et al., 2002). The resulting 

subject-space atlas was used to assess baseline GM volume from the first MRI scan, and the 

follow-up GM volumes for each image pair by summing the GM probabilities within each 

ROI, as well as to extract mean values of the annualized log of the Jacobian determinant 

from each ROI.

2.6 Voxel-based Analysis

To assess the rates of atrophy at the voxel level, the first and last image were used for each 

participant. The TBM-SyN steps were run as detailed above to produce an image of the 

annualized log of the Jacobian determinant over the largest possible time interval for each 

participant, smoothed with a 6 mm full-width at half maximum (FWHM) Gaussian 

smoothing kernel. The smoothed annualized log Jacobian determinant images were then 

entered into a multiple regression analysis in SPM, with groups encoded as categorical 

variables, and age included as an additional covariate. Correction for multiple comparisons 

was applied with false discovery rate (FDR).

2.7 Genetic analysis

All participants were part of known GRN families. We specifically sequenced the exon 

harboring the known GRN gene mutation observed in their families using the previously 

published protocol (Baker et al., 2006; Gass et al., 2006). Exons 0–12 and the 3′ 
untranslated region of the GRN gene were amplified by polymerase chain reaction (PCR) 

assay. The PCR amplicons were purified using the Multiscreen system (Millipore, Billerica, 

MA) and then sequenced in both directions using Big Dye chemistry following the 

manufacturer’s protocol (Applied Biosystems, Foster City, CA). Sequence products were 

purified using the Montage system (Millipore) before being run on an Applied Biosystem 

3730 DNA Analyzer. Sequence data were analyzed using either SeqScape (Applied 

Biosystems) or Sequencher software (Gene Codes, Ann Arbor, MI). Furthermore, 

sequencing is also performed to detect variants in the following genes MAPT, C9orf72, 

TARDBP, PSEN1, PSEN2 and APP according to the LEFFTDS protocol.
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2.8 Statistical analysis

Baseline characteristics were described with means, standard deviations, counts and 

proportions. Baseline characteristics were compared among asymptomatic, symptomatic 

GRN mutation carriers and non-carriers using logistic mixed effect models for sex and linear 

mixed effect models for the other variables. These models were adjusted for age at MRI 

where appropriate, and accounted for within-family correlations through inclusion of family 

as a random effect. Tukey contrasts based on the mixed models were used for pair-wise 

comparisons for continuous variables. For the analysis of baseline GM volume, linear mixed 

models were used after adjusting for age at MRI and log-transformed total intra-cranial 

volume (TIV), also accounting for within-family correlations, followed by Tukey contrasts 

for pair-wise comparisons.

The lobar cortical volumes (scaled to cm3) were modeled to estimate rate of volume loss per 

year using linear mixed effect models with random subject-specific intercepts and slopes, 

while accounting for within-family correlations through a random family effect. We coded 

group (non-carriers, asymptomatic, or symptomatic) using dummy variables with non-

carrier as the reference, and included two-way interactions for group × age at MRI scan. 

Assessments of voxel level results were corrected for multiple comparisons by requiring the 

corrected false discovery rate (FDR) to be <0.05.

3. Results

3.1 Participant baseline characteristics

Characteristics of participants in each group are listed in Table 1. There were no differences 

among the 3 groups at baseline based on sex, age and education. As expected, symptomatic 

GRN mutation carriers had lower MoCA scores and higher scores in CDR® plus NACC 

FTLD-SB than asymptomatic GRN mutation carriers (p<0.001) and non-carriers (p<0.001). 

In asymptomatic GRN mutation carriers, the lobar cortical volumes were lower in frontal 

(p=0.04) and occipital (p=0.04) lobes compared with non-carriers at baseline. In 

symptomatic GRN mutation carriers, the baseline lobar cortical volumes were lower in the 

frontal (p<0.001), parietal (p=0.003) and occipital (p<0.001) lobes than non-carriers, also 

lower in frontal (p=0.02) and occipital (p=0.04) lobes compared to asymptomatic GRN 
mutation carriers (Supplemental Table 2). No difference was observed in the temporal lobe 

volume at baseline among the 3 groups.

3.2 Lobar rates of atrophy

The trajectories of change in lobar cortical volumes are shown in the top row of Figure 2. 

Hemispheric volumes were averaged because on average there were no differences in left 

and right lobar cortical volume changes in the GRN mutation carriers (p>0.05). The results 

of linear mixed effects models are summarized in Table 2, and predicted lines for the 50–70 

age range are shown in the bottom row of Figure 2. The estimated rates of lobar atrophy for 

each group were summarized in Supplemental Table 3. Group× age at MRI scan interactions 

indicated that in asymptomatic GRN mutation carriers, lobar rates of atrophy were greater in 

the frontal (−0.59 cm3/year, p <0.05) and parietal lobes (−0.30 cm3/year, p <0.01) compared 

to non-carriers. Furthermore, symptomatic GRN mutation carriers showed greatest annual 
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rate of atrophy in the temporal lobe (−1.55 cm3/year, p <0.001), followed by the frontal 

(−1.44 cm3/year, p <0.01) and parietal (−0.71 cm3/year, p <0.01) lobes compared to non-

carriers. Compared with asymptomatic GRN mutation carriers, symptomatic GRN mutation 

carriers also showed the greatest annual rate of lobar cortical atrophy in the temporal lobe 

(p<0.001), followed by frontal (p<0.05) and parietal lobes (p<0.05) (Supplemental Table 4). 

As a potential biomarker, which can be used in future clinical trials, we combined the frontal 

and parietal lobe volume as a composite frontal-parietal volume. The annual change for the 

composite volume of frontal and parietal lobes show the most robust change in the 

asymptomatic (−0.90 cm3/year, p <0.01) as well as symptomatic phases (−2.15 cm3/year, p 

<0.001) compared to non-carriers. There was no difference in the estimated annual rate of 

occipital lobe cortical volume change among the 3 groups.

3.3 Voxel-level analysis

Voxel based analysis showed that the annualized rate of atrophy was localized to the bilateral 

frontal, temporal and parietal lobes in symptomatic GRN mutation carriers compared to non-

carriers (corrected FDR <0.05) (Figure 3). There was some asymmetry in atrophy mainly 

involving the left hemisphere in the prefrontal cortex and inferior frontal and temporal lobe 

cortices after comparison the left and right hemisphere of the thresholded T-map 

(Supplemental Figure 3). No difference in voxel based analysis was observed in annualized 

rates of atrophy comparing asymptomatic GRN mutation carriers and the other 2 groups 

(corrected for FDR<0.05).

4. Discussion

In this study, we investigated the regional rates of cortical atrophy in GRN mutation carriers 

during both asymptomatic and symptomatic stages by using multiple serial MRI scans and 

mixed effects modeling. In asymptomatic GRN mutation carriers, lower cortical lobar 

volume was observed in frontal and occipital lobes at baseline when compared to non-

carriers. However, our longitudinal data showed that the trajectories of lobar cortical atrophy 

were greater in the frontal and parietal lobes in asymptomatic GRN mutation carriers 

compared to non-carriers as they aged. The symptomatic GRN mutation carriers, in whom 

cortical atrophy was already present, showed the fastest rate of cortical atrophy in the 

temporal lobe, followed by the frontal and parietal lobes compared to non-carriers. Our 

cross-sectional and longitudinal findings revealed a sequential pattern of lobar cortical 

atrophy in GRN mutation carriers throughout the disease course in this cohort, indicating 

that the frontal and parietal lobe cortical volume began declining during the asymptomatic 

stage, with an acceleration of the rates of cortical atrophy especially in temporal lobe in the 

symptomatic stage. Combining frontal and parietal lobe volumes into a composite volume 

appears to show the most robust change in the asymptomatic as well as symptomatic phases.

In the current study, the frontal and parietal lobe cortical volume decline started in GRN 
mutation carriers as early as the asymptomatic stage, and became more atrophic as the 

disease progressed in the symptomatic stage. Especially, the frontal lobe volumes are already 

lower than non-carriers at baseline, suggesting the frontal lobe might be affected even early. 

In keeping with the cognitive and behavioral features typically observed in FTLD, the 
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progressive pattern of fronto-parietal cortical atrophy is consistent with the fronto-parietal-

temporal network involvement in symptomatic GRN mutation carriers (Fumagalli et al., 

2018; Rohrer et al., 2010; Whitwell et al., 2015; Whitwell et al., 2009). The early 

involvement of fronto-parietal lobes was also found in a longitudinal arterial spin labeling 

(ASL) study that demonstrated early hypoperfusion in frontal and parietal lobes in 

asymptomatic GRN mutation carriers (Dopper et al., 2016). Similarly, reduced cortical 

thickness in the orbitofrontal cortex, middle frontal and precentral gyri was reported in 

asymptomatic GRN carriers (Pievani et al., 2014). The involvement of frontal and parietal 

hubs have also been shown in previous works on functional connectivity in GRN mutation 

carriers as early as the presymptomatic phase (Dopper et al., 2014; Premi et al., 2014a). 

Although most of prior structural MRI studies found no difference in grey matter volume 

between asymptomatic GRN mutation carriers and controls on cross-sectional and 

longitudinal studies (Borroni et al., 2012; Borroni et al., 2008; Panman et al., 2019; Popuri et 

al., 2018), some recent studies reported a grey matter atrophy pattern involving frontal, 

parietal and temporal lobes, which did not survive correction for multiple comparisons 

(Cash et al., 2018; Olm et al., 2018). Compared with other structural imaging techniques 

(eg. voxel based morphometry and cortical thickness analysis) previously studied in 

presymptomatic carriers of GRN mutations, longitudinal design with multiple time points 

can demonstrate change over time and may be superior to the cross-sectional analysis (Cash 

et al., 2018) or independent VBM analysis on two time points (Panman et al., 2019). Our 

data confirm and extend those findings demonstrating that progressive frontal and parietal 

lobe cortical atrophy occurs early in the asymptomatic stage in GRN mutation carriers, 

suggesting the characteristic progression pattern of network involvement.

Our data demonstrate accelerated rates of atrophy in the temporal lobes of symptomatic 

GRN mutation carriers during follow-up compared to non-carriers. However, the rates of 

cortical atrophy in the temporal lobe were not different between asymptomatic GRN 
mutation carriers and non-carriers. Thus, the temporal lobe cortical atrophy occurred after 

frontal and parietal lobe involvement. Similarly, Rohrer et al. evaluated a GRN mutation 

carrier longitudinally and noted that the left temporal and fusiform gyri were particularly 

affected at the approximate time of clinical onset (Rohrer et al., 2008). Thus, the temporal 

lobe may be affected later during the transition period from asymptomatic to symptomatic 

status in GRN mutation carriers. On the contrary, temporal lobe hypometabolism was 

reported to be the earliest finding in asymptomatic GRN mutation carriers predominantly 

involving the left lateral temporal lobe without any structural changes (Caroppo et al., 2015). 

These inconsistencies might be due to the age at examination, the proximity to clinical 

symptom onset, the sample size of GRN mutation carriers, the phenotypes and associated 

lobar cortical atrophy changes, and statistical methodology. Taken together with our 

findings, the temporal progression of lobar atrophy may follow a sequential pattern in GRN 
mutation carriers. Greater rates of fronto-parietal cortical atrophy occur during the earliest 

asymptomatic stage. In the symptomatic stage, the atrophy continues in the fronto-parietal 

lobe cortices, but also accelerates in the temporal lobes as the disease progresses with the 

onset of symptoms. Future studies will need to investigate this sequential pattern of regional 

atrophy rates in a larger cohort of converters with a longitudinal study design.
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Voxel based analysis revealed widespread increased cortical atrophy rates involving bilateral 

frontal, temporal and parietal lobes in symptomatic GRN mutation carriers, consistent with 

previous reports (Beck et al., 2008; Rohrer et al., 2010; Whitwell et al., 2009). Our results 

appeared to be more symmetric, while some left predominant asymmetry was indeed 

observed, especially in the prefrontal cortex and inferior frontal and temporal cortices. 

Asymmetric atrophy is a common finding in GRN mutation carriers with both left and right 

asymmetry observed even in the same family (Rohrer et al., 2010; Whitwell et al., 2012). 

Although the underlying cause for this asymmetry remains unclear, asymmetric cortical 

atrophy was reported 5 years before expected symptom onset in asymptomatic GRN 
mutation carriers (Rohrer et al., 2015). However, symmetric rates of atrophy were also 

reported in FTLD patients with GRN mutations in a longitudinal study (Whitwell et al., 

2015). One possible explanation for the discrepancy is that asymmetry in atrophy rates may 

be more apparent early in the disease stage, becoming more symmetric over time (Whitwell 

et al., 2015), or as noted above, the specific phenotype and associated lobar cortical atrophy 

changes, also may be related with the different sensitivity and specificity of the analysis 

methods.

Consistent with prior voxel-based analysis studies, we found no difference in voxel-based 

analysis of annualized rates of atrophy between asymptomatic GRN mutation carriers and 

non-carriers. This may be because of larger effect sizes and corrections for multiple 

comparisons are needed to detect differences in annualized rates of atrophy between groups 

compared to the rates of atrophy in the ROIs from five lobes we studied. Many studies have 

shown that mutations in GRN are associated with heterogeneity during the early phase of 

clinical presentation as well as variability in age of onset.(Ghidoni et al., 2012; van Swieten 

and Heutink, 2008) Furthermore, different time windows during the disease course may have 

influenced the variability in findings in regional atrophy rates and laterality across 

individuals. This may in part explain the inconsistent findings of grey matter atrophy in 

asymptomatic GRN mutation carriers in cross-sectional studies. In the current study, we 

measured the rate of change in lobar cortical volume in both hemispheres across time 

without considering any significant asymmetry of focal change, since on average, we did not 

observe laterality across all GRN mutation carriers. However, it is important to note that 

laterality occurs at various stages of neurodegenerative disease progression, which may 

increase the variability in atrophy rates in individual GRN mutation carriers. Thus the 

findings in our sample may not be fully representative of all GRN mutation carriers.

The strength of our study was the large number of serial MRIs collected in each participant 

over up to10 years. However, the relatively small number of participants in each clinical 

group was still a limitation. The family-based design in current study had some advantages 

such as. control of unmeasured environmental factors, enrichment of GRN mutation 

frequency and restrictions because the findings are only generalizable to familial FTLD, not 

to general population. Although age is not significantly different among groups, 

symptomatic GRN mutation carriers are older than non-carriers. An age-matched group of 

non-carriers for symptomatic GRN mutation carriers are needed in future studies. 

Furthermore, while we included all available scans for each participant, the follow-up 

interval varied. Annualizing the rates of change normalizes the variations in follow-up 

intervals by assuming linearity in the change in cortical volume over time. However, a 
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limitation of this approach is that rates of change may vary across disease stages. Future 

studies with larger cohorts of asymptomatic GRN mutation carriers with a relatively short 

follow-up interval longitudinal design for tracking the trajectory of cortical atrophy during 

conversion from the asymptomatic to the symptomatic state would be needed. Since there is 

heterogeneity in age of symptom onset across different GRN mutations/families and within 

the same family, considering the effect from other genetic and environmental factors, such as 

TMEM106B polymorphism (Premi et al., 2014b; Premi et al., 2017), on neurodegeneration 

may help to better understand the heterogeneity of disease progression in GRN mutation 

carriers.

5. Conclusion

In summary, our data in this cohort indicate a sequential pattern of regional cortical atrophy 

rates involving the frontal and parietal lobe cortices early during the asymptomatic stage, 

followed by the temporal lobe cortex after symptom onset in GRN mutation carriers. Our 

findings support the utility of using longitudinal change in regional cortical volumes, 

especially the composite of fronto-parietal lobes, for monitoring the neurodegenerative 

disease progression in GRN mutation carriers starting from the asymptomatic stage, 

potentially as an outcome measure in future clinical trials.
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Figure 1: 
Brain MRIs (coronal T1-weighted images) of one GRN mutation carriers who progressed 

from the asymptomatic to the symptomatic stage are shown in the timeline with proximity to 

symptom onset against the combined fronto-parietal lobe volume. 0 indicates the actual 

symptom onset time point. This is a female GRN mutation carrier who was diagnosed as 

behavior type of mild cognitive impairment at age 53 and progressed to bvFTD one year 

later. The fronto-parietal lobe volume started to decline years before symptom onset and 

progressively deteriorated.
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Figure 2: 
Lobar cortical volumes plotted against age at MRI.

The observed trajectories are plotted in the top panel; each line shows the repeated measures 

for one individual in the raw data. The predicted volumes for ages 50–70 from the mixed 

models are plotted in the bottom panel. The lines come from the models in Table 2; each 

shows what we would expect per group in the age range. The blue line represents the 

asymptomatic GRN mutation carriers; the red line represents the symptomatic GRN 
mutation carriers; the black line represents the non-carriers.
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Figure 3. 
Voxel-based analyses showed greater annualized rates of cortical atrophy in symptomatic 

GRN mutation carriers compared to non-carriers. The results are shown at p<0.05 after 

using the false discovery rate (FDR) correction for multiple comparisons.
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Table 1:

Baseline characteristics of participants and lobar cortical volumes

Non carrier (N = 10) Asymptomatic (N = 8) Symptomatic (N = 5) P-values

No. female, n (%) 3 (30%) 4 (50%) 4 (80%) 0.58

Education, yr 15 (3) [12,20] 16 (3) [12,19] 15 (1) [14,16] 0.61

Age at MRI scan, yr 51 (11) [26,62] 50 (16) [23,65] 64 (5) [58,71] 0.10

MoCA 27 (3) [20,30] 28 (0) [27,28] 21 (6) [11,27] <0.001*

CDR-SUM* 0.1 (0.2) [0.0,0.5] 0.0 (0.0) [0.0,0.0] 2.2 (1.9) [0.0,4.5] <0.001*

No. MRI scans 4 [2,7] 4 [2,6] 3 [2,4] 0.51

Follow-up, yr 4.8 [1.1,9.8] 4.1 [1.0,7.5] 2.1 [1.0,3.4] 0.21

Baseline GM volume (cm3)

 Frontal lobe 149 (17) [122,178] 136 (17) [113,157] 115 (21) [90,148] <0.001*

 Temporal lobe 131 (11) [110,148] 122 (19) [101,154] 114 (11) [97,124] 0.20

 Parietal lobe 72 (9) [54,87] 67 (10) [57,86] 56 (13) [42,72] 0.01*

 Occipital lobe 67 (5) [61,77] 61 (6) [54,70] 57 (7) [50,69] 0.001*

Data shown are n (%) or mean (standard deviation) or [range].

*
P-values are from mixed models adjusting for age at MRI, also accounting for within-family correlations, followed by Tukey contrasts for pair-

wise comparisons.

Abbreviations: MRI = Magnetic resonance image; MoCA = Montreal cognitive assessment; CDR® = Clinical Dementia Rating®; NACC = 
National Alzheimer’s Coordinating Center; FTLD = Frontotemporal Lobar Degeneration; SB = Sum of the Boxes; TBM = Tensor based 
morphometry; SyN = Symmetric diffeomorphic image normalization method; CI = confidence interval.
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